MTLA 38 (2024) 102240

Contents lists available at ScienceDirect

Materialia Materialia

4
L

I.SEVIER journal homepage: www.elsevier.com/locate/mtla

Check for

Bone regeneration in rabbit cranial defects: 3D printed polylactic acid iz
scaffolds gradually enriched with marine bioderived calcium phosphate

a,”

Ivan Alonso Fernandez  , Havard Jostein Haugen b Liebert Parreiras Nogueira b
Miriam Lépez Alvarez ““, Pio Gonzalez “, Ménica Lopez Pena?,
Antonio Gonzalez Cantalapiedra®, Fernando Munoz Guzoén *

@ Anatomy, Animal Production and Veterinary Clinical Sciences Department, Veterinary Faculty, Universidade de Santiago de Compostela, Campus Universitario s/n,
27002, Lugo, Spain

Y Department of Biomaterials, Institute of Clinical Dentistry, Faculty of Dentistry, University of Oslo, Oslo, Norway

¢ CINTECX, Universidade de Vigo, Grupo de Novos Materiais, 36310, Vigo, Spain

4 Gdlicia Sur Health Research Institute (IIS Galicia Sur), SERGAS-UVIGO, 36213, Vigo, Spain

ARTICLE INFO ABSTRACT

Keywords: Objective: This study aimed to evaluate the in vivo biocompatibility, mechanical performance and osteo-
Polylactic acid conductive potential of 3D-printed polylactic acid (PLA) scaffolds enriched with marine bioderived calcium
Bioceramic

phosphate (bioCaP) for bone tissue engineering.

Materials and methods: PLA-bioCaP composite scaffolds were specifically designed for the rabbit cranial defect
model by 3D printing, with a uniform distribution of open square-shaped pores and contributions in bioCaP.
Physicochemical and mechanical characterization and the evaluation of biological response are presented.
Results: The scaffolds demonstrated mechanical properties comparable to human bones, integration with the host
bone, and osteoconductive behavior promoting cell ingrowth from the defect edge. Strong mineralized tissue
ingrowth through the scaffolds’ pores was observed, providing notable support to the host bone. In quantitative
terms, micro-CT and histomorphometry analysis post-implantation revealed no significant differences in bone
regeneration across all groups.

Conclusion: The 3D-printed scaffolds with perpendicular patterning, open porosity, and proposed composition
displayed satisfactory mechanical properties, biocompatibility, and osteoconductive response. The scaffolds
promoted bone regeneration at similar levels as the PLA. The highest contribution of bioCaP promoted a positive
influence in certain histomorphometric parameters; however, it did not significantly improve their osteogenic
capability. Further research is required to optimize scaffold composition and enhance their osteogenic potential.
Clinical relevance: This study presents a significant advancement in bone tissue engineering through the devel-
opment of personalized composite scaffolds for bone-related applications. The clinical implications of this
research are profound, especially considering the increasing demand for functional bone regeneration technol-
ogies capable of producing cost-effective producing cost-effective customized scaffolds.

3D-printing technology
Composite scaffolds

Bone regeneration

Rabbit calvarial defect model

1. Introduction fractures, bone infections or tumors, congenital etiologies, maxillofacial

pathologies, or rheumatic diseases, are the most common tissue dam-

Restoring damaged tissue represents one of the main goals of ages [2-4]. This represents major clinical and socioeconomic problems,
contemporary medical research [1]. A prolonged life expectancy and an resulting in detrimental effects on patients’ quality of life and society.

aging world population are originating an increase in bone-related Treating skeletal defects remains a challenging part of many recon-

treatments and costs [2,3]. Musculoskeletal pathologies, such as structive surgeries [2,5]. Bone healing is a complex physiological
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process that can be delayed or impaired for several reasons, such as the
type or extent of the injury, the patient’s age or gender, an unfavorable
wound environment, etc. [2,6,7]. Indeed, bone is the second most
transplanted tissue after blood [8].

Bone tissue engineering aims to create clinically relevant bone grafts,
focusing on methods to synthesize and/or regenerate bone to restore,
maintain, or improve its functions in vivo [3,9]. Autografts are the
current “gold standard” bone grafts for bone regeneration, offering all
the properties required for a bone graft. The risk of donor-site morbidity,
deformity, chronic pain, infection, dysesthesia, scarring, or blood loss
greatly limits their use [8,10-12]. Likewise, allografts and xenografts
were postulated as possible alternatives. Nevertheless, the immunolog-
ical response, the lack of osteogenic capacity, and the risk of infectious
disease transmission represented several drawbacks that could not be
addressed [8,10,11,13]. Thus, the absence of market-available options
matching the ideal properties of a bone graft gives rise to the demand for
developing higher-performance biomaterials for bone tissue engineering
[8,14]. The main objective is to synthesize a material, or a combination
of several, that closely mimics the immunological, functional, structural,
and mechanical characteristics of the native bone [1].

Scaffold-based approaches were developed to overcome the limita-
tions of powder-type bone grafts, whose low stability, vulnerability to
external force, and risk of collapse resulted in undesirable outcomes [15,
16]. Scaffolds comprise a three-dimensional solid support structure with
an interconnected pore network that must support bone cells, coloni-
zation, proliferation, differentiation, and migration [2,3]. Porous
structures should allow the diffusion of nutrients, oxygen, growth fac-
tors, waste product exchange, capillary infiltration, cell proliferation,
and new bone ingrowth from the periphery to the inner part of the
scaffold. Regarding an ideal scaffold for bone tissue engineering, some
essential issues are architecture, mechanical properties, degradation
rate, and osteogenic ability [14,17,18]. Furthermore, it should be ster-
ilizable and reproducible using cost-effective processes [2].

Additive manufacturing (AM) techniques have been demonstrated to
satisfy the increasing demand for customizable bone substitutes for bone
regeneration by creating 3D-printed porous scaffolds that can be
adapted to a patient’s specific geometry [19,20]. The fabrication of
personalized-shaped scaffolds with precise control of matrix architec-
ture overcomes the limitations of conventional techniques and enhances
the control over mechanical properties, biological effects, and degra-
dation kinetics, improving the scaffold’s biocompatibility by avoiding
organic solvents. [2,18,21].

Selecting adequate biomaterials for scaffold synthesis is a critical
step for the success of a bone graft. There is an increasing demand for
developing printable, higher-performance biomaterials. Some polymers,
ceramics, metals, and self-assembly peptides have been widely studied
over the last few years for bone tissue engineering applications [3,14,
22].

Polylactic acid (PLA) is a US Food and Drug Administration (FDA)
approved biopolymer, which has gained attention for its use in
biomedical applications using AM techniques, owing to its biocompat-
ibility, processability, mechanical properties, biodegradability, and
absence of toxic or carcinogenic effects. Nevertheless, its slow degra-
dation rate, hydrophobicity, and low cell affinity, as well as the release
of acidic degradation by-products that may lead to the appearance of an
inflammatory response, represent several drawbacks that need to be
addressed to promote the bone healing process [13,15,20,23,24].

Composite materials could be fabricated to overcome PLA limita-
tions by combining the polymeric material with bioactive ceramic par-
ticles. Bioceramic materials exhibit effective and safe properties for
promoting bone reconstruction and remodeling because of their simi-
larities to natural bone [8,25]. Calcium phosphates (CaP), calcium sul-
fates and bioactive glasses are some of the available synthetic bone
substitutes. Among them, CaP, such as hydroxyapatite (HA) and
beta-tricalcium phosphate (B-TCP), are commonly used as bone grafting
materials since the primary inorganic component of bone is calcium
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hydroxyapatite [8,26]. CaP bioceramics are characterized by their
biocompatibility and bioactivity because of their abundance in the body
and the partial dissolution and release of ionic products that augment
the concentration of calcium and phosphate ions. So, they have osteo-
conductive and even osteoinductive properties, crystal structure, high
melting point, and low mechanical characteristics. Their brittle behavior
is a critical problem that restricts the broader application of CaP, mainly
to non-load-bearing sites [26,27].

