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A B S T R A C T

Objectives: The purpose of this work was to optimise printable polycaprolactone (PCL)/b-tri-

calcium phosphate (b-TCP) biomaterials with high percentages of b-TCP endowed with bal-

anced mechanical characteristics to resemble human cancellous bone, presumably

improving osteogenesis.

Methods: PCL/b-TCP scaffolds were obtained from customised filaments for fused deposi-

tion modelling (FDM) 3D printing with increasing amounts of b-TCP. Samples mechanical

features, surface topography and wettability were evaluated as well as cytocompatibility

assays, cell adhesion and differentiation.

Results: The parameters of the newly fabricated materila were optimal for PCL/b-TCP scaf-

fold fabrication. Composite surfaces showed higher hydrophilicity compared with the con-

trols, and their surface roughness sharply was higher, possibly due to the presence of

b-TCP. The Young’s modulus of the composites was significantly higher than that of pris-

tine PCL, indicating that the intrinsic strength of b-TCP is beneficial for enhancing the elas-

tic modulus of the composite biomaterials. All novel composite biomaterials supported

greater cellular growth and stronger osteoblastic differentiation compared with the PCL

control.

Conclusions: This project highlights the possibility to fabricat, through an FDM solvent-free

approach, PCL/b-TCP scaffolds of up to 70 % concentrations of b-TCP. overcoming the cur-

rent lmit of 60 % stated in the literature. The combination of 3D printing and customised

biomaterials allowed production of highly personalised scaffolds with optimal mechanical

and biological features resembling the natural structure and the composition of bone. This

underlines the promise of such structures for innovative approaches for bone and peri-

odontal regeneration.

� 2024 The Authors. Published by Elsevier Inc. on behalf of FDI World Dental Federation.

This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Biomimicry is a practice that learns andmimics the strategies

found in nature to solve human design challenges. It is driv-

ing technical improvements in different fields such as
engineering, architecture, and biomedical. A main advance-

ment afforded by the use of biomimicry is the replacement of

lost or damaged tissues (eg, accidents, tumours, osteonecro-

sis), representing a solution to one of the most challenging

problems oral clinicians must face scuh as surgical treatment

of bone defects and bone tissue engineering (BTE).1-3 Bone

formation is finely regulated by a process defined as bone

turnover where new bone deposition acts side by side with

bone resorption.4 When a critical size defect occurs due to

trauma, tumours or congenital deformation, it is not possible

for the body to self-heal properly, and the consequent
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reperative tissue formation may result in deformation or dys-

function of the specific site or the organ concerned. Such sit-

uations where bone homeostasis is altered—(e.g. by bacterial

infections) may initiate pathological processes that can lead

to diseases such as periodontitis in tooth supporting tissues

which, in the worst cases, can lead to regression of alveolar

bone and tooth loss.5

Bone replacement occurs as a consequence of damage

caused by oral or maxillofacial diseases, and clinicians face

many challenges to limit the related complications.5-11 The

current “gold standard” for this is the use of bone grafting

material encompassingautografts or allografts. In the former,

the tissue is directly harvested from the donor, presenting

many disadvantages (eg, comorbidity of the donor site, risk of

infections, long healing time, variable resorption time) that

characterise this surgical approach. that may lead to auto-

graft replacement with synthetic biomaterials and

scaffolds.5,12 In addition, in the use of allografts there are lim-

itations due to the risk of antigens or pathogens being present

thus running a high risk of rejection or disease transmis-

sion.13 On the other hand, synthetic scaffolds present many

innovations, such as the possibility to replicate specific inter-

nal architecture that resemble the structure of the replaced

trabecular or cortical bone and the possibility to modulate

interconnections and porosity, as well as the shape or dimen-

sion and surface characteristics of the replaced tissue. The

development of bioactive 3D constructs produced through

several methods and using a wide range of biomaterials is

gaining traction thanks to the ease of their design, the preci-

sion of the printing, and the possibility to customise the scaf-

fold to the patient’s defect via computer-aided design (CAD)

software (ie, computed tomography, magnetic resonance

imaging, laser digitising, or cone-beam computed tomogra-

phy) capable of generating a highly accurate virtual 3D model

of the anatomical region, thus perfectly filling the empty

space and providing a substrate for new bone deposition and

remodelling.14,15 It is widely known that the ideal scaffold for

BTE should resemble as much as possible the native tissue in

terms of structure and mechanical properties to maximise

cell colonisation, extracellular matrix (ECM) deposition, and

consequently the resorption of the graft with its substitution

by newly formed tissue, thus leading to complete healing.16

As stated above, the role played by a well-defined micro or

submicron patterned surface, surface wettability, exogenous

growth factors, and highly biocompatible biomaterials seems

even more central in the utility of such regenerative technol-

ogy.16-19 Moreover, recent studies have highlighted how

scaffolds’ mechanobiology, as mechanical resistance to trac-

tion and compression, can determine the activation of spe-

cific intracellular signaling, thus affecting cellular behaviour

(ie, adhesion, migration, proliferation, and differentiation).20

In this context, it is fundamental to underline the role of

3D printing, focussing more specifically on a fuse deposition

modelling (FDM) approach. This 3D printing method, based

on layer-by-layer material addition, allows the creation of

extremely customised prototypes suitable for every need and

also achieves results that could not be reached using fabrica-

tion methods that were previously used.12,21 FDM is one of

the most common techniques used for the production of
scaffolds to be used in BTE due to its relative low cost, lower

