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Abstract
Three-dimensional (3D) printing enables the fabrication of biomimetic scaffolds for craniomaxil-
lofacial (CMF) bone regeneration, offering patient-specific solutions with tailored mechanical and
biological properties. This study presents a 3D-printed gyroid scaffold composed of poly(L-lactide-
co-D,L-lactide) (PLDLLA) and β-tricalcium phosphate (β-TCP), designed to enhance struc-
tural integrity and bioactivity. Using computer-aided design (CAD) and a dual-material addit-
ive manufacturing approach incorporating a water-soluble support material, scaffolds with con-
trolled porosity and tunable mechanical properties are fabricated to match trabecular mandibu-
lar bone characteristics. Mechanical testing demonstrates that modulating wall thickness and
porosity optimizes compressive strength and elastic modulus, ensuring stability under physiolo-
gical loads. Chemical and cytotoxicity analyses confirm biocompatibility across manufacturing,
post-processing, and sterilization. Biofunctionalization with polydopamine (PDA) and nano-
hydroxyapatite (nHAP) enables selective cellular responses. PDA suppresses cell mineralization
markers in osteosarcoma cells, while PDA-nHAP enhances osteogenic differentiation and fibro-
blast adhesion, supporting regenerative applications. High fidelity to CAD models and suitability
for point-of-care fabrication underscore its clinical potential for CMF defect repair. By integrating
tunable mechanics and targeted bioactivity, the developed scaffold offers a versatile platform for
CMF reconstruction, addressing critical challenges in bone tissue engineering.

Abbreviations

3D Three-dimensional

AFJ Arburg freeformer job

AM Additive manufacturing

APF Arburg plastic freeformer

BJ-1 Human fibroblast cell line

CAD Computer-aided design

CMF Craniomaxillofacial

DMEM Dulbecco’s modified Eagle’s medium

DMSO Dimethyl sulfoxide

EDX Energy-dispersive x-ray spectroscopy

FBS Fetal bovine serum

FDM Fused filament deposition

HAP Hydroxyapatite

IBSP Integrin-binding sialoprotein (bone
sialoprotein

nHAP Nano-hydroxyapatite

OCN Osteocalcin

P Porosity
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PDA Polydopamine

PLDLLA Poly(L-lactide-co-D, L-lactide)

PEEK Polyether ether ketone

PLA Polylactic acid

POC Point of care

RMS Root mean square

SEM Scanning electron microscopy

STL Standard tessellation language

β-TCP Beta tricalcium phosphate

TL Transmitted light

TPMS Triply periodic minimal surfaces

WT Wall thickness

1. Introduction

Bone defects in the CMF region often require grafts
for repair. Limitations associated with the current
gold standard, autologous bone grafting, such as
high donor site morbidity and challenges in accur-
ately shaping the graft to match craniofacial ana-
tomy, have led to an interest in the use of synthetic
scaffolds [1, 2].

Advances in computational design and AM have
enabled the fabrication of 3D porous scaffolds and
implants with precise architectures. 3D printing
allows the production of constructs with a defined
shape, size, porosity, and pore distribution, impact-
ing mechanics, degradation, cell behavior, and tis-
sue formation [3–5]. In addition, recent advances in
3D bioprinting have expanded the ability to gener-
ate biomimetic, spatially controlled 3D constructs,
including organoid based systems [6]. It also offers
to produce patient-specific designs, which are cru-
cial in most CMF defects for functional and aesthetic
restoration [7].

In our clinic, we have already embraced cutting-
edge non-resorbable patient-specific cranial PEEK
implants that are 3D printed at the POC [8]. These
implants leverage medical imaging modalities like
computer tomography and magnetic resonance ima-
ging, along with CAD, ensuring precise replication
of defects and providing effective solutions for cra-
nial bone defects [9]. While these inert implants
excel in addressing aesthetic concerns and protecting
vital structures like the brain, there remains a chal-
lenge in fully restoring the integrity and function of
the bone itself [10]. Identifying appropriate mater-
ials and workflows for resorbable 3D printing bone
regeneration solutions poses a pivotal challenge, espe-
cially in achieving the necessary mechanical strength
and biocompatibility for clinical application [11].
Optimal bone replacement scaffolds should closely
mimic both the physical and chemical structure

of natural bone, creating a conducive environment
for cell growth [12]. Gyroid patterns are known
for their uniformly distributed pores and struts,
which help promote cell attachment and growth.
They also provide good mechanical strength and
stability, which is crucial for supporting bone tis-
sue during regeneration [13–15]. Recent evidence
suggests that TPMS, such as the gyroid, can drive
the cell fate of human mesenchymal stromal cells
towards osteogenic differentiation and enhance the
cells’ angiogenic paracrine function [16].

Extensive research has been conducted on syn-
thetic polymers, including polylactic acid (PLA) and
its derivatives, which are widely used in clinical
applications due to their biocompatibility and biode-
gradability, especially in bone fixation and osteosyn-
thesis plates [17]. With the development of 3D print-
ing, research has progressed in tissue regeneration
applications, including bone scaffolds [18]. However,
the hydrophobic nature of these materials presents a
challenge for cell adherence [19]. Indeed, many coat-
ings have been employed to further enhance the per-
formance of materials such as PLA-based scaffolds.
Strategies such as fibrinogen coating have shown
promise to overcome this limitation and allow for bet-
ter cell adhesion [20]. However, the quest for clinic-
ally applicable solutions persists. In a previous study,
we demonstrated that surface functionalization with
polydopamine (PDA) and hydroxyapatite (HAP) res-
ulted in improved hydrophilicity and controlled
release of Ca2+ to enhance cellular responses, includ-
ing early osteogenic behavior [21]. PDA-coatings are
versatile and widely studied materials in biomedical
applications due to their strong adhesive properties
and biocompatibility. Inspired by the natural adhe-
sion mechanism of mussel foot proteins, PDA forms
stable coatings on a wide range of surfaces, includ-
ing metals, polymers, and ceramics, under mild con-
ditions. These coatings offer functional groups, such
as catechol and amine, which enable further func-
tionalization and enhance the material’s bioactivity
[21]. PDA has been particularly effective in promot-
ing mineralization by providing nucleation sites for
HAP formation, making it valuable for bone regen-
eration applications [22]. These unique properties
make PDA coatings highly suitable for multifunc-
tional applications, such as combining bone regener-
ation with cancer therapy or enabling controlled drug
delivery [21, 23, 24].

Clinical studies also support the use of beta-
tricalcium phosphate (β-TCP) as a synthetic bone
graft substitute [25] with good cell-mediated resorp-
tion as well as osteoconductive and osteoinductive
properties [26]. This graft material’s main disadvant-
age is its poor mechanical strength [25]. Resorbable
3D printed β-TCP scaffolds show potential for bone
regeneration [27–29], though 3D printing intricate
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Table 1. Targeted mechanical properties of human trabecular mandibular bone for scaffold development with matched biomechanical
characteristics.

