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Abstract: Bone spacers are exclusively used for replacing the tissue after trauma and/or diseases.
Ceramic materials bring positive opportunities to enhance greater osteointegration and performance
of implants, yet processing of porous geometries can be challenging. Additive Manufacturing (AM)
opens opportunities to grade porosity levels in a part; however, its productivity may be low due to its
batch processing approach. The paper studies the biological responses yielded by hydroxyapatite
with β-TCP (tricalcium phosphate) ceramic porous bone spacers manufactured by robocasting
2-layer meshes that are rolled in green and sintered. The implants are assessed in vitro and in vivo
for their compatibility. Human bone marrow mesenchymal stem cells attached, proliferated and
differentiated on the bone spacers produced. Cells on the spacers presented alkaline phosphatase
staining, confirming osteogenic differentiation. They also expressed bone-specific COL1A1, BGAP,
BSP, and SPP1 genes. The fold change of these genes ranged between 8 to 16 folds compared to controls.
When implanted into the subcutaneous tissue of rabbits, they triggered collagen fibre formation
and mild fibroblastic proliferation. In conclusion, rolled AM-meshes bone spacers stimulated bone
formation in vitro and were biocompatible in vivo. This technology may give the advantage to
custom produce spacers at high production rates if industrially upscaled.

Keywords: additive manufacturing; implants; bioceramics; porous scaffolds; bone tissue engineering;
cell proliferation; biological responses

1. Introduction

Bone tissue, which is an integral part of the musculoskeletal tissue, is a heterogeneous vascular
matrix of mainly collagen type 1, cells and calcium phosphate [1]. Its main functions are protection
and support of internal organs, structural support of movement, storage of minerals, and synthesis of
blood cells. Bone needs replacement when the tissue is lost due to major trauma and/or diseases such
as sarcoma. Basic tissue engineering approaches have proposed replacing bone by combining collagen
type 1, cells and calcium phosphates (CPs) that are brought into shape to scaffolds, which can then act
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as a replacement [2]. Maintaining mechanical stability until the spacer is replaced by original tissue
is a current challenge. Homeostasis of the host bone is another factor that could cause an immune
response to the implanted spacer [3].

Several alternatives can be found for replacing missing bone tissue in living vertebrates. Autografts,
the grafts obtained from the patient him/herself, are the first choice of surgeons, but bone harvesting is
limited. Donor site morbidity including pain, infection and loss of function is also a major problem.
Allografts, the grafts taken from other people, may cause inflammation, transfection and have ethical
concerns. Xenografts that are obtained from other species are seldom used in some cases but again the
patient faces inflammation [4]. Therefore, there is a clear need for obtaining artificial bone spacers.

The biocompatible materials used in prostheses cover a wide range. Metals are widely utilized,
mainly low carbon steels and titanium alloys. Ceramic materials are used as well, such as Zirconium
Dioxide (ZrO2), aluminium oxide (alumina, Al2O3), alumina toughened zirconia (ATZ), [5–8]
hydroxyapatite and tricalcium phosphate (TCP) [9,10], calcium aluminates (C3A) and titanium
oxides (TiO2), among others [11]. In addition, polymers such as Teflon, nylon, silicones, and some
others, as well as new material compositions that are tailored developed according to specifications,
including nanomaterials, metal-carbon or metal-nitrogen ceramics, and other intermetallic alloys are
used [12]. Comparing the different properties for interacting with the environment of the materials
used, the ceramic family is the one that can enhance the highest biocompatibility with bones in terms
of absorbability and bioactivity. Various calcium spacers of calcium sulphate, calcium phosphate and
hydroxyapatite including nano-forms as pure or composites have been used to establish appropriate
spacers [1,13]. However, the mechanical properties they provide are the lowest within the different
choices available, due to their low elasticity and high density.

Related to manufacturing, one of the biggest setbacks of the ceramic implant production is the
difficulty of these materials to be machined, specifically due to its fragility, brittleness, and abrasive
behaviour, as previously encountered by the authors [14,15]. To this regard, Additive Manufacturing
(AM) recently allowed the precise production of bone spacers with sufficient mechanical strength for
handling and in combination with non-organic and/or organic components. However, AM procedures
suffer from their innate additive and batch processing ways, which results in very low production
rates [16]. In this sense, some research should be conducted to find combinations of AM processes
with specific post-processing to speed up the materialization of ceramic implant units.

Current studies focus on the simplification of the ink’s formulations, on the use of biocompatible
additives, on the design of structures capable of maximizing the mechanical behaviour of the materials
used, and on the effects of the post-processing activities related to the completion of the implants.
Nevertheless, when considering the industrial scaling of the process, it should be addressed how to
convert batch processes into more scalable, mass producing, economically favourable processes that
could be capable to meet the quality requirements set for real clinical application.