energy consumption, and the possibility to obtain extremely

customised prototypes using a wide range of polymers.22,23

Indeed, the possibility to combine different biomaterials,

both natural and synthetic, to create a composite biomaterial

suitable for every need plays a pivotal role in the increasing

use of this technique in personalised medicine.9,24 Amongst

the wide variety of biomaterials that can be used in BTE (eg,

polyglycolic acid (PLGA), polylactic acid (PLA), poly-l-lactic-

acid (PLLA), alginate, chitosan), polycaprolactone (PCL) is con-

stantly gaining relevance in the treatment of bone injury.25,26

Its biocompatibility, high resorbability, and low immunoge-

nicity make this material one of the most interesting candi-

dates for 3D-printed scaffolds for BTE.27 Moreover, the

degradation rate of PCL is quite long (about 12 months),

allowing the complete regeneration and remodelling of bone

tissue and keeping the correct structural stability without

interfering with the environment, as it does not acidify the

surrounding environment.

Despite of its great versatility, PCL presents several limita-

tions, including (1) a lower tensile strength and elastic modu-

lus compared to other biomaterials used in tissue

engineering and (2) high hydrophobicity, which negatively

affects the early phase of protein adsorption from the blood

and the first layer deposition,28,29 consequently leading to

impaired cellular adhesion and also slackening scaffold deg-

radation.27 To ameliorate PCL features in the context of appli-

cations in bone regeneration, it is useful to combine it with

other biomaterials that might share the crystal structure and

the chemical characteristics of the inorganic components of

bone tissue, such as hydroxyapatite (HA) and tricalcium

phosphate−based materials (TCP, a-TCP, b-TCP, etc).30,31 Spe-

cifically, for more than 3 decades, b-TCP has played a central

role in reconstructive surgeries, making it one of the most

widely used materials in BTE, due to its more supprortive

osteoconductive and osteoinductive properties at the

expense of bioresorbability.31-33 Nevertheless, even if b-TCP is

an adequate material for clinical use, in vitro and in vivo

studies are still lacking and there is no precise information

on the specific concentrations or granule dimensions that

could be used for tissue engineering.15 Interestingly, its pres-

ence may alter scaffold surface topography, creating a spe-

cific roughness that can influence cell behaviour which could

potentially be used to enhance the bioactivity of the material

or the integration of the graft.34 Indeed, nano- and micro-

scaled substrates can pave the way to specific cellular cues,

as the ECM encompasses all the micro- and nano-scale levels,

modulating cellular behaviour.34 Also, the composition of

adsorbed proteins and their folding depend on the microto-

pography of the biomaterial as well as the specific protein

layer at the tissue−biomaterial interface that can lead tissue

healing.35,36

Hence, the aim of this work was to define the optimal con-

centration of b-TCP powder for the customisation of PCL/

b-TCP scaffolds for bone regeneration. We also investigated

how PCL 3D-printed scaffolds can modulate osteoblastic

behaviour in terms of their proliferation and differentiation,

with the final objective of maximising regenerative potential

for application in bone reconstruction of scaffolds.



Table 1 – Relative powder concentration developed for fila-
ment extrusion.

Sample name wt. % PCL wt. % b-TCP

100/0 100 0

60/40 60 40

30/70 30 70

b-TCP, b-tricalcium phosphate; PCL, polycaprolactone.
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Materials andmethods

Poly-Ɛ-caprolactone (PCL, Mw = 100,000 g/mol, Evonik Indus-

tries) and b-tricalcium phosphate (b-TCP, Mw = 310.18 g/mol,

Sigma-Aldrich) medical-grade powders were selected and

used to develop the PCL/b-TCP biomaterials as candidates for

the customisation of scaffolds for bone tissue regeneration.

PCL/b-TCP filament development

Suitable filaments for 3D printing were produced starting

frommedical-grade powder of PCL and b-TCP. b-TCP powders

were selected in a range between 38 nm and 56 nm through a

vibrating sieving process (Fritsch).

PCL and b-TCP were subsequently mixed. Three different

concentrations w/w (Table 1) were obtained in order to assess

the maximum amount of b-TCP able to be incorporated into

such filament and to not interfere with the 3D-printing pro-

cess, thus enhancing the regenerative potential of the final

scaffolds.

Powder mixtures were weighed and introduced in a dedi-

cated extrusion system (Felfil Evo) to obtain printing fila-

ments suitable for FDM printing, as shown in Figure 1.

Briefly, inside the hopper, through a steel screw, the pow-

der mixture is transferred in a heating chamber which

allowed the filament extrusion through a 2.85-mm nozzle.

