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ABSTRACT: Biomimetic approaches to implant construction are a
rising frontier in implantology. Triple Periodic Minimal Surface
(TPMS)-based additively manufactured gyroid structures offer a
mean curvature of zero, rendering this structure an ideal porous
architecture. Previous studies have demonstrated the ability of these
structures to effectively mimic the mechanical cues required for
optimal implant construction. The porous nature of gyroid materials
enhances bone ingrowth, thereby improving implant stability within
the body. This enhancement is attributed to the increased surface
area of the gyroid structure, which is approximately 185% higher than
that of a dense material of the same form factor. This larger surface area allows for enhanced cellular attachment and nutrient
circulation facilitated by the porous channels. This study aims to evaluate the biological performance of a gyroid-based Ti6Al-4V
implant material compared to a dense alloy counterpart. Cellular viability was assessed using the lactate dehydrogenase (LDH) assay,
which demonstrated that the gyroid surface allowed marginally higher viability than dense material. The in vivo integration was
studied over 6 weeks using a rabbit tibia model and characterized using X-ray, micro-CT, and histopathological examination. With a
metal volume of 8.1%, the gyroid exhibited a bone volume/total volume (BV/TV) ratio of 9.6%, which is 11-fold higher than that of
dense metal (0.8%). Histological assessments revealed neovascularization, in-bone growth, and the presence of a Haversian system in
the gyroid structure, hinting at superior osteointegration.
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The orthopedic implant market stands as a burgeoning
sector within the medical industry, poised for significant

growth in the coming years. Projections indicate a notable
compound annual growth rate (CAGR) of 6.2% through the
years, reaching $56.5 billion market valuation by 2030.1,2

Factors contributing to this growth include an increase in the
aging population,3 increased prevalence of musculoskeletal
disorders,4 lifestyle disorders such as obesity,5 trauma-related
orthopedic injuries,6 improvements in manufacturing technol-
ogy,7 and changes in governmental and health insurance
policies.8,9 Metals are preferred materials in orthopedic
implantology primarily owing to their superior capacity for
bearing stress. Titanium, stainless steel, and cobalt chrome are
the popular clinical choices, largely due to their demonstrated
biocompatibility.10 Among all available materials, titanium has
emerged as the preferred choice for metal implants, primarily
due to its high strength, low density, and superior corrosion
resistance. Furthermore, titanium is a non-dielectric material,
which does not interfere with Magnetic Resonance Imaging,
solidifying its role as a crucial orthopedic implant material over
the past few decades.11,12 Studies have observed that titanium
and its alloys elicit a particularly lower adverse immune

response compared to other materials, such as stainless steel,
which are known to exhibit increased expression of pro-
inflammatory markers like MD2, TLR-4, and MyD88. Cobalt−
chromium alloys have also been reported to cause osteolysis
through inflammatory cytokines.13 While metals like titanium
demonstrate favorable biocompatibility by reducing the
likelihood of inflammatory immune responses, they lack
interaction with the human body, largely attributable to their
bioinert properties.14 The degree of bioinertness alone does
not ensure the success of an implant; instead, a metric of
“implant performance over the service period” is crucial for
evaluating efficacy.15

Reports on improving implantology have highlighted two
fundamental insights that have the potential to address the
inherent impediments in the existing implantation strategy,
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thereby enhancing its success rate. Cell−material crosstalk16

and mechanical homogeneity17 are two important factors that
could improve the bioactivity of implants. The interaction
between various types of cells at the site of implantation and
the implant material can influence the integration and stability
of the implant within the body. The surface properties of the
implant, such as its roughness, chemistry, surface energy,
wettability, and charge, can affect how cells attach to and grow
on the implant, as well as the release of any bioactive
molecules.18 The mechanical bulk properties of an implant, like
its stiffness, elasticity, strength, fatigue resistance, wear, and
corrosion resistance, intricately shape cellular responses.19

While existing implant materials offer superior mechanical
properties compared to human bone, this surplus leads to an
unnatural stress distribution, resulting in phenomena like stress
shielding.20 This increased strength of metal implants causes
them to bear a disproportionate share of the load, leading to
improper load distribution when used in load-bearing
applications such as trauma implants for fixing long bone
defects or total hip arthroplasty, subsequently resulting in
disuse osteopenia.21,22 Many factors, including those above,
dictate this intricate interplay between human cells and
material surfaces, finally deciding the fate of an implant inside
a human body. Deviation from the natural properties of bone
can precipitate epigenetic alterations, ultimately instigating
immune responses that may culminate in implant failure over
time.23

One of the key engineering interventions to address the
shortcomings in existing implantology is to adopt biomimetic
strategies for implant construction, thereby facilitating
bioactive interactions.24 With the advent of advanced additive
manufacturing technologies, material porosity can now be
engineered and manufactured at the micrometer scale, a task
that was previously daunting with conventional manufacturing
processes.25 These developments motivated our team to
engage in biomimetic implant design by reducing material
strength to match that of human bone through porosity
engineering and fabricating it using additive manufacturing
technology. In our previous study by Hameed et al. in 2021, a
Triply Periodic Minimal Surface (TPMS) with zero mean
curvature was designed, whose isometry eliminates stress
concentrations.24,26,27 Briefly, grade 23 Ti-6Al-4V powder was
selected for its obvious benefits and used for 3D printing the
porous structures with a gyroid architecture. The porous
structure used in this study was designed, characterized, and
tested under in vitro conditions. Four gyroid unit cells
corresponding to four different pore sizes (250, 300, 350,
and 400 μm) were created in Rhino 3D and populated into a
cuboidal geometry using Materialize Magics. The structures
were then 3D printed using Selective Laser Melting
technology, followed by material characterization and in vitro
biocompatibility analysis. This study revealed that a pore size
of 250 μm exhibited superior compressive strength of 205.7
MPa, with analogous biocompatibility to other pore sizes (300,
350, and 400 μm) and thus was chosen for further evaluation.
The surface was rendered porous to enhance the available
surface area for cellular interaction, thereby offering multiple
advantages. One advantage is that the porous implant body
offers a larger surface area for cellular attachment, along with
the establishment of a microenvironment that closely mimics
the extracellular matrix (ECM) of the body. These conditions
facilitated enhanced cellular adhesion, spreading, and differ-
entiation on the surface.24 Also, porous surfaces can also allow

for the infiltration of nutrients, gases, and other molecules that
are important for cell survival and function.28 Porous surfaces
can be used to create a gradient in the elastic modulus of an
implant, with the pores having a lower elastic modulus than the
surrounding material, thus reducing the overall elastic modulus
to match that of natural human bone, thereby reducing the
stress shielding effect.29