In particular, it is important to bear in mind that in most of the 3D printing processes, the relative
displacements of the nozzle head in the normal direction to the printing plane (the ‘z’ axis if the paths
are laid on the ‘x’-‘y’ plane), usually account for the biggest time losses in the form of air time. Therefore,
one step beyond on the scalability of the implants could be, not using the AM capabilities for printing
a tall 3D structure, but to print 2D green patterns (fabric-like meshes) that could be then postprocessed
in physical geometrical operation (rolling, bending, folding) to generate cylinders, cuboids or some
other structures. In this approach, the initial thin green flat ceramic mesh could be obtained in a fast
and continuous manner. Especially if it is possible for postprocessing operations to be automated, this
process variation could trigger the output maximisation of 3D printed ceramic implants.

In this context, the present study focuses on evaluating the biological responses yield by bioceramic
bone spacers produced in a new production method that could be industrially scaled up, achieving
high productivity. The raw material utilised was a compound of hydroxyapatite with β-TCP produced
on purpose with a ratio of 60/40 (wt%). The production method consists in manufacturing cylindrical
spacers in the ceramic compound by the application of robocasting, to obtain a flat mesh, and a
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rolling operation (in green) to achieve the desired spacer geometry. The method finishes with a
debinding and a sintering step to eliminate the organic part and to consolidate the structure. With the
samples produced by this method, an exhaustive in-vivo and in-vitro characterization is conducted
for the ceramic implants, utilizing techniques for evaluating cell adhesion, proliferation, osteogenic
differentiation, osteogenic differentiation, bone-specific gene modulation, and in vivo response of these
spacers in order to quantify the biological performance of the parts obtained. The feasibility to obtain
the samples, the biological responses obtained and the quantification of the process parameters of a
conceptual scaled-up solution give significance to the industrial viability of the new process envisaged.

1.1. Implants in Use: The Case of the Bone Spacers

Bone spacers are generally used during revision surgery to control postoperative infection as
temporary implants [17]. Poly-methyl-methacrylate (PMMA) cement is the most known material
used as a bone spacer [18]. Unfortunately, PMMA has several drawbacks; namely, PMMA is a
nonbiodegradable polymer, so a second surgery is needed for its removal from the body and also the
polymer shows an exothermic reaction during polymerization; thus, only heat stable antibiotics can be
carried and the material has a poor elution profile [19,20].

Besides control of infection, spacers are also used for critical bone defects. To accomplish this,
Masquelet technique was developed [21]. The technique depends on implanting PMMA spacer to
defect the site for triggering biological membrane formation. After explantation of the spacer, the
space was replaced with a graft without damaging the induced membrane [22].

The two main characteristics that are fundamental for the materials to be used in traumatology
implants and prostheses are (i) biocompatibility and (ii) best fit with the mechanical properties of
the bones in the implant context [23]. To characterize the bone properties, biocompatible, 3D shaped,
porous biomaterials that have the same biomechanical properties with the bone are also favoured in
bone tissue engineering for bone defects.

The bones are structured in light yet flexible structural solutions, which adapt to the functions
required by the organism, achieving the maximum efficiency with the minimum weight. In general,
and classifying the bones depending on their mechanical behaviour [24,25], the trabecular bone, in the
form of long bones with mineral compounds, has lower elastic modulus, density and yield strength
than cortical bones, as well as a more dense structure that forms the outer surface of the bone [26].

The materials utilized in implants can interact with the host tissue in different ways. Depending
on their manner of interaction, the materials used can be classified as bioinert, bioresorbable or
bioactive [27].

1.2. Additive Manufacturing for the Fabrication of Implants

AM is a rapidly developing group of manufacturing means based on layer-by-layer material
production from a computerized 3D model [28]. Typical available materials include thermoplastics
(polyamides, Acrylonitrile Butadiene Styrene, polycarbonates, elastomers, etc.), photocurable polymers,
metals, and alloys (steel, titanium and aluminium). Also, some ceramics materials are available,
although it is an emergent group that requires further study and analysis. Controlling the grid structure
is key, and modelling is being analysed, finding analytical expressions of the pore sizes obtained as a
function of parameters such as infill percentage, nozzle diameter and layer height [29].

Robocasting is an AM technique capable of achieving ceramic porous parts by extruding horizontal
layers of ceramic inks, similarly to the Fused Deposition Modelling (FDM) process, but from a syringe
or similar dispensing systems [30]. In this case, the inks need to meet suitable viscoelastic properties to
be extruded through small needle heads. Once extruded, the inks must be able to maintain the shape
and to support the following layers of material to be placed on top of the previous ones [31].