The obtained filament was then cooled with a fan system and

transferred to the printer.
3D-printing process

PCL/b-TCP filaments were used as “print cartridges” for an FDM

3D printer to create customised scaffolds. The printing process

comprises 3 steps: modelling, printing, and finishing/postpro-

cessing. Cylindrical scaffolds with defined dimensions of 5 mm

in diameter and 2 mm in height were designed through the 3D

CAD software Shapr 3D. Afterwards, the model of the scaffold
Fig. 1 – Extrusion system composed by a filamen
was exported in a StereoLitography file format (.stl). The .stl file

was then imported on the slicing software Ultimaker Cura (Ulti-

maker Cura 5.2.1, Ultimaker), which mathematically sliced the

model in a series of thin layers (250 mm each) and generated a

G-CODE to prepare and train the 3D printer for the material

deposition phase. The final file in a .upf format was subse-

quently uploaded on a 3D printer (Ultimaker S3) and PCL/b-TCP

samples were finally extruded by the printer through a 400-mm

nozzle on a build plate heated at 35 °C and placed perpendicu-

larly to it. The selected printing settings were as follows: print-

ing speed, 5 mm/s, 100% flow, 100% infill density, and

temperature of 120 °C.
Semisolid PCL/b-TCP scaffold was deposited onto the plate

surface, where it quickly solidified, first due to the difference in

temperature between the glass plate and the biomaterial, which

allowed the deposition of the next layer, and second due to the

cooling down of the plate to room temperature for 10 minutes.
Physical and mechanical characterisation of the surfaces
Thermal analysis−differential scanning calorimetry (DSC)
The thermal behaviour of the composites was investigated by

using a differential scanning calorimeter (DSC; Q2000, TA

Instruments). Pure indium was used as standard for calibrat-

ing the temperature and the enthalpy (Tm = 156.4 °C;
DHm = 28.15 J/g). Analyses were carried out in a nitrogen

atmosphere (30 mL/min) by heating about 8 mg of sample to

110 °C, and this temperature was maintained for 5 minutes

under nitrogen to erase the previous thermal history. Then

the sample was cooled from 110 °C to 0 °C (cooling run) and

heated again from 0 °C to 110 °C (second heating run). The

crystallinity degree of PCL and its composites was calculated

using the following formula:

xc ¼ DHm

DHPCL
0

� �
1� að Þ� � � 100

where DHm is the measured enthalpy of melting and DH0
PCL is

the enthalpy of melting per gram of 100% crystalline PCL

(139.5 J/g) and a is the weight fraction of b-TCP filler in PCL.

[37]
Mechanical test
An Instron 5966 dynamometer in tensile configuration was

used to obtain mechanical parameters. Specimen dimension

was 3.5 £ 50 £ 1 mm3. The elongation zone was defined by

positioning the clamps at 3 cm. The tests were performed at

room temperature. The method applied was 5 mm/min until
t extruder, a cooling fan array, and a spooler.
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breaking. For each type of composite, 10 independent meas-

urements were performed.

Surface wettability
The wettability of the samples was investigated using contact

angle measurements through a self-made apparatus consist-

ing of a micropipette to deposit the drop and an image acqui-

sition system (EOS 80D, Canon). The measurements were

carried out at a temperature of 27 °C and atmospheric pres-

sure in a dehumidified room. Deionised water drops were

bubbled freely from a micropipette to the centre of the sam-

ple with a volume of 10 mL/drop. Images of the contact angle

were acquired after 0 seconds and after 20 seconds from the

deposition of the drop, and the contact angles were subse-

quently measured with ImageJ Software.

Surface roughness
Surface roughness evaluation was performed through a con-

tact profilometer (Tencor Instruments), considering Ra

parameter. Briefly, a diamond stylus moves vertically in con-

tact with the sample and then laterally across it to measure

specific contact forces and distances. The height position of

the diamond stylus generates an analogic signal which is

converted into digital signal, analysed, and sent to a display

for the final analysis.

In vitro biological testing

Cell cultures and samples preparation
In vitro cellular assays were performed using murine pre-

osteoblastic cells (MC3T3-E1) obtained from the American

Type Culture Collection (ATCC, distributed from LGC Stand-

ards srl). Cells were cultured in complete alpha-MEM (a-MEM,

Thermo Fisher Scientific) supplemented with 10% fetal

bovine serum (Thermo Fisher Scientific), 1% penicillin and

streptomycin (PenStrep, Thermo Fisher Scientific), and 1% L-

glutamine (Thermo Fisher Scientific) and kept in humidified

atmosphere at 37 °C with 5%ppCO2.

Before proceeding to the in vitro testing phase, 3D printed

PCL/b-TCP scaffolds were sterilised. Briefly, scaffolds were

quickly immersed in EtOH 70% and soaked in a solution of

sterile deionised water with 5% PenStrep and 5% Amphoteri-

cin B (Mediatech Inc) for 5 minutes. Subsequently, the solu-

tion was replaced with deionised water and 1% PenStrep for

10 minutes and then the discs were soaked in sterile deion-

ised water and air-dried in sterile conditions.