Briefly, the development of composite materials generally includes
combining a matrix and a reinforcing agent to take advantage of the
properties of each one, obtaining a synergistic effect [2,10,26]. PLA has
been widely used to synthesize composites with different materials such
as hyaluronic acid [15], polycaprolactone (PCL) [28], bioceramic such
as HA [29,30] and nano-HA [31,32], bioglasses [30,33], eggshell [34] or
B-TCP [35]. Using PLA composite instead of pure PLA polymer was
proposed to increase its mechanical strength, biological activity, and
osteoconductive properties. It is stated that incorporating CaP bio-
ceramics into PLA filaments satisfy these goals, in addition to reducing
the environment’s acidification and the inflammatory reactions occa-
sioned by the polymer. The search of new sources of bioderived CaP
bioceramics is of great interest nowadays as they usually provide
improved biological responses than the synthetic ones, offering more
complex biphasic compositions [36]. Thus, developing such a successful
PLA composite would expand the use of 3D printing technology in bone
tissue engineering [24,37] and have been successfully fabricated and
demonstrated to enhance bone formation in vivo [4]. However, a
knowledge gap exists regarding the optimal composition and structure.
The behavior of bioceramics in the polymeric matrix has a
dose-dependent effect, so osteoconductivity and mechanical properties
will be directly and inversely proportional to the amount of ceramic
material added. Therefore, it is essential to optimally balance CaP’s
brittleness and PLA’s ductility to avoid the loss of the scaffold’s bioac-
tivity [4,29,37].

The search for new calcium phosphate ceramics is still required to
improve the capacity of the materials for bone regeneration [36,38].
Shark teeth-derived bioapatites (bioCaP) have emerged as an alternative
graft material that valorizes Isurus oxyrinchus and Prionace glauca
fishing by-products into a higher value-added application [36,39]. Their
composition is based on a combination of 65-70%wt apatitic phase
(Hydroxyapatite, apatite-(CaF, CaOH) and fluoroapatite), and 25-30%
wt non-apatitic phases (tricalcium bis(orthophosphate) and witlockite);
together with the presence of trace elements such as F (1.0+—0.5%wt),
Na (0.9+—0.2%wt) and Mg (0.65+—0.04%wt) on their apatite-based
structure [39]. Lépez-Alvarez et al. (2016) [39] first demonstrated the
biocompatibility in vitro of shark teeth-derived bioapatites. Then, the
same group performed a pre-clinical trial in rats, comparing those bio-
apatites with a commercial synthetic biphasic HA/B-TCP (60/40%) bone
graft [36]. The results confirmed higher osteointegration and horizontal
growth of bone tissue, but also osteoconductive and osteoinductive
properties [36]. Likewise, Garcia-Gonzalez et al. [38] carried out a
preliminary clinical trial in dogs and cats with successful results,
demonstrating bioapatites as suitable candidates for orthopedic surgery
in the veterinary field.

Consequently, adding bioCaP to a PLA matrix is supposed to sub-
stantially improve the synthesized scaffolds regarding physical and
biological parameters. Varying concentrations of bioCaP in PLA scaf-
folds will be helpful to further characterize their impact mainly over
mechanical properties but also over wettability, surface topography,
pore morphology, and porosity, which will be closely related to the in
vivo osteoconductive properties of the scaffold. Besides, ions such as F
and Mg in the bioCaP will also favor bone regeneration by enhancing the
synthesis of cell growth factors and the parathyroid hormone, respec-
tively [39].

Composite PLA-based scaffolds synthesized by 3D printing tech-
niques may compete with autologous bone implants [18]. The present
manuscript aims to evaluate the physicochemical and mechanical
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performance, biocompatibility, and osteoconductive and osteogenic
potential of 3D printed PLA-based scaffolds, with a specific patterning
and porosity design, gradually enriched with a marine bioderived cal-
cium phosphate using a rabbit calvarial defect model.

2. Materials and methods
2.1. PLA-bioCaP composite synthesis

Commercial polylactic acid pellets (SMARTFIL®, Smart Materials,
Jaén, Spain) of 3 mm diameter size were frozen (—80 °C) to facilitate
handling and subjected to a milling and sieving process to obtain a
reduced diameter size of 80-250 um, favoring a more homogeneous
mixture with the 20-63 um bioCaP fraction.

The bioderived calcium phosphate was obtained from Prionace
glauca shark teeth as a fishing byproduct provided by IIM-CSIC (Vigo,
Spain), as previously reported [36,39].

Both fractions (PLA and bioCaP) were mixed in different proportions
gradually increasing the bioCaP contribution to 1%, 2% and 12% wt.
(named as PLA-1CaP, PLA-2CaP, PLA-12CaP) by using a Turbula® 3D
mixer (WAB, Nidderau, Germany). Then, the extrusion process (Filas-
truder, Snellville, Georgia) was performed to obtain filaments from the
different mixtures, as already published by Rojas-Lozano et al. [40]. A
filament without bioCaP was also produced (PLA).

2.2. Scaffolds fabrication

Each filament was cut into smaller sections and incorporated in a 3D
printer (TUMAKER Voladora NX Pellet, Oiartzun, Espana) to obtain
blanking plug-shaped scaffolds with dimensions of 8 mm primary
diameter, 6 mm minor diameter, 2 mm height inner section and 1 mm
outer one. This 3D-FDM (Fused Deposition Modeling) printer works with
a diameter nozzle of 0.8 mm, and the direction of the processing lines
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perpendicularly alternates from one layer to the overlapped one. Fig. 1
(a—d) shows simulations using Simplify3D Professional Software of the
printing process and final scaffold. Samples were packed in a laminar
flow cabin and sterilized by a 15 kGy dose of gamma radiation.

2.3. Characterization of the 3D-printed scaffolds

2.3.1. Physicochemical and morphological characterization

Physicochemical characterization of the 3D printed PLA, PLA-1CaP,
PLA-2CaP, PLA-12CaP scaffolds was performed by FT-Raman spectros-
copy using B&WTEK i-Raman-785S instrument (Metrohm, Herisau,
Switzerland) equipped with a BAC 100 Probe (785 nm), to identify the
main molecular vibrations corresponding functional groups. Crystalline
structure was evaluated by X-ray diffraction (XDR) with a Siemens d-
5000 diffractometer (Siemens AG, Munich, Germany), used together
with scanning electron microscopy (SEM) micrographs from the top of
the scaffolds, obtained with a JEOL JSM-6700 FEG equipment (JEOL
Ltd., Tokyo, Japan) operating at an accelerating voltage of 5 kV.

Furthermore, the exposure of 3D-printed scaffolds’ surface topog-
raphy and bioCaP particles was also assessed using a scanning electron
microscope (TM3030, Hitachi, Japan), operating at an accelerating
voltage of 15 kV.

2.3.2. Pore morphology

Three-dimensional imaging of the scaffolds was obtained using
Micro-CT (SkyScan 1172, Bruker-micro-CT, Kontich, Belgium). Scan-
ning parameters were set to 13.54 um pixels, X-ray source with 70 kV
and 141 mA, and using a 0.5 mm Aluminum filter. The raw images of the
scaffolds were reconstructed, using the Skyscan standard software
(NRecon, Bruker-micro-CT, Kontich, Belgium) to serial coronal-oriented
tomograms using a modified back-projection algorithm [41] and sub-
sequently analyzed with another SkyScan software (CTAn,
Bruker-micro-CT, Kontich, Belgium). The 3D analysis evaluated

Fig. 1. Sequential illustrations from Simplify3D Professional Software of the 3D printing process (a-c) and final open porosity distribution (d). Scaffolds with 8 mm
primary diameter and 1 mm height (tape) and 6 mm minor diameter and 2 mm height in the inner section.
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morphological parameters such as open/closed porosity, Strut diameter
(Strut Thickness), and pore size. Likewise, interconnectivity was calcu-
lated with an algorithm considering only the open and accessible pore
volume within the scaffold, as previously described by [42,43]. This
method quantifies bone ingrowth as a function of accessible pore size
using the invasion radius. It gives the smallest throat, or pore constric-
tion, connecting every voxel to the scaffold periphery [44].

2.3.3. Mechanical test

Compressive mechanical testing (Zwicki, Zwick/Roell, Ulm, Ger-
many) was conducted to evaluate the mechanical strength of the 3D-
printed scaffolds. Test Expert II software (Zwick, Germany) was used
to calculate the compressive strength based on the scaffold diameter.
Compression tests were performed using a load cell of 1 kN. The pre-
loading force was set to be 0.5 N. The standard scaffolds (®6 x 2 mm)
were compressed along their length axis at a 1 mm/min compression
speed until failure. The cross-section area was calculated through micro-
tomographic analysis and established at 13.02 mm? The force and
displacement were recorded throughout the compression and converted
to stress and strain based on the initial scaffold dimensions. The test was
performed until the failure of the scaffold, manifested by a plateau re-
gion in the compressive stress-strain curve. The compressive strength of
the scaffold was considered the maximum stress prior to its failure. It
was defined as the maximum stress detected within the linear elasticity
phase before reaching the plateau phase and the subsequent densifica-
tion of collapsed struts as presented in Klemm et al. 2021 [45].

