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ARTICLE INFO ABSTRACT
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Digital Light Processing (DLP) is a promising approach to fabricate scaffolds with structural and compositional
gradients tailored to site-specific tissue properties. In this study, both uniformly dense and gyroid samples as well
as structurally graded gyroid scaffolds were designed based on triply periodic minimal surfaces (TPMS) and

;Coalffl(:iic acid fabricated by DLP using polylactic acid/hydroxyapatite (PLA/HA) composite slurries. Ultrafine HA powders were
Hygroxyapatite added to a commercial PLA resin at 35 wt% and 55 wt%. To produce graded samples, these two slurries were

blended in specific ratios (42 and 48 wt%) using a multi-head peristaltic pump, feeding the printer with pro-
gressively higher HA contents.

Rheological and curing depth tests confirmed good printability across all slurry compositions, including the
highest HA loading. The feasibility of the approach was first demonstrated using dense cylindrical specimens.
Microstructural and elemental analyses confirmed the desired compositional gradient, while physical and me-
chanical tests showed that graded samples had intermediate density, compressive strength, and modulus
compared to uniform reference samples.

This approach was further applied to gyroid-type scaffolds, which also demonstrated smooth compositional
transitions and similar intermediate mechanical behavior. Preliminary biological assessments confirmed no
cytotoxic effects for both neat PLA and PLA/HA composites.

Finally, leveraging the variable HA content slurry, a compositionally and structurally graded PLA/HA gyroid
scaffold was printed for the first time, demonstrating the feasibility of the strategy to obtain scaffolds potentially
customizable for any type of complex and multilayered anatomical defects.

Mechanical properties

1. Introduction

The application of additive manufacturing (AM) technologies to the
fabrication of biomedical scaffolds is opening the field to unprecedented
advantages, such as the customization of the implant to individual pa-
tients’ anatomical defects [1,2], as well as a unique control over scaffold
inner architecture [3]. This last advantage becomes pivotal, especially
for scaffolds designed to regenerate complex or multi-layer tissues. To
make practical examples, human skin is a complex multi-layered system,
consisting of the epidermis, dermis and underlying hypodermis, each
layer having distinct mechanical properties [4]. Other examples are the
so-called “interface tissues” such as tendon-to-bone, cartilage-to-bone,

and ligament-to-bone interfaces, located between different types of tis-
sues and connecting layers having different structures, properties and
functionalities [5]. Tendon-to-bone insertion, for instance, consists of a
ligament that connects two extremely different tissues across a
millimeter-wide region: on one side, the soft tissue of the tendon and on
the other side, the hard and stiff tissue of bone. Similarly, the osteo-
chondral junction connects the articular cartilage to the subchondral
bone, these two tissues being characterized by different compositions,
mechanical properties and permeability features.

For such complex tissues, scaffolds need to be engineered to match
the physical and biomechanical features of the different layers, with a
gradual transition among the layers, and promoting healing and
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boosting regeneration of all the tissues and their metabolic functions.

Such a challenge cannot be satisfied by single-phase scaffolds,
leading to their rapid evolution into bi/tri-layer graded structures to
better guide the regeneration of complex hierarchical tissues. Several
traditional techniques such as freeze drying [6], salt leaching [7], sol-
vent casting [8] and gas foaming [9], are widely used to provide discrete
graded scaffolds, made by separate layers joined together, with inherent
discontinuities across the different layers [10]. Transition layers can act
as physical barriers, inhibiting the vascularization of the whole
construct, while the abrupt changes between layers frequently led to
delamination and tissue separation during loading [11]. Furthermore,
traditional fabrication techniques typically require multi-step process-
ing to produce graded scaffolds. An example is given in [12], where
tri-layered based on layers of collagen/hyaluronic/hydroxyapatite in
varying amounts were first separately produced and then stacked
together via freeze-drying. Similarly, Amann et al. [13] fabricated
tri-layer  scaffolds for  osteochondral disease made of
chitosan-collagen-octacalcium phosphate (OCP), with collagen concen-
tration increasing from the bone to the cartilage layer, and OCP dis-
playing the opposite trend. Each layer-specific solution or suspension
was sequentially poured into a mold and frozen, requiring repetition of
the process for each layer.

AM technologies have revolutionized the design and fabrication
process of functionally graded scaffolds, providing tunable and even
continuous gradation of structure and properties [14]. This represents a
significant advantage, as the smooth transition and/or the structural
continuity between layers enhance interfacial stability while enabling
improved load transfer [7,15]. In the context of osteochondral defect
reconstruction, this advantage was demonstrated in numerous studies
highlighting the superior performance of continuous gradient scaffolds
compared to monolithic and bi-layered counterparts [7,16-18].

Among the different AM approaches, vat photopolymerization
techniques, including stereolithography (SL) and digital light processing
(DLP), have the advantages of highest accuracy [10]. In fact, it is
possible to achieve complete control over the architecture inner
geometrical features (cells size, distribution, geometry), as never met by
other techniques. In this frame, spatial lattice structures such as triply
periodic minimal surfaces (TPMS) are gaining increasing success in tis-
sue engineering, as they can be designed with very high surface
area-to-volume ratio and pore interconnectivity, leading to high
permeability by fluids and cells [19]. By simply modifying the spatial
arrangement and size of the cells, a continuous modulation of structural
features can be easily achieved. TPMS structures, in fact, are designed by
mathematical trigonometric functions, meaning that in the design of a
given property, such as density, can be modified as a continuous func-
tion in the space, providing a tunable modification in the lattice struc-
ture, thus making the goal to fabricate scaffold with a
continuous/adjustable gradation fully achievable.

On the other hand, achieving a compositional gradation is more
challenging, despite the availability of advanced stereolithography (SL)
and digital light processing (DLP) systems equipped with multi-ink
dispensing capabilities [20]. However, they typically only achieve
discrete gradients using separate printheads to vary compositions.
Further, to the best of the authors’ knowledge, no previous studies
dealing with combined structural and compositional gradients in SL and
DLP processed materials are currently available in literature.

Considering the photopolymerizable polymers suitable for SL and
DLP, polylactic acid (PLA) is favored for its excellent biocompatibility
and its ability to safely excrete degradation by-products [21,22].
Moreover, PLA demonstrates significantly higher mechanical strength
compared to most polymers employed in the biomedical field [23,24],
making it suitable especially for orthopedic applications. Major draw-
backs of PLA are hydrophobicity and no bioactivity, meaning poor
wettability and interaction with cells, and no ability to guide the
regeneration of damaged tissue. A successful approach to overcome this
issue is the incorporation of hydrophilic ceramic particles, such as
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calcium phosphate (e.g. hydroxyapatite, HA, and o/p-tricalcium phos-
phates [25], and calcium-containing silicates particles, such as aker-
manite and baghdadite [26,27]. Considering calcium phosphates,
hydroxyapatite (HA) offers exceptional biocompatibility, bioactivity,
and osteoconductive properties [28-30]. Zimina et al. [31] demon-
strated a clear increase in water wettability moving from pure PLA to
PLA/HA composite, as well as a higher adhesion of multipotent
mesenchymal stromal cells over the surface of the composite scaffold.
Wang et al. [32] used scaffolds incubated in-vitro with rabbit bone
marrow mesenchymal stem cells (BMSCs) and demonstrated a better
biocompatibility of PLA/50wt%HA compared to neat PLA. Further, by
in-vivo experiment, the composite showed a higher degree of new bone
formation, where new bone generated by PLA group at the third month
after surgery was comparable to that of composite material group at the
first month. In addition, HA can neutralize the acidity of the lactic acid
produced after PLA degradation [33] and decrease the risk of inflam-
matory response.