Indirect- and direct-contact cytotoxicity assays
To exclude the release of any cytotoxic agents from the 3D-

printed scaffolds, an indirect-contact cytotoxicity test was

performed in accordance with ISO 10993-5 guidelines for

the cytotoxicity analysis of porous materials. To this pur-

pose, discs of the synthetised biomaterials were submerged

with complete medium (in a ratio of 1 mg/mL) in a sterile

environment and stored at 37 °C and 5% CO2 in a humidified

atmosphere for 1, 3, 7, and 10 days. At experimental time

points, conditioned medium was collected from the scaf-

folds and added to pristine medium at percentages of 50%,

70%, and 100% of the total final volume. Culturing medium

was then added to previously seeded osteoblastic cells that
were then cultured for a further 24 hours. At the term of the

incubation time, a CellTiter-Glo (Promega) chemilumines-

cent proliferation assay was performed to assess cell viabil-

ity through the quantitation of the ATP present in the

samples. Briefly, culture medium was discarded, samples

were rinsed in PBS, and a 50:50 solution of CellTiter-Glo

lysis buffer and complete culture medium was added. Each

sample was incubated for 2 minutes in an orbital shaker,

the solution was collected, and then luminescence was sta-

bilised for 10 minutes in the dark. Samples were centri-

fuged for 30 seconeds to eliminate any bubbles, and

luminescence was measured with a luminometer with dou-

ble injectors (GloMax 20/20, Promega).
Cell morphology
To observe cell morphology and the interaction with the

underlying biomaterial substrate, scanning electron

microscopy (SEM) was performed after 24 hours of culture.

Briefly, cells were fixed with 2.5% glutaraldehyde solution

(Sigma-Aldrich) in 0.1 M sodium cacodylate buffer for 30

minutes at room temperature and then washed in sodium

cacodylate buffer for 5 minutes at room temperature and

subsequently dehydrated in an ascendant series of alcohol

concentrations (Sigma-Aldrich) at room termpature, for 10

minutes each dilution (EtOH 35%, 50%, 70%, 75%, 90%, 95%,

99%). Specimens were then coated with a nanometric gold

layer through an SCD 040 coating device (Balzer Union), and

micrographs of cells distribution and morphology were

taken in a dual-beam Zeiss Auriga Compact system

equipped with a GEMINI Field-Emission SEM column oper-

ated at 5 keV.
Gene expression analysis
To analyse differences in terms of osteoblastic maturation,

total RNA was extracted from cell cultures at 3, 7, and

14 days after seeding and using RNeasy columns (Qiagen)

in accordance with manufacturer indications. The purity of

extracted RNA was measured with a NanoPhotometer P-

Class (Implen GmbH), and RNA was retrotranscribed to

cDNA with a High-Capacity cDNA Reverse Transcription Kit

(Thermo Fisher Scientific). TaqMan quantitative real-time

polymerase chain reaction (qRT-PCR) was performed on the

samples through a real-time PCR machine (StepOnePlus,

Thermo Fisher Scientific) analysing the expression of osteo-

calcin (OCN), osteopontin (OPN) and bone sialoprotein

(BSP). The housekeeping gene mouse glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used as reference

gene for the normalisation.
Statistical analysis

Data were analysed using Prism 7 (GraphPad). All the values

were reported as mean § standard deviation of at least 3

repeated measurements. After the initial validation of the

normal distribution of the data through Shapiro−Wilk test,

the differences amongst groups were evaluated with 2-way

analyses of variance. Then, the Tukey posttest was applied

for multiple comparisons. Differences were considered statis-

tically significant when P < .05.



Fig. 2 –Stereomicroscopic images of 100% polycaprolactone (PCL) filament (A), 60% PCL−40% b-tricalcium phosphate (b-TCP)

filament (B), and 30% PCL−70% b-TCP filament (C).
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Results

PCL/b-TCP filament development

The identification of extrusion parameters had a fundamental

role in the filament development. Different attempts were made

to set the best combination of extrusion parameters in terms of

melting temperature (Tm), screw speed rotation (rpm), and

extruder diameter able to create a filament suitable for the pur-

pose. A heating chamber temperature of 95 °C and a screw speed

rotation of 2 rpm allowed the fabrication of 100% PCL and PCL/

b-TCP filaments with 60% and 30% of PCL. The filament had a

diameter of 2.85mm, and its external aspectwas observedwith a

stereomicroscope (NikonSMZ25), as shown in Figure 2.

The increase of b-TCP concentration leads to a gain of

roughness on the surface (as shown also in the following SEM

images) of the filaments, which seems proportional to the

amount of the inorganic powder. This specific microtopogra-

phy can also be detected on the final scaffold surface.

3D printing process

Different printing setups were tested until the most appropri-

ate conditions were established: a printing temperature of

120 °C, printing speed of 5 mm/s, flow of 110%, and infill den-

sity equal to 100%.

The selected settings allowed the printing of 3D discs pre-

senting 5 mm in diameter and 2 mm in height, as shown in

Figure 3.