2.3.4. Wettability

The wettability of the scaffolds was determined through a static
water contact angle measurement using a goniometer (OCA Plus 20;
DataPhysics Instrument GmbH; Germany). Around 1 pl of distilled water
was injected onto scaffolds’ surface, then images were obtained after
droplet formation on scaffolds belonging to different groups (n = 2).
Finally, the analysis was performed using the Sessile Drop technique in 3
data points for each sample.

2.4. Animal model

Eight healthy adult, skeletally mature male New Zealand White
rabbits that these findings were adequately used in this study. The
protocol was approved by the Ethics Committee of the University of
Santiago de Compostela, and authorized by the Regional Government of
Galicia. All animal experiments were conducted in strict adherence to
Spanish and European Union Regulation regarding protecting animals
used for scientific purposes. This paper was written following the Ani-
mals in Research Reporting In Vivo Experiments (ARRIVE) guidelines
[46], ensuring the transparency and rigor of our research.

The animal housing and experimental procedures were carried out in
the Animal Experimentation Facility of the University of Santiago de
Compostela under the supervision of highly experienced and qualified
personnel. The animals, after a period of acclimatization, were fed and
watered ad libitum and used for the experiment. The expertise of the
personnel involved in managing the animals instills confidence in the
quality and reliability of the research.

All efforts were made to minimize animal pain and distress perform
when performing the surgical procedures. The rabbits were pre-
medicated by administering a combination of medetomidine (50 pg/kg
IM, Domtor, Esteve, Barcelona, Spain), ketamine (25 mg/kg IM,
Imalgene 1000, Merial, Toulouse, France) and buprenorphine (0.03 mg/
kg IM, Buprex, RB Pharmaceuticals, Berkshire, UK) intramuscularly.
Using a face mask, general anesthesia was induced and maintained by
inhalation anesthesia with isoflurane (Inspiratory Fraction ISO 2.5-4%,
Isova-vet, Schering-Plow, Madrid, Spain). In addition, each rabbit
received preoperatively enrofloxacin (5 mg/kg SC, Ganadexil 5%,
Invesa, Barcelona, Spain) as antibiotic prophylaxis, and meloxicam (0.2
mg/kg SC, Metacam, Boehringer Ingelheim Espana, Barcelona, Spain)
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for pain control in addition to the buprenorphine.

Once anesthetized, the rabbits’ frontoparietal region were shaved
and vigorous disinfection was achieved with a 50/50 mixture of
povidone-iodine and alcohol. A longitudinal incision was performed
medially in the calvaria along the sagittal line, and the calvarial bone
was exposed by elevating a mucoperiosteal flap. Sagital and coronal
sutures were identified, outlining left-right parietal and frontal bones.
Four separated circular bone defects of 7 mm were created by using a
trephine bur (6 mm inner diameter and 7 mm outer diameter) on a
surgical handpiece under irrigation with physiologic saline, one on each
side of the median and coronal sutures. During the osteotomy, care was
taken not to damage the underlying exposed dura mater. Then, the
circular bicortical bone segment was luxated by using an osteotome, and
the defects were allocated to one of the treatment groups according to
block randomization: PLA (control group), PLA-1CaP, PLA-2CaP and
PLA-12CaP.

After the implantation of the scaffolds, a simple continuous suture
pattern with VICRYL 4/0 (Ethicon, Johnson & Johnson, Madrid, Spain)
was used to close subcutaneous tissues, and a simple interrupted suture
pattern with the same suture was used to close the skin. Finally, the
sedation was reverted with an intramuscular injection of atipamezole
(25 ug/kg IM, Nosedorm, Karizoo, Barcelona, Spain). Likewise, the an-
imal received postoperatively for 5 days, enrofloxacin (5 mg/kg,
Ganadexil 10%, Invesa, Barcelona, Spain) to avoid infections, and
meloxicam (0.1 mg/kg SC, Metacam, Boehringer Ingelheim Espana,
Barcelona, Spain) for pain management. The rabbits were monitored
weekly by veterinarians for wound dehiscence, inflammation, infection,
and general health until euthanized.

Twelve weeks after the implantation, the animals were sedated with
medetomidine (50 ug/kg IM, Domtor, Esteve, Barcelona, Spain) and
ketamine (25 mg/kg IM, Imalgene 1000, Merial, Toulouse, France), and
then euthanized by sodium pentobarbital (100 mg/kg IV, Dolethal,
Vétoquinol, Madrid, Spain) overdose injection in the lateral auricular
vein. Immediately after euthanasia, the samples were dissected free of
skin and soft tissue, and the calvarial bone was harvested and fixed in
10% buffered formalin for 2 weeks.

2.5. Micro-CT analysis

After the specimens were fixed, they were wrapped in gauze moist-
ened with 10% buffered formalin and scanned before being processed
for histology.

The samples were scanned using a high-resolution micro-computed
tomography (pCT) machine (Skyscan 1172, Bruker microCT NV, Kon-
tich, Belgium), equipped with an 11-Mpixel CCD camera. The acquisi-
tion parameters were set to 70 kV, 141 uA, and an aluminum filter of 0.5
mm. The reconstruction of the X-ray projections was performed using a
modified back-projection algorithm [41] (NRecon v.1.7.5, Bruker,
Kontich, Belgium) with a final voxel size of 13.58 um. The newly formed
bone was analyzed using a CT Analyser (CTAn 1.20.3.0+, Bruker,
Kontich, Belgium). Grey-scale values were set from 80 to 255 (0:black;
255:white) for the segmentation of new bone [47]. 3D analysis was
performed to evaluate the bone regeneration capabilities of the scaf-
folds, and the following 3D morphometric quantifications were assessed:
Bone Volume/Tissue Volume (BV/TV), Bone Surface/Bone Volume
(BS/BV), Trabecular Thickness (Tb.Th.) and Trabecular Pattern Factor
(Tb.Pf.).

2.6. Histologic and histomorphometric analysis

Once the specimens were scanned, they were left in 10% buffered
formalin for one more week. After that, they were carefully cut along the
sagittal and coronal sutures, and the four defects filled with implants
performed in each animal were individualized for the next step. They
were processed for undecalcified ground sections according to the
method described by Donath [48], and cross-sections were generated
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with a thickness of ~40 pm. Then, tissue slides were stained with
Lévai-Laczkd’s protocol, and two blinded evaluators carried out a
semiquantitative histological evaluation and histomorphometric
analysis.

Firstly, all the samples were microscopically (Olympus BX41 mi-
croscope; Olympus Corporation, Tokyo, Japan) evaluated according to
UNE-EN ISO 10993-6:2017 standard to assess the local effects after
scaffolds’ implantation. A description of the most notable histological
findings was also performed.

For quantitative analyses, the slides were imaged with an Olympus
BX51 motorized microscope (Olympus Corporation, Tokyo, Japan).
Whole section images were captured at x10 augments, colored with
Adobe Photoshop CS6 (Adobe Systems Incorporated, San Jose, USA),
and then analyzed to measure the selected histomorphometric param-
eters using the Olympus CellSens 1.5 (Olympus Corporation). The
following measurements were assessed: Bone-to-implant contact (BIC),
Implant Surface/Tissue Surface (IS/TS), and Bone Surface/Tissue Sur-
face (BS/TS).

2.7. Statistical analysis

Data were expressed as means + standard deviations (SDs). The
statistical analysis was performed with SigmaPlot 12.5 software for
Windows (Systat Software inc., Chicago, IL, USA). The normality of the
variables was assessed using the Shapiro-Wilk test, and Levene’s test was
used to check the equality of variances of normal variables. The statis-
tical comparison of different data groups was performed through a one-
way analysis of variance (one-way ANOVA), followed by a post-hoc test
for pairwise multiple comparisons (Holm-Sidak method). For non-
normal variables, a Friedman One-Way Repeated Measure Analysis of
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Variance Ranks was performed to evaluate the statistical comparison,
and then a post-hoc analysis using the Tuckey Test. In addition, corre-
lation studies were performed by using Pearson’s correlation analysis.
The statistical significance level was set at p < 0.05 for all parameters.

3. Results
3.1. PLA:bioCaP scaffolds characterization

3.1.1. Physicochemical and morphological characterization

The morphology of the 3D printed blanking plug-shaped scaffolds
can be observed in Fig. 2 by optical images of PLA-0CaP and PLA-12CaP
scaffolds, both with the central region amplified to observe the porosity
in more detail and by SEM micrographs from the top of the PLA-12CaP
scaffold.