In this work, the DLP fabrication of PLA/HA compositionally and
structurally graded scaffolds is demonstrated for the first time.

First, compositionally graded samples were fabricated at increasing
amounts of HA particles in the polymer matrix. To this aim, slurries at
different solid loadings were prepared: according to previous literature
studies focused on optimized biological properties of PLA/HA compos-
ites [34-36] as well as to match an optimal range of viscosity and
printability conditions, a minimum (35 wt%) and a maximum (55 wt%)
solid loadings were defined; then, by mixing them, slurries at interme-
diate HA contents were obtained. A multi-head automatic peristaltic
pump was used to mix the slurries at the different HA contents and to
feed the DLP vessel, allowing to print samples characterized by variable
amounts (from 35 to 55 wt%) of HA particles within the PLA matrix.
Physical and mechanical properties of uniform samples (i.e., at single
solid loadings of 35 wt% and 55 wt%) were compared to those of
compositionally graded samples. Specimens with simple cylindrical
dense geometries were first developed, to fulfill the specification for
compressive tests; secondly, gyroid structures were fabricated, having
single and graded compositions. Finally, a gyroid having a continuous
structural gradient was designed and successfully printed by using the
variable-amount HA slurry. In this way, the feasibility to obtain, in a
single printing job, a joined compositional and structural gradation into
the scaffold is fully demonstrated, paving the way to the full custom-
ization of scaffolds for any type of complex, continuous and multi-layer
tissues. Scaffold hydration in a physiological environment and cyto-
toxicity were also tested to preliminary assess their suitability for tissue
engineering purposes.

2. Materials and methods
2.1. Materials

Commercial HA powder (Captal R, provided by Plasma Biotal, UK)
and commercial photo-polymerizable polylactic acid resin (PLA trans-
parent resin, UniFormation, Shenzhen, China) were used as the starting
materials. HA powder meets the high-purity biomedical grade standards
and complies with ISO 13779-6 2015 ‘Implants for surgery’ [37]. X-ray
diffraction analysis performed on the as-received HA powder (not
shown) allowed to associate all the peaks to the hydroxyapatite phase,
according to the ICDD PDF n. 72-1243 [38]. Polylactic acid (PLA) is a
biodegradable resin derived from plants, exhibiting biocompatible
characteristics, as claimed by the supplier [39].

A commercial dispersant (Disperbyk-111, BYK Chemie, Germany)
was utilized to enhance the ceramic solid loading and promote powder
dispersion within the PLA matrix.

Dulbecco’s Phosphate Buffered Saline (PBS) without calcium and
magnesium was purchased from Corning, USA. Dulbecco’s Modified
Eagle’s Medium (DMEM) and all the reagents for cell culture were ob-
tained from Gibco (Thermofisher Scientific, Waltham, MA, USA).
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A human dermal fibroblasts cell line immortalized with hTERT (HDF
cells, BJ-5ta, ATCC CRL 4001) was cultured in DMEM containing 4 g/L
of glutamine and supplemented with 0.01 mg/mL hygromycin B sup-
plemented with 10 % FBS (v/v) (ThermoFisher Scientific, Rome, Italy).

2.2. HA processing and slurry preparation

HA powder was milled in aqueous medium by using 2 mm zirconia
spheres (Tosoh Corporation). Ball milling was carried out for several
hours, to achieve a fine and constant particle size. The use of zirconia
spheres with high crushing strength, allowed to prevent contamination,
as demonstrated through X-ray diffraction (XRD) and Energy Dispersive
Spectroscopy (EDX) analyses performed on the milled HA powder and
on polymer/HA composites.

Initially, photocurable slurries were prepared by incorporating mil-
led HA powders at two different solid loadings: 35 wt% and 55 wt%. The
dispersant amount was optimized for each formulation, resulting in
optimal values of 6 wt% and 10 wt% (relative to dry powder) for 35 wt%
HA and 55 wt% slurries, respectively

HA powder was gradually added in liquid PLA containing the opti-
mized amount of dispersant, in order to achieve satisfactory rheological
properties. Slurries were then blended through planetary milling at a
speed of 400 rpm for 3 h using agate spheres (& = 10 mm). Prior to the
printing process, all slurries underwent deaeration under vacuum for 30
min.

2.3. Design, printing and post-treatments

Dense cylinder shape intended for compressive tests was designed
using MSLattice (MATLAB) software with dimensions of 12.7 x 6.35 mm
(H x D) as per applicable standards (ISO 604:2002) for polymer/ceramic
composite, as depicted in Fig. 1a [40]. Then, the uniform and graded
gyroids based on triply periodic minimal surfaces (TPMS) were
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designed, where the former is characterized by the same cell dimension
all over the cylindrical body (Fig. 1b), and the latter is characterized by a
change in the cell parameters, from one basis to the other (Fig. 1c).
Dense cylinder design involved zero-unit cells composed of uniform
TPMS-based structures, while gyroid structure were designed through a
functional TPMS grading sheet-based approach with uniform cell size.
Graded structures were designed with a functional TPMS grading solid
network-based design which incorporated variations in initial and final
cell size. Design parameters for uniform dense and gyroid as well as
structurally graded samples are displayed in Fig. 1. For this work, the
porosity of dense and gyroid TPMS structural models was set as 0 % and
80 %, respectively.

Samples were printed using a DLP equipment (ADMAFLEX 130,
ADMATEC Europe BV, Netherlands) [41]. This DLP apparatus is
equipped with a tape sliding at customizable speeds ranging from 10 to
20 mm/s, on which the photosensitive slurry is spread by a blade. By
considering a constant slurry thickness of 125 um, the shear rate applied
in printing processes was determined to fall within the range of 80 to
160 s'. Indeed, the shear rate (t) can be determined using the subse-
quent equation:

T= E (€]
Where V is the velocity of the relative motion, and h is the slurry
thickness (125 um in this study). Optimization of the key printing var-
iables such as exposure time and LED power was done in order to attain
high-quality printing outcomes.

In the initial series of experiments, uniform specimens were fabri-
cated using slurries at 35 wt% HA (at 6 wt% dispersant) and at 55 wt%
HA (at 10 wt% dispersant).