At the present time, there exist inks composed of hydroxyapatite, β-TCP and bioactive glasses,
which are suitable for robocasting, with average particle sizes between 1 and 3 µm. In this regard, the
control of the morphology, specific surface and reactivity of the materials are important parameters
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to optimize the performance of the process. With these types of inks, some authors in the literature
achieved the deposition of filaments of 250 µm of diameter [32,33]. Some previous experiences
(see Figure 1a,b) demonstrated the feasibility to obtain tall green structures (composed by tenths of
horizontal layers of diameters ranging between 150–410 µm), with controlled porosity derived from
the application of specific computer-controlled patterns via automatic 3D printing robocasting [34].
With the use of inks based on bioactive glasses, some authors have achieved 3D print filaments with
diameters of 30 µm [35].
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Lithographic processes have proven to be capable of manufacturing complex ceramic implants [36].
Lithography-based Ceramic Manufacturing (LCM) is a technology capable of producing complex
ceramic parts by consolidating the photopolymer in a suspension by the action of light. It is a
fast processing method for obtaining dense, strong, and precise complex three-dimensional ceramic
parts [37]. LCM can achieve high processing speeds in wide structures because the light can actuate
polymerizing all the material contained in a layer at the same time. Same as in robocasting, ceramic
parts produced are in green and must undergo drying, debinding and sintering operations before
achieving a solid internal structure. The process works in batches of the number of parts that can fit
into the construction platform [38,39]. Ahlhelm et al. combined LCM with Freeze Foaming methods
and achieved successful full ceramic structures, combining dense and porous features in a single part
of Zirconia suspension. [40] The development of Lithography-based technologies for the industrial
production of biomedical parts has been pushed forward with the emergence of solutions such as the
CeraFab 7500 (Lithoz, Gmbh, Wien, Austria) and the C3600-ultimate (3DCeram, Limoges, France), the
latter based the Lithographic processing by four simultaneous laser sources.

1.3. Biological Responses of Nowadays’ Implants

Porous ceramic bone scaffolds and implant coatings allow cell ingrowth and are biocompatible
and bioconductive [41]. Calcium sulphate, calcium phosphate and hydroxyapatite are frequently used
to manufacture porous ceramic bone scaffolds. Patel et al. structured a scaffold from hydroxyapatite
and compared its mechanical behaviour to native bone. The scaffold allows cell attachment and
proliferation and it also induced osteoblastic differentiation, which was determined by alkaline
phosphatase staining [42]. There is an inverse relation with pore size and mechanical strength
of pure porous ceramic bone ceramics. Cell and tissue integration increase with porosity, however,
mechanical strength decreases. Li et al. [43] preparedβ-TCP microspheres and searched their bioactivity
and osteogenic differentiation. They prepared microspheres by the wet precipitation method and
characterized them. Later they cultured microspheres with human bone mesenchymal stem cells and
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checked for cell proliferation using scanning electron microscopy, fluorescent staining, and confocal
imaging. RNA (ribonucleic acid) was extracted from the cells cultured with microspheres for 7 days
and with quantitative real time PCR (polymerase chain reaction), bone-specific gene expressions were
assessed. As a result, microspheres induced the expression of Runt-related transcription factor 2
(RUNX2) and osteocalcin (OCN) specific for β-TCP. Baino et al. [44] searched the in vitro bioactivity
of bioactive glass coatings on Alumina/Zirconia composite implants. Bioactive glass coatings were
produced either by sponge replication or laser cladding. Once the coated implants were immersed into
simulated body fluid, Ca-deficient hydroxyapatite was formed on the surface of the implant. So, the
bioactive glass coating triggered the formation of hydroxyapatite due its bioactivity. Coated implants
also cultured with human bone marrow derived mesenchymal stem cells and primary osteosarcoma
cell lines and cells were proliferated in both lines by time. Sponge replicated samples showed higher
mineralization rate than laser cladded samples due to their surface area and porosity. Huang et al. [45]
mixed poly-ε-caprolactone with different concentrations of hydroxyapatite or β-TCP and searched
for the cell viability and proliferation rates of these composites with human adipose-derived stem
cells. According to the results, as the concentration of TCP or hydroxyapatite (HA) increased, cell
proliferation rates were increased.