Characteristics Trabecular mandibular bone

Density (g cm−3) 0.85–1.53; mean 1.14 [38]

Edentulous mandible: mean 0.55 [39]

Elastic modulus (MPa) With cortical plates present: 24.9–240.0; mean 96.2 without

cortical plates present: 3.5–125.6; mean 56.0 [38]

Young’s modulus (MPa) 6.9–199.5 [40]

Ultimate compressive strength (MPa) 0.22–10.44; mean 3.9 [38]

Porosity For trabecular bone (tibia): 50%–90% [41]

architecture remains challenging due to their brittle
nature [30]. Combining TCP with PLA can enhance
3D printability and mechanical properties [31, 32].
Advanced techniques such as Arburg plastic-free
forming, similar to injection molding, have emerged
to overcome the traditional challenges of 3D print-
ing. With this technique, it is possible to use two
materials with different process temperatures simul-
taneously, allowing the use of a water-soluble support
material to create complex geometries and anatom-
ical shapes [33–35]. It is essential to consider material
and process compatibility with medical requirements
to ensure safe and effective use of 3D printed mater-
ials in clinical settings. Neglecting practical consider-
ations such as process requirements, toxicity, adher-
ence to hospital sterilization protocols, and associ-
ated side effects can compromise the safety and effic-
acy of the final product, hindering clinical translation.
Therefore, it is recommended that researchers address
these issues early in the development phase [36, 37].

In the scope of this study, our objective was to
develop a biomimetic 3D printed scaffold specific-
ally designed to effectively address intricate defects
in the CMF area. Building upon the insights high-
lighted earlier, our focus extended toward the cru-
cial aspect of potential clinical translation. The key
objective of our research was the fabrication of a
scaffold meticulously designed to align with the
intricate biomechanical properties of the mandibu-
lar bone, as outlined in table 1. This entailed a thor-
ough consideration of design, fabrication, and pro-
cessing parameters, all aimed at achieving optimal
anatomical and biological compatibility. We aim to
enhance the scaffold’s efficacy in promoting bone
regeneration and optimize clinical translatability. We
hypothesize that 3D-printed poly(L-lactide-co-D,L-
lactide) (PLDLLA) and β-TCP gyroid scaffolds will
possess tunable mechanical properties suitable for
CMF applications. Additionally, multiphasic coating
strategies using PDA and HAP will enable custom-
ization of the scaffolds’ surface properties, such as
cell adhesion, promoting specific cellular responses,
and inhibiting undesirable cell growth as needed. This
adaptability makes the constructs promising candid-
ates for various bone regeneration applications.

2. Results

2.1. CAD part analysis
The analysis results (figure 1, detailed in table S1
in the supplementary data) indicate that the mor-
phological deviation of the additively manufactured
scaffolds from the CAD model remains within the
expected tolerance for all four models, each designed
with specific (WTs, in mm) and porosities (P, in %).
The average signed distance between the scanned and
CAD models is less than 0.1 mm for all models, with
the RMS deviation below 0.13 mm, except for the top
surface of WT0.8P70 (0.1886 mm) and the front sur-
face of WT1P60 (0.1749 mm).

For the front surface, the average deviation from
the CAD model is 0.0155 mm, with an RMS devi-
ation of 0.1284 mm and a standard deviation of
0.1039mm. For the top surface, the average deviation
is 0.0358 mm, with an RMS deviation of 0.1339 mm
and a standard deviation of 0.1288 mm.

Overall, the findings suggest a minor disparity
between the CAD model and the scanned gyroid
structures, remaining below the 3D printer’s drop size
threshold (0.2 mm). The top surface exhibits slightly
more variation than the front surface.

2.2. Mechanical properties
The mechanical properties of the 3D-printed scaf-
folds were evaluated by analyzing elastic modulus,
yield strength, and ultimate compressive strength
across different WT and porosities. As shown in
figure 2 and detailed in table S2 and figure S1, increas-
ing porosity led to a reduction in elastic modulus.
For example, scaffolds with a 1.0 mm WT exhibited
a 31.82 MPa decrease in mean elastic modulus when
porosity increased from 60% to 70%. A similar trend
was observed for yield strength and ultimate com-
pressive strength.

Scaffold geometry played a dominant role in
mechanical performance, explaining 87.19% of the
variance in mean compressive strength, while build
direction contributed 6.76% (p < 0.0001). Similarly,
geometry accounted for 80.13% of the variance
in yield strength, while build direction explained
13.81%. For elastic modulus, geometry contributed
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Figure 1. Structural and morphological analysis of 3D-printed scaffolds. Top: color-coded surface deviation maps of the top
and front surfaces compare the 3D-printed scaffolds to their CAD models. Deviations (in mm) are shown as red (protrusions),
blue (recessed areas), and green (close to CAD model). Most deviations fall within the acceptable tolerance of±0.1333 mm,
demonstrating high morphological fidelity. Bottom: Photograph of 3D-printed scaffolds before (background) and after (fore-
ground) support structure removal, arranged by variations in wall thickness (WT, in mm) and porosity (P in %), from left to
right: WT0.8P60, WT0.8P70, WT1P60, and WT1P70. Scale bar indicates 5 mm.

Figure 2. Influence of geometry and build direction on the mechanical properties of 3D-printed gyroid scaffolds. Mechanical
testing results for three replicates of each scaffold geometry (WT0.8P60, WT0.8P70, WT1P60, and WT1P70) under two testing
directions: build direction (■, first column) and transverse direction (•, second column). Data are presented for three mechan-
ical properties: (A) mean elastic modulus (MPa), (B) yield strength (MPa), and (C) mean compressive strength (MPa). Tables
below each plot summarize the analysis of variance, detailing the percentage of total variation attributed to geometry, build direc-
tion, and their interaction, along with corresponding p-values.

92.28%, with build direction having an insignific-
ant effect (0.36%). The lack of interaction between
these factors suggests that the effect of build dir-
ection remains consistent across different scaffold
geometries.

Scaffolds with 1.0 mm WT exhibited superior
mechanical properties compared to 0.8 mm WT.
The WT1P60 scaffold demonstrated the highest
overall performance, with an elastic modulus of
116.43 MPa (build direction) and 105.87 MPa
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Figure 3. Design and fabrication of a patient-specific scaffold for an alveolar bone defect of the mandible. (A): CAD rendering
illustrating the alveolar bone defect (B): and the corresponding scaffold placement. (C): 3D-printed anatomical scaffold made
from PLDLLA-β-TCP designed to fit the alveolar bone defect.

(transverse direction), a yield strength of 7.50 MPa
and 8.87 MPa, and an ultimate compressive strength
of 7.74 MPa and 9.03 MPa, respectively.

These findings highlight the ability to tune
porosity and WT to achieve tailored mechanical
properties. The WT1P60 scaffold consistently out-
performed other designs, closely matching the
mechanical properties of human mandibular bone
and was selected for all subsequent experiments.
(Table 1).

EDX analysis (table S3) confirmed the expec-
ted elemental composition of the scaffolds, with
carbon (47–51 wt%) and oxygen (36–39 wt%)
as the primary constituents, alongside smaller
amounts of phosphorus and calcium (5–7 wt%).
No significant differences were observed between
unprinted, printed, sterilized, or unsterilized
samples.