Next, compositionally graded specimens were fabricated by mixing
35 and 55 wt% HA slurries, using a controlled multi-head automatic

Fig. 1. Designed models of samples (a) uniform dense cylinder, (b) uniform gyroid and (c) structurally graded gyroid.
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peristaltic pump (Fig. 2) to produce four distinct compositional regions
(35, 42, 48, 55 wt% HA powder) inside the samples. Initially, the DLP
vessel was filled with the 55 wt% slurry to print the first set of layers.
Next, a 65:35 mixture of the 55 wt% and 35 wt% HA slurries was pre-
pared using the multi-head peristaltic pump, resulting in a 48 wt% HA
slurry, poured in the vessel and used to print the subsequent set of layers.
A total of 105 layers were printed for each HA concentration, with the
second slurry being introduced before every set of 10 layers of the
previous slurry. This method was employed to generate an intermediate
region between two regions, thereby to avoid abrupt changes in
composition between the four different parts and obtain an almost
continuous compositional gradation. Then, a 35:65 mixture of the same
slurries was prepared to yield a 42 wt% HA slurry, which was used for
the next set of layers. Finally, the remaining layers were printed using
the 35 wt% HA slurry.

Once optimized for the dense samples, the same process was trans-
ferred to the gyroid-shape ones, to obtain compositional gradients into
complex-shape scaffold-like materials. More precisely, the process was
applied to both uniform and compositionally graded gyroids where, in
the latter case, a gradient in both composition and structure was suc-
cessfully obtained.

For the sake of clarity, printed samples were labeled with a code
indicating the composition and the structure, as displayed in Table 1.

The fabrication process involved setting the layer thickness to 30 um,
while the curing depth-to-layer thickness ratio (CD/LT) was adjusted
between 6.5 and 7.0, by varying printing parameters. Additional print-
ing parameters such as energy dose and exposure time were precisely
adjusted to ensure uniform CD across slurries with varying solid loading.
The attenuation of energy caused by the PLA/HA resin can be elucidated
by the Beer-Lambert law:

Ez = EO exp (;—3 @

Where E represents the energy dose at the top of the printing layer, z
signifies the depth below the surface (irradiation depth), and Dp denotes
the penetration depth within the slurry [42]. As per Eq. (2), the energy
dose at a specific depth z (Ez) experiences an exponential decrease as the
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Table 1
Schematization of samples code for different sample compositions and structure
types.

Code  Structure type

Sample labels (description)

ud uniform dense PLA_ud (pure PLA polymer, with no HA
addition)

PLA/HA_35 wt%_ud (composites at constant
amounts of HA_35 wt%)

PLA/HA_55 wt%_ud (composites at constant
amounts of HA_55 wt%)

PLA/HA_35-55 wt%_gd (composites at
variable amount of HA, from 35 wt% to 55
wt%)

PLA_ug (pure PLA polymer with no HA
addition)

PLA/HA_35 wt%_ug (composites at constant
amounts of HA_35 wt%)

PLA/HA_55 wt%_ug (composites at constant
amounts of HA_55 wt%)

PLA/HA_35-55 wt%_gg (composites at
variable amount of HA, from 35 wt% to 55
wWt%)

PLA/HA_35-55 wt%_sgg (composites at
variable amount of HA, from 35 wt% to 55
wt% as well as graded cellular structure)

gd graded dense
(compositional)

ug uniform gyroid

g8 graded gyroid
(compositional)

588 structure (and
compositional) graded
gyroid

distance from the surface increases. It was observed that this energy
attenuation was more pronounced with higher energy doses. Varied
energy doses at distinct depths lead to diverse levels of polymerization,
potentially resulting in microstructural defects due to residual stresses
[43].

The printed specimens were cleansed with ethanol to remove the
surface uncured slurry, and then with deionized water to remove
ethanol traces. Following this, the specimens were dried at room tem-
perature overnight, followed by oven-drying at 60 °C for 2 h.

Some samples were also debinded at 650 °C for 1 h (heating rate of
0.1 °C/min up to 380 °C, and then at 1 °C/min up to 650 °C), and
submitted to microstructural characterization.

Fig. 2. Schematic diagram of mixing and feeding different solid loading slurries using the multi-head automatic peristaltic pump.
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2.4. Powder, slurry and sample characterizations

The effect of ball milling on the HA particle-size distribution was
investigated by laser granulometry (Mastersizer 3000, Malvern Pan’-
alytical, Worcestershire, UK).

The rheological properties of the slurries were determined using a
rotational rheometer (Kinexus Pro+, Netzsch Geraetebau GmbH, Selb,
Germany) equipped with stainless-steel roughened parallel plates (20
mm diameter) with a 1 mm gap between plates.

The geometric densities of printed samples were determined by
means of mass and geometric measurements. The densities of the
specimens were also evaluated using Archimedes’ method; these
experimentally determined densities were compared with their theo-
retical values by considering the theoretical density of PLA, BYK-111
and HA, which are 1.18 g/cm® 1.06 g/cm® and 3.156 g/cm®
respectively.

The phase composition was analyzed through X-ray diffraction
(X’Pert PRO, Malvern Pan’alytical, Worcestershire, UK) within the 20
range of 5-70°, employing a step size of 0.026° and an acquisition time
of 5 s per step.

The thermal behavior of the photocured resin as well as of the four
different regions of compositionally graded samples was determined by
Thermogravimetric-Differential Thermal analyses (TG-DTA, Netzsch
STA 409), performed at 10 °C/min up to 1000 °C, under static air.

The microstructure of the samples was observed by field emission
scanning electron microscope (FESEM; Zeiss Supra 40, Jena, Germany)
on both fractured and thermally debinded samples. The elemental
composition was determined using EDX analysis. The porosity observed
in the microstructure of the thermally debinded sample was quantified
through imageJ software.

The compressive strength was determined using an electromechan-
ical testing system (Zwick Roell 2014, Ulm, Germany) using a 50 kN
load cell and a crosshead speed of 1 mm/min. Samples were submitted
to compressive tests, under a loading direction parallel to the printing
one. The tests were conducted at room temperature; at least four spec-
imens for each formulation were subjected to mechanical tests and the
average was used for interpretation.

Compressive strength was determined as the first peak following the
linear elastic region of the stress-strain curve. For materials without
distinct peaks, the upper yield point strength was estimated according to
ISO 5833:2002, by the intersection of the stress-strain curve with a 0.2 %
offset line [44]. Therefore, tests were stopped when deformation
reached 25 % in all samples, not reaching complete failure.

As shown in Fig. 3, specimens were highly reproducible in terms of
shape and geometrical features, as allowed by the high-resolution DLP
process, as a clear advantage of the new 3D printing technologies
compared to the traditional shaping methods.