In the study conducted by Abel-Khattab et al. [46], 3D silica containing calcium alkali
orthophosphate scaffolds were manufactured by rapid prototyping and compared with scaffolds
manufactured by Schwartzwalder Somers method (SSS) according to their mechanical properties and
bioactivities. Scaffolds manufactured by rapid prototyping had more porosity than SSS and therefore
silica release was much higher. Thus, these scaffolds showed higher cell proliferation and extracellular
matrix formation. This also induced the mineralization and osteocalcin expression, which were the
signs for osteoinductivity.

In a previous study [47], we demonstrated that intramedullary implantation of porous
hydroxyapatite powder implantation may cause bone marrow depletion. This depletion was however
due to gas sterilization. We now recommend not to use gas sterilization, or in case we need to use, the
application should be considered after 2 weeks of sterilization. Combining polymers and bioceramic
powders can be used in 3D printing of porous ceramic bone scaffolds. The quality, type and quantity
of the polymer may also determine its biocompatibility [48]. Such composites have recently been used
for controlled release of medicines and signalling molecules.

In this study, we ask whether bone spacers produced by green processing of additively
manufactured two-layer meshes stimulate (a) mesenchymal stem cell proliferation and adhesion
(b) ossification, and (c) improve mesenchymal stem cells osteogenic differentiation. We further
ask whether tissue will integrate into the bone spacers produced by green processing of additively
manufactured thin formats.

2. Materials and Methods

2.1. Overview of the Study

The main aim of the present study is to determine and to assess the biological responses yielded by
ceramic bone spacers produced by green processing of additively manufactured thin ceramic meshes,
in the scope of an international research and development collaborative project (“Origami”: Industrial
Manufacturing of Bioceramics by a New High Speed Additive Manufacturing Method under the
scheme of collaboration for R&D projects between Spain and Turkey, grant number E!-8053).

The basic geometry for undertaking the biological study is the cylindrical bone spacer defined
as the reference work sample in Section 2.2 and the manufacturing process required to manufacture
the samples needed is detailed in Section 2.3.The manufacturing process defined consists of an
AM processing operation—obtaining bioceramic meshes by robocasting—and the postprocessing
operations of rolling, debinding and sintering of the meshes to achieve the desired bone spacer
cylindrical geometries.
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Once the manufacturing of the samples is completed, the details of the biological testing are
presented in Section 2.4. We aimed to present mesenchymal stem cell proliferation, adhesion and
Alkaline phosphatase assessment using an ELISA (enzyme-linked immunosorbent assay) reader on
days 1, 3 and 7 and DiI fluorescent staining. RT-PCR (real time polymerase chain reaction) was used to
quantify COL1A1 (alpha-1 type I collagen), BGLAP (bone gamma-carboxyglutamic acid-containing
protein), IBSP (integrin-binding sialoprotein), and SPP1 (secreted phosphoprotein 1) genes relevant
to osteogenic differentiation. Subcutaneous implantation aimed to assess tissue compatibility of the
manufactured bone spacers.

The analysis of cell proliferation, cells differentiations analysis, conveyed the results presented in
Section 3 (cell adhesion, osteogenic differentiation, and fold changes). The study finished with the
analysis of results in the context of bone spacer implants and the conclusions of the achievements
yielded by the study. All these steps are summarized in the flow diagram of the study undertaken that
is presented in Figure 2.
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2.2. Implant Samples Definition and Materials

In the search for a simple implant geometry that could meet the medical and process requirements,
a cylindrical bone spacer is identified. To achieve this geometry, the two-layer mesh obtained by
robocasting will only need to be rolled in a single operation while in green. As no full bending is
required, the geometry is expected to demonstrate better integrity during the postprocessing that could
lead to better resistance to crazes.

The material prescribed for the samples was a compound of hydroxyapatite withβ-TCP with a ratio
60/40 (wt%), produced as described in [49,50], which proved successful in previous experiences [51].
Hydroxyapatite, that is the inorganic component of the bone, is a biocompatible, biodegradable,
osteogenic, and osteoinductive material generally used in bone tissue engineering. Due to its fragile,
inelastic nature, hydroxyapatite is generally used with other materials as a composite [52]. Particle Size
Distribution (PSD) analysis on the powder material used confirmed a monomodal average particle
size of 1–2 µm, with a maximum size below 5 µm. The size distribution of this composition ensured
that the aggregate could be injected through nozzle diameters below 850 µm. Also, utilizing this raw
material, the green geometries are expected to experiment a contraction by a factor of approximately
30% in size. With this expectation, the diameters of the struts were prescribed relatively big, compared
to previous experiences that proved feasible to obtain struts of much smaller diameters. Once the
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samples are ready for implantation, the biggest pores (peripheral windows) are expected to have
dimensions under 400 µm × 400 µm, with smaller pores closer to the driving axis of the cylinder. This
morphology is within the values recommended in the literature for bone tissue engineering [11]. The
porosity of the part will be connected in the periphery of the implant, allowing the particles of the
implantation medium to move axially (in channels) and around the cylinder. The radial direction is
expected to present a macroporous staggered strut morphology [53].