2.3. Complex 3D printing of gyroid architecture on
mandibular defect
A defect was artificially created on a jaw model, and
the scaffold was then 3D printed with PLDLLA-β-
TCP using the same method described in Methods,
section 3D printing. After support removal and
handling, the anatomically shaped scaffold main-
tained structural integrity and showed no visible frac-
ture or delamination and no permanent deforma-
tion or warping). When seated into the 3D-printed
defect model, it showed no observable rocking and
remained in place under gentle manual loading; due
to the anatomical geometry, only one reproducible

seating orientation was possible. Fit was assessed by
visual inspection.

The results (figure 3) demonstrate the possibil-
ity of printing complex, anatomically shaped struc-
tures due to the use of water-soluble support mater-
ial. The printed scaffold, although having complex
angles, proved stable and fitting after being placed in
the area of the artificial defect in a fit assessment with
the defect model.

2.4. Cytotoxicity testing using BJ-1 cells
The qualitative evaluation of the 24 h elution test
(ISO 10993-5) (figure 4, top) revealed no morpho-
logical changes indicative of cell lysis or cytotoxicity.
No signs of cytotoxic product leaching were observed
in the test material, while the positive control exhib-
ited clear cytotoxic effects. The quantitative assess-
ment (figure 4, bottom) based on metabolic activity
measured via the CellTiter-Blue Cell Viability Assay,
showed no significant differences compared to the
negative control, with a mean activity of 97.52%. The
positive control exhibited markedly reduced activity
at 7.19%. For printed disks, mean metabolic activ-
ity levels were 102.3% (without supportmaterial) and
101.7% (with supportmaterial), while the eluate from
the porous scaffold showed an activity of 100.8%.
The unprinted material controls exhibited levels of
96.25% (unsterilized) and 95.02% (sterilized).

All tested samples exhibited metabolic activities
above the 70% non-cytotoxicity threshold, as defined
by ISO 10993-5.

Direct cell seeding onto material samples resul-
ted in limited adhesion after 24 h (figure 5, top) and

5



Biomed. Mater. 21 (2026) 035001 C Tourbier et al

Figure 4. Evaluation of cell viability using 24 h indirect qualitative and quantitative cytotoxicity testing using BJ-1 cells (ISO
10993-5). Top: fluorescence images of Calcein AM (green, live cells) and ethidium homodimer-1 (red, dead cells) staining.
Bottom: CellTiter-Blue Cell Viability Assay after 24 h exposure to scaffold eluates. Cell metabolic activity is expressed relative
to the negative control. The solid line marks the 70% non-cytotoxicity threshold, and the dotted line indicates the 90% target
threshold.

72 h (figure S2, top). SEM imaging showed sparse cell
adhesion, with no confluency achieved. Quantitative
analysis confirmed low metabolic activity (figure 5,
bottom and figure S2, bottom). Preincubation of the

materials in medium for 24 h improved adhesion,
with the solid disk printed with support material per-
forming slightly better than other samples. Metabolic
activity remained low in uncoated samples.
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Figure 5. Evaluation of BJ-1 cell adhesion after 72 h direct cytotoxicity qualitative and quantitative testing (ISO 10993-5). Top:
scanning electron microscopy (SEM) images at 30×, 200×, and 1000×magnifications, showing cell adhesion and morpho-
logy on scaffold surfaces. Sample conditions: negative control (cell culture well plastic), positive control (50 µl dimethyl sulfox-
ide (DMSO)), unprinted material control (sterilized/unsterilized), printed solid disk (with/without support material), porous
scaffold (with support material), and solid disk control (without preincubation). Arrows highlight cells adherent to the scaffold
surface. Scale bars in the lower right corner in white indicating for upper, middle and lower row 800, 100 and 20 µm. Bottom:
CellTiter-Blue Cell Viability Assay quantifying metabolic activity of adherent cells after 72 h exposure to scaffold surfaces. All
samples, except the solid disk without preincubation, were preincubated in medium for 24 h. Metabolic activity is expressed relat-
ive to the negative control, with the solid line marking the 70% threshold for acceptable metabolic activity (ISO 10993-5).

2.5 Coatings
Coating the samples with polydopamine (PDA)
or polydopamine hydroxyapatite (PDA–HAP)
improved metabolic activity of BJ-1 cells (figures 6,
7 and S3). The coating with PDA only increased the
metabolic activity two-fold compared to the uncoated
sample. When coating with PDA and HAP, the activ-
ity improved further to 5.3-fold. Since metabolic
activity is closely associated with cell viability and
adhesion, these findings suggest that the synergistic
use of PDA and HAP coatings promotes improved
cell–material interactions.

Confocal microscopy with live and dead staining
was performed after 14 d of BJ-1 cell culture on por-
ous gyroid structures (figure 6). The results showed
that the cells on the PDA and PDA–HAP-coated
samples proliferated while keeping a physiological
morphology; on the contrary, the uncoated samples
did not promote any cell adhesion and proliferation.
This is consistent with the previous results showing
that PDA and PDA–HAP-coatings can significantly
improve cell adhesion (see figures 5 and S2).

Surface morphology and cell adhesion trends for
different-coatings were further examined via SEM
(figure S4), confirming enhanced SaOS-2 cell attach-
ment on PDA-HA-coated samples compared to non-
coated and PDA-coated scaffolds.

2.6 Osteogenic marker expression and
calcium-associated alizarin red S (ARS) staining
analysis
The effect of coating with PDA and PDA–HAP was
assessed using the osteosarcoma-derived, osteoblast-
like cell line SaOS-2 by evaluating the expres-
sion of bone-related markers. Confocal imaging
revealed differences in cell adhesion behavior and
bone matrix protein expression among coatings
(figure 8). Interestingly, SaOS-2 cells adhered robustly
to uncoated scaffolds, showing expression of min-
eralization markers bone sialoprotein (IBSP) and
Osteocalcin (OCN). PDA-coated and PDA–HAP-
coated scaffolds supported moderate cell adhesion,
with modest bone matrix protein expression but
increased cell coverage and elongation.

7
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Figure 6. CellTiter-Blue Cell Viability Assay quantifying metabolic activity of adherent BJ-1 cells on coated scaffold samples after
72 h of direct cytotoxicity testing. Fold change in cell metabolic activity is presented for various sample groups, normalized to
non-coated scaffolds. Additional control groups include preconditioning for 24 h in complete culture medium (DMEM+ 10%
FBS; labeled ‘10% FBS’) and preconditioning for 24 h in pure serum (100% FBS) as protein-adsorption reference conditions,
demonstrating significantly enhanced cell adhesion on polydopamine (PDA)-coated scaffolds, and polydopamine-hydroxyapatite
(PDA–HAP)-coated scaffolds compared to the non-coated control.

Figure 7. Confocal microscopy of qualitative, representative live/dead staining of BJ-1 cells after 14 d of culture on porous gyroid
scaffolds. Live cells, negative control as reference, are stained with Calcein-AM (green), and dead cells, positive control as refer-
ence, are stained with ethidium homodimer-1(red). Polydopamine (PDA)-coated scaffolds, and polydopamine-hydroxyapatite
(PDA–HAP)-coated scaffolds show significant cell proliferation and attachment, with cells maintaining physiological morpho-
logy. In contrast, non-coated scaffolds do not support significant cell adhesion or proliferation. The scale bar indicates 500 µm.