Physical characterisation of the surfaces

Surface wettability
To evaluate biomaterial wettability and the interaction

between scaffold and cells, measurements of water-in-air
Fig. 3 – Polycaprolactone 3D-printed scaffolds.
contact angle were performed. Typically, a water contact

angle <90° is linked to hydrophilic characteristics. Figure 4

shows the results of the water contact angle measurement

performed on the 3D-printed scaffolds at 2 different time

points (0 seconds and 20 seconds). All contact angles slightly

decreased by approximately 4° after 20 seconds. A marked

decrease in contact angle amplitude was found in the scaf-

folds loaded with the inorganic powder, with a statistically

significant difference only between PCL 100 and PCL/b-TCP

60/40 at both time points (P = .0027 and P = .0045).
Topographical characterisation
Scaffold surface topography was observed through SEM,

whilst surface roughness was quantitatively evaluated

through profilometric analysis. SEM images highlighted that

surface roughness (Figure 5, lower panel) increased with

increasing b-TCP concentration. PCL scaffold showed a

smoother surface if compared with 3D-printed structures

loaded with a defined concentration of ceramic powder

which, conversely, evidenced a microtopography marked by

the presence of micro peaks and micro pits. The profilometric

results (Figure 5, upper panel) confirmed the expectations

inferred from SEM images. PCL surface roughness, with a

Ra = 0.160 mm, was sensibly lower with respect to the surface

roughness of scaffolds loaded with b-TCP powder (ie,

Ra = 2.495 mm for PCL/b-TCP 60/40 and Ra = 3.477 mm for PCL/

b-TCP 30/70).
Thermal analysis−DSC

The cooling and second heating DSC curves are shown in

Figure 6. The values of estimated thermal parameters are

reported in Table 2. During the cooling from the melt

(Figure 6A), PCL underwent crystallisation with a temperature

peak of 27.1 °C. The temperature of the crystallisation peak of

both composites is slightly higher than that of the neat PCL.

Moreover, the enthalpy of crystallisation (DHc) obtained with

a cooling rate of 10 °C/min has the highest value for neat PCL

(46.6 J/g), becoming 20.4 and 25.4 J/g for the composites. This

occurs because of the PCL molecular chain becoming

adsorbed on the b-TCP surface and forming a nucleate, which

contributes to heterogeneous nucleation, thus increasing

crystallisation ability. The lower dispersion of b-TCP in the

PCL/b-TCP 30/70 composite hampers the nucleation process



Fig. 4 –Wettability evaluation through contact angle measurements at 0 seconds after drop deposition (A) and at 20 seconds

after drop deposition (B).

Fig. 5 –The upper panel shows polycaprolactone (PCL) and PCL/b-tricalcium phosphate (b-TCP) 60/40 and 30/70 surface

roughness quantification performed by a profilometric analysis, whilst the lower panel shows the correspondent scanning

electron microscopy microphotograph of the scaffold surface.
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to some extent, resulting in a crystallisation temperature

decrease with respect to PCL/b-TCP 60/40 composite.

During the second heating run (Figure 4B), the endother-

mic melting peaks are visible. The neat PCL melting
Fig. 6 –Differential scanning calorimetry melt crystallisation (A) andmelting curves of polycaprolactone (PCL) and PCL/b-tri-

calcium phosphate (b-TCP) composites (B).
temperature is 57.6 °C; this value is about 1 °C lower than

those of the PCL/b-TCP composites. By increasing the b-TCP

amount, the crystallinity degree (xc), determined using Equa-

tion (1), first decreases and then increases.



Table 2 – Thermal parameters by DSC.

Tc (°C) Tm (°C) ΔHc (J/g) ΔHm (J/g) xc (%)

PCL100 27.1 57.6 50.3 46.8 34

PCL/b-TCP 60/40 34.3 58.6 20.4 20.1 25

PCL/b-TCP 30/70 31.8 58.5 25.4 24.4 58

b-TCP, b-tricalcium phosphate; DSC, differential scanning calorimetry;

PCL, polycaprolactone.
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Mechanical properties

Figure 7 reports the average stress strain curves of PCL and PCL/

b-TCP composites. Mechanical parameters are shown in Table 3.

Neat PCL presents a classical plastic behaviour characterised by

yielding, cold crystallisation, and fracture. A brittle behaviour is

found for PCL/b-TCP 30/70 composite. The Young’s modulus of

the composites is higher than that of pristine PCL scaffold and

increases significantly with b-TCP content, shifting from 577

MPa for neat PCL to 2320 MPa for PCL/b-TCP 30/70, that is, more

than 4 times greaterer than that of unfilled PCL. This indicates

that intrinsic strength of b-TCP is beneficial to enhance the elas-

tic modulus of the composite scaffolds. Moreover, the strength

and elongation at yield are lower than those of neat PCL in the

PCL/b-TCP 60/40 composite, whereas they are not more detect-

able in 30/70 composite. Furthermore, the greater the amount

of b-TCP, the lower the elongation and strength at break. This

behaviour, also reported in the literature,38 could be due to the

presence of b-TCP aggregates and inner defects acting as stress

concentration points where cracks begin to develop.
Fig. 7 –Stress-strain curves for polycaprol

Table 3 – Mechanical parameters of PCL and PCL/b-TCP scaffolds

Sample E (MPa) e y (%)

PCL100 577 § 56 9.7 § 1.6

PCL/b-TCP 60/40 1330 § 106 4.2 § 0.8

PCL/b-TCP 30/70 2320 § 653 -

b-TCP, b-tricalcium phosphate; PCL, polycaprolactone.
Indirect- and direct-contact cytotoxicity assays

The behaviour of cell seeded on 3D-printed scaffolds was

investigated through indirect and direct cytotoxic assays.