While mechanical and in vitro performance was satisfactory
in the previous study, it is imperative to ascertain the real-
world performance of the structure in an animal model as a
first step toward clinical translation. In general, similar bone-
mimicking implant design research studies often conclude with
in vitro analysis, which may not fully replicate the complex
interactions between devices/materials and living systems.30

Given that the design differs morphologically from currently
available implants, conducting in vivo testing is a critical step in
assessing the efficacy of the new design and meeting various
regulatory requirements toward societal advancement.31 Thus,
this study aims to assess the in vivo performance of the 250 μm
gyroid architecture in a rabbit tibia model.24 Rabbits offer
advantages in terms of availability, ease of handling, cost-
effectiveness, and ethical compliance in animal testing
protocols.32 Researchers have observed similarities in the
mid-diaphyseal bone region between rabbits and humans with
respect to fracture toughness and bone mineral density.33

Additionally, compared to other small animals, rabbit skeletal
development and bone turnover are faster; therefore, the rabbit
model was selected for this study.34,27 Since the tibial girth is
smaller than the femoral girth, and the tibia in rabbits is easier
to access than the femur, researchers have opted for small-sized
defects and implants less than or equal to 5 mm in diameter in
the tibial region.

This study compares a commercial dense implant material,
Ti-6AL-4V (ASTM grade 5/UNS R56400), with the 3D
printed porous gyroid material of the same composition in
both in vitro and in vivo aspects. Through comparative analysis
with the dense material, factors such as bone ingrowth and the
osteogenic potential of the porous structure can be identified.
This investigation further elucidates the dynamic interplay
between porosity and de novo bone tissue−material inter-
actions, shedding light on the active role of porosity in
facilitating tissue infiltration and fostering crosstalk.

■ EXPERIMENTAL METHODS

Design and Manufacturing of Scaffolds

Gyroid implants with pore sizes of 250 μm were selected for this
study based on the results obtained from the previous report.24 The
implants were designed and fabricated as described in our earlier
work.24 Briefly, Rhino6.0 and the grasshopper plug-in were used to
model the individual unit cells of the gyroid. Using the “structure”
tool in Materialize Magics 20.03, the STL model of gyroid implants
was populated into a cylindrical shape with a 3.5 mm diameter and 40
mm length, as illustrated in Figure 1. The STL model is then 3D
printed in a laser-based powder bed fusion metal 3D printer
(SLM280, Germany) using grade 23 Ti-6Al-4V powder from Sandvik
Osprey, United Kingdom. The fabricated rods were then cut into
smaller sections with 4 mm height suitable for in vivo study. Similarly,
dense implants with 3.5 mm × 4 mm height were produced using a
SLM50 laser-based powder bed fusion device (Realizer GmbH-
Germany). The surface area and volume of the dense titanium alloy
and the 3D-printed porous structures were measured computationally
in Materialize Magics.
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Postprocessing: Acid Etching
The printed samples were etched in Kroll’s reagent, which consisted
of a HF/HNO3 solution to remove any loosely bound and unmelted
powder. Using an ultrasonic cleaner, the powders trapped within the
porous gyroid structure were first removed by compressed air and
multiple washings in distilled water. The samples were then immersed
in Kroll’s reagent for 5 min, followed by washing with distilled water
five times.35 Conversely, the dense samples were not etched but
polished with grid papers to achieve a mirror finish. A scanning
electron microscope (SEM) (Zeiss EVO MA 15, Germany) was used
to observe the microscopic features of the gyroid samples before and
after chemical polishing. Both samples were then autoclaved and used
for in vitro and in vivo studies.
Cytotoxicity Assay: In Vitro Study
For biocompatibility studies, 3D printed porous Gyroid samples cut
in disc shape with 10 mm diameter and 1 mm height were used.
Human mesenchymal stem cells (hMSCs) were procured and
cultured as described in the previous study.36 Briefly, hMSCs were
expanded in Alpha-modified Eagle medium (Alpha MEM, Gibco),
along with 10% fetal bovine serum (FBS, Hi-Media) and 1% Penstrep
(Himedia), at 37 °C in a humidified atmosphere containing 5% CO2.
For the cell proliferation assay and fluorescence imaging, hMSCs
between passages 3 and 5 were used. Samples were cleaned with 70%
alcohol, followed by autoclaving for sterilization. The cell seeding
density for the experiment was 1 × 104 cells/cm2 and 2 × 104 cells/
cm2. For cytotoxicity assay, after 48 h of incubation, LDH Reagent
from CyQUANT LDH Cytotoxicity Assay (Thermofisher) was used
according to manufacturer protocol. The calorimetric readings were
obtained using a microplate absorbance reader (Biorad) at 490 and
680 nm.
Fluorescence Imaging: In Vitro Study
Before seeding hMSCs, the flask containing cells was stained with Dil
dye 2.5 mg/mL (D391,1 Thermofisher) for 5 min as per
manufacturer protocol. This was followed by trypsinization and
seeding on the samples of gyroid and dense titanium alloy, and after
24 h of incubation, the cells were fixed with 4% paraformaldehyde.
Using Triton X 0.01%, cells were permeabilized and washed with PBS
thrice, followed by incubation with FITC phalloidin (P5282, Merck)
for 40 min to visualize actin cytoskeleton. The nucleus was stained 10
min before imaging by adding DAPI stain (D9542, Merck) at 300 ng/
mL concentration, and the lipophilic structures were stained using Dil
stain (D3911, Invitrogen) at 2 μM concentration. The samples were
observed in Evos M500, a fluorescence microscope.
X-ray Scanning and Micro-CT Analysis
The rabbit tibias implanted with 3D implants were scanned using
micro-CT (BioSpec 70/30USR, Bruker) to determine the osteo-
integration and infiltration of new bone growth. The scanning
parameters were set as follows: X-ray source voltage = 90 kV; beam
current = 200 μA; scanning resolution = 20 μm. After scanning the
sample, the projection is reconstructed and segmented into a binary
image and further analyzed with Microview by Parallax Innovation
Inc. The internal space of the scaffold and bone tissue growth into the