2.3. Manufacturing of Implant Samples

The green ceramic meshes selected are rectangular grids of 45 × 35 struts to be printed in the flat
surface of the robocasting construction platform. The diameter selected for the end of the extrusion
syringe is 0.85 mm. The spacing distance is programmed between extrusion lines and it is set to the
same size as the extrusion syringe diameter (0.85 mm). The rolling operation is conveyed by rolling in
the direction of the shorter side of the rectangle, leading to green cylinders of approximately 75 mm of
length and an estimated apparent diameter between 8.5 and 9 mm. Variance may appear depending
on the manual force applied during the process. Therefore, it is critical to make sure that during the
rolling operation, too much force is not applied that could deform and compact the compound instead
of just rolling it. Due to the fact that all struts are separated by the same distance in the plane, once
rolled, the disposition of the different rolled mesh’s struts is expected to have some alternate and some
blocking struts in the radial direction of the bone spacer. This staggered morphology should not cover
all void spaces, but should allow interconnected porosity in the radial direction of the cylinder.

With this sample design, considering the quantity of material deposited and the envelope apparent
volume of the sample, the overall porosity in the rolled sample is expected to range between 30%–37%.
However, the level of porosity is not expected to be homogeneous in the radial direction. Due to the
rolling operation and the heat treatments, the driving axis of the cylinder (central internal part) is
expected to be almost full of material while the external perimeter is expected to maintain windows
open to the exterior. The porosity level in the periphery (distance of 3 or 4 mm from the perimeter to
the driving axis of the cylinder) is expected to range between 67% and 69% of the volume.

The sample geometry described was produced by means of robocasting, rolling and heat treatments.
A total of nine samples were needed for the study. The details of each phase in the manufacturing
processes can be found in the following sections.

2.3.1. Robocasting of Ceramic Meshes

The robocasting operation for obtaining the thin meshes was performed in a robocasting prototype
designed and constructed on purpose by Centre CIM, consisting on a RepRapBCN BCN3D+ FDM
machine (Centre CIM, Barcelona, Spain), reconverted with a specific 3D printing head for depositing
layers of dense material from a 50 cm3 syringe [34]. An example of a similar pattern of a two-layer
ceramic mesh (with different total dimensions than the one utilized in the present study) while being
printed and after the deposition can be found in Figure 3a,b.

The ceramic meshes deposited for the present study were produced according to the specifications
prescribed. The horizontal and vertical separations between extrusion lines were 0.85 mm (same as
syringe extrusion end), implying a total expected flat surface of 58.65 mm × 75.65 mm. Although the
machine maximum capacity allowed printing several samples at the same time (table size of 230 mm
× 160 mm in the cartesian ‘x’ and ‘y’ axis), the decision taken was to manufacture the samples one
after another in separate deposition platforms and let them air dry during a day in the laboratory. The
deposition speeds were 10 mm/s in each of the axes, which is half of the maximum speeds that the
machine can achieve in axis ‘x’ and ‘y’. All the samples utilized in the study did not have discontinuities
nor accumulation of material in the deposition process. The samples that encountered defects (such
as holes or knots) were discarded from the study. In this respect, operation of introduction of raw
material in the syringe was critical to make sure that no bubbles were generated in the deposit and so
were ejected by the nozzle head.
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2.3.2. Processing of Green Ceramic Meshes into Bone Spacer Shapes

By using AM, it is possible to form 3D green structures by using colloidal concentrations of
hydroxyapatite. Even when controlling the ink composition and viscoelasticity properties, the
structures generated are very fragile right after the 3D printing process. In this case, it was necessary
to let the constructions dry at open air for a few hours to let the sample achieve some minimum
consistency to be handled.

Once the ceramic meshes were dried for 1 day in air, a small rolling hand-made operation was
performed. The rolling process was performed with the use of a thin PVC film and a 3d-printed ABS
tooling. The film also helped to separate the printed ceramic mesh from the construction platform.

2.3.3. Heat Treatments

Following the initial AM processing, the green geometries obtained in the rolling phase were
still green and required undertaking further consolidation processes in a furnace prior to proceed to
biological testing. The processing of technical green ceramics required the two conventional furnace
steps: First, obtaining a brown format (after the debinding step) and then obtaining the final format
(after the sintering post processing in forced air ventilation in the furnace) [54].