According to ISO 10933-5 guidelines, describing the methods

to assess in vitro cytotoxicity of medical devices, a porous

structure is biocompatible if cell viability is greater than 70%.

In this study, the release of putative toxic chemical agents in

the cultural medium after 1, 3, 7, and 10 days was evaluated

by CellTiter-Glo assays.

The results shown in Figure 8 evidence that cell viability is

not affected by scaffolds presenting different amounts of

b-TCP at any vehicle concentration in the medium (50%, 70%,

and 100%). All conditions show a viability above 70%, themin-

imum value to assess a behaviour that is not cytotoxic. Also,

the results agree with each other, proving that 3D-printed

scaffolds with different amounts of b-TCP presumably are

not involved in release of any cytotoxic agent in culturing

medium. The positive outcome obtained by indirect cytotox-

icity assays is also confirmed by the direct-contact analysis,

the proliferation analyses (Figure 9).

In this case, murine osteoblasts are seeded directly onto

the scaffolds, and the proliferation rate at 1, 3, 7, and 10 days

was measured in terms of quantification of ATP molecules in

the sample. The proliferation curve shows that the behaviour

of osteoblasts seeded on PCL/b-TCP scaffolds seems to be pos-

itively affected by the presence of ceramic powder. In the

case of PCL scaffolds, cell growth rapidly reaches a plateau

and then starts to decrease. The proliferation rate of PCL/

b-TCP composites is higher than that of neat PCL at 7 and
actone (PCL) and composite scaffolds.

.

sy (MPa) e b (%) sb (MPa)

25.8 § 1.7 807 § 77 42.4§ 4

18.3 § 0.9 87 § 28 19.3§ 1.1

- 6 § 2 1.0 § 0.20



Fig. 8 – Indirect-contact cytotoxicity assays of MC3T3-E1 according to ISO 10933-5 guidelines on different 3D-printed scaf-

folds.

Fig. 9 – Proliferation curve of MC3T3-E1 cells seeded on 3D-

printed scaffolds with the selected concentration of b-trical-

cium phosphate (b-TCP). ****P < .0001 day 7 polycaprolac-

tone (PCL) vs 30/70 and day 10 PCL vs 30/70.
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10 days. Moreover, it tends to be more pronounced on scaf-

folds with an intermediate concentration of b-TCP (ie, PCL/

b-TCP 60/40) if compared to scaffolds with the maximum

amount of b-TCP (ie, PCL/b-TCP30/70).

Gene expression analysis

Osteoblastic differentiation was analysed through RT-PCR

evaluating cellular gene expression of mRNA encoding for

osteoprotegerin (OPG), OPN, and BSP, typical markers of late

osteoblastic differentiation (Figure 10). Relative mRNA

expression levels were determined by using the expression

level of GAPDH as endogenous standard.
Fig. 10 –Reverse-transcription polymerase chain reaction results

osteoprotegerin (OPG) in MC3T3-E1 cell line cultured on scaffolds

(b-TCP) for 3, 7, and 14 days. BSP: ****P < .0001 60/40 and 30/70 vs

60/40 vs PCL and 60/40 vs 30/70; OPG: ****P < .0001 60/40 and 30/7
In general, RT-PCR results show that scaffolds loaded with

b-TCP powder presumably induce a more pronounced prodif-

ferentiative effect when compared to PCL scaffolds despite of

longer time expression at day 7.

The mRNA expression profiles of OPG and BSP are higher

on PCL/b-TCP 60/40 scaffold at day 14 when compared to PCL/

b-TCP 30/70, whereas a different behaviour is detected for

OCN, which presents a more pronounced gene expression on

PCL/b-TCP 30/70 scaffold instead of on PCL/b-TCP 60/40 scaf-

fold.

Cell morphology analysis

MC3T3-E1 osteoblastic cells were seeded on neat PCL and

PCL/b-TCP scaffolds, and their morphology and adhesion

were observed after 24 hours of culturing through SEM

(Figure 11).

After 24 hours, cells cultured on PCL scaffold show a

rounded shape morphology lifted from the scaffold surface,

probably due to its limited roughness. Furthermore, cellular

debris was detected on PCL scaffold surface, as signals of a

microenvironment not properly suitable for cell colonisa-

tion.

Cells seeded on scaffolds loaded with 40% and 70% of

b-TCP show instead a well-defined elongated polygonal shape

with cytoplasmatic projections that anchor osteoblasts on the

scaffold surface. The adhesion seems to be positively influ-

enced by the superficial microtopography; as already asserted

in the literature, osteoblasts prefer rough surfaces.29 More-

over, the specific topography given by the presence of cal-

cium salt integrated into the PCL matrix during the melting
obtained for bone sialoprotein (BSP), osteocalcin (OCN), and

with different concentrations of b-tricalcium phosphate

polycaprolactone (PCL) and 60/40 vs 30/70; OCN: ****P< .0001

0 vs PCL and 60/40 vs 30/70.