scaffold was defined as the region of interest, and the bone volume
(BV), metal volume (MV), and total pore volume (TV) were
measured by micro-CT for further detailed data analysis. Briefly, the
scanned files were uploaded, and a cylindrical region of interest was
defined, which was fixed for all samples. The threshold was adjusted
to only detect bone or metal. Further, bone mineral density (BMD)
was measured using a bone analysis tool. By calculating the ratio of
BV to TV (BV/TV) and MV to TV (MV/TV), the bone growth and
metal volume were quantitatively evaluated.
Surgical Procedure
Twelve male New Zealand white rabbits, after sanctioning by Vellore
Institute of Technology (VIT)’s Institutional Animal Ethical
Committee (IAEC) (VIT/IAEC/18/Dec2020/04), weighing about
1.8−2.2 kg were caged in VIT animal house with standard chow and
water and frequent leafy vegetables. Before starting the surgery, the
thickness of the bone was assessed using CT in the smallest rabbit of
the group to confirm that the diameter of the rabbit tibia would
accommodate the implants, as illustrated in Figure 2a. Two implants 1

cm apart, as shown in Figure 2b, were placed in each rabbit’s right
tibia as per ISO 10993-6:2016. Animals were anesthetized using
ketamine and xylazine (60 mg/kg and 10 mg/kg, respectively). The
surgical site, the medial aspect of the left tibia, was properly shaved
and smeared with PV/I, as shown in Figure 3a, and the incision was
placed using BP Handle and blade 22 as in Figure 3b. Local
anesthesia, lignocaine (2% conc) was given as a local infiltration (QS).
The medial aspect of the tibia was visualized as in Figure 3c,d, and the
periosteum was elevated under saline irrigation; holes were made with
a 702 surgical bur as shown in Figure 3e,f. After sanitization of the
hole, sterile implants were placed, as shown in Figure 3g. Tissues were
sutured with Ethicon nonabsorbable monofilament polyamide sutures
as in Figure 3h. The site was given a spray dressing (Healex). Animals
were given postoperative antibiotic gentamycin (10 mg/kg) SC and
analgesics for 3 days, along with dexamethasone 0.1% im.
Polyfluorochromes such as doxycycline (D9891, Sigma) dosage of
25 mg/kg in the 1st and 2nd week, Calcein Blue (M1255, Sigma) 30
mg/kg dose in the 3rd and 4th week, and Calcein Green (C0875,
Sigma) 90 mg/kg dose in the 5th and 6th week were administered to
stain the bone growth.
Histopathological Evaluation
The tibial specimens were fixed in 10% neutral buffer formalin,
dehydrated in increasing ethanol concentration (70−100%), cleared
using an acetone alcohol mixture, and embedded in methyl
methacrylate (MMA). After polymerization in MMA, thick sections
(70−100 μm) were cut from the PMMA block using a linear precision
saw microtome (ACCUTOME 100, Struers, Denmark). The implant

Figure 1. Schematics of gyroid implant design.

Figure 2. Bone width analysis. (a) Visualization of the cross-sectional
profile of the rabbit tibia featuring the gyroid implant, including
implant dimensions. (b) Computed Tomography (CT) imaging of
the rabbit tibia was utilized for the evaluation of bone diameter.

ACS Materials Au pubs.acs.org/materialsau Article

https://doi.org/10.1021/acsmaterialsau.4c00016
ACS Mater. Au 2024, 4, 479−488

481

https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00016?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00016?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00016?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00016?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00016?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00016?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00016?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00016?fig=fig2&ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.4c00016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


site was sectioned parallel to the long axis of the bone (i.e., cross-
section of the implant with the surrounding cortical bone). These
sections were stuck to the glass slide and ground, and the surface was
polished using a variable speed grinder polisher (ECOMET 3000,
Buehler, Germany). These sections were stained with hot Stevenel’s
blue and Van Gieson’s picrofuchsin. This combination could highlight
the pre-existing lamellar bone in light/dull yellow color, while the
newly formed bone is typically bright yellowish in color. The osteoids
are colored dark indigo blue, and the soft tissue surrounding them is
stained light blue. The metal, being opaque, will be represented as
dark black in color. Stained sections were evaluated in a trinocular
transmitted light microscope (Nikon Ni Eclipse), and photomicro-
graphs were captured using a camera (Nikon DS Ril) attached to the
microscope.
Statistical Analysis
All graphical representations are displayed with error bars denoting
the mean values along with the standard deviation (SD). Statistical
comparisons were conducted utilizing the two-tailed Student’s t test
to determine significance. A threshold of *p < 0.05 was set to indicate
statistical significance, while **p < 0.001 denoted highly significant
differences.