The mineralization potential of non-coated,
PDA-coated, and PDA–HAP-coated scaffolds was
assessed via qualitative and quantitative ARS stain-
ing after 10 d in basal medium, with and without
SaOS-2 cells. Scaffolds seeded with SaOS-2 cells
exhibited notable differences in calcium deposition
(figure 9). PDA–HAP-coated scaffolds showed the
most intense and uniform calcium-associated ARS

staining, whereas non-coated and PDA-coated scaf-
folds cultured with cells had lighter, patchy stain-
ing, suggesting lower calcium deposition. The non-
cultured native control displayed minimal staining.

Quantitative analysis (figure 9, Right) showed
PDA–HAP-coated scaffolds with cells had the highest
absorbance values, while non-coated andPDA-coated
scaffolds exhibited lower values.

8
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Figure 8. Confocal imaging of SaOS-2 cells on coated scaffolds. Confocal microscopy images of SaOS-2 cells cultured for 10 d in
basal medium on non-coated, polydopamine (PDA)-coated, and polydopamine-hydroxyapatite (PDA–HAP)-coated scaffolds.
Staining: DAPI (nuclei, blue), IBSP (bone sialoprotein, purple), OCN (Osteocalcin, yellow), and transmitted light (TL, bright-
field) for scaffold visualization. Images are at 200×magnification ; inserts show secondary antibody staining only. Scale bars:
200 µm (main images and insets). SaOS-2 cells adhered to all scaffolds but exhibited higher metabolic activity uncoated scaffolds.

3. Discussion

The present study investigated the mechanical prop-
erties and biocompatibility of 3D-printed gyroid con-
structs for CMF applications. The findings revealed
promising insights, indicating that these scaffolds
are both biocompatible and mechanically suitable,
making them attractive candidates for future clin-
ical applications in treating craniofacial bone defects.
Furthermore, the study highlighted the potential
of functionalizing HAP with PDA to significantly
enhance cell adhesion.

3.1. CAD analysis
In CMF applications, precise anatomical fit is crucial
for optimal functionality and aesthetic restoration
[42]. Surface scanning validated the accuracy of the
3D-printed gyroid scaffolds with deviations within
a 0.2 mm tolerance. While the RMS values suggest
overall acceptability, the dispersion shown by the
standard deviation points to notable surface vari-
ations. Overall, the CAD-to-scan comparison indic-
ates high geometric fidelity of the printed scaffolds
at the assessed surfaces, with deviations remain-
ing within the predefined tolerance. The observed
dispersion (standard deviation) reflects local surface

variability on the complex TPMS geometry and
scanner accessibility, rather than providing a dir-
ect measure of internal architecture. In contrast to
conventional linear-patterned scaffolds [21, 43], this
study introduces a biomimetic gyroid architecture,
offering improved design capabilities. A limitation of
the present work is that internal pore and pore-throat
size distributions and quantitative interconnectivity
metrics were not evaluated using volumetricmethods
(e.g. micro-CT-based pore network analysis).

3.2. Mechanical properties
Given the considerable variation in size and com-
plexity of CMF defects, the ability to customize
scaffold mechanical properties is essential to meet
diverse patient needs [10]. The mechanical analysis
revealed that porosity and WT significantly influ-
enced the elastic modulus, yield strength, and ulti-
mate compressive strength of the scaffolds. Notably,
all tested designs fall within the reported ranges for
mandibular bone properties [38], with the WT1P60
pattern demonstrating the most favorable perform-
ance. The elastic modulus of WT1P60 aligns well
with that of mandibular bone (24.9–240 MPa), an
important criterion for mimicking natural bone
stiffness and maintaining biomechanical function

9
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Figure 9. Alizarin red staining of samples cultured for 10 d in basal medium. Top: Macroscopic images (50×magnification)
showing calcium deposition on non-coated, PDA-coated, and PDA–HAP-coated scaffolds, with and without SaOS-2 cells. The
control was a sample that was not cultured in basal medium. Middle: microscopic images (380×magnification) providing
detailed views of staining patterns. Non-coated and PDA-coated scaffolds with cells exhibit lighter, irregular staining, indicat-
ing lower calcium deposition. PDA–HAP-coated scaffolds with cells show dense, uniform staining. The control exhibits staining,
confirming the presence of calcium in the material. Bottom: quantitative analysis of alizarin red S staining. The control served as
a blank. PDA–HAP-coated scaffolds exhibited the highest calcium deposition.

in vivo [38]. Furthermore, the yield strength and
ultimate compressive strength of the WT1P60 scaf-
fold closely match those of mandibular bone, ensur-
ing that the scaffold can withstand similar physiolo-
gical loads. The scaffold’s yield strength, reaching
up to 8.87 MPa, and its compressive strength of
9.03MPa, fall within the upper range of values repor-
ted for trabecular mandibular bone. This indicates
the scaffold’s ability to maintain structural integ-
rity under mechanical stress, further supporting its
potential use in load-bearing applications such as

mandibular reconstruction. The stress–strain curves
display a non-linear stage, attributed to manufactur-
ing irregularities, surface abnormalities, and sample
settlement until achieving complete contact with
the testing machine’s crosshead surface. This beha-
vior is consistent with previous findings in por-
ous scaffold testing [44, 45] and akin to ductile
polymers.

The Young’s modulus showed a slight difference
between samples compressed in the build and trans-
verse directions, indicating anisotropic mechanical
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behavior. This anisotropy likely results from the layer-
by-layer deposition process in AM, which enhances
bonding within horizontal layers but may lead to
weaker interlayer adhesion. Structural imperfections
such as gaps or delamination can further reduce
mechanical performance in the transverse (vertical)
direction, where poor layer bonding creates weak
points that compromise scaffold strength [46].

This anisotropy is characteristic of natural bone
and may be intentionally designed to emulate the
mechanical profile of trabecular bone for regenerat-
ive purposes [39, 47]. The study revealed that the
WT1P60 scaffold exhibits a higher apparent Young’s
modulus under uniaxial compression in the build and
transverse direction compared to the other designs,
suggesting that it might be potentially tuned for
designing a shape-specific bone graft. In agreement
with earlier findings [48], as expected increased
porosity was associated with decreased yield strength
and compressive strength. Importantly, the elastic
modulus and compressive strength values measured
in both the build and transverse directions were con-
sistent with those reported for human mandibular
trabecular bone, reinforcing the scaffold’s suitability
for multi-directional mechanical loading regardless
of implant orientation.

3.3. Complex 3D printing of patient-specific gyroid
architecture for mandibular defect
The integration of water-soluble support material
into gyroid constructs eliminates shape limitations,
allowing for the fabrication of geometries suited to
intricate craniofacial defects within the constraints of
the printer’s build chamber (154 × 134 × 230 mm).
This volume is sufficient to accommodate the print-
ing of an entire human mandible, and in practice,
enables the simultaneous production ofmultiple scaf-
folds. This capability supports the production of
highly customized, patient-specific scaffolds. The res-
ults demonstrate the feasibility of printing complex
gyroid structures, offering a clear advantage over tra-
ditional rectilinear patterns in adapting to diverse
anatomical sites. Despite the complexity of their geo-
metries, the printed scaffolds exhibited structural sta-
bility and conformed accurately to the artificial defect
during a fit assessment using a 3D-printed mand-
ible model. These findings highlight the clinical viab-
ility and mechanical reliability of this approach for
addressing complex facial bone defects.