In general, the sintering temperature is lower than the fusion temperature of the calcium phosphate,
and the bonding of the ink particles is due to the processes of diffusion while in solid state at high
temperature. Hydroxyapatite is a relatively easy material to sinter at temperatures between 1200 and
1300 ◦C [28]. However, β-TCP is more difficult to sinter because at temperatures above 1125 ◦C it
experiences an allotropic transformation to the alpha phase [55], meaning that the change in volume
could generate crazes in the final part.

The furnace processing of the cylindrical samples included a debinding step and a sintering step.
The result of the debinding step was brown parts, which were then sintered to obtain the final samples
that were used in the biological testing. The debinding step was performed at a temperature of 600 ◦C
for 2.5 h. The sintering step of the brown samples was performed at 1310 ◦C for 4 h. The parts cooled
slowly in the furnace.

The post-processing conditions imply a profound contraction and distortion of the sintered
geometries, that experience a change both in volume and in shape [56]. Adapting the geometrical
design and sintering conditions, the structures can be formed with a bi-modal distribution consisting
on a meso-structure of big pores between the struts (typically between 200–500 µm) [34] and micropores
(1 µm) in the struts [32].
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2.4. Biological Tests

Human bone marrow originated mesenchymal stem cells (MSC) were purchased (Poietics PT 2501,
Lonza, Basel, Switzerland), expanded, and passage 6 was used according to the supplier’s data sheet
and literature that used the same cell line [57]. Briefly, cell culture medium consisted of low-glucose
Dulbecco’s modified Eagle medium (LG-DMEM; Biochrom AG, Berlin, Germany), along with 10%
fetal calf serum (FCS; Biochrom AG, Berlin, Germany) and 1% penicillin/streptomycin (Biochrom
AG, Berlin, Germany). The complete medium was replaced every 3 to 4 days. Cells were harvested
with 0.25% trypsin/1 mm Ethylenediaminetetraacetic acid (EDTA) and re-plated when adherent cells
reached sub-confluence. Passage 6 (P6), mesenchymal stem cells (MSCs) were used for the studies.
The material filled almost the entire surface of the culture dish, which remained attached during
proliferation, and osteogenic markers. The material group was compared only with cell (blank) group.
No osteoblast differentiation factors were used during the experiment to assess the osteoconductivity
of the material without any external factor.

2.4.1. Proliferation Test

Cell proliferation assays were undertaken at three different time points (1, 3 and 7 days) in
triplicate. Eleven-thousand-seven-hundred-and-nineteen cells/cm2 were seeded on each material and
control well. MSCs were cultured with a medium that consisted of 52.8% Dulbecco’s Modified Eagle
Medium (DMEM) with 1 g/L glucose (Lonza, Basel, Switzerland), 35.2% MCDB-201 medium (Sigma
Aldrich, St. Louis, MI, USA), 10% heat inactivated fetal bovine serum (FBS) (Sigma Aldrich, St. Louis,
MI, USA), 1% penicillin/streptomycin solution (Biochrom AG, Berlin, Germany), and 1% L-glutamine
(Biochrom AG, Berlin, Germany) [42]. The medium was changed every 3 to 4 days. Materials and cells
were incubated at 37 ◦C with relative humidity under an atmosphere of 5% CO2. At predetermined
time points, the medium was aspirated and 500 µL of fresh medium was added along with 50 µL WST-1
(Roche, Basel, Switzerland) to each well. Culture plates were incubated at 37◦C with relative humidity
under an atmosphere of 5% CO2 for 4 h. After incubation, 110 µL WST-1 containing culture medium
was pipetted into a flat bottom 96-well plate and the absorbance of the wells were measured in an
ELISA reader (Tecan Sunrise, Mannedorf, Switzerland) at 450 nm with a 620 nm reference wavelength.
The statistical significance between control and experimental group was defined with Student t-test,
and p < 0.05 was considered as significant.

Materials and cells were incubated at 37 ◦C with relative humidity under an atmosphere of 5%
CO2 for DiI staining and fluorescent microscopy. At day 3, growth medium was removed and replaced
with 500 µL staining medium that consists of 5 µL diI stain for each 1 mL of DMEM-LG. The plates
were incubated for 20 min at 37 ◦C and after 20 minutes, staining medium was removed and replaced
with serum free growth medium. The cells were incubated with serum free growth medium for 10 min
and this washing procedure was repeated three times. Afterwards, the materials were examined by
fluorescent microscopy.