■ RESULTS

Surface Volume and Morphology
The mechanical characterization of the gyroid was carried out
in our previous work.24 The gyroid and dense implant had a
surface area of 248 mm2 and 88 mm2 as calculated
computationally. Meanwhile, the approximate volume, as
calculated computationally, was 29 mm3 and 62 mm3,
respectively. The surface area and volume of the gyroid
implant were calculated to be approximately 2.8 times more
and 2.2 times less than the dense implant. The as-printed 3D
gyroid structures exhibited much loose powder and unmelted
powder attached to the structure, as shown in Figure 4b. The
gyroid structures were cut into discs using wire cutting and
etched chemically to remove loosely bound particles, as shown
in Figure 4c. A similar strategy was also used by Wysocki et al.
for manufacturing gyroid scaffolds using titanium metal
powder.35

Cytotoxicity Assessment and Cytoskeletal Expansion
Ti-6Al-4V is a well-established biocompatible and bioinert
material. Both dense and gyroid implants did not show any

cytotoxicity when compared to polystyrene control Figure 5a,
thereby providing a healthy environment for stem cells to
adhere. The fluorescence images shown in Figure 5b−k display
healthy and well-spread hMSCs on the gyroid and dense
surface. The blue fluorescence indicates the nucleus, the green
color expresses the F-actin stress fibers, and the red
fluorescence indicates the lipophilic stain. The cells display
the characteristic widespread morphology of hMSCs, with
round nuclei.
X-ray Scanning
After surgery to visualize the implants in live rabbits, X-rays
were taken at intervals of 1st, 3rd, and 5th week. In the first
week, in X-ray, as shown in Figure 6, the gyroid implant
resembled a porous mesh structure while the dense implant
was solid. X-ray images provide only gross information
regarding implant stabilization and integration without any
dislocation.
Micro-CT Analysis
The gyroid and dense implants were implanted at the distal
end of the rabbit tibia, and the bone was harvested for micro-
CT measurements after 6 weeks. The formation of bone inside
the gyroid implant and around the dense implant was
evaluated using Micro view. Figure 7c shows the 3D
reconstruction image of the gyroid implant with new bone in
yellow. As seen from the reconstructed images, the bone tissue
in the gyroid scaffold infiltrated inside. At the end of 6 weeks,
the ratio between BV and TV (BV/TV) was calculated by the
quantitative analysis in Figure 7a. Within 6 weeks, the BV/TV
ratios were approximately 9.6% for the gyroid implant and
0.8% for the dense implant. The bone formation in porous
implants was almost ten times higher than in dense ones. As
expected, in the dense implant, the metal volume was 17%,
while in the gyroid one, it was almost half that at 8.1%, as
shown in Figure 7b.
Sequential Polychrome Label Analysis
Three fluorescent labeling dyes were administered during the
study. Doxycycline was used in the 1st and 2nd weeks, Calcein

Figure 3. In vivo surgical procedure for implantation. (a)
Administering surgical site disinfection with povidone iodine
subsequent to hair removal. (b) Executing a 4 cm longitudinal
incision. (c) Eliciting exposure of the medial aspect of the tibia by
elevating the skin. (d) Facilitating exposure of the tibia through the
manipulation of muscles with a periosteal elevator. (e) Conducting
bone drilling with saline irrigation. (f) Creating two defect sites. (g)
Implant placement. (h) Closure with sutures and application of
Healex spray.

Figure 4. Morphological and volumetric analysis of samples. (a)
Graphical depiction of the computationally derived surface area and
volume metrics obtained using Materialise Magics software for both
dense and gyroid structures. (b) SEM visualization illustrating the as
printed gyroid structure, exhibiting remnants of unmelted powder at
40×. (c) SEM micrograph displaying the acid-etched sample, devoid
of any residual unmelted powder particles at 40×.
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Blue in the 3rd and 4th weeks, and Calcein Green in the 5th
and 6th weeks. As seen in Figure 8a,d, new bone formation
during the 1st and 2nd weeks showed a yellow color. The bone
formed in the 3rd and 4th weeks emitted a strong blue color, as
shown in Figure 8b,e, while the bone formed in the 5th and
6th weeks emitted a green color, as shown in Figure 8c,f. In the
dense implant, new bone formation can be observed around
the dense implant as no bone infiltrated the implant itself. In

Figure 5. Cytotoxicity assessment and analysis of cytoskeletal
expansion using fluorescent dye. (a) LDH assay-based cell viability
assessment after 48 h of incubation using human mesenchymal stem
cells (hMSCs). (b) Brightfield view of hMSCs adhered to the 3D-
printed gyroid implant after 24 h of incubation. (c) Nuclear staining
with DAPI of hMSCs on the 3D-printed gyroid implant after 24 h of
incubation. (d) Lipophilic staining with DiI of hMSCs on the 3D-
printed gyroid implant after 24 h of incubation. (e) Cytoskeleton
staining (phalloidin) of hMSCs on the 3D-printed gyroid implant
after 24 h of incubation. (f) Merged image of hMSCs on the 3D-
printed gyroid implant after 24 h of incubation. (g) Brightfield view of
hMSCs adhered to the dense implant after 24 h of incubation. (h)

Figure 5. continued

Nuclear staining with DAPI of hMSCs on the dense implant after 24
h of incubation. (i) Lipophilic staining with DiI of hMSCs on the
dense implant after 24 h of incubation. (j) Cytoskeleton staining
(phalloidin) of hMSCs on the dense implant after 24 h of incubation.
(k) Merged image of hMSCs on the dense implant after 24 h of
incubation. The scale bar represents 150 μm.

Figure 6. X-ray images of the rabbit tibia featuring both gyroid and
dense implants, depicting implant status at the 1st, 3rd, and 5th week
postsurgery intervals.