3.4. Cytotoxicity & coating
CMF defects often occur in sensitive and crit-
ical anatomical regions, in close proximity to vital
nerves and vascular structures of the head. Therefore,
ensuring the absence of cytotoxic byproducts and
confirming appropriate biocompatibility are essen-
tial prerequisites for successful clinical translation.
Accordingly, the in vitro biological assessment was
intentionally designed as a preliminary evaluation

using established cell models to investigate cytocom-
patibility, adhesion, and mineralization under con-
trolled conditions. While these models cannot fully
reproduce the complexity of the in vivo bone envir-
onment, they provide essential insight into material–
cell interactions and represent a necessary step prior
to more comprehensive biological investigations.

Consistent with this rationale, subsequent cell
viability assays performed using post-processed and
sterilized samples exposed to 24 h material extracts
demonstrated no detectable cytotoxic effects in vitro,
as assessed with the BJ-1 human fibroblast cell line in
accordance with ISO 10993-5 (Biological evaluation
of medical devices). These findings indicate that the
manufacturing workflow including the use of water-
soluble support materials and the applied steriliza-
tion procedures does not adversely affect the biolo-
gical safety of the final construct and supports its
cytocompatibility.

The reduced viability observed when cells were
directly seeded on the materials can be attrib-
uted to limited adhesion to uncoated materials, as
samples pre-treated with 10% FBS showed a signi-
ficant improvement in adhesion compared to the
uncoated control group, where cells failed to adhere.
Additionally, scaffolds printed with support struc-
tures showed slightly improved performance, pos-
sibly due to increased surface roughness following
support removal. Nevertheless, overall cell adhesion
to the material remained notably low, which is con-
sistent with expectations for hydrophobic materials
[17]. Although Fairag et al demonstrated that 3D
printed scaffolds without surface modifications may
be suitable as bone substitutes for defects, the cur-
rent findings highlight the superior cell adhesion
properties of PDA and PDA–HAP-coated samples
[49]. For tissue regeneration purposes, our material
needs to be coated to overcome hydrophobic prop-
erties and allow for cell adhesion, as shown by pre-
treatment with 10% FBS. Since FBS is not clinic-
ally translatable and is subject to donor variability,
a standardized PDA–HAP coating, previously stud-
ied by this group, was applied to enhance hydro-
philicity, promote adhesion, enable biomolecule
immobilization, and support clinical translation
by leveraging a compound already used in medical
contexts [21, 50].

The benefit of coating was confirmed via confocal
microscopy, which revealed confluent cellular layers
without evident changes in cell morphology on PDA
and PDA–HAP coated samples compared to single-
celled states on uncoated counterparts.

Recent studies have demonstrated that PDA-
coatings enhance the osteogenic differentiation of
bone marrow-derived mesenchymal stromal cells on
implant surfaces, both in vitro and in vivo, accelerat-
ing bone formation and improving osseointegration
[51, 52]. Additionally, significant bone regeneration
was reported in a mouse calvaria defect model with
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Poly(L-lactide) (PLLA)with a similar PDA-adenosine
coating [53]. These findings demonstrate the ver-
satile bioactivity of PDA, particularly its capacity
to immobilize biomolecules and boost the scaffold’s
therapeutic potential.

The unexpected lower calcium-associated ARS
staining observed in the polydopamine (PDA)-coated
scaffolds may be attributed to the effects of dopamine
on the osteosarcoma-derived osteoblast-like SaOS-
2 cell line. While PDA typically enhances cell adhe-
sion and scaffold bioactivity [21, 50], recent find-
ings from Sun et al reported that PDA can activ-
ate the dopamine receptor DRD1 and modulate cell
behavior via the cAMP/PKA pathway, affecting RhoA
activity and cytoskeletal organization. In addition,
Gao et al demonstrated that DRD1 is expressed in
in OS732 osteosarcoma cells and that DRD1 activ-
ation reduces proliferation, which was associated
with decreased ERK1/2 and PI3K/Akt signaling [54,
55]. We therefore hypothesize that DRD1-mediated
signaling may also affect the osteosarcoma-derived
SaOS-2 cell line used here [55], reducing the num-
ber of viable matrix-producing cells and thereby con-
tributing to the lower mineral deposition observed
in the PDA coated group. In contrast, the PDA-
HAP coated scaffolds may mitigate this effect by
providing osteoconductivemineral cues andmay par-
tially mask PDA exposed functional groups, support-
ing cell attachment and osteogenic activity, promot-
ing mineralization [4, 12]. Calcium-associated ARS
staining was assessed after 10 d in basal medium in
samples with and without SaOS-2 cells. Because the
scaffold contains β-TCP (and PDA–HAP includes
a calcium phosphate phase), ARS staining reflects
both scaffold-derived calcium/background and any
cell-associated deposition. Therefore, ARS is repor-
ted here as a comparative, non-specific readout, and
conclusions regarding cell-mediated mineralization
are limited; orthogonal methods (e.g. SEM/EDX) are
required to confirm mineral deposition.

The tunability of scaffolds coated with PDA and
PDA–HAP extends further through localized func-
tionalization, enabling precise customization for spe-
cific therapeutic purposes. PDA-coatings can be stra-
tegically applied near resection margins to exploit
their photothermal and anti-tumor properties for
localized cancer control and recurrence prevention.
Simultaneously, PDA–HAP-coatings can be focused
on regions requiring bone regeneration, supporting
mineralization and tissue integration. This spatial
approach enhances overall scaffold performance and
bridges the gap between oncological and regenerative
applications, offering a multifunctional solution for
complex clinical challenges.

This study employed large pore sizes based
on prior research indicating benefits for mesen-
chymal stem cell proliferation on PLA scaffolds [56,
57]. However, further justification and optimization
of pore architecture are necessary to suit specific

anatomical requirements. While the present work
focused on material properties and biocompatibility,
future studies should evaluate scaffold design in the
context of site-specific mechanical and regenerative
demands. In addition, 3D printing could be com-
bined with cell-laden hydrogel bioinks for direct cell
delivery [58].

Although PDA functionalization significantly
improves cell adhesion, it remains experimental
and is not currently approved for medical devices.
Dopamine is a clinically available drug that can
be administered parenterally to treat cases of pro-
nounced hypotension and shock [59, 60] and cannot
cross the brain–blood barrier [61]. The use of a clin-
ically approved molecule enhances the potential for
regulatory compliance and facilitates clinical trans-
lation, offering a more streamlined alternative to the
approval process required for new compounds.

While the base material is available in medical
grade form and similar coatings have been previously
validated in vivo [43, 62], preclinical studies are essen-
tial to confirm this scaffolds performance and clinical
suitability. A thorough understanding of the biolo-
gical interactions and long term behavior of the scaf-
fold within host tissue will require extensive in vivo
testing [63]. In addition, the scaffold’s longevity and
degradation profilemust be assessed to ensure reliable
performance over time in the intended physiological
environment.