2.4.2. Osteoblastic Marker Analysis

Osteogenic potential of the prototypes was evaluated with alkaline phosphatase activity staining.
Twenty-three-thousand-four-hundred-and-thirty-eight cells/cm2 were seeded on each material and
the control wells. MSCs were cultured with proper medium for 21 days at 37 ◦C with relative
humidity under an atmosphere of 5% CO2 and the medium was refreshed every 3 to 4 days. No
osteoblast differentiation factors were used in medium during the experiment in order to assess the
osteoconductivity of the material without any external factor. On day 21, the medium was discarded
and 400 µL Alkaline Phosphatase Yellow Liquid substrate system for ELISA (Sigma Aldrich, St. Louis,
MI, USA) was added to each well from both groups. The plate was incubated for 30 min, and 100 µL of
3 N sodium hydroxide (NaOH) was added to each well to stop the reaction. Twho-hundred microliters
of the final product was pipetted to a flat bottom 96-well plate and analyzed with an ELISA reader
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(Tecan Sunrise, Mannedorf, Switzerland) at 405 nm wavelength [58,59]. The statistical significance
between control and experimental group was defined with Student t-test and p < 0.05 was considered
as significant.

2.4.3. RT-PCR Analysis

For the RT-PCR analysis, human bone marrow originated MSCs (passage 6, total 20,000 cells/cm2)
were cultured in T75 flasks with cell culture medium and samples at 37 ◦C with relative humidity
under an atmosphere of 5% CO2. The medium was refreshed every 3 to 4 days. MSCs were trypsinized
with 0.25% Trypsin-EDTA (Invitrogen, Gibco, UK) and suspended in 200 µL PBS after 14 days of
incubation. mRNA was isolated using the High Pure RNA Isolation Kit (Roche, Basel, Switzerland).
Four-hundred microliters of lysis/-binding buffer was added to the suspended cells and vortexed for
15 s. Samples were pipetted into a filter tube inserted into a collection tube and the entire tube was
centrifuged at 8.000× g for 15 s. After centrifugation, the liquid in the collection tube was discarded.
Ninety microliters of DNase incubation buffer was mixed with 10 µL DNase I and pipetted to the
upper reservoir of the filter tube afterwards. Cells were incubated at room temperature for 15 min.
Then, they were washed with 500 µL of buffer I that was added to the filter tube and centrifuged at
8000× g for 15 s. The liquid in the collection tube was discarded again and this time 200 µL wash buffer
II was added to the filter tube and the entire tube was centrifuged at 13,000× g for 2 min. The filter tube
was removed from the collection tube and inserted into a sterile microcentrifuge tube. Sixty microliters
of elution buffer was added to the filter tube and centrifuged at 8000× g for 1 min. Complementary
DNA (cDNA) was synthesized with Transcriptor High Fidelity cDNA Synthesis kit (Roche, Basel,
Switzerland). Total RNA was mixed with 2 µL Random Hexamer Primer and PCR-grade water to
make 11.4 µL of total volume. The total RNA quantity from each sample was in the range of supplier’s
protocol and homogenously between (500 ng to 1 µg). The tube was incubated at 65 ◦C for 10 min in
Geneamp 9700 Classic PCR machine (Applied Biosystems, Thermo Scientific, Waltham, MA, USA)
and immediately cooled on ice. Later, 4 µL transcriptor High Fidelity Reverse Transcriptase Reaction
Buffer, 0.5 µL Protector RNase inhibitor, 2 µL Deoxynucleotide mix, 1 µL DTT, and finally 1.1 µL
Transcriptor High Fidelity Reverse Transcriptase were added to the tube to make a 20 µL final volume.
The reagents were mixed carefully, and the tube was incubated at 29 ◦C for 10 min and then incubated
at 48 ◦C for 60 min. Finally, reverse transcriptase was inactivated by heating the tube at 85 ◦C for
5 min. The reaction was stopped by placing the tube on ice and cDNA was stored at −20◦C. Real
time quantitative PCR analysis was performed using Lightcycler 480 Probes Master Mix (Roche, Basel,
Switzerland). Ten microliter Probes Master was mixed with 5 µL PCR grade water; 15 µL PCR mix and
5 µL cDNA were pipetted into each well of the custom plate with specific genes (COL1A1, BGLAP, IBSP,
SPP1). Final PCR reaction was conducted in a Lightcycler 480 device with one cycle of pre-incubation
(95 ◦C, 10 min) and 45 cycles of amplification (95 ◦C, 10 s; 60 ◦C, 30 s; 72 ◦C, 1s) and cooling (40 ◦C,
30 s). Lightcycler 480 software (version 1.5, Roche, Basel, Switzerland) was used to calculate the
crossing point (Cp) for target and reference genes with Advance Relative Quantification method. All
target genes were normalized to housekeeping genes ACTB (beta actin), GAPDH (glyceraldehyde
3-phosphate dehydrogenase) and G6PD (glucose-6-phosphate dehydrogenase). The results were given
as fold change corresponding to mesenchymal stem cells control group according to ∆∆Ct calculation.