Figure 7. Micro-computed tomography reconstruction of the distal
tibia of rabbits following a 6-week period of titanium gyroid and dense
implantation. Quantitative analysis includes (a) bone volume fraction
(BV/TV, %), (b) mineralized volume fraction (MV/TV, %), and (c)
visualization of metal (white) and new bone (yellow). Statistical
significance is denoted by *P < 0.05.
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contrast, in the gyroid implant, new bone infiltrated to the
center from the very first 2 weeks onward.
Histology
As seen in Figure 9, bone tissue growth on the peripheral
surface and inside the porous structure of the gyroid implant is

noted. No bone ingrowth can be witnessed in the dense
samples, as shown in Figure 9d,f. Both samples exhibited soft
tissue formation at the interface. The gyroid structure also
demonstrated new bone infiltration within the pores of the
implant, as shown in Figure 9c. A good apposition between the
implant surface and new bone was present in both implants.
However, due to the porous structure and irregular boundary,
bone ingrowth at the periphery of the gyroid implant displayed
better anchorage and bone tissue infiltration when compared
to dense implants. As seen in Figure 9b, the new bone of the
gyroid implant is covered by woven and lamellar-type bone

tissue. Osteoblast cells line the new woven edge, and osteoid
formation is evident at multiple regions, as shown in Figure 9c.
Additionally, osteocytes (blue features) and Haversian system
(dark shade) formation are noted in the new lamellar bone
region, as seen in Figure 9c.

■ DISCUSSION
The investigation centered on the preclinical evaluation of a
biomimetic Triple Periodic Minimal Surface (TPMS)-based
gyroid architecture intended for the fabrication of load-bearing
implants. Utilizing SLM additive manufacturing technology,
the gyroid design was constructed using Ti-6Al-4V. Previous
studies conducted within the laboratory found mechanical
properties of the gyroid structure closely akin to those of
natural bone.37 Moreover, the preclinical analysis elaborated
above demonstrated superior cellular material integration and
bone ingrowth within the gyroid structure compared to dense
alloy counterparts.

The gyroid pore sizes were determined based on a previous
study by Hameed et al., where 250 μm was observed to yield
adequate mechanical strength and biocompatibility.24 Another
study by Karageorgiou et al. corroborates this observation,
according to which a pore size of 200 μm is necessary for the
migration of osteoprogenitor cells and nutrient circulation into
the pores of metal.38 An increase of 185% in the total surface
area available for cellular attachment could positively benefit
the initial proliferation by providing additional binding sites for
cells immediately after implantation, thus governing the
stability of cell−material interaction. In general, materials
with a larger surface area tend to have a greater number of
available binding sites for cells, which can increase the strength
and stability of the cell−material interaction. This can be
beneficial in cases where it is desirable to promote cell
adhesion, such as in the context of tissue engineering or the
development of medical implants.39 The gyroid had a surface
area of 248 mm2 while the dense material of the same
dimension had only 88 mm2, occupying a volume of 29 mm3 as
opposed to the 62 mm3 of the dense material as illustrated in
Figure 4a. There is a 3-fold increase in surface area with the
same dimension, which positively contributes to improved
cellular adhesion. The application of acid etching demonstrates
a notable enhancement in mechanical properties within this
study. This improvement is particularly significant as the
presence of unmelted particles postadditive manufacturing may
serve as potential initiators of failure. Addressing this concern
is paramount, as these unmelted particles have been observed
to potentially compromise tensile and fracture toughness
properties.40 Also, etching improved the surface finish of the
sample, as shown in Figure 4c, which also contributes to
optimal surface roughness, another parameter that influences
cell viability.41

The cell viability, as illustrated in Figure 5a, was
comparatively similar in both gyroid and dense samples,
which is on par with the plastic control used in the study,
where the latter had a marginal difference compared to the
titanium samples. The assessment of viability at a seeding
concentration of 10,000 cells reveals a slight superiority of
metal samples over plastic controls, possibly attributed to the
deviation from the optimal seeding concentration for the
specific well plate. This discrepancy may be explained by the
metal samples providing a more confined space for cellular
interaction. However, at a seeding concentration of 20,000
cells, a more realistic depiction of cell viability emerges, where

Figure 8. Sequential polychrome labeling. Over a 6-week duration in
rabbit models, the following fluorescent dyes were administered:
doxycycline (yellow) during weeks 1 and 2, Calcein Blue (blue)
during weeks 3 and 4, and Calcein Green (green) during weeks 5 and
6. Labels a−c correspond to the gyroid group, while labels d−f pertain
to the dense implant group.

Figure 9. Histological analysis of tissues with implant harvested after
6 weeks. (a-c) Microphotographs of the histology section of the
Gyroid implant with varying magnification. (d-f) Microphotographs
of the histology section of the dense implant with varying
magnification. Histology staining was performed with Stevenel’s
Blue and Van Gieson picrofuchsin counterstain postsacrifice after 6
weeks of bone healing. Black shadow represents the metal implant,
dull yellow represents pre-existing bone, bright yellow represents new
bone, light blue represents the soft tissues, and the red arrow points to
the osteoid.
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the optimal cell number ensures uniform viability across all
cells.42 In terms of relative viability, the gyroid structure
exhibits higher viability compared to the dense alloy when
referenced against the plastic control. This difference in
viability may be attributed to the porous nature of the gyroid
structure, which facilitates better integration with the
surrounding environment, as elucidated by Li et al.43

Surface properties and topological features represent crucial
elements, as discussed in the introduction, which exert
significant influence over the immune response elicited by
the implant.44 Presented in Figure 5b−k are the cytoskeletal
adjustments of the cells on the dense as well as on the gyroid
structure revealed using fluorescent labeling. The analysis
reveals similar cell density across both samples (gyroid and
dense), yet distinct differences in cellular attachment patterns
are evident. In the gyroid samples, cellular attachments appear
more closely packed, with cells exhibiting an even spread.
Conversely, cells on dense samples display elongated
morphology, spreading unidirectionally. Notably, the gyroid
structure induces a shift toward a rounded cytoskeletal
arrangement, diverging from the typical spindle morphology
observed in denser samples. This alteration in cell config-
uration is likely attributable to the comparatively higher surface
roughness of the 3D-printed gyroid structure compared to the
smoother surface of the dense material. The increased
roughness is implicated in inducing morphological changes
facilitated by the formation of peripheral focal adhesion
complexes on rough surfaces, thereby prompting deviations in
cellular morphology.45,46