Fig. 3. Digital photograph of dense and gyroid-shaped cylinders, showing
highly regular shapes and reproducible geometrical features.
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2.5. Sample swelling and cytotoxicity

PLA, PLA/HA_35 wt% and PLA/HA_55 wt% uniform gyroid samples
were characterized for their water up-take capacity in a physiological
environment. Specifically, the sample hydration capacity in Phosphate
Buffered Saline (PBS, pH 7.4) was assessed through gravimetric mea-
surements using an analytical balance (Mettler-Toledo, XS105 Dual-
Range). Each sample was weighed (Wy) and placed in a sterile container.
PBS (10 mL/g) was then added to each sample, and the suspensions were
incubated at 37 °C. After 24 h of incubation, samples were removed,
wiped with filter paper to remove surface water and weighed again (Wy).
The swelling ratio was calculated as follows:

s

W,
Swelling ratio = - * 3
welling ratio W, 3

where W = swollen sample weight; Wy = dry (initial) sample weight.

Dimensional variation occurring with hydration was also evaluated.
Specifically, the diameter and the thickness of both the dry and hydrated
samples were measured using a rheometer (MCR 301, Anton Paar). A
plate-plate measuring system was employed. After setting the zero gap,
the sample was placed on the lower plate. The upper plate was moved
towards the lower one until a 0.2-0.4 N force was detected, indicating
contact with the sample. The corresponding gap was recorded as the
value for sample thickness/diameter, depending on the specific posi-
tioning of the sample on the plate.

For the swollen sample, attention was paid to maintain full hydration
during the measurement. The variation in each dimension (diameter or
thickness) was calculated as follows:

dimension of the hydrated sample

sample dimension variation = - s
mp dimension of the dry sample

@

Experiments were carried out at least in quadruplicate and results
were reported as the mean value + standard deviation (SD). Data were
statistically evaluated using one-way ANOVA tests followed by post hoc
tests using Holm correction for multiple comparison. p values lower than
0.05 accounted for statistical significance.

The cytotoxicity of the samples was evaluated using an indirect test,
following ISO 10993-5 guidelines with slight modifications. Briefly, the
samples were washed three times with PBS and then incubated in cell
culture medium at 37 °C, 5 % CO, (DMEM, 10 % FBS and 1 % P/S) (1
mL/200 mg sample) for 24 h obtaining the “conditioned medium” (cell
culture medium containing potential leachable from the materials), in
accordance with section 8.2 of the ISO 10993-5 standard.

Human dermal fibroblasts were seeded in a 24-well plate and
cultured until around 50-60 % confluence was reached. The medium
was then withdrawn and replaced with the conditioned medium from
the samples. As a control, fresh culture medium was added to the cells.

After 24 h of incubation, cell morphology was observed at the light
microscope and cell viability was quantified by the 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay [45]. A
Beckman DU 640 spectrophotometer (Milan, Italy) was used for absor-
bance measurements. Cell viability in the presence of the conditioned
medium was reported as percentage, normalized to the control.

3. Results and discussion
3.1. Powder and slurry characterizations

Particle size distribution and cumulative frequency distributions of
as-received and ball-milled HA powders are depicted in Fig. 4a and b,
respectively, while the D1, Dsg and Dy values, corresponding to 10, 50
and 90 % of the cumulative distribution curves, are displayed in Fig. 4c.

As-received HA was characterized by a monomodal distribution
(black curve), providing a D5 value of 7.5 um. After ball-milling for
durations ranging from 4 to 16 h, the suspensions exhibited bimodal
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Fig. 4. Particle-size distribution as frequency (a) and cumulative frequency (b); D1o, Dsop, Dgo values of HA powder at different ball-milling times (c). FESEM
micrograph of the 20 h milled powder (d).

Fig. 5. (a) Shear viscosity vs shear rate curves of slurries at increasing solid loadings; (b) shear viscosity values at 0.1 s and 160 s shear rates at different slurry
compositions.
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particle size distributions, with the intensity of the smaller-size peak
progressively increasing as milling time increased.

After 20 h milling, the suspension was characterized by a narrow,
monomodal distribution, with a D5y of 0.38 um. The cumulative distri-
bution curves in Fig. 4b display a progressive displacement at lower sizes
by increasing the milling time.

FESEM micrograph of the 20 h milled powder (Fig. 4d) showed ul-
trafine particles with a rod-like morphology, whose size ranged from
0.35 to 0.45 um, in compliance with particle-size distribution deter-
mined by laser granulometry.

The rheological behavior of polymer/ceramic slurries is a key aspect
for the successful fabrication of the scaffolds using DLP technique and
needs to be carefully optimized. In this work, specifically, slurries at
different solid contents, but all of them matching the required viscosity
and printability conditions, were prepared and optimized.

In Fig. 5a, the rheological curve of the PLA liquid monomer (without
HA addition) can be observed (black curve), showing an almost New-
tonian behavior in the whole investigated range, as already observed in
literature for neat resins and diluents suitable for stereolithography
[46]. However, when HA ceramic particles are added to the liquid
polymer, a slight but progressive change in the rheological behavior was
observed, moving from Newtonian to shear-thinning behavior. This last
behavior can be explained by considering that, at low shear rates, the
agglomeration of solid particles occurs, forming complex
three-dimensional networks, entrapping a certain liquid fraction. Then,
as the shear rate increases, the viscosity of the slurries decreases due to
the partial or complete breakdown of the agglomerates, together with
the release of the trapped liquid, that decreases the friction between the
particles in the flow direction [47] and provides the observed
shear-thinning behavior.

The agglomeration occurring at low shear rates is promoted by the
presence of ultrafine particles, as their high surface energy leads to a
strong tendency to agglomerate in liquid media. In the present case,
where nanometric HA powders are used, a starting agglomeration is to
be expected. Indeed, a progressive increase of the starting viscosity by
increasing the HA solid lading is observed, which can be attributed to
greater internal friction resulting from the higher fraction of ceramic
nanoparticles.

It should be noted that the behaviors shown in Fig. 5a were obtained
only after careful optimization of the dispersant content, which
increased from 6 wt% to 10 wt% moving from the slurry at 35 wt% HA to
the one at 55 wt% HA. When the solid loading was further increased
from 55 % to 62 wt% HA - while maintaining the dispersant amount
fixed at 10 % to avoid excessive un-photopolymerizable organic matter -
a more pronounced shear-thinning behavior was observed. Specifically,
the suspension exhibited high viscosity at low shear rate, followed by a
sharp but steady decrease up to approximately 150 s!, and then an
additional significant drop at higher shear rates. In Fig. 5b, the shear
viscosities at a low shear rate (0.1 s taken as a reference) and at the
operative shear rate (160 s'l) are given, as both values have to be taken
into consideration for selecting the optimal slurry composition. Hinc-
zewski et al. [46], provided an upper limit of 5 Pa-s to ensure satisfactory
layer recoating, that in our system occurs at around 160 s. Values in
Fig. 5b show that all the slurries from 0 to 55 wt% HA satisfy this
requirement, which is however slightly exceeded by the suspension at 62
wt% HA. However, this slurry exhibits a very high viscosity (=2 1500
Pa-s) at low shear rates (i.e. 0.1 s'l), which hinders mixing and pouring
operations and reduces the effectiveness of the deairing process,
increasing the risk of not complete removal of the air bubble entrapped
in the slurry during the planetary mixing step. Therefore, 55 wt% solid
loading was considered as the upper limit for the 3D printing specimens
in this study.