The blanking plug shape of the scaffolds is observed in the optical
images (a,b) together with the open porosity on both scaffolds and a
translucent appearance in the free of bioCaP scaffold, becoming whiter
for the PLA-12CaP scaffold. The disposal of parallel lines of 0.8 mm thick
with a separation between them of 0.4 mm perpendicularly alternating
the direction of the processing lines between each overlapped layer is
also shown (a-d). Moreover, the uniform distribution of open square-
shaped pores of 0.4 x 0.4 mm forming a 3D cubic arrangement can
also be observed.

The bonding configuration of PLA, PLA-1CaP, PLA-2CaP, and PLA-
12CaP scaffolds was characterized by Raman spectroscopy and pre-
sented in Fig. 3. The characteristic spectrum of polylactic acid [49,50]
was observed for the PLA scaffold (Fig. 3a) with leading strong bands
registered, as expected, at: 872 cm™ with an intense and sharp band
attributed to C—COO stretching, 1769 cm™ assigned to C = O

Fig. 2. Optical images x1 magnification of PLA with the porosity amplified for more detail (a) and the same for the PLA-12CaP scaffold (b). SEM micrographs of PLA-

12CaP scaffolds at x25 (c¢) and x33 (d) magnifications.
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Fig. 3. Raman spectra of PLA, PLA-1CaP, PLA-2CaP, PLA-12CaP scaffolds where main strong bands characteristic for PLA at the region 2000-200 cm™ and spectra
region (1000-900 cm™) characteristic for main band of calcium phosphates (pointed square) are shown (a). Quantitative Raman evaluation to obtain the corre-

sponding bioCaP: PLA ratio for the 3D printed scaffolds is also presented (b).

asymmetric stretching, 1455 cm™ to asymmetric bending CHs, 1126
em’! to asymmetric rocking CHs, 1043 cm™ attributed to skeletal
stretching C—CHj3 and, finally, at 398 cm™ and 298 cm™ respectively
assigned to bending CCO and COC. The Raman spectra obtained for
PLA-1CaP, PLA-2CaP, and PLA-12CaP scaffolds (Fig. 3a) presented the
same PLA characteristic bands together with, as expected, the band near
960 cm! attributed to POZ> symmetric stretching mode of calcium
phosphates [51,52]. A quantitative evaluation from the Raman spectra
was performed to obtain the bioCaP: PLA ratio for each of the 3D-printed
scaffolds to continue with a more in-depth analysis. For it, Raman in-
tensities of the band at 960 cm™ attributed to calcium phosphates were
divided between the corresponding ones for the band at 870 cm™
assigned to polylactic acid, previous normalization with the spectra
bases. As can be observed in Fig. 3b, the gradually increasing contri-
bution of calcium phosphates in the 3D printed scaffolds was proven.
XDR determined the crystal structure of the 3D-printed scaffolds. In
Fig. 4, diffraction patterns for PLA and PLA-2CaP scaffolds are pre-
sented. In the case of the 3D-printed PLA scaffold, a wide band between
20 angle of 10° and 25° was observed, with a main broad peak at 14.99°,
instead of the characteristic main peak expected for neat PLA

diffractogram at 16.8° and a less intense one at 19.5° [53]. The broad-
band obtained is attributed in the literature to an intermediate order in
the polymer chains between the amorphous and crystalline forms and,
therefore, associated with the semi-crystalline nature of PLA [54-56].
When the 3D printed PLA-2CaP scaffold diffractogram was obtained, a
weak band related to PLA appeared at 16.75° attributed to the a-form
crystals at the plane (110)/(200), which implies a certain recrystalli-
zation of the polymer [53,57]. Moreover, sharp and intense diffraction
peaks located at the characteristic region near 32° of hydroxyapatite
(Cas(PO4)3(0OH)) were detected, in particular the three peaks 31.77°,
32.17°, 32.88° respectively, corresponding to crystal planes of hexago-
nal hydroxyapatite (211), (112) and (300). Additionally, other diffrac-
tion peaks attributed to hydroxyapatite [51,58,59] were also measured
at 10.81°, 25.84°, 28.89°, 34.05°, 39.79°, 46.64, 49.44° and 53.18°
respectively attributed to (100), (002), (120), (202), (310), (222), (213)
and (004). Finally, the diffraction peak observed at 28.02° is attributed
to p-tricalcium phosphate (8-TCP) or whitlockite (214), according to
Jang et al. (2014) [60]. The diffraction patterns confirmed, therefore,
the increase in the degree of the crystallinity of the 3D printed scaffolds
promoted by incorporating the bioceramic, including a certain
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Fig. 4. XRD patterns of PLA and PLA-2CaP scaffolds in the range of positions between 5° and 60° where crystal planes attributed to polylactic acid (PLA), hy-

droxyapatite, and p-tricalcium phosphate/whitlockite are indicated.
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re-crystallization of the 3D printed PLA.

Furthermore, printed samples were observed under SEM to evaluate
the roughness of the implant’s surface. Fig. 5 shows a clear difference in
the surface topography of the scaffolds, being very smooth for the PLA
group and becoming rougher in PLA-2-CaP and PLA12-CaP groups. A
tendency to a rougher surface could be observed when increasing de wt.
% of bioCaP, with apparent differences between PLA-2CaP and PLA-
12CaP implants. Likewise, despite being successfully dispersed, bioCaP
particles tend to form agglomerates, whose size and appearance
increased parallel to the percentage of bioCaP. Thus, the bioceramic
material changes the surface from smooth to rough, so the higher the
concentration of bioCaP, the greater the roughness as it can be seen in
Fig. 5, when magnified 400 times.

3.1.2. Pore morphology

The scaffolds present a highly interconnected square-shaped pore
structure, as seen in SEM images, with open pores around their
circumference, which favor cells and blood vessels growing toward the
inner part of the implant. 3D composite scaffolds synthesized by Fused
Deposition Modelling should be homogeneous, so we should be able to
analyze the influence of different bioCaP proportions on porosity. The
scaffolds’ porosity was assessed for 2 samples of each group, obtaining a
mean porosity value of 46+5%. The range of porosity measurements
was between 40.30% and 51.38%. However, these differences seem to
have been caused by the manufacturing process since there is no rela-
tionship between the results obtained and the amount of bioCaP.

The distribution of the pore size and strut thickness along the scaf-
folds was represented in Fig. 6. The mean values for all the groups of
pore size and strut thickness were measured, resulting in 390+10pm and
390+50pum, respectively. However, if we analyze the results, it may be
interesting to point out that mean values did not represent those pore
size or strut thickness values that appear with greater frequency. So, the
mode was calculated, and the results were included in Table 1. Differ-
ences to between the size of the 3D-printer’s nozzle, and the strut
thickness could be explained by rheological factors [61]. Since struts
were thicker in the area where they overlap with others, they were
narrower in the bridge areas (between two struts deposited perpendic-
ularly). This consequently affected strut thickness and pore size mea-
surements. Furthermore, micro-CT has certain limitations when
measuring strut thickness, only providing measurements of the struts in
these bridge areas. Furthermore, the dispersion of the bioCaP particles in
the PLA struts along the longitudinal and cross-sectional axis was

200 um

NL x400 NL

x400
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assessed. Micro-tomographic images showed the particles homoge-
neously dispersed superficially and inside of the struts, in line with what
was observed in the images obtained by SEM (Fig. 7).

To obtain more data on the characteristics of pores, a study was
conducted on pore interconnectivity. This helps denote the relations
between two interlinked pores, indicating the level of connectivity of the
porous structures. This attribute is vital to understanding the growth of
cells. The connective porosity or accessible porosity consists of all the
pores larger than the defined interconnective pore size. In this way, if
the defined interconnection size was 0 (m), all the pores would be
counted in the porosity, which means 100% effective porosity [43]. All
the scaffolds were highly interconnected, with values equal to or higher
than 90% of the pore connected to the outside environment through
openings smaller than 162.56 pm. Very slight changes among groups can
be observed in the percentage of pore accessibility until a pore size is less
than 325.12 pm, with interconnectivity values still near 80%, as seen in
Fig. 8. Regarding the minimum connection size of 596.05 pm, the
PLA-2CaP group represented the lowest interconnection value (18%).
Variations in pore accessibility seem to be related to the implants’
porosity.

3.1.3. Mechanical test

Compressive strength was one of the most important scaffold prop-
erties, especially when these will be implanted in load-bearing sites. The
mechanical properties of the scaffolds were tested in scaffolds (n = 2)
from the different groups: PLA, PLA-1CaP, PLA-2CaP and PLA-12CaP.
The calculated strength was taken at the end of the linear elasticity
phase. The results of compressive strength and elastic modulus are
shown in Table 2.