3.5. Novelty
Literature supports the use of PLA/β-TCP composite
scaffolds for bone regeneration applications [64, 65].
In parallel, TPMS architectures such as gyroid, dia-
mond, and primitive have been increasingly explored
because they offer continuous surfaces, high inter-
connectivity, and tunable mechanical behavior [66].
Many prior TPMS studies focus on neat PLA or other
polymers without a ceramic phase [62, 67], whereas
PLA or PLDDLA and β-TCP composites are more
commonly reported in strut-based lattices or non-
TPMS porous designs [68, 69]. Surface bioactiva-
tion is often achieved using direct calcium phosphate
deposition, bioactive glass coatings, or biologic func-
tionalization, while here we use PDA as a versatile
interfacial platform combined withHAP to introduce
mineral cues [70, 71]. Importantly, the PDA approach
can be adapted to immobilize or nucleate other func-
tional coatings beyond HAP, enabling flexible tail-
oring of the surface to the intended application.
Finally, we incorporate a clinically relevant steriliza-
tion route using hydrogen peroxide plasma, strength-
ening translational feasibility compared with in vitro
sterilization routines such as ethanol baths and UV
exposure [67].Overall, in comparison to prior reports
that remain at the level of generic test geometries, we
demonstrate manufacturing of a patient specific scaf-
fold for an alveolar bone defect as a clinically relevant
use case.
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4. Conclusion

This study highlights the possibility of AM for cre-
ating complex structures to address CMF defects. It
shows that the mechanical properties of 3D prin-
ted gyroid architectures can be effectively controlled
by adjusting porosity and WT. Among the tested
designs, the WT1P60 pattern with a WT of 1 mm
and a porosity of 60% emerged as a strong can-
didate for mandibular bone regeneration, offering
an elastic modulus and compressive strength within
the desired range. Throughout the entire process,
from 3D printing to sterilization, the PLDDLA-β-
TCP material maintained its integrity, and the prin-
ted scaffolds exhibited no cytotoxic effects. However,
a functionalization step using PDA and HAP was
required to enable effective cell adhesion.

Overall, these findings support the development
of patient-specific 3D-printed composite scaffolds
that combine mechanically relevant TPMS archi-
tectures with a bioactive, adaptable mineral inter-
face as a surgical innovation manufactured at the
point-of-care.

5. Materials &methods

5.1. Gyroid structure for morphological and
mechanical analysis
All CAD models were created using nTopology soft-
ware (Version 3, nTopology, New York, USA). The
initial scaffolds were designed based on the gyroid
unit cell, defined by the following equation:

To construct each scaffold, the gyroid unit cells
were arranged in a tessellated pattern within a rect-
angular volume box (figure 10). The dimensions of
this volume box were: length (l) = 10.0 mm, width
(w)= 10.0 mm, and height (h)= 10.0 mm.

To achieve target porosities (P) ranging from
approximately 60% to 70%, the size of the gyroid unit
cell was systematically adjusted. The WT was optim-
ized at either 0.8 mm or 1.0 mm, depending on the
porosity level. Table 2 provides detailed parameters
of the gyroid scaffolds. Pore architecture is defined at
the CAD level by the implicit gyroid TPMS design.
In contrast to strut-based lattices, the gyroid TPMS
yields a continuous pore phase, i.e. an interconnected
pore network by design. In this work, the character-
istic architectural length scale is therefore governed by
the gyroid unit cell size andWT (table 2), which were
selected to achieve the designed porosities. Imaging-
based quantification of internal pore size/throat dia-
meter distributions (e.g. micro-CT) was not per-
formed in this study; instead, manufacturing fidelity
to the CAD model was assessed via surface scanning
(CAD part analysis).

The support structures were generated separately
by extruding the designed system perpendicular to
the build plate. The lattice support structure was

formed by inverting the corresponding gyroid geo-
metry of the bounding box, ensuring structural sta-
bility while maintaining an offset of 0.0001 mm from
the scaffold.

5.2. 3D design—samples for biological analysis
To accommodate the 24-well plate featuring 12 mm
diameter wells, porous disks and discoid lattice struc-
tures based on the WT1P60 pattern were designed.
The creation process for these structures closely par-
alleled that of the original gyroid scaffolds. To main-
tain consistency, the height of the porous disk was
standardized at 1.5 mm, and the height of the solid
disk was adjusted tomatch thematerial volume of the
porous design. Support structures for the discoid lat-
tice structure and the control group ‘disk with sup-
port structure’ were again fashioned using perpendic-
ular extrusion and inversion techniques.

5.3. Design of complex scaffold with gyroid
architecture for mandibular defect
To showcase the capability of producing intricate
structures for clinical applications, a STL file of a
mandible, sourced from a prior publication, was
utilized [72]. An artificial alveolar defect was gener-
ated digitally in Geomagic Freeform Plus (v. 2019, 3D
Systems, Rock Hill, USA) by mirroring the healthy
contralateral anatomy onto the defect side, virtu-
ally reducing the dental crowns to the alveolar bone
level, and subtracting the mirrored anatomy to cre-
ate a defect/augmentation volume STL. Thin edges
(<1 mm) were smoothed to avoid fragile features,
and the defect volume was offset by+0.2mm to facil-
itate insertion. The design process then followed the
established workflow for gyroid structures in nTo-
pology, as previously described. However, in this
instance, the imported STL of the designed augment-
ation volume was selected as an implicit body instead
of a conventional box, allowing for a more tailored
and complex scaffold design.

5.4. 3D printing
The designs and support structures‘STL files were
brought into the Arburg Slicer software (Arburg
GmbH+ Co KG, Lossburg, Germany) and compiled
into an AFJ file. Bioresorbable composite granules
RESOMER LR 706 S β-TCP from the RESOMER
BIORESORBABLE POLYMERS FOR MEDICAL
DEVICES portfolio (Evonik Industries AG, Essen,
Germany) were obtained as a pre-mixed, medical-
grade product, containing 70% poly(L-lactide-co-D,
L-lactide) with a 70:30 ratio and 30% β-tricalcium
phosphate (PLDDLA-β-TCP) [31, 73]. The mater-
ial is manufactured in compliance with IPEC-GMP
guidelines and ISO 13485 standards, ensuring its
suitability for implantable medical devices. The gran-
ules are manufactured through a compounding pro-
cess that ensures the homogeneous distribution of
β-TCP within the polymer matrix, eliminating the
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Figure 10. Characteristics of the gyroid scaffold structure, illustrating the defined top and front surfaces, wall thickness, and pore
architecture. The build direction is represented along the Z-axis, with the transverse direction shown for reference.

Table 2. Design parameters of gyroid scaffolds.

Assigned name Wall thickness (mm) Unit cell size (mm2) Designed porosity (%)

WT0.8P60 0.8 3.9 60.29

WT1P60 1 4.87 60.4

WT0.8P70 0.8 5.2 69.59

WT1P70 1 6.5 70.46

need for any additional blending or preparation
in our laboratory. The composite granules’ dens-
ity, Young’s modulus, and fracture strain were
1.24 g mm−3, 3500–4500 MPa, and <10% for injec-
tion molded specimens [73]. ARMAT 11 (Arburg
GmbH + Co KG Lossburg, Germany), a water-
soluble polyvinyl alcohol-based material, was used
for support structures. All samples were 3D prin-
ted with the Arburg freeformer 200-3X (Arburg
GmbH+CoKG, Lossburg, Germany) using the tem-
perature specifications from the material providers.
The mandible model was fabricated using fused fil-
ament fabrication with the BambuLab X1 Carbon
printer (BAMBULAB LIMITED, Shenzhen, China).
The chosen printingmaterial was polylactic acid (PLA
Matte Bambu Filament, BAMBULAB LIMITED).