Fig. 11 –Scanning electron microscopy images of osteoblasts seeded for 24 hours onto polycaprolactone (PCL), 60/40, and

30/70 3D-printed scaffolds.
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phase of filament extrusion enhances the effectiveness of the

composite material favouring cell spreading and adhesion.
Discussion

The production of new bioactive scaffolds suitable for bone

tissue engineering is, as stated before, is hampered due to the

many limitations of currently available bone graftingmaterial

Nvertheless the production of natural or synthetic biomateri-

als such as silk fibroin, PLA, PLLA, or PLGA have led to their

use in the biomedical field for many uses in implantation (eg,

vascular grafts, bone or cartilage regeneration, neural regen-

eration).31,39−41 On the other hand bone reconstruction

requires specific features that correlate well with the specific

structure and the physical properties of the native bone (eg,

elastic modulus, internal porosity). The majority of bone sub-

stitutes that are currentlu available have a limited or unpre-

dictable resorption time, moulding issues and internal

porosities. This is futher hampered by suboptimal effective-

ness in the regeneration of bone tissue in clinical cases where

there is a lack of supporting bone around the defect, osteome-

tabolic diseases, and diabetes. The use of a synthetic scaffold

could completely overcome some of these limits; innovative

combinations of mesenchymal stem cells or progenitor cells

and 3D-printed structures should (1) provide a microenviron-

ment similar to the native one, (2) not elicit a high inflamma-

tory response, (3) have structural rigidity to withstand

external stresses as the native tissue and, finally, (4) promote

vascularisation and inorganic material deposition as well as

tissue-resident mesenchymal stem cell recruitment.42,43 In

this regard, the use of 3D printing−based technologies repre-

sent a step forwards when compared to commonly used

approaches in regenerative medicine applied to bone-related

medical treatments. Such advances also overcome the clini-

cal limits linked to a higher risk of infection due to bone

replacement surgeries, pain persistence, and considerably

increased costs.8,30 Specifically, the FDM process does not

require the use of toxic solvents and allows the control of

most mechanical parameters (eg, printing speed, tempera-

ture), thus ensuring a high degree of scaffold

customisation.44,45 The aim of the present study was the

development of customised 3D-printed scaffolds composed

of PCL and increasing concentrations of b-TCP, with subse-

quent evaluation of mechanical features and biological
response of MC3T3-E1 osteoblastic cells. It is well known that

the ideal scaffold, from a mechanical point of view, should

withstand external forces in a way that is as close as possible

to native bone tissue.46 To confirm themechanical characteris-

tics of the printed scaffolds, tensile tests were carried out. The

preparation of scaffolds having a high percentage of TCP,

made possible by FDM technology, results in a significant

increase in Young’s modulus, which reaches 2320 MPa for

PCL/b-TCP 30/70 (whilst only 577 MPa is the E value of pristine

PCL). Although this value is still lower compared to that of cor-

tical bone (about 17,000 MPa), it exceeds the Young’s modulus

of the cancellous bone, which is present to some extent in the

maxilla and the mandible47 For this reason, these composites

can be considered promising candidates for dental scaffolds.

The cell proliferation rate of osteoblasts seeded onto the

scaffolds was detected through the quantification of ATP con-

centration, proportional to cell metabolic activity and conse-

quently to cell number. According to our results, all the

scaffolds present no significant differences at day 1, whilst a

sharp increase in ATP concentration is observed for all the

samples at day 3 and day 7, signalling great metabolic activity

which underlines an increase in cell number due to cell pro-

liferation. Moreover, after 10 days, metabolic activity of

MC3T3-E1 osteoblasts on 100% PCL scaffolds drastically

decreased compared to cell growth on scaffolds loaded with

40% and 70% b-TCP. These findings are further confirmed by

other studies, according to which calcium phosphate’s incor-

poration accelerates osteoblast proliferation, especially in the

final stages of the analysis of proliferative activity.48 A solid

explanation of this behaviour could be related to the variation

of surface microtopography. In fact, it has been widely dem-

onstrated that the rougher surface produced by the presence

of b-TCP enables better cell adhesion and also provides a

larger surface area for cell attachment and proliferation.49-51

Our dat on cell proliferation were further confirmed by

SEM images of PCL 60/40 and 30/70 scaffolds. b-TCP powder-

loaded scaffolds show a surface roughness proportional to

the amount of inorganic powder incorporated during the fila-

ment extrusion phase. On these, after 24 hours, murine cal-

varia MC3T3-E1 cells appear firmly attached on the scaffold

surface to the point of highlighting the microtopography of

the underlying scaffold. In addition, in SEM imaging, it was

possible to appreciate the presence of membrane extension

probably able to bind the micro-peaks indicated by the pres-

ence of b-TCP clusters, further reinforcing the binding with
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the 3D-printed structure. Furthermore, osteoblasts display a

well-defined polygonal morphology, a sign that PCL/b-TCP

implying that surfaces are able to provide a suitable microen-

vironment for cell attachment and proliferation.18 On the

contrary, MC3T3-E1 osteoblasts cultured on PCL scaffolds

show a rounded shape and also detached from the scaffold

surface, implyiong that neat PCL was unable to provide the

same optimal microenvironment of PCL/b-TCP scaffolds. All

the presented evidence is confirmed by recent studies that

have highlighted the role of surface topography on cellular

behaviour, especially in the regulation of the transmission of

mechanical signals from the ECM to the cells, altering their

adhesion shape.15,46,52

In this context, it is important to underline that the ideal

scaffold should possess an adequate internal structure with

specific architecture of the filaments able to mimic trabecular

bone. This could be considered one of the main limitations of

the proposed scaffold, but it can easily be overcome with a

different design prior to the printing process, thus keeping

the optimal biocompatibility and osteoblastic response of the

initial PCL/b-TCP scaffold.