The compressive strength of PLA, PLA-1CaP, PLA-2CaP, and PLA-
12CaP are collected in Table 2. As seen, adding bioCaP reinforces the
composite’s mechanical properties when a 2% bioCaP was used, but the
PLA-12CaP presented a decrease in the compressive strength. Despite
that, the strain-stress curves (Fig. 9) revealed a plastic material behavior
in all the composites, showing the typically three different sections of
porous materials: a linear elasticity phase, an intermediate plateau
phase, and further densification, with stress increasing with the strain. A
similar trend to that shown by the compressive strength can be observed
in the elastic modulus, PLA-2CaP, the one with the highest values
(444.44 MPa), which can even be compared with the one of the human
skull bone (450 MPa) [62].

Furthermore, compressive strength was correlated with several pore

200 pm NL x400 200 um

Fig. 5. The surface morphology of the scaffolds observed by SEM (x400 magnification): PLA (a), PLA-2CaP (b) and PLA-12CaP (c).



LA. Fernandez et al.

Materialia 38 (2024) 102240

Distribution (%)

Strut Thickness (um)

—e— PLA

—O— PLA-1CaP
—w— PLA-2CaP
—&— PLA-12CaP

Distribution (%)

0 T
400

Pore Diameter (uum)
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Table 1
Pore morphology measurements in micro-CT. All parameters are represented as
mean + SD.

PLA PLA-1CaP  PLA-2CaP PLA-
12CaP
Open Porosity % 44+6 50.8 + 40.7 £ 0.5 48+2
0.8
Strut Thickness pm 410 360+20 449.2 + 370+20
(mean) +70 0.9
Strut Thickness pm  379.31 433.49 568.96 379.31
(mode)
Pore Size (mean) pm 400 410+20 377+4 388+1
+10
Pore Size (mode) pm 514.77 487.67 568.96 541.87

PLA PLA-1CaP

architectural characteristics of the scaffold (Table 3). And as expected,
strong correlations were found between open porosity, surface area-to-
volume ratio, and strut thickness, and compressive strength. Thus, the
scaffolds’ porosity may also influence their mechanical properties, so
that by increasing open porosity or surface area to volume ratio, the
compressive strength of the scaffold will decrease. In contrast, when
increasing strut thickness, the compressive strength will increase, too.

3.1.4. Wettability

The water contact angle of the scaffolds was measured, and the re-
sults are given in Table 4. Each value is the average of contact angle
measurements of 3 points. As results showed, the increasing content of
bioCaP in the composites is not enough to modify the hydrophobic
behavior of PLA. Contrary to what was expected, adding CaP increases
the scaffolds’ hydrophobicity.

PLA-2CaP PLA-12CaP

Fig. 7. Micro-CT reconstruction of 3D printed composite scaffolds, showing the dispersion of the different amounts of bioCaP (white dots) in different study groups.
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Table 2
Mechanical Test Results. All parameters are represented as mean + SD.
PLA PLA1CaP PLA2CaP PLA12CaP
Compressive Strength  MPa  44+5 371 49+5 28+4
Elastic Modulus MPa 350450 278+4 410440 250+30

3.2. Animal model

All in vivo experiments did not present complications, no adverse
effects were observed after implantation, the animals recovered
adequately, and the skin healed normally after the surgeries.

At the time of sacrifice, all the rabbits were healthy and did not
present observable inflammatory reactions, furthermore, neurological
reactions were absent.

During the necropsy, macroscopical examinations were conducted
over all the implants, to ensure they had anchored adequately to the
bone and fitted well in the defect. Furthermore, the absence of macro-
scopical signs of inflammation, hematoma or infection was confirmed.
After the dissection of the implants’ regions, only one rabbit presented
adherences between the bottom of the implant and the duramater, but it
could be extracted without complications.

3.3. Micro-CT

Micro-tomographic analysis was performed to evaluate the bone
morphometric parameters mentioned above in the volume of interest:
BV/TV, BS/BV, Tb.Th. and Tb.Pf.. Results are shown in Fig. 10. As it
could be seen on it, there were no statistically significant differences for
parameters referring to bone regeneration, such as BV/TV, which was
higher for PLA (11.11 + 3.26%) and PLA-12CaP (11.07 + 4.33%)
groups. However, there were no differences for bone surface-to-bone
volume ratio (BS/BV), or trabecular thickness (Tb.Th.), which were

very similar for all groups. PLA-12CaP group despite not being statisti-
cally significant, showed the highest trabecular values. Conversely, the
same group showed statistically significant differences in values of the
trabecular pattern factor (Tb.Pf) with PLA (p = 0.00837) and PLA-1CaP
(p = 0.00839) groups. Representative images were included in Fig. 11.

3D images demonstrated good biocompatibility of the different
scaffolds implanted in vivo. Most presented good integration with the
host bone without signs of rejection. Strongly mineralized tissue
ingrowth within the scaffolds could be observed, initially at the edge of
the bone defect and then gradually filling inwards and toward the cen-
ter. The same samples showed isolated bone growing in the inner part of
the scaffold, probably occasioned by the migration of bone marrow cells
because of the bleeding and clot formation during the surgical proced-
ure. Bone tissue ingrowth occurred through the pores following its
orientation, providing the scaffold with notable support to the host
bone.

3.4. Histology

3.4.1. Qualitative histology

A rabbit model of calvarial defects was used to evaluate the osteo-
genic potential of rising concentrations of bioCaP mixed with PLA.
Fig. 12 shows optical images of the histological slides. For the histo-
logical assessment, Lévai-Laczko stained slides were subjected firstly to
semi-quantitative evaluation techniques to quantify the inflammatory
response, new blood vessel formation, and presence of fibrosis and fatty
infiltrate to assess the local effects after implantation following UNE-EN
ISO 10,993-6:2017 standards (Fig. 13).

Optical microscopy of the whole specimens was used to quantify
cellular response by counting the number of polymorphonuclear cells,
lymphocytes, plasma cells, macrophages, and giant cells per high-
powered (400x) field (phf), focusing specifically on the biomaterials’
contour (Fig. 14). They were scored from O to 5, denoting absence,
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Fig. 9. Compressive Stress-Strain curves of 3D printed scaffolds.

Table 3
Correlation study between compressive strength and pore architectural char-
acteristics of the fabricated scaffolds (n = 8, *p < 0.05).

Pearson’s correlation Open Surface area-to- Strut
coefficient Porosity volume ratio Thickness
Compressive Strength —0.79* —0.80* 0.80*
Table 4
Contact angle measurements. All parameters are represented as mean + SD.
PLA PLA1CaP PLA2CaP PLA12CaP
Contact Angle (Degrees) 100+10 100420 130+20 120420

presence of 1-5 cells/phf, presence of 5-10 cells/phf, heavy infiltrates or
packed, respectively. Among the mentioned inflammatory cells, mac-
rophages are the main ones found in the different specimens and are
usually very close to the implant surface, with scores between 1 and 3. In
addition, lymphocytes were identified in 4 samples. Three of them
scored as 1, and the other one as 2. Finally, 1 to 5 giant cells/phf
appeared in one of the samples. There were no findings of necrosis in any
of the specimens.

Then, the rest of the parameters included in the UNE-EN ISO were
evaluated. Firstly, fibrosis was the main finding in all the samples;
narrow (1), to moderately thick (2), and even thick (3) bands were
identified as filling the inner part of the implant and avoiding bone-
implant contact, both inside the implant pores and with the bony sur-
face of the defect. Likewise, fatty infiltrate was found in all the samples,
which is usually associated with fibrosis. Among minimal amounts of fat
(1), elongated and broad accumulations of fat cells were observed filling
the space inside the implant. The neovascularization was also a phe-
nomenon shared by almost all the specimens, which was semi-quantified
as focal minimal capillary proliferation (1), groups of 4 to 7 capillaries
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(2) or broad bands (3) with supporting fibroblastic structures (Fig. 14).
Besides, there was no evidence of traumatic necrosis or foreign debris.

Under the condition of this study, and in accordance with the pro-
visions of the UNE-EN ISO 10,993-6:2017 standards, the tested samples
were considered as non-irritant (PLA-1CaP and PLA-2CaP groups), and
slight irritant (PLA-12CaP group) to the tissue as compared to PLA
group. Furthermore, found statistically significant differences between
the groups were found only for the quantification of macrophages be-
tween the PLA and PLA-12CaP groups (p = 0.042), the latter presenting
high score values.

Another interesting aspect to highlight from the qualitative evalua-
tion is the complete absence of bone growth in those points where the
implants are not in contact with bone defect margins (Fig. 12), since the
defects were slightly more significant than implants. This finding may
demonstrate the ability of the implant to stimulate bone growth and the
proposal of the defect as critical size. As it was explained in Micro-CT
section, usually new bone was forming from the edge towards the cen-
ter, being able to observe bridges’ formation with ingrowth between
scaffold struts (Fig. 12). Furthermore, isolated bone islands could be
appreciated in the middle of the scaffolds, without connections with
newly formed bone at the defect edges. All the scaffolds remained inside
the defect, maintaining their structural integrity and without significant
degradation observed.