Further, to assess the correct printability conditions, curing depth
tests at different exposure energies were performed, as shown in Fig. 6. It
is possible to observe that higher HA content leads to increased curing
depth (CD) at constant exposure energy, due to enhanced light

Applied Materials Today 46 (2025) 102872

250
@ PLA/HA_55wt% °
PLA/HA_48wt% .7
PLA/HA_42wt% -7
. @ PLA/HA_35wt% P -3
E 200 & L
.C . 7 - - . /’
= - °.
[0 - -
© [+ - . -
o P -
£ P e
S 150 e P
o F R
°
100 T T T T T T
6 8 10 12 14 16 18 20

Exposure energy (mJ/cm?)

Fig. 6. Curing depth vs exposure energy of PLA/HA slurries at different
HA contents.

scattering from a greater number of HA particles [48]. Consequently, the
LED power and exposure time were adjusted (i.e. increased) for slurries
with lower solid loading, compared to the PLA/HA_55wt% slurry.

Thus, the four optimized slurries (at 35 wt%, 42 wt%, 48 wt% and 55
wt% solid loading) satisfied both viscosity and printability parameters.
Printing jobs were therefore carried out by using PLA, PLA/HA_35 wt%
and PLA/HA_55 wt% to produce reference uniform dense cylinders and
gyroids at the lowest and highest HA contents; PLA_ HA_35-55 wt% was
used to print compositionally graded dense and gyroid samples, as well
as structurally and compositionally graded gyroid specimens.

3.2. Characterization of the 3D printed samples: uniform and
compositionally graded dense cylinders

As first attempts, cylindrical samples were printed from slurries at
constant amounts of 0 wt%, 35 wt% and 55 wt% HA solid loadings.
Then, compositionally graded samples were printed by mixing 35 and
55 wt% HA powders slurries, as detailed in § 2.3, and schematically
shown in Fig. 2. The printed samples showed a uniform shape without
any deformation or warping (Fig. 7). PLA cylinder shows a translucent
appearance (Fig. 7a), whereas the addition of HA renders samples
opaque and white (Fig. 7b), with the degree of whiteness increasing
alongside the HA content. This feature can be observed in the compo-
sitionally graded dense cylinder (Fig. 7c), particularly visible in the
higher magnification image (Fig. 7d) where a color transition from less
to more intense white color occurs, as the HA amount increases. The

Fig. 7. Digital photographs of PLA_ud (a), PLA/HA_55 wt%_ud (b) and PLA/
HA_35-55 wt%_gd (c). In (d) a higher magnification of PLA/HA_35-55 wt%_gd
(compositionally graded dense cylinder), shows the gradual color change from
the bottom to the top of the cylinder.
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rectangles in Fig. 7d show the interfacial areas between different layers,
showing gradual color change. Additionally, the horizontal lines
resulting from layer-by-layer additive process can be observed, even if
no visible delamination occurred.

Final densities were determined using both Archimedes’ and
geometrical measurements and compared with the theoretical density
values (TD) calculated by the rule of mixtures. The data obtained has
been compiled in Table 2. Considering Archimedes’ densities, it is
evident that neat PLA cylinder achieved the theoretical density, indi-
cating almost no porosities and flaws in the printed samples. A slight
discrepancy between the nominal and Archimedes’ densities was
observed for the PLA/HA composite samples, where the difference
increased by increasing the HA amount. It can be reasonably assumed
that an imperfect interface and low adhesion exist between the ceramic
particles and the polymer matrix due to their different chemical nature.
The ceramic particles are typically hydrophilic, while the polymer ma-
trix is hydrophobic [49]. Another concurrent parameter accounting for
density reduction could be reasonably imputed to the presence of air
bubbles, not completely removed during the deairing step. In fact, HA
addition progressively increased the slurry viscosity (see Fig. 5), making
the complete air removal increasingly difficult. When Archimedes’ and
geometrical densities are compared, we can observe a perfect match in
neat PLA samples, but some discrepancies in the PLA/HA composite
specimens, with slightly higher values in the former case. As the buoy-
ancy method implies water infiltration inside open porosities and flaws,
it can result in an overestimation of the actual densities. Thus, the
discrepancy between Archimedes’ and geometrical densities (in the
range of 1-4 %) suggests the presence of a limited number of open flaws,
such as interlayer defects corresponding to the printing lines (see
Fig. 7d). This discrepancy appearing only in the composites suggests an
effect of the ceramic filler in contributing to the formation of flaws.

In Fig. 8, some representative FESEM micrographs of PLA/HA sam-
ples, at different magnifications, are depicted. Fig. 8a, at the lowest
magnification, shows a highly compact microstructure, without large
spherical pores imputable to entrapped air, contrary to the above-
mentioned hypothesis and supporting the correctness of the slurry’s
viscosity. However, at a higher magnification (Fig. 8b), a diffused ul-
trafine porosity can be observed (red arrows), in compliance with the
not fully density achieved by the PLA/HA composite materials. At even
higher magnification (Fig. 8c), a good distribution of the HA particles,
recognized by their rod-like morphology (blue arrows), embedded in the
polymer matrix, can be appreciated.

FESEM analysis performed on the fracture surface of compositionally
graded dense cylinder sample revealed significant insights (Fig. 9). The
microstructure of the as-printed sample, depicted in Fig. 9a, exhibited
high density and homogeneity, consistent with Archimedes’ density
values. In Fig. 9b, the microstructure of the same sample after debinding
shows an increasing porosity from left to right of the micrograph (i.e.,
moving from the side at 55 wt% HA, to the opposite one at 35 wt% HA)
due to the increasing amount of burnt-out polymer. This observation

Table 2
Theoretical and experimental densities determined by geometrical and Archi-
medes’ methods of uniform and compositionally graded dense cylinders.

Sample Name

Theoretical
Density g/cm®

Archimedes’
Density g/cm® (%
TD)

Geometrical
Density g/cm® (%
TD)

PLA ud 1.18 1.18 £ 0.01 (99.9 1.18 £+ 0.01 (99.9
%) %)
PLA/HA35wt 1.51 1.49 £ 0.01 (99.3 1.43 £+ 0.02 (94.7
%_ud %) %)
PLA/ 1.65 1.62 + 0.02 (98.6 1.60 £ 0.03 (97.0
HA_35-55 %) %)
wt%_gd
PLA/HA55wt  1.79 1.74 £+ 0.01 (97.6 1.67 £+ 0.01 (93.3

%_ud

%)

%)
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was confirmed by image analysis, demonstrating an increase in void
spaces (red areas, see Fig. 9¢) by decreasing the solid loading. In fact,
porosity area left by polymer burn-out was observed to be 8.8 %, 10.5 %,
16.6 % and 20.7 % respectively, while moving from 55 wt% (45 % of
organic matter) to 35 wt% (65 % organic matter) solid loading.