The presence of different surface topographies led to differ-

ent surface characteristics, such as hydrophilicity. According

to Marrella et al,52 nanostructured surfaces possess increased

surface energy compared with flat surfaces, such that the

hydrophilicity of the material is improved, resulting in

increased protein adsorption and thus promoting cell adhe-

sion. Scaffold wettability was evaluated through quantification

of water-in-air contact angle, and the values obtained from the

measurement are significantly lower than 90°, indicating that

hydrophilic properties seem to be proportional to the amount

of b-TCP powder.9 In detail, values at 0 and 20 seconds after

the release of the drop range between 66° and 62° for 100% PCL

scaffolds. Besides, according to findings of Huang et al,9 water-

in-air contact angles tend to decrease proportionally with the

increase of b-TCP granules. In fact, on PCL scaffolds loaded

with b-TCP, values of 44° and 55° are recorded, marking statis-

tical significance between neat PCL and b-TCP−loaded scaf-

folds. Our data clearly indicate that 3D-printed structures with

40% of b-TCP show more hydrophilic behaviour compared

with the other scaffolds analysed in this work, which further-

more are considerably more hydrophilic than others with

lower concentrations of the ceramic material.53 In addition, an

increase in the concentration of b-TCP leads to a decrease in

contact angle; a similar behaviour was observed after treating

scaffolds with sodium hydroxide, with the aim of chemically

increasing scaffold hydrophilicity.54,55 This evidence confirms

that hydrophilicity characteristics are not influenced by the

FDM printing technology but depend only on the properties of

the composite biomaterial.32

Moreover, it is widely known that contact angle width can

be deeply influenced by arithmetic surface roughness (Ra).

The profilometric analysis conducted to investigate surface

microtopography highlights a linear increase of Ra by increas-

ing b-TCP concentration, with a consequent reduction of con-

tact angle amplitude. The pronounced roughness detected on

our b-TCP−loaded scaffolds further confirms itself as a key

factor in protein adsorption regulation, capable of influencing

cell fate and improving osteoblastic behaviour, especially in

terms of adhesion, proliferation, and differentiation.56 The
results of this work, in accordance with the literature, high-

light the osteoconductive role of calcium phosphate−based
material for both proliferation and differentiation

processes.43,57 Remarkably, our RT-PCR results highlight that

in MC3T3-E1 cell cultured on PCL/b-TCP scaffolds, the level of

transcripts for OPG, OCN, and BSP are higher at day 14 when

compared with PCL scaffolds, despite a delayed response at

day 7. A solid explanation for this behaviour is linked to the

“conflict” between proliferation and differentiation. In fact, it

is widely known that the differentiation process starts when

the proliferation rate starts to decrease, typically around the

second week.58 This observation is consistent with our prolif-

eration curves, which show that cells seeded on PCL scaffolds

rapidly reach a plateau after 7 days. MC3T3-E1 osteoblast

growth on PCL/b-TCP scaffolds still exhibit an increasing lin-

ear proliferation after 7 and 10 days, during which ECMmatu-

ration starts and develops. In fact, according to Owen et al,59

it has been possible to identify 2 transition phases: The for-

mer occurs at the end of proliferative activity and the latter

with the beginning of mineralisation, involving genes acting

as bone formation regulators and resorption (eg, OCN).59,60

It can then be concluded that cell growth on 100% PCL

scaffolds tends to show earlier but lower levels of expression

of osteoblastic markers, probably due to the faster prolifera-

tion when compared with scaffold loaded with the ceramic

powder which, in reverse, highlights later but more abundant

levels of transcripts, underlining the improved prodifferentia-

tive properties given by high b-TCP concentrations. To the

best of our knowledge, this is the first insight on PCL/b-TCP

3D structures obtained completely without the use of organic

solvents in both the filament creation (eg, chloroform,

dichloromethane61,62) and the postprinting phase (postcuring

treatments, polishing, etc), thus obtaining a completely sol-

vent-free biomaterial.
Conclusion

This work demonstrates the possibility to fabricate a solvent-

free FDM 3D-printed PCL/b-TCP scaffold loaded with b-TCP at

concentrations up to 70%, overcoming the current limit of

60% reported in the scientific literature. Moreover, the addi-

tion of the inorganic powder improves both surface and bio-

logical characteristics, highlighting the central role of surface

microtopography in positively affecting cell behaviour.

Obtained surfaces provide an optimal microenvironment for

osteoblast adhesion, proliferation, and differentiation. This

study also confirms the important role 3D printing technolo-

gies play in fabrication of highly customised structures able

to repair or replace damaged tissues, and their fundamental

role in bone tissue engineering. In conclusion, the PCL/b-TCP

scaffolds manufactured via FDM could lay the foundation for

future development of personalised structures requisite for

bone and periodontal regeneration.
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