3.4.2. Histomorphometric analysis

Histomorphometric parameters to evaluate Bone-to-Implant Contact
(BIC), Implant Surface to Tissue Surface (IS/TS) and New Bone Surface
to Tissue Surface (BS/TS), were assessed in the region of interest (ROI)
for every single sample (Fig. 15). The analysis was performed after
digital coloring of the images (Fig. 16), and the following results were
obtained. Firstly, the percentage of implant surface inside the ROI was
similar for all the groups without statistically significant p values, and
mean values ranged between 41.52% =+ 5.08 and 47.85% + 8.78. This
could indicate a similar degradation of the implants belonging to the
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Fig. 10. Micro-CT histomorphometric measurements. BV/TV: Bone Volume/Tissue Volume, BS/BV: Bone Surface/Bone Volume, Tb.Th.: Trabecular Thickness and

Tb.Pf.: Trabecular Pattern Factor. **p < 0.05.

different groups, even though the variations that may exist due to the
orientation of the histological section for the arrangement of the scaf-
folds’ struts were considered, as it could be demonstrated in Fig. 12.
Concerning BIC results, no statistical differences were found among the
groups, however PLA group showed the highest BIC values, 7.90 + 7.22,
compared to PLA-12CaP group, which obtained the lowest ones, 3.78%
+ 4.41, despite of the fact that it was the group with a higher percentage
of calcium phosphate added. Finally, regarding to the percentage of new
bone surface concerning to the tissue surface (BS/TS), the results in the
assessed area showed that PLA group (18.23% =+5.70) is the one in
which the greater amount of newly formed bone growing took place,
followed by implanted scaffolds belonging to PLA-12CaP group (14.67%
+ 5.26). In this case, statistically significant differences (p < 0.031) were
found among PLA and PLA-2CaP groups (18.23% +5.70 vs 11.69%
£3.06).

4. Discussion

The in vivo response of custom-designed 3D-printed composite PLA-
bioCaP scaffolds with perpendicular patterning and open porosity (50%,
pore size ~400 um) was evaluated in a rabbit calvarial defect model. The
proposed scaffolds displayed satisfactory physicochemical and me-
chanical properties. When implanted in vivo, no statistically significant
differences were found after histologic and micro-tomographic new
bone quantifications between composited and non-composited PLA
groups, however the contribution of bioCaP in 12 wt.% promoted a
positive influence in certain histomorphometric parameters, such as the
connectivity of the trabecular bone.

According to Raman and SEM/XDR analysis results, bioCaP was
successfully composited into the PLA matrix. So, PLA-bioCaP scaffolds
were suggested as potential bone defect fillers. When synthesizing 3D-
printed composites with bioceramic materials, it should be clear that
the main mechanism of bioceramics’ bioactivity is the partial dissolution
of ionic products in vivo, elevating the concentration of calcium and
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phosphate ions, directly linked with the precipitation of biological
apatite on the surface. This precipitation may incorporate various pro-
teins and growth factors that promote cell attachment and function
eventually leading to new bone formation. So, a greater surface area in
contact with fluids will lead to faster dissolution rates [27]. Therefore,
the improvement in osteogenic potential caused by the addition of the
bioceramic materials will be closely related to the percentage of ceramic
material exposed on the surface of the scaffold, either at the time of
implantation or after the degradation of the polymeric matrix in this
case. Since the composition and distribution of HA particles exposed on
the surface are critical for cell-material interactions and osteo-
conductivity of the composite [63]. For this purpose, SEM analysis al-
lows an exhaustive analysis of surface topography, identifying exposure
points of bioCaP available to provide anchorage for cell spreading and
adhesion. Possible control of point-exposed bioceramics in a composite
enables the optimization of cell spreading and reduces the problem of
deficient adhesion of bioceramics to PLA. However, although bio-
ceramic particles can form a homogeneous suspension with the polymer,
the amount of those particles that can appear on the surface may not
reflect the average value of the bulk [63,64]. Furthermore, when
working with biodegradable materials, factors related to polymer
degradation products and its physicochemical and architectural changes
must be carefully considered because of their effects on surrounding
cells and tissues [64].

Furthermore, the apparition of bioCaP particles on the polymer’s
surface will have more implications on scaffolds’ characteristics. As seen
in SEM images, exposed particles increased surface roughness propor-
tional to the amount of bioCaP added. A rougher surface has more area
for cell to attach through proteins or integrins on the cell membrane and
to proliferate better [63]. Our results are in agreement with those ob-
tained by Corcione et al. [65], Wang et al. [66] or Wang et al. [67],
where the addition of HA to a PLA matrix produces an increase in surface
roughness. In addition, Akindoyo et al. [68] studied the dispersion of HA
particles in a PLA matrix, successfully using a surface modifier
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Fig. 11. Representative micro-CT images of the effect of composite scaffolds on bone regeneration at 12 weeks in calvarial rabbit defects. The measured volume of
interest (VOI) was highlighted in red color. PLA a), PLA-1CaP b), PLA-2CaP c) and PLA-12CaP d).

Fig. 12. Histological sections of the calvarial bone after 12 weeks of healing (Lévai-Laczké staining). Sections clearly show typical findings of the samples. PLA-
12CaP a), PLA-1CaP c), and PLA b) and d). The bone grows from the edges to the defects’ center through the pore. Connective tissue filling the empty space.
Absence of bone growing when the scaffold is not in contact with the margin of the defect. Struts with different thicknesses were present depending on where the
section was performed.
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Fig. 13. UNE-EN ISO 10,993-6:2017 evaluation results summarized, classifying each parameter into different scores, being 0 equal to its absence and 1, 2, 3, and 4

equal to slight, moderate, marked, and severe presence, respectively.

Fig. 14. Lévai-Laczko stained slides demonstrated the findings described during the semi-quantitative evaluation. Fatty infiltrates could be observed (*), as well as
fibrous band with different thicknesses ([J), and macrophages were present near the composite material (black square).
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Fig. 15. Histomorphometric measurements. BIC: Bone-to-Implant Contact, IS/TS: Implant Surface to Tissue Surface, BS/TS: New Bone Surface to Tissue Surface. *p

< 0.05.
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200 um

Fig. 16. Histological Lévai-Laczké stained section belonging to PLA group, before and after being colored, indicating the analyzed Region of Interest, fitting the

defect margins.

(Fabulase® 361), which notably improved the dispersion of the parti-
cles. Thus, avoiding one of the challenges often envisaged for PLA-HA
composites, such as the agglomerations of HA in the PLA matrix,
which can serve as points for stress concentrations leading to poor me-
chanical properties. Similarly, Zhang et al. [29] also obtained better
dispersibility and fewer agglomerations after adding Dodecyl trime-
thoxy silane (WD-10) to modify the nano-HA added to the scaffolds.
Another parameter that can influence the dispersion is the particles’
size, the use of nano-hydroxyapatite instead of micro-sized one has been
demonstrated to increase surface activity and dispersibility, as well as
being less brittleness [66,67].

The main purpose of tissue engineering scaffolding is to provide a
platform for cells involved in bone regeneration, being conductive for
blood vessel invasion, cell migration, proliferation, differentiation, and
communication. Cancellous bone structure is an ideal template for BTE
scaffolds, it is spongy and has a porosity of 50-90%, so resembling its
mimicry seems to be a reasonable idea for designing BTE scaffolds [66,
69]. In the present study, Micro-CT analysis measured the open porosity
of highly interconnected 3D printed composite scaffolds. Results showed
a range of measures between 40.301% and 51.38%, similar to those
obtained in other studies that synthesized 3D printed PLA/bioceramic
composites, ranging from 26.4% to 70% [4]. The variations in mean
porosity values for the different groups seemed unrelated to the added
percentage of bioCaP. These observations were in agreement with those
obtained by Wang et al. [67], who observed that there was no correla-
tion between the proportion of n-HA and the porosity of the printed
sample, being only influenced by the filling rate and shape of the
blueprint. However, Corcione et al. [65] observed a discrepancy be-
tween the theoretical scaffold porosity (50%) and the results obtained
for the PLA group (39%) and PLA/sdHA (55%); according to the au-
thors, these differences could be explained by the bigger thickness of the
PLA struts and lower percentage of large pores, compared to PLA/sdHA
ones. In addition, other important biomimetic porous structure param-
eters, such as pore size or pore accessibility, were measured. The mean
pore size value for all the scaffolds in the present study was established
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at 390+10 pm.