5.5. Post-processing & sterilization
The 3D printed support structures were removed by
immersing the parts in tap water within an ultrasonic
bath for 90 min, with water refreshed between each
30 min interval. The samples were then air dried at
room temperature. They were packed in sterilization
peel-pouches (Steriking, Wipak Medical, Finland).
Sterilization at 55 ◦Cusing hydrogen peroxide plasma
with the Steris Vpro (Steris, Basingstoke, UK) for
19 min, following internal hospital sterilization pro-
tocols, was chosen due to its superiority over ultra-
violet and steam sterilization for porous polymeric
composite scaffolds [74], ensuring thorough penet-
ration of the gyroid structures, while minimizing
thermal damage.

5.6. CAD part analysis
To assess the superficial printing accuracy, three rep-
licates of each design were scanned using an intraoral

scanner (3Shape TRIOS, Copenhagen, Denmark).
Subsequently, the printed models were compared to
the initial design and evaluated for accuracy using
the 3D softwareMaterialise 3-matic 17.0 (Materialise,
Leuven, Belgium). The morphological deviation of
the 3D printed scaffolds from the CAD model was
evaluated by comparing the scanned scaffold sur-
faces to the respective CADmodel values for designed
surfaces. RMS values were used to quantify the
difference between the physical scaffolds and the
digital models. The RMS value was compared to a
±0.4 mm threshold to determine whether the dif-
ferences between the scanned and CAD models were
within acceptable tolerance. The results of the analysis
were visually represented as color maps. All triangles
below the histogram’sminimum threshold value were
colored blue, and all those above were colored red.
Surface differences between ±0.4 mm were repres-
ented by the color bar, which was interpolated from
turquoise to green to orange between the minimum
and maximum threshold values. A green color over-
lay showed an excellent model agreement.

5.7. Mechanical characterization
To conduct mechanical characterization of the scaf-
folds and assess the impact of variations in WT and
porosity levels, each of the four designs outlined in
table 2 was subjected to testing using three replic-
ates. The scaffolds were compressed between rigid
metal plates using a uniaxial compression setup on an
Instron 3344 machine with a maximum load capa-
city of 200 kN. Before testing, the gyroid scaffolds
were conditioned in distilled water at 37 ◦C for 1–4 h
following ISO 13781:1991 guidelines to assess their
performance when wet. Compression tests were con-
ducted under displacement-controlled conditions at
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a rate of 1 mm min−1, following the general prin-
ciples of ISO 604:2002 and adapted for the porous,
additively manufactured scaffolds to capture both
elastic behavior and progressive structural collapse.
Scaffold anisotropy was assessed by testing along and
perpendicular to the printing direction to account
for layer-dependent mechanical behavior inherent to
additively manufactured structures. This approach
reflects clinically relevant mandibular loading, where
load transfer from mastication may act along differ-
ent scaffold axes depending on defect geometry and
implantation orientation. Compression was stopped
at a maximum strain 15%. This upper limit was
chosen to exceedmechanical failure and capture post-
failure deformation and collapse behavior. The com-
pressive modulus (Ec) was determined by measuring
the maximum slope of the elastic region in the stress–
strain curve. The elasticmoduluswas calculated using
the formula: Ec = σ/ε = F × A × ∆L/L, where σ is
stress, F is the vertical reaction force, A is the initial
solid cross-sectional area of the scaffold, ε is strain,
∆L is the displacement of the upper surface, and L is
the initial length of the scaffold. Force and displace-
ment data were used to generate stress–strain curves,
considering the sample’s height and cross-sectional
area. Young’smoduluswas determined through linear
regression analysis of the elastic zone. Compressive
yield strength was calculated at the point of devi-
ation from linearity, and the ultimate compressive
strength was the maximum stress before the scaffold
layer collapsed.

5.8. Coating & surface modification
The surface functionalization of RESOMER LR 706 S
β-TCP disks and gyroid scaffolds, henceforth referred
to as samples, was carried out using polydopamine
(PDA) and nano-hydroxyapatite (HAP) based on our
previously published protocol from Chi et al, 2022
[21] (see figure S3). The samples were first immersed
in a freshly prepared dopamine solution (2 mg ml−1

in 10mMTris buffer, pH 8.5). To promote the forma-
tion of a thin, adherent PDA layer on the surface, the
samples were placed on an orbital shaker at 24 rpm
and 25 ◦C for 24 h. Throughout the coating process,
the solution was gently agitated to ensure even coat-
ing and to prevent aggregation of self-polymerizing
PDA nanoparticles.

After PDA deposition, the samples were rinsed
three times with sterile Milli-Q water to remove
any residual dopamine and air-dried at room tem-
perature, avoiding oven drying to preserve the
material’s integrity. These samples, now referred
to as PDA-coated, were then subjected to further
functionalization.

The immobilization of nano-HAPwas performed
by immersing the PDA-coated samples in an HAP
solution (50 mg ml−1). The samples were incub-
ated on the orbital shaker under the same conditions
(24 rpm, 25 ◦C) for 7 d. Following this incubation, the

samples were washed three times with sterile Milli-Q
water and air-dried at room temperature. These fully
functionalized samples are referred to as PDA–HAP
coated in this study, while uncoated RESOMER LR
706 S β-TCP samples were used as the control group.

5.9. Biological characterization
5.9.1. Cell culture and seeding
Cell lines of BJ1 fibroblasts for the initial indir-
ect cytotoxicity and adhesion tests, and osteoblast-
like SaOS-2 cells for the mineralization tests were
cultured and expanded in basal (DMEM, Thermo
Fisher, Zürich, Switzerland) supplemented with 10%
FBS (Corning, Glendale, AZ, USA) and 1% peni-
cillin/streptomycin (P/S, Roche Diagnostics GmbH,
Rotkreuz, Switzerland) at 37 ◦C, 5% CO2, and 95%–
98% rH. The medium was replaced every two days.

5.9.2. Indirect cytotoxicity and adhesion test
Indirect cytotoxicity testing was performed accord-
ing to ISO 10993:5. Material extracts were obtained
by incubating the samples for 24 h at 37 ◦C in
500 µl DMEM/10% FBS/1% P/S per sample, accord-
ing to ISO 10993:12. BJ1 cells were seeded in 24-well
cell culture plates (TPP, Trasadingen, Switzerland)
at a density of approximately 1 × 105 cells cm−2

(20,000 cells per well) and incubated in a humid-
ified incubator at 37 ◦C and 5% CO2. After 24 h,
the medium was exchanged for sample conditioned
extracts. As a positive control for cytotoxicity, 50 µl
DMSO was added to the cell culture medium. The
cell culture well served as a negative control, allowing
for optimal culturing conditions. The tested groups
included unprinted material controls, both unsteril-
ized and sterilized granules, solid disks printed with
and without support material, and porous gyroid
scaffolds (WT1P60 pattern) printed with support
material as defined in our design specification under
‘3D design—samples for biological analysis’. After
another 24 h, the qualitative and quantitative cyto-
toxicity measurements were performed. To evaluate
the adhesion potential, according to the direct cyto-
toxicity test according to ISO 10993:5, the BJ-1 cell
suspension was directly added to the samples at the
same density and cultured for 24 and 72 h before ana-
lysis. Again, the negative control was cell culture well
plastic, and the positive control was 50µl DMSO. The
tested samples included unprinted material controls,
both sterilized and unsterilized, solid disks printed
with and without support material, and porous scaf-
folds printed with support material. An additional
control included a solid disk that was not preincub-
ated in medium for 24 h.