Additionally, EDX analysis were performed on the polished surface
of the un-debinded sample, by moving from the right (HA: 55 wt%) to
left (HA: 35 wt%) side (Fig. 10a). Although precise quantification of
light elements using EDX analysis remains challenging due to limited
accuracy [50], it is possible to observe a progressive variation in
elemental composition. This shift is characterized by a progressive in-
crease in the intensity of carbon peak (indicating the polymer), while the
opposite behavior was observed for the P and Ca peaks (indicating hy-
droxyapatite) intensity (Fig. 10b).

The quantification of the HA fraction in the compositionally graded
samples was carried out by DTA-TG analysis, as reported later for the
compositionally and structurally graded gyroid (see Fig. 11).

The compressive stress-strain curves and elastic modulus of PLA/HA
dense samples are presented in Fig. 11a and b, respectively. First, it is
possible to observe that all the curves are characterized by the expected
two-step behavior, with a higher slope in elastic region, followed by a
slower increase in the plastic one [51]. First, the strain at yield was
observed at =~ 4 % for all the uniform and compositionally graded dense
cylinders. Second, by observing the results of the two reference mate-
rials, PLA/HA_35 wt% achieved higher yield strength and elastic
modulus compared to PLA/HA_ 55 wt%. The decrease of mechanical
properties, by increasing the HA amount, has been already reported in
literature, both under tensile [52] and compressive stress [53-55], and
has been attributed to different reasons, such as a poor dispersion of HA
particles in PLA as well as to weak interface between the ceramic filler
and polymer matrix [56,57]. In addition, when 3D printing techniques
are used, additional challenges arise by the presence of HA particles
inducing nozzle closing (in extrusion-based methods) or slurry viscosity
increase and layer curability decrease (in vat-photopolymerization
methods). In this study, FESEM observation showed an even disper-
sion of the HA particles in the polymer matrix, while rheological studies
indicated that — even at 55 wt% HA loading, the viscosity was still
suitable for successful printing. Thus, the observed decrease of me-
chanical properties can be reasonably associated to the poor compati-
bility between hydrophobic PLA and hydrophilic calcium phosphates. In
the attempt to overcome this issue, the surface functionalization of HA
with silane [58], lactic acid [59], or fatty acids [60] are currently under
investigation, showing good degree of success in terms of compatibility
with PLA. In spite of its importance, this aspect has not been considered
here and will be the focus of future work. Here, it is relevant to observe
that the compositionally graded scaffold (PLA/HA_35-55 wt%_gd)
shows mechanical properties that fall within the range observed for
PLA/HA 35 wt%_ud and PLA/HA 55 wt%_ud specimens up to the yield
point. A linear correlation between elastic modulus and HA content was
determined when the HA fraction of the compositionally graded sample
was averaged to 45 wt%, as shown in Fig. 11b. These results strengthen
the capability of the process to modulate the HA content and to tune it at
the expected values.

The compressive stress at yield, toughness and elastic modulus
values of uniform and compositionally graded cylinders are collected in
Table 3.

3.3. Characterization of the 3D printed samples: uniform and
compositionally graded gyroids

In Fig. 12, some representative digital photographs of the uniform
and compositionally graded gyroid samples are depicted. It is possible to
observe the high precision and accuracy of the DLP process to reproduce
the architectural features of the designs. It is important to note that
previous studies on PLA/HA scaffolds fabricated by 3D printing pre-
dominantly identified Fused Deposition Modelling (FDM) as the
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Fig. 8. FESEM micrographs of PLA/HA samples at different magnifications (red arrows indicate porosity; blue arrows indicate HA particles).

Fig. 9. FESEM micrographs of the compositionally graded dense sample (PLA/HA35-55 wt%_gd) from lower (left side) to higher (right side) HA solid loading: as-
printed (a); thermally debinded sample showing increasing porosity due to the polymer burn-out (b); thermally debinded sample where the porosity areas are

highlighted in red and quantified by image J analysis (c).

preferred technology [57,61-71] owing to its simplicity and low cost
[61] for processing thermoplastic polymer-based materials. However, in
most cases, the scaffolds were designed as ‘simple’ lattice structures
rather than triply periodic minimal surfaces (TPMS), likely due to the
more limited control over internal architectural features achievable with
FDM compared to vat photopolymerization techniques.

Furthermore, achieving compositional gradation, particularly within
a single processing step, represents a significant and innovative
advancement. Only a few previous examples can be cited. For instance,
Wang et al. [62] fabricated bilayer scaffolds for osteochondral defect
repair using FDM technology by sequentially depositing thermoplastic
polyurethane and a PLA/HA composite to form the cartilage and bone
layers, respectively. This process required switching the heating cylin-
der and adjusting the nozzle temperature for each layer, followed by
post-impregnation of the cartilage layer with a gelatin/sodium alginate
mixture to create a microenvironment conducive to cell proliferation.
Similarly, Thunsiri et al. [70] developed bilayer scaffolds for articular
cartilage repair using FDM, where a polycaprolactone (PCL)/PLA/L/HA
layer overlaid with a PLA/PCL layer. Post-impregnation of the upper
layer with a chitosan/silk solution and subsequent freeze-drying were
necessary to achieve a porous, spongy structure. Liu et al. [71]

fabricated TPMS scaffolds from pure PLA and achieved a compositional
gradient through successive post-impregnation steps using PLA/HA
mixtures with varying HA concentrations (5 to 30 wt%). After six
impregnation cycles, layers at increasing HA content from the inner PLA
core to the outer HA-enriched surface were obtained. Despite these ef-
forts, these approaches involved multiple processing steps and resulted
only in discrete, rather than continuous, compositional gradients.
Experimental densities of uniform and compositionally graded
gyroid were determined using Archimedes’ principle and compared to
the corresponding theoretical values delineated in Table 4. As it is
already investigated in dense samples, the achievement of the theoret-
ical density in the dense gyroid made by neat PLA can be appreciated;
then, a certain discrepancy between the nominal and Archimedes’
densities were observed in PLA/HA composite gyroid samples, attrib-
uted to imperfect interfaces and weak adhesion between the ceramic
particles and the polymer matrix, as previously discussed. Porosity
levels in all gyroid structures were estimated to be approximately 80 %,
aligning with the design density of 20 % as per the MS Lattice model.
The compressive strength curves and elastic modulus of uniform and
compositionally graded gyroid samples are presented in Fig. 13a and b,
respectively. In line with the results of the dense samples, the highest
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Fig. 10. EDX analysis on selected areas of the compositionally graded sample, from the left side to right one. (a): Low magnification images showing the analyzed

areas; (b): EDX elemental plots.

80

A

(o2}
o
1

/

N
o
1

N
o
L

Compressive stress (MPa)

—— PLA/HA_35wWt%_ud
—— PLA/HA_55wt%_ud
PLA/HA_35-55wt%_gd

0 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20

strain (%)

25

2.04

Elastic modulus (GPa)
e

0.5+

00 T T T T T
30 35 40 45 50 55 60

HA amount (wt%)

Fig. 11. Compressive stress-strain curves (a) and elastic modulus (b) of uniform and compositionally graded dense cylinders.