At present, optimal pore size is still inconclusive since the change in
experimental conditions can yield different results. On the one hand,
microporosity improves surface area for protein adsorption, providing
attachment points for osteoblasts. Nevertheless, tiny pores are non-
conductive to cell migration and communications, leading to non-
mineralized osteoid and fibrous tissue formation. Thus, 100 pm is
considered the very minimum pore size. On the other hand, macro-
porosity promotes osteogenesis and vascularization. Although desirable
pore sizes for cell growth, blood flux, and adequate mechanical prop-
erties could range between 100 and 1000 pm, pore size should vary
between 200 and 600 pm, taking into account that sizes greater than 300
pm facilitate osteoblast proliferation and enhance vascularization [8,
69-72]. While pore size is essential, the interconnectivity and pore
accessibility of the complicated network of pores are crucial to bone
ingrowth. Pore accessibility gives the smallest pore constriction between
the scaffold edge and any voxel within the scaffold pore space,
demonstrating the inability of bone to grow into pores accessible
through narrow constrictions [44]. Tiainen et al. [42] reported that
scaffolds with average pore sizes close to 400 um and high inter-
connectivity of 92% through connections as large as 200 um will allow
excellent permeability, sufficient tissue ingrowth, and vascularization
for bone regeneration in TiO5 scaffolds. The scaffolds proposed in the
present work, according to pore accessibility results, have demonstrated
high interconnectivity, with values equal to or higher than 90%. No
similar studies with PLA-Bioceramic composites, including pore acces-
sibility analysis, were found.

Mechanical properties are one of the main scaffold requirements for
bone regeneration. PLA is a biopolymer with relatively high strength
and modulus, which may vary depending on its molecular weight and
degree of crystallinity [23]. Its compressive strength (2 - 39 MPa) is
similar to that of natural bone (2-12 MPa) [67]. Micro- and
nano-bioactive ceramic powders such as hydroxyapatite (HA) were
incorporated to increase the printed PLA composites’ mechanical
strength and osseointegration properties. It has reported an
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improvement of the mechanical properties when the content of HA is
lower than 15% [24,67,73]. Thus, balancing the ductility of PLA and the
brittleness of CaP is a critical issue in regulating composites” mechanical
properties [29]. However, Wang et al. [67] synthesized PLA-nanoHA
scaffolds with a percentage from 10 to 50% of the bioceramic mate-
rial, and results showed that the greater proportion of nanoHA, the
lower the mechanical strength is. Similar results were obtained by other
authors, such as Akindoyo et al. [68], who observed a reduction of
tensile strength and flexible modulus when adding 5% and 20% of HA.
Corcione et al. [65] appreciated a reduction of scaffold stiffness from
238 MPa to 124 MPa when adding 50% mesoporous micron-sized
spherical HA power to a PLA matrix. These changes were attributed to
morphological and microstructural differences between PLA and
PLA-Bioceramic groups, such as surface roughness or overall porosity.
So, the particles increased the available surface area. Still, contrary to
what was expected, they did not act as reinforcement for the PLA matrix,
even when the percentages were lower than 15% [65,73]. Nevertheless,
when adding 10% wt or 30% wt of B-TCP to a PLA matrix, synthesized
scaffolds demonstrated an increase of the mechanical properties, with an
increase of the compressive modulus from 258+102 MPa in the PLA
group to 349+51 MPa in the PLA-30%p-TCP group, achieving values
similar to human skull bone (450 MPa) [62].

In the present study, compressive strength and elastic modulus of the
scaffolds decreased notably when 12 wt.% of bioCaP was added to a PLA
matrix, compared to PLA alone, 44 MPa vs 28 MPa, respectively.
However, these results should be analyzed cautiously since, according to
the obtained results, changes in the mechanical properties are highly
related to variations in open porosity, surface area-to-volume, and strut
thickness. Moreover, in general terms, it is stated that differences in
mechanical properties of less than an order of magnitude cannot be
considered. Both scaffolds PLA alone and PLA-12CaP would be consid-
ered at the same level at the mechanical point of view. Similar corre-
lations among porosity and compressive strength were found by Tiainen
et al. [42] for TiO, scaffolds ranging from 0.31 MPa to 3.14 MPa.
Likewise, Chen et al. [74] suggested that changing the porosity can
enhance the modulus of PLA-nHA scaffolds. It should be noted that even
with the addition of CaP particles, scaffolds’ mechanical properties were
higher than that of pure HA (5.5 MPa) and human cancellous bone (5.5
MPa).

Surface wettability is another of the main parameters affecting the
biological response to an implanted material, affecting protein adhesion
to biomaterial surfaces [75]. Superhydrophilic (contact angle < 2°) and
superhydrophobic (contact angle > 150°) polymer surfaces are not
favorable for cell attachment and growth [76]. Regarding the wetta-
bility of the scaffolds, adding hydroxyapatite to synthesize a PLA/bio-
ceramic composite is supposed to improve the hydrophilicity of the
implant. Zhang et al. [29] obtained a reduction of the surface contact
angle from 95.9° in the PLA group to 87.2° in PLA-30%nHA or 77.4° in
PLA-50%nHA. However, in our study, the water contact angle results
showed a greater hydrophobicity of the scaffolds as the percentage of
hydroxyapatite increases. This can be explained by the Wenzel model,
which states that as the roughness increases, the hydrophobicity or the
hydrophilicity becomes stronger. A higher roughness of a surface will
increase the surface area and, consequently, the interface between the
liquid and the solid, exacerbating its surface properties. Thus, a hydro-
philic surface will appear more hydrophilic, while a hydrophobic sur-
face will appear more hydrophobic [77,78].

Traditionally, 2D histological and radiographical techniques were
used to evaluate the osteointegration of tissue-engineered scaffolds.
Despite being unable to provide all the data of a standard histological
analysis, micro-CT has emerged as a fast and non-destructive tool to
characterize and measure the 3D properties of scaffold or tissue-
engineered constructs. This technique provides three-dimensional im-
ages of bone growing into scaffolds and allows its quantification in the
hole volume of the defect region instead of only one slide. Furthermore,
unlike bioceramic scaffolds, micro-CT allows easy detection of new bone
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formation in polymeric scaffolds due to its low attenuation [44,79,80].
Thus, it can be concluded that this technique cannot replace histology
but can be used as a complementary evaluation method providing in-
formation of great interest. Likewise, the present manuscript found a
strong correlation between micro-tomography and histomorphometry
results (p = 0.000000837) when measuring bone regeneration.

The rabbit calvarial defects model was performed to evaluate the
potential clinical application of 3D-printed PLA-bioCaP composite
scaffolds. After the implantation, bone regeneration was assessed by
micro-tomography and histomorphometry analysis. Micro-CT results
demonstrated no differences among the four groups in BV/TV, BS/BV
and Tb.Th; showing PLA-1CaP and PLA-2CaP groups the lowest values
for the performed measurements. Likewise, regarding histomorpho-
metric evaluations, statistically significant differences were found only
for BS/TS, among PLA and PLA-2CaP groups. Therefore, contrary to
what was expected, adding the already mentioned percentages of bio-
CaP did not seem to have a significant osteogenic effect. Similar studies
were developed in rat calvarial defects. On the one hand, Gendviliene
et al. [81] found no statistically significant differences between PLA and
PLA-10%HA groups according to micro-CT and histological results; the
amounts of regenerated bone were slightly higher when hydroxyapatite
was added. On the other hand, Kwon et al. [62] fabricated 3D printed
PLA scaffolds with increasing percentages of -TCP (10% and 30%). In
vivo trials they demonstrated, 12 weeks after implantation, that higher
concentrations of the bioceramic were related with higher percentages
of newly formed bone (around 10 and 25%, respectively). Likewise,
other studies performed on rabbit’s femoral diaphysis defects showed
similar results. Wang et al. [67] implanted 3D-printed PLA composite
scaffolds with 10% and 30% of nanoHA. It showed statistically signifi-
cant differences among Pn0 and Pn30 groups when analyzing BV/TV in
micro-CT, 1, 2, or 3 months after implantation. Finally, Wang et al. [66]
implanted 3D-printed composite scaffolds with 50% of nanoHA and
reported significative differences between PLA and PLA-nanoHA groups
after 1,2 and 3 months.