The X-ray analysis shown in Figure 6 is a supplementary
step in analyzing the implant placement postsurgery. The
periodic assessment helps confirm implant alignment stability
and identify tissue necrosis and bone integration.47 Through-
out the assessment period, both the gyroid and dense samples
exhibited the expected performance without encountering any
complications or inducing infections. Significantly, the gyroid
sample exhibited remarkable bone ingrowth, as evidenced by
the CT imaging analysis depicted in Figure 6. This observation
underscores the superior performance of gyroid samples
compared to dense counterparts, attributable to their higher
surface area and interconnected porosity, facilitating enhanced
bone integration.48 The bone volume fraction of the gyroid
(9.6%) was 12-fold higher than that of the dense sample
(0.8%). This indicates that the porous sample had improved
structural integrity. The metal volume was also lower for the
gyroid at 8.1%, which is beneficial since it directly translates to
a reduction in the modulus of elasticity compared to that of the
dense. Similar porous structures have been studied in the past
and have exhibited improved osteointegration and angio-
genesis.49

Early stage bone ingrowth is important for successful
osteointegration, a process notably observed in the gyroid
sample as early as the 1st week, as demonstrated by
fluorophore staining in Figure 8, indicative of doxycycline
fluorescence. Subsequent bone formation during the 4th and
6th weeks further corroborates enhanced bone in-growth in
the porous sample. Failure of correct initial bone formation
may trigger a cascade of events, potentially leading to increased
osteoclast generation and subsequent impairment of bone
remodeling around the implant site.50 Bone tissue growth both
on the peripheral surface and inside the porous structure of the
gyroid implant has been corroborated by the micro-CT data.
The presence of pores within the gyroid structure enhances

bone ingrowth and contributes to the mechanical interlocking
between the implant and the surrounding bone tissue, leading
to improved anchorage and stability.51 This is exhibited as an
11-fold increase in BV/TV in gyroid samples compared to
dense samples as shown in Figure 7a. Similarly, there is a
significant 53% decrease in MV/TV in gyroids, meaning less
metal is found in a specific volume while more bone occupies
the same space as shown in Figure 7b. This could directly
translate to a lower elastic modulus, bringing it closer to the
range of natural human bone thus averting stress shielding
which might explain why lattice structure-based implant design
is burgeoning.52 An exclusive find is the denovo bone
formation in both gyroid sample exhibited in the histological
data in Figure 9, with an improved vascularization noted within
the pores of the gyroid structure. Neovascularization is
essential for supplying nutrients and oxygen to the newly
formed bone, which is vital for the proliferation of osteogenic
cells. The gyroid structure exhibits de-novo bone groth and
neovascularization within its pores, further supporting the idea
that porous architectures can host a conducive environment for
bone ingrowth and healing.53 The presence of woven and
lamellar bone types in the gyroid sample, with osteoblasts
lining the new woven bone and osteoid formation in multiple
regions, indicates high-quality bone regeneration. The
observation of osteocytes and the Haversian system in the
new lamellar bone further suggests the maturation of bone
tissue within the gyroid implant. These features are indicative
of a healthy remodeling process, leading to the formation of
strong bone tissue.54 The observations strongly suggest that
the porous architecture design of bone implants can
significantly influence their cell−material interaction.

■ CONCLUSION
This study has demonstrated the superior performance of
gyroid-based biomimetic porous structures, additively manu-
factured using SLM technology, for implant applications.
Mesenchymal stem cells (MSCs) grown on the surface of both
gyroid and dense samples exhibited similar cellular density,
although the gyroid sample displayed morphological changes
attributed to its inherent roughness. The gyroid structure has a
53% lower MV/TV ratio compared to the dense sample,
meaning less metal volume, which directly translates to
reduced mechanical properties, bringing it closer to the
characteristics of natural human bone. Additionally, the gyroid
structure has an 11-fold higher BV/TV ratio compared to the
dense sample. The gyroids have a surface area of 248 mm2,
185% larger than a dense sample of the same size, providing
more space for cell adhesion and expansion. This resulted in
significant improvement in bone growth after 6 weeks in rabbit
models. The porous nature of the gyroid also facilitated
improved early stage bone integration, enhancing its success
rate as evidenced by histological analysis. Furthermore, the
study confirmed bone ingrowth and the formation of new
blood vessels alongside osteoids and Haversian canal systems,
indicative of better bone remodeling.
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Kurzydłowski, K. J.; Świeszkowski, W. Post Processing and Biological
Evaluation of the Titanium Scaffolds for Bone Tissue Engineering.
Materials 2016, Vol. 9, Page 197 2016, 9 (3), 197.

(36) Hameed, P.; Gopal, V.; Bjorklund, S.; Ganvir, A.; Sen, D.;
Markocsan, N.; Manivasagam, G. Axial Suspension Plasma Spraying:
An Ultimate Technique to Tailor Ti6Al4V Surface with HAp for
Orthopaedic Applications. Colloids Surf. B Biointerfaces 2019, 173,
806−815.

(37) Morgan, E. F.; Unnikrisnan, G. U.; Hussein, A. I. Bone
Mechanical Properties in Healthy and Diseased States. Annu. Rev.
Biomed Eng. 2018, 20, 119.