Table 3
Compressive stress at yield, toughness and elastic modulus of uniform and
compositionally graded dense cylinders.

Sample Name Compressive stress at Toughness Elastic Modulus
yield (MPa) (@m™>) (GPa)

PLA/HA_35 wt% 49.7 £ 0.2 83+0.1 1.23 + 0.07
_ud

PLA/HA_35-55 40.9 £0.3 7.4+0.1 0.98 £ 0.03
wt%_gd

PLA/HA_55 wt% 31.5+0.2 6.2+ 0.2 0.75 + 0.04
ud

mechanical properties were achieved for the samples at 35 wt% HA,
whereas excess hydroxyapatite content, as in PLA/HA_55 wt%_ug, led to
a decrease of both compressive yield strength and elastic modulus.
However, it is important to note that, once again, the compressive curve
of compositionally graded material, with a progressive increasing HA
concentration from 35 wt% to 55 wt%, falls between the two reference

samples.

The mechanical properties achieved by the gyroid samples were
more than one order of magnification lower than corresponding dense
samples, according to previous studies comparing dense and porous
structures [72].

The very high degree of porosity (in the range 82-85 %) does not
account for such a decrease of mechanical properties, and a simple
relationship between compressive yield strength (or elastic modulus)
and porosity does not provide a realistic model in these materials. In
dense structures, compressive strength and stiffness are due to their
continuous, solid architecture, which efficiently distributes applied
loads. In contrast, TPMS based gyroid structures, characterized by their
interconnected porous networks and curved surfaces, experience stress
concentrations at the nodes and struts, according to the Gibson and
Ashby theory for cellular solids [72,73], leading to mechanical proper-
ties not only ascribable to the amount of porosity present, but to the
geometric features themselves.

In particular, wall thickness and cells number play a pivotal role in
the mechanical properties since both contribute to relative density

10
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Fig. 12. Photograph of PLA_ug (a); PLA/HA_55 wt%_ug (b); Compositionally graded PLA/HA_35-55 wt%_gg (c) gyroid samples.

Table 4
Theoretical, experimental densities and porosity determined by Archimedes’
method of uniform and compositionally graded gyroid structures.

Scaffold
Porosity (%)

Theoretical
Density (g/cm®)

Sample Name Archimedes’ Density

(g/cm®) (%TD)

PLA_ug 1.18 1.18 + 0.02 (99.6 %) 78.8 £ 1.0

PLA/HA_ 35 wt 1.51 1.47 £+ 0.03 (97.3 %) 81.7 +1.5
%_ug

PLA/HA_35-55 1.65 1.61 + 0.03 (97.8 %) 82.6 + 0.5
wt%_gg

PLA/HA 55 wt 1.79 1.71 £ 0.02 (95.5 %) 84.7 + 0.4
%_ug

calculation [74,75]. In this study, we investigated relative densities
ranging between 15-20 % (Table 5), resulting from the very thin walls
thickness of the designed gyroid (about 300 um). Maconachie et al. [74]
found a lower limit of 500 pm for wall thickness to have consistent
compressive results while 300 um samples reported a significantly lower
modulus than all other specimens, for ABS gyroid geometries prepared
via Fused Deposition Modeling (FDM).

The key point in this work is to show how mechanical properties can
vary, in a single scaffold, from one layer to the opposite one.

3.3.1. Samples swelling in physiological medium and cytotoxicity

Results on swelling behavior in PBS of PLA_ug, PLA/HA_35 wt%_ug
and PLA/HA 55 wt%_ug are depicted in Fig. 14(a). When equilibrated in
PBS, PLA showed a swelling ratio (SR) of 2.1 that increased to around
2.4 in the PLA/HA samples, showing significantly higher water up-take

2.5
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- - N
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Compressive stress (MPa)
o
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14

in the composites compared to neat polymer. This is consistent with the
hydrophilic nature of HA and with literature data reporting higher
swelling extent for composite materials containing inorganic hydro-
philic filler combined to polyester-based networks in respect to the neat
organic matrix [76,77].

As for the sample dimensional variation accompanying swelling,
depicted in Fig. 14(b), PLA samples exhibited no significant variation in
either thickness and diameter after equilibration in physiological me-
dium. In contrast, PLA/HA composites exhibited a measurable thickness
increase of approximately 3 % when swollen in PBS.

These data can be rationally explained considering the hydrophobic
nature of the PLA sample whose water up-take could be primarily
attributed to the filling of the sample’s void volume with PBS while, in
the presence of HA, a true hydration of the matrix also occurs leading to
a slight swelling in dimension.

The opposite nature of the hydrophobic polymer and hydrophilic
ceramic filler well explains the relationship between the HA content and

Table 5
Compressive stress at yield, toughness and elastic modulus of gyroid samples.

Elastic Modulus
(MPa)

Sample Name Compressive stress at

yield (MPa)

Toughness
(Um®)

PLA/HA 35 wt%
_ug

PLA/HA_35-55
wt%_gg

PLA/HA_55 wt%
_ug

1.80 £ 0.06 0.15 + 0.01 395+ 1.4

1.13 £ 0.01 0.09 +0.01 14.7 £ 2.0

0.63 + 0.05 0.07 £ 0.01 10.0 £ 1.0
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Fig. 13. Compressive stress-strain curves (a) and elastic modulus (b) of uniform gyroid samples.
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Fig. 14. Sample hydration behavior at equilibrium in PBS at 37 °C for PLA _ug, PLA/HA_35 wt%_ug and PLA/HA_55 wt%_ug: a) swelling ratio and b) dimensional

change for the diameter and thickness.

the mechanical properties observed for both dense and gyroid samples,
described in the previous sections. While the composite formulation will
be further optimized in the future in view of application towards tar-
geted tissue, it is important to note that the higher water up-take
observed in HA-containing materials, providing a more hydrated envi-
ronment for cells, is expected to have a positive impact on material-cell
interaction.

As for the cytotoxicity studies, optical micrographies of HDF, at t =
0 and after 24 h of incubation with cell culture medium conditioned
with PLA/HA_55 wt%_ug sample, are depicted in Fig. 15. Images of the
same cells incubated with fresh cell culture medium (ctr) are reported as
well. Images clearly indicated that cells incubated with the conditioned
medium retained their typical morphology thus suggesting that no toxic
leachable components was released from the tested samples. This was
confirmed by quantitative MTT data indicating that cell viability in the

presence of the conditioned medium was comparable (110 + 12 %) to
the one recorded for the control.

Even if a complete biological characterization is out of the scope of
this work, these results demonstrated that no adverse effects from
(possible) residual uncured monomers, photo-initiator and/or disper-
sant occurred, demonstrating the suitability of the formulation and the
printing process for tissue engineering purpose.