The present manuscript, as described in the results’ section, found
statistically significant differences between PLA and PLA-1CaP groups
and PLA-12CaP group when measuring Tb.Pf in micro-CT. This index
describes the connectedness of individual trabeculae in a two-
dimensional section, thus quantitatively describing the intertrabecular
connectivity ratio. Then, results indicate that the addition of bioCaP
possessed a positive and significant influence on the connectivity of the
trabecular bone. The same trend was observed for Tb.Th., providing a
higher trabecular thickness result for PLA-12CaP. However, no signifi-
cant differences were found among the different groups when this
parameter was microtomographically evaluated.

PLA is considered satisfactory regarding biocompatibility, although
some cases of foreign body reactions and inflammatory reactions were
reported [37,81,82]. From a qualitative histological analysis point of
view, the implanted scaffolds in the present manuscript seemed
biocompatible, showing slightly inflammatory effects, without signs of
necrosis or the presence of foreign debris. Regarding the literature,
different histological observations could be appreciated in papers
referring to PLA and inflammation. On one side, Wang et al. [66] re-
ported that no inflammatory cell aggregation was observed around the
printed scaffolds, corroborating PLA’s good biocompatibility. Likewise,
Chen et al. [74] found no inflammatory response or formation of fibrous
tissue near or inside the PLA/nHA scaffold. Zhang et al. [37] studied the
cellular inflammatory reaction by hematology analysis, and no signifi-
cant differences were detected between treated and non-treated groups.
By the other side, Maia-Pinto et al. [83] described the presence of con-
nective tissue interspersed with biomaterial and rare inflammatory cells
in defects filled with neat PLA, and Gendviliene et al. [81] signaled the
presence of lymphocytes, mainly in PLA group, and the presence of
connective tissue with different thickness among the groups, which ac-
cording to histological images seemed to appear between the scaffolds
and the newly formed bone. Furthermore, Tcacencu et al. [84]
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synthesized a composite structure based on a PLA porous disk thermally
mounted on a apatite-wollastonite (AW, bioceramic material) disk. After
implantation, AW, PLA, and AW/PLA groups demonstrated biocom-
patibility and were well integrated into the host tissue, with minimal
evidence of inflammatory cell presence. However, regarding histological
images belonging to AW/PLA group, it could be appreciated that bone
was mainly in touch with the bioceramic material (AW), and PLA’s
surface was essentially in contact with fibrous tissue. As could be seen,
the mentioned results agreed with those obtained in the present study.

The importance of using scaffolds in bone tissue engineering has
increased in recent years, as it provides an alternative to autografts and
allografts [37]. In this point, additive manufacturing techniques have
provided essential advancements because they allow the customization
of implants with complicated irregular geometries, precise internal and
external architecture control, and high mechanical properties [29,37,
65,83]. Among different available 3D printing techniques,
extrusion-based ones have been demonstrated to be some of the most
frequently utilized for the synthesis of PLA-Bioceramic composite scaf-
folds, specifically Fused Deposition Modelling (FDM) or Fused Filament
Fabrication (FFF) [4]. This manuscript further studied the implications
of the scaffold’s morphological and compositional features and their
effect on bone regeneration and implant biocompatibility. They are
positioning 3D printing technologies as a mainstay for developing new
bone grafts for bone tissue engineering in the future. Due to the wide
range of possibilities, they offer regarding manufacturing parameters
and customization, and the variety of biomaterials which allow working
with.

Furthermore, ceramic materials have been successfully used for
medical applications in the form of cements, coatings, scaffolds and
paste, chiefly bioceramics such as calcium phosphates (hydroxyapatite,
beta calcium phosphate, etc.) due to their resemblance to bone’s mineral
phase [26,27]. Chen et al. [74] reported some of the reasons for
choosing HA as an inorganic filler, which could be extrapolated for the
rest of calcium phosphate bioceramics, such as its role in favoring bone
reconstruction, improving PLA’s osteogenic, osteoconductive, and me-
chanical properties, and buffering the acidic by-products produced
during PLA’s degradation, therefore blocking the unfavorable cellular
environment. Thus, HA included in composite scaffolds will prolong PLA
degradation, reducing the acidity and increasing osteoconductivity of
the scaffolds [81]. In our case, the use of fish-derived bioapatite also
aims to improve PLA’s physical and biological properties while at the
same time pursuing the revalorization of fishing by-products. Further-
more, this bioceramic material proved its feasibility in synthesizing
composite material by mixing it with a polymeric matrix, showing mild
or absent inflammation after being implanted in vivo.

The calvarial bone defect model has been extensively used, mainly in
rodent models, when studying bone healing and regeneration processes.
Due to its easy performance, there is no need for external fixation, and
bone healing can be assessed using micro-CT and histology easily.
However, it does not allow the evaluation of the scaffold under physi-
ological mechanical loads [81].

To summarize, the low osteogenic capabilities of the fabricated PLA-
bioCaP composite implants could be explained as a mixture of the many
reasons discussed above. Firstly, the inflammatory effects of PLA and
acidic by-products of its degradation can lead to an unfavorable envi-
ronment for bone growth. Besides, the amount of bioCaP added to the
scaffolds may not be enough to provide the already described buffering
effect and modify the polymeric material’s hydrophobic surface. It was
further proved that the high HA content (50%) could effectively reduce
the acidity of the surrounding microenvironment [29]. Likewise, a low
percentage of bioCaP will lead to a low exposure of the bioceramic
particles calcium and phosphate available ions for bone regeneration.
Gendviliene et al. [81] also noticed that an increase in HA concentration
can provide better osteoconductive potential and be associated with
higher levels of new bone formation.

The beneficial effect of pure PLA scaffolds on bone growth observed
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in some of the samples included in the present work could be explained
by the capabilities of scaffold architecture and surface topography over
PLA degradation. Likewise, in those samples where no bioCaP was
added, the hydrophobicity of the implants could lead to lower degra-
dation values and consequently to lower acidification of the environ-
ment, improving bone regeneration.

The amount of bioCaP incorporated in the present work is within the
ranges of bioceramics combined with PLA in other studies [4]. Besides,
authors such as Wang et al. [67] reported that contributions of bio-
ceramics in values <15 wt.% has been proven to ensure a higher
compressive strength of the PLA-based composite scaffold, as well as
maintaining their biological properties. Anyway, a higher contribution
in bioCaP could be indeed incorporated by 3D printing methodologies in
future investigations. This should be performed to enhance the bioCaP
amount in the composite scaffolds to obtain a higher exposure to the
surface of the bioCaP particles and improve their osteogenic capabilities,
as well as improvements in the surface’s hydrophobicity, probably
related to the presence of slight inflammation signs, and a detailed
analysis on the degradation, to characterize the degradation rate and the
environment’s acidification.

One widely used alternative to improve the scaffolds’ osteogenic
potential by adding different substances to functionalize the scaffolds.
Successful results by using these substances and comparing the obtained
results with non-functionalized groups, were described by many authors
as Alonso-Fernandez et al. [4] reported in their systematic review. Some
substances included in the mentioned review are dental pulp stem cells,
bone marrow stem cells, bone morphogenetic proteins, enhanced bone
marrow or osteoblastoma cell lines. They all have demonstrated an
improvement in the osteogenic potential of the synthesized scaffolds.
Another possible strategy to achieve this goal could be the biomimetic
mineralization of the scaffolds as described by Maia-Pinto et al. [83],
who based on the importance of the surface characteristics of bio-
materials for successful medica applications, utilized calcium phosphate
coatings to improve scaffold’s bioactivity and osteoconductivity.
Furthermore, to improve tissue regeneration, they also incorporated
biological mediators to the implants, specifically growth factors, such as
recombinant human bone morphogenetic protein-2 (rhBMP-2), due to
its great osteoinductive potential.

5. Conclusion

Additive manufacturing techniques allow the customization of 3D-
printed scaffolds that perfectly fit patients’ defect morphology. In the
present manuscript, 3D-printed composite PLA-based scaffolds with
perpendicular patterning, open porosity (50%, pore size ~400 um), high
interconnectivity (>90%) and composition (bioCaP up to 12% wt.) were
manufactured by Fused Deposition Modelling and displayed satisfactory
mechanical properties, biocompatibility and osteoconductivity being a
suitable alternative for repairing bone defects in animals or humans. the
scaffolds’ hydrophilicity, nor did adding marine bioCaP to the polymeric
matrix used here did not improve the scaffolds’ hydrophilicity or me-
chanical resistance. However, despite their hydrophobicity, the struc-
tures demonstrated suitable characteristics to support bone
regeneration, promoting it at similar levels as the PLA. The highest
tested contribution in bioCaP promoted a significant favorable influence
in certain histomorphometry parameters, such as the connectivity of the
trabecular bone. However, the scaffold’s osteogenic potential was not
proved for the tested compositions. Further research is required to
optimize the composition for osteogenic potential.
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