Direct cytotoxicity testing on coated scaffolds
after 72 h of cell culture was performed. The samples
included non-coated, Polydopamine-coated (PDA),
and Polydopamine and Hydroxyapatite-coated
(PDA–HAP) samples functionalized according to
section ‘Coating/ Surface modification’. Additional
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controls involved preconditioning for 24 h either in
complete culturemedium (DMEM+ 10% FBS; ‘10%
FBS’) or in pure serum (100% FBS) prior to cell seed-
ing. The negative control remained cell culture well
plastic, and the positive control was 50 µl DMSO.

5.9.3. Cytotoxicity testing via Promega CellTiter-Blue
Cell Viability Assay
CellTiter Blue reagent (CellTiter-Blue Cell Viability
Assay, Promega Corporation, Madison, WI, USA)
was added to the cell culture medium and incub-
ated for four hours. The absorbance was measured
at 570 nm using a microplate reader (Synergy H1,
BioTek Instruments, Winooski, VT, USA). The per-
centage of cell viability was calculated as follows: Cell
viability %= (Asample−Ablank)/(ACRL-−Ablank)× 100.
All experiments were run with three replicate samples
and repeated multiple times. Each data point in the
figure represents the mean of three replicates.

5.9.4. Live/dead staining
The samples were washed twice with phosphate-
buffered saline (PBS) and then incubated with
Invitrogen™ LIVE/DEAD™ Cell Imaging Kit
(Thermo Fisher, Zürich, Switzerland) for 30 min
according to the manufacturer’s protocol. The
samples were visualized using an EVOS FL AUTO 2
imaging system (Thermo Fisher, Zürich, Switzerland)
for 24 and 72 h qualitative viability testing and the
confocal microscope Eclipse Ti2 (Nikon, Amstelveen,
The Netherlands) for different coatings after 10 d in
culture with basal medium, both with and without
BJ-1 cells. The coatings analyzed included non-
coated, PDA-coated, and PDA–HAP-coated samples.
Three biological replicates were analyzed in separate
technical triplicates.

5.9.5. SEM
7. SEM was performed to evaluate adhesion of BJ-1
cells to the different surfaces and surface treatments

After washing with PBS twice, the samples were
fixed in 10% formalin for 20 min. For SEM, the
samples were washed with Milli-Q water and then
dehydrated in a graded ethanol series. When critical-
point dried, they were sputter-coated with gold.
The micro morphologies and chemical composi-
tions of the scaffolds were investigated using (SEM,
Phillips XL30, Eindhoven, Netherlands) with EDX.
The samples for cell adhesion after 24 and 72 h were
sputtered with gold and observed at an accelerating
voltage of 5 kV at different magnifications.

EDX analysis was conducted at an accelerating
voltage of 10 kV. For EDX, we prepared the following
groups unprinted and unsterilized material controls,
consisting of the raw granules, unprinted and ster-
ilized material controls, with the raw granules sub-
jected to our in-house plasma sterilization protocol,

3D-printed disks without support material, and 3D-
printed disks with support material.

5.9.6. Immunofluorescence
Confocal imaging of non-coated, PDA-coated, and
PDA–HAP-coated scaffolds seeded with SaOS-2 cells
was conducted after 10 d of culture in basal medium.
Briefly, samples were washed twice with PBS, per-
meabilized with 0.1% Triton X-100 for 15 min at
room temperature with shaking, and subsequently
blocked with 1.6% BSA in PBS for 1 h under the same
conditions.

Primary antibodies were prepared following the
manufacturer’s instructions, and samples were incub-
ated overnight with 5 µg ml−1 IBSP (bone sialopro-
tein, Invitrogen, Rockford, IL, USA) and 10 µg ml−1

OCN (Osteocalcin, R&D Systems, Minneapolis, MN,
USA). After washing three times with PBS, second-
ary antibodies; 1.5 µg ml−1 Alexa Fluor™ 546 Goat
anti-Mouse IgG1 forOsteocalcin and 4µgml−1 Alexa
Fluor™ 488 Goat anti-Rabbit IgG for bone sialo-
protein (both Invitrogen, Rockford, IL, USA)—were
applied and incubated at 37 ◦C for 1 h. Following
incubation, samples were washed three times with
PBS and counterstained with 1 µg ml−1 DAPI
(Biotium, Fremont, CA) for nuclear visualization,
followed by three additional PBS washes. Imaging
was performed using an EVOS FL AUTO 2 imaging
system (Thermo Fisher, Zürich, Switzerland) and an
Eclipse Ti2 confocal microscope (Nikon, Amstelveen,
The Netherlands).

5.9.7. ARS staining
Disks were cultured for 10 d in basal medium with
and without SaOS-2 cells. Following the incubation
period, samples were rinsed with PBS and fixed in
10% formalin for 15 min. After fixation, the scaf-
folds were stained with 2% ARS solution (pH 4.2)
for 30 min at room temperature. Excess stain was
removed bywashing the samples thoroughly with dis-
tilled water. Macroscopic images were captured at
50× magnification, while microscopic images were
obtained at 380× magnification to evaluate calcium
deposition visually using a Leica DVM6a digital
microscope (LeicaMicrosystems,Wetzlar, Germany).
The scaffolds included non-coated, PDA-coated, and
PDA–HAP-coated samples, both with and without
SaOS-2 cells. Control groups comprised unseeded
scaffolds (without cells) and native scaffolds not sub-
jected to culture.

After qualitative imaging, the ARS stain was
eluted using 10% cetylpyridinium chloride in 10 mM
sodium phosphate buffer (pH 7.0) for 30 min.
The absorbance of the eluted stain was measured
at 540 nm using a spectrophotometer to quantify
the amount of calcium deposited in the scaffolds.
Absorbance values were normalized to the blank.
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5.10. Statistical analysis
The data was collected and organized using
Microsoft Excel fromMicrosoft 365 MSO (Microsoft
Cooperation, Redmond, WA, USA). Descriptive stat-
istics such as normality testing, mean, standard devi-
ation, and ANOVA were conducted using GraphPad
Prism 10.1.0 (GraphPad Software, Inc., La Jolla, CA,
USA). Statistical significance was set at a p-value
less than 0.05, denoted by an asterisk. Significance
levels for p-values are indicated by asterisks as fol-
lows: one asterisk (∗) for p ⩽ 0.05, two asterisks (∗∗)
for p ⩽ 0.01, three asterisks (∗∗∗) for p ⩽ 0.001,
and four asterisks (∗∗∗∗) for p < 0.0001. A two-way
ANOVA factoring in geometry and build direction
was performed for mechanical analysis and Sidak’s
multiple comparisons tests. For cytotoxicity testing, a
mixed effects analysis matching biological replicates
was served with a Dunnet’s multiple comparison test
compared to the uncoated controls.
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