3.4. Characterization of the 3D printed samples: compositionally and
structurally graded gyroids

The digital photograph of a gyroid sample characterized by both
compositional and structural gradients (PLA/HA_35-55 wt%_sgg) is
shown in Fig. 16. Besides the frontal picture (Fig. 16a), images of the
upper and lower surfaces are depicted as well (Fig. 16b-c), to highlight

Fig. 15. Images (obtained at the optical microscope) of HDF incubated with fresh cell culture medium (ctr) and with cell culture medium, previously conditioned

with PLA/HA_55 wt%_ug, at t = 0 and after 24 h of incubation.

12
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Fig. 16. Digital photograph of the structurally and compositionally graded gyroid (PLA/HA_35-55 wt%_sgg) (a), showing the upper (b) and lower (c) surfaces to

highlight the structural gradient.

the structural gradient and architectural features within the sample.
Colored points in (Fig. 16a) are associated to material sampling and
analysis by thermogravimetric analysis, shown in (Fig. 16d), used to
quantify the effective HA content in four different sections of each
specimen. As a reference, the thermogravimetric curve of neat PLA is
reported as well, showing a not complete decomposition of the photo-
cured polymer at 1000 °C, providing a residual mass of 5.7 %, in good
agreement with previous literature reporting the thermal decomposition
of polylactide fibers [78] or other photocured crosslinked polymers
[79]. Considering the PLA residual mass in each composition, the sam-
ples at 35 wt%, 42 wt%, 48 wt% and 55 wt% HA provided the residual
mass of 35.3 wt%, 40.3 wt%, 46.6 wt% and 56.8 wt%, in a close
agreement with the nominal ones, with errors ranging between 0.8 and
4.2 %.

The enormous potential of DLP, in simultaneously controlling the
compositional and structural variation into complex structures using
PLA/HA composite slurries, presents an innovative paradigm for the
customization of scaffolds on any type of complex and multi-layered
scaffolds. In contrast to conventional techniques [80-82] that
frequently encounter challenges in regulating both compositional and
structural gradients within intricate scaffolds, DLP enable precise con-
trol over these parameters. Such a degree of customization is crucial for
tailoring scaffolds to specific biological, structural and mechanical re-
quirements, ensuring optimal tissue regeneration and functional effi-
cacy. The ability to engineer multi-layered scaffolds with diverse
properties further enhances the adaptability and potential of this tech-
nique, thereby paving the way for advanced tissue engineering
applications.

The future goal will be to exploit this approach for the fabrication of
scaffolds specifically designed for the regeneration of complex human
tissues, like the osteochondral one. Scaffolds matching the features of
cartilage tissue (on one side) and of bone (on the other) will be properly
designed on the ground of porosity, permeability, and biomechanical
properties of the two tissues, and their intermediate layers. Fluid dy-
namic simulations will support the design of the complex scaffolds,
allowing to optimize the architectural features on the ground of (for
instance) permeability requirements [83]. The results of the cytotoxicity
tests, carried out according to ISO 10993-5 guidelines, suggest scaffolds’
biocompatibility. However, these tests represent only an initial, albeit
mandatory, step in evaluating the scaffolds’ potential for tissue engi-
neering applications. More comprehensive studies, also using more
specific cell lines, are certainly needed to fully assess their suitability. In
this regard, ongoing experiments aim to evaluate the response of human
mesenchymal stromal cells to the scaffolds, particularly regarding their
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ability to promote cell adhesion, proliferation, and differentiation.
Micro and nanomechanical tests (such as nanoindentation, atomic force
microscope and FESEM coupled with in-situ nanoindentation) will be
useful to provide not only the macroscopic and global mechanical
behavior of the scaffold but also local properties and their variation
within the structure, to prove the matching of specific scaffold parts to
the different human tissues.

4. Conclusions and future perspectives

In this work, vat photopolymerization of PLA/HA composites is
proposed to fabricate graded scaffolds in terms of composition and
structure for osteochondral or other “interface tissues” regeneration
applications. First, uniform dense and gyroid-shaped cylinders were
printed using the optimized PLA/HA composite slurries with constant
solid loading 35 wt% and 55 wt% with compatible viscosity and high
controllability. Then, compositionally graded samples were successfully
printed using a controlled multi-head automatic peristaltic pump to
develop a continuous compositional gradient, by mixing both slurries.
The resulting high-precision uniform and compositionally graded sam-
ples were obtained without deformation and delamination between the
printing layers. The compositionally graded sample exhibited high
density and homogeneity throughout, with a gradual increase in HA
content from bottom to top. It has been shown that the HA filler amount
has to be properly optimized to maximize the compressive yield strength
of dense cylinder structures, with the compositionally graded sample
showing mechanical properties intermediate between those of the
lowest and highest HA content samples.

Furthermore, structurally and compositionally graded samples were
also successfully printed, demonstrating — for the first time with the vat-
photopolymerization technique - the feasibility to obtain both gradients
in a single printing job. Preliminary studies of sample behavior in
physiological environment excluded the risk of cytotoxicity due to for-
mulations (such as residual monomers, photo-initiator, dispersant) and
supported the potential use of the developed materials for tissue engi-
neering purposes.

In future work, this approach will be further developed to fabricate
advanced scaffolds that mimic the intricate physio-chemical, biome-
chanical and structural characteristics of specific complex tissues like
osteochondral interfaces. These scaffolds will be accurately engineered
to match the porosity, permeability, and biomechanics of both cartilage
and bone, including intermediate transitional layers, while ensuring a
smooth and continuous gradient in both composition and structure. The
design process will be supported by computational fluid dynamics (CFD)
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simulations, which will guide the optimization of architectural features
based on specific parameters such as permeability requirements.

Ongoing research is demonstrating the feasibility of modifying neat
PLA not only with calcium phosphate particles, but also with natural
biopolymers, such as gelatin, still achieving correct slurry viscosity and
printability. Incorporating natural polymers is expected to improve
cellular behavior and differentiation—particularly toward chondro-
genic and osteogenic lineages—while also better mimicking the low-
modulus mechanical behavior of tissues like surface articular cartilage.

Improvements to the physical and mechanical characterisation of the
scaffolds will also be pursued. To this extent, techniques such as nano-
indentation, atomic force microscopy (AFM), and field-emission scan-
ning electron microscopy (FESEM) combined with in-situ mechanical
testing will be employed. These methods will not only provide insights
into the global mechanical performance of the scaffold but also reveal
localized variations in mechanical properties across different scaffold
regions—critical for verifying the functional alignment of each region
with its corresponding native tissue. Full biological characterization will
include the evaluation of human mesenchymal stromal cell response to
the scaffolds, with particular attention to the ability of the different
scaffold regions to support cells adhesion, proliferation, and differenti-
ation toward chondrogenic and osteogenic lineages.

This tissue-targeted design strategy holds the potential to signifi-
cantly advance the field of regenerative implants by enabling seamless
integration with the surrounding native complex tissues, thus enhancing
implant functionality and clinical outcomes.
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