(38) Karageorgiou, V.; Kaplan, D. Porosity of 3D Biomaterial
Scaffolds and Osteogenesis. Biomaterials 2005, 26 (27), 5474−5491.

(39) Murphy, C. M.; Haugh, M. G.; O’Brien, F. J. The Effect of
Mean Pore Size on Cell Attachment, Proliferation and Migration in
Collagen−Glycosaminoglycan Scaffolds for Bone Tissue Engineering.
Biomaterials 2010, 31 (3), 461−466.

(40) Gokuldoss, P. K.. Selective Laser Melting: Materials and
Applications; MDPI AG, 2020.

(41) Zareidoost, A.; Yousefpour, M.; Ghaseme, B.; Amanzadeh, A.
The Relationship of Surface Roughness and Cell Response of
Chemical Surface Modification of Titanium. J. Mater. Sci. Mater.
Med. 2012, 23 (6), 1479.

(42) Zhou, H.; Weir, M. D.; Xu, H. H. K. Effect of Cell Seeding
Density on Proliferation and Osteodifferentiation of Umbilical Cord
Stem Cells on Calcium Phosphate Cement-Fiber Scaffold. Tissue Eng.
Part A 2011, 17 (21−22), 2603.

(43) Li, G.; Wang, L.; Pan, W.; Yang, F.; Jiang, W.; Wu, X.; Kong,
X.; Dai, K.; Hao, Y. In Vitro and in Vivo Study of Additive
Manufactured Porous Ti6Al4V Scaffolds for Repairing Bone Defects.
Scientific Reports 2016 6:1 2016, 6 (1), 1−11.

(44) Majhy, B.; Priyadarshini, P.; Sen, A. K. Effect of Surface Energy
and Roughness on Cell Adhesion and Growth − Facile Surface
Modification for Enhanced Cell Culture. RSC Adv. 2021, 11 (25),
15467−15476.

(45) Piironen, K.; Haapala, M.; Talman, V.; Järvinen, P.; Sikanen, T.
Cell Adhesion and Proliferation on Common 3D Printing Materials

ACS Materials Au pubs.acs.org/materialsau Article

https://doi.org/10.1021/acsmaterialsau.4c00016
ACS Mater. Au 2024, 4, 479−488

487

https://doi.org/10.1016/j.jss.2019.12.023
https://doi.org/10.1016/j.jcot.2020.03.006
https://doi.org/10.1016/j.jcot.2020.03.006
https://doi.org/10.1097/01.blo.0000534683.24250.9c
https://doi.org/10.1097/01.blo.0000534683.24250.9c
https://doi.org/10.1097/01.blo.0000534683.24250.9c
https://doi.org/10.1016/j.artd.2019.02.007
https://doi.org/10.1016/j.artd.2019.02.007
https://doi.org/10.1016/j.artd.2019.02.007
https://doi.org/10.3390/ma15103622
https://doi.org/10.3390/ma15103622
https://doi.org/10.1088/1748-605X/aa87e6
https://doi.org/10.1088/1748-605X/aa87e6
https://doi.org/10.1016/j.bioactmat.2022.12.012
https://doi.org/10.1016/j.bioactmat.2022.12.012
https://doi.org/10.1016/j.pmatsci.2008.06.004
https://doi.org/10.1016/j.pmatsci.2008.06.004
https://doi.org/10.1016/j.pmatsci.2008.06.004
https://doi.org/10.1098/rsif.2008.0151
https://doi.org/10.1038/s41598-020-69685-6
https://doi.org/10.1038/s41598-020-69685-6
https://doi.org/10.1038/s41598-020-69685-6
https://doi.org/10.1016/j.bioactmat.2018.12.003
https://doi.org/10.1016/j.bioactmat.2018.12.003
https://doi.org/10.1016/j.bioactmat.2018.12.003
https://doi.org/10.1155/2015/171945
https://doi.org/10.1155/2015/171945
https://doi.org/10.12998/wjcc.v3.i1.52
https://doi.org/10.12998/wjcc.v3.i1.52
https://doi.org/10.1002/jor.24840
https://doi.org/10.1002/jor.24840
https://doi.org/10.1002/jor.24840
https://doi.org/10.1155/2010/629020
https://doi.org/10.1155/2010/629020
https://doi.org/10.3390/polym14214600
https://doi.org/10.3390/polym14214600
https://doi.org/10.3390/polym14214600
https://doi.org/10.1177/2380084418822831
https://doi.org/10.1177/2380084418822831
https://doi.org/10.1007/s40964-021-00210-5
https://doi.org/10.1007/s40964-021-00210-5
https://doi.org/10.1007/s40964-021-00210-5
https://doi.org/10.1016/j.msec.2022.112651
https://doi.org/10.1016/j.msec.2022.112651
https://doi.org/10.1080/10586458.1997.10504349
https://doi.org/10.1016/j.engreg.2021.09.004
https://doi.org/10.1016/j.engreg.2021.09.004
https://doi.org/10.3389/fbioe.2022.973297
https://doi.org/10.3389/fbioe.2022.973297
https://doi.org/10.3389/fbioe.2022.973297
https://doi.org/10.1016/j.jmrt.2023.01.155
https://doi.org/10.1016/j.jmrt.2023.01.155
https://doi.org/10.1016/B978-0-08-102643-4.00007-0
https://doi.org/10.1016/B978-0-08-102643-4.00007-0
https://doi.org/10.1016/B978-0-08-102643-4.00007-0
https://doi.org/10.1016/j.bioactmat.2021.09.031
https://doi.org/10.1016/j.bioactmat.2021.09.031
https://doi.org/10.4103/1735-3327.92960
https://doi.org/10.4103/1735-3327.92960
https://doi.org/10.1155/2020/9659412
https://doi.org/10.1155/2020/9659412
https://doi.org/10.3390/ma9030197
https://doi.org/10.3390/ma9030197
https://doi.org/10.1016/j.colsurfb.2018.10.071
https://doi.org/10.1016/j.colsurfb.2018.10.071
https://doi.org/10.1016/j.colsurfb.2018.10.071
https://doi.org/10.1146/annurev-bioeng-062117-121139
https://doi.org/10.1146/annurev-bioeng-062117-121139
https://doi.org/10.1016/j.biomaterials.2005.02.002
https://doi.org/10.1016/j.biomaterials.2005.02.002
https://doi.org/10.1016/j.biomaterials.2009.09.063
https://doi.org/10.1016/j.biomaterials.2009.09.063
https://doi.org/10.1016/j.biomaterials.2009.09.063
https://doi.org/10.1007/s10856-012-4611-9
https://doi.org/10.1007/s10856-012-4611-9
https://doi.org/10.1089/ten.tea.2011.0048
https://doi.org/10.1089/ten.tea.2011.0048
https://doi.org/10.1089/ten.tea.2011.0048
https://doi.org/10.1038/srep34072
https://doi.org/10.1038/srep34072
https://doi.org/10.1039/D1RA02402G
https://doi.org/10.1039/D1RA02402G
https://doi.org/10.1039/D1RA02402G
https://doi.org/10.1039/D0LC00114G
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.4c00016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Used in Stereolithography of Microfluidic Devices. Lab Chip 2020, 20
(13), 2372−2382.

(46) Long, E. G.; Buluk, M.; Gallagher, M. B.; Schneider, J. M.;
Brown, J. L. Human Mesenchymal Stem Cell Morphology, Migration,
and Differentiation on Micro and Nano-Textured Titanium. Bioact
Mater. 2019, 4, 249−255.

(47) X-rays of dental implants and panoramic radiographs. https://
dental-edu.com/services/dental-implants/x-rays-of-dental-implants-
panoramic-radiographs/ (accessed 2023-01-04).

(48) Yao, Y.-t.; Yang, Y.; Ye, Q.; Cao, S.-s.; Zhang, X.-p.; Zhao, K.;
Jian, Y. Effects of Pore Size and Porosity on Cytocompatibility and
Osteogenic Differentiation of Porous Titanium. J. Mater. Sci. Mater.
Med. 2021, 32 (6), 1−11.

(49) Palacio-Mancheno, P. E.; Larriera, A. I.; Doty, S. B.; Cardoso,
L.; Fritton, S. P. 3D Assessment of Cortical Bone Porosity and Tissue
Mineral Density Using High-Resolution Micro-CT: Effects of
Resolution and Threshold Method. J. Bone Miner Res. 2014, 29 (1),
142−150.

(50) Yamada, M.; Ueno, T.; Minamikawa, H.; Ikeda, T.; Nakagawa,
K.; Ogawa, T. Early-Stage Osseointegration Capability of a
Submicrofeatured Titanium Surface Created by Microroughening
and Anodic Oxidation. Clin Oral Implants Res. 2013, 24 (9), 991−
1001.

(51) Koju, N.; Niraula, S.; Fotovvati, B. Additively Manufactured
Porous Ti6Al4V for Bone Implants: A Review. Metals 2022, Vol. 12,
Page 687 2022, 12 (4), 687.

(52) Thomas, J.; Alsaleh, N. A.; Ahmadein, M.; Elfar, A. A.; Farouk,
H. A.; Essa, K. Graded Cellular Structures for Enhanced Performance
of Additively Manufactured Orthopaedic Implants. International
Journal of Advanced Manufacturing Technology 2024, 130 (3−4),
1887−1900.

(53) Feng, B.; Jinkang, Z.; Zhen, W.; Jianxi, L.; Jiang, C.; Jian, L.;
Guolin, M.; Xin, D. The Effect of Pore Size on Tissue Ingrowth and
Neovascularization in Porous Bioceramics of Controlled Architecture
in Vivo. Biomed Mater. 2011, 6 (1), 015007.

(54) Anatomy and Ultrastructure of Bone − Histogenesis, Growth and
Remodeling - Endotext - NCBI Bookshelf. 2019, https://www.ncbi.
nlm.nih.gov/books/NBK279149/ (accessed 2024-05-04).

ACS Materials Au pubs.acs.org/materialsau Article

https://doi.org/10.1021/acsmaterialsau.4c00016
ACS Mater. Au 2024, 4, 479−488

488

https://doi.org/10.1039/D0LC00114G
https://doi.org/10.1016/j.bioactmat.2019.08.001
https://doi.org/10.1016/j.bioactmat.2019.08.001
https://dental-edu.com/services/dental-implants/x-rays-of-dental-implants-panoramic-radiographs/
https://dental-edu.com/services/dental-implants/x-rays-of-dental-implants-panoramic-radiographs/
https://dental-edu.com/services/dental-implants/x-rays-of-dental-implants-panoramic-radiographs/
https://doi.org/10.1007/s10856-021-06548-0
https://doi.org/10.1007/s10856-021-06548-0
https://doi.org/10.1002/jbmr.2012
https://doi.org/10.1002/jbmr.2012
https://doi.org/10.1002/jbmr.2012
https://doi.org/10.1111/j.1600-0501.2012.02507.x
https://doi.org/10.1111/j.1600-0501.2012.02507.x
https://doi.org/10.1111/j.1600-0501.2012.02507.x
https://doi.org/10.3390/met12040687
https://doi.org/10.3390/met12040687
https://doi.org/10.1007/s00170-023-12843-7
https://doi.org/10.1007/s00170-023-12843-7
https://doi.org/10.1088/1748-6041/6/1/015007
https://doi.org/10.1088/1748-6041/6/1/015007
https://doi.org/10.1088/1748-6041/6/1/015007
https://www.ncbi.nlm.nih.gov/books/NBK279149/
https://www.ncbi.nlm.nih.gov/books/NBK279149/
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.4c00016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