2.4.4. Subcutaneous Implantation and Histological Analysis

Service was purchased from the Hacettepe University Faculty of Pharmacy, Department of
Pharmacology for implantation test. Biological testing was performed according to EN ISO 10993-6:
Biological evaluation of medical devices—Part 6: Tests for local effects after implantation Annex A.
Experimental samples were cut into three sections with approximately 10 mm of length and these
sections were used as implants for the procedure. Briefly, New Zealand rabbits weighing about 500 g
were housed in a temperature-controlled room (22–24 ◦C) with 12-h light and 12-h dark cycles. Rabbits
were given free access to water and food without antibiotics for 24 h a day. They were anesthetized by
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intraperitoneal 0.5 mL ketamine chloride (Ketasol 10%, Richter-Pharma, Wels, Austria) and 0.5 mL
xylazine (Alfazyne 2%, Alfasan, Woerden, The Netherlands) injection. An incision was made in
the dorsal midline and three subcutaneous pockets were made on both the right and left side by
blunt dissection. The base of the pocket was more than 10 mm from the line of incision. Polymethyl
methacrylate (PMMA) was used as control material. The total of three experimental implantations
and three PMMA implants were implanted to each rabbit and a total of three rabbits were used.
Therefore, a total of nine experimental implants were implanted. The skin and subcutaneous tissues
were sutured with 2.0 silk (Ethicon, Somerville, NJ, USA), and closure was cleaned and sprayed with an
antibacterial film (Opsite, Smith & Nephew, London, UK). Rabbits were put into cages allowing their
free movement and fed with regular diet. The animals were sacrificed by lethal doses of anaesthetics
after 2 weeks based on EN ISO 10993-6 Section 5.5.3 (a) and implants were removed with surrounding
tissue. Formalin fixation was performed to maintain tissue integrity in subcutaneous implant samples
obtained from animals. Afterwards, 3–5 micrometre-thick sections were taken from paraffin embedded
samples. The sections were deparaffinized in an oven at 60 ◦C and then made transparent in xylol.
Sections passed through 96% and 80% alcohols were stained with Masson Trichrome stain to show
routine Haematoxylin & Eosin and collagen. Finally, the mounted sections of a total of six samples
were analysed by using a DMR 6000 microscope equipped with the DC500 digital camera (Leica,
Wetzlar, Germany) for histological evaluation.

3. Results

3.1. Production of the Samples Utilising the New Process

The samples were manufactured according to the new process formalized (i.e., robocasting,
rolling, debinding, and sintering). The process allowed to obtain nine viable cylindrical spacers for
implantation according to the specifications. Considering a machine time for changing from layer one
to layer two of 5 s, the total time of the robocasting operation in the new proposed process was 533.7 s
(see Table 1).

Table 1. Case study: Calculation of the total time to print a mesh in the new proposed process.

Parameter Value

No. Of struts in the ‘x’ direction 45
Length of the struts in the ‘x’ direction 58.65 mm

Total length to be printed in the ‘x’ direction 2639.25 mm

No. Of struts in the ‘y’ direction 35
Length of the struts in the ‘y’ direction 75.65 mm

Total length to be printed in the ‘y’ direction 2647.75 mm

Total length to be printed 5287 mm
Printing speed 10 mm/s

Total time to print the struts in ‘x’ and ‘y’ 528.7 s
Time for changing from one layer to another 5 s

Total time to print a sample 533.7 s

The rolling operation requires to be performed with the minimum possible force as the parts are
still very fragile (green). Once completed, the processing made the meshes become almost cylindrical
rolls. One of the samples obtained is depicted in Figure 4 (side and top views).
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Figure 4. Thin 3D printed mesh of the study once rolled into a bone spacer cylinder shape: (a) side
view—rolled, in green; (b) top view—final part after heat treatments.

With these parameters, after debinding and sintering, the rolled samples produced reported a
maximum 9.5 MPa compression strength. The morphology of the postprocessed samples was observed
using Scanning Electron Microscopy (SEM) and showed proper consolidation of the material. The detail
of the surface in the samples prepared for implantation is depicted in Figure 5 at low magnification
(struts visible at 60×) and high magnification (5000×).
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Figure 5. Morphological investigation of a sample prepared for implantation: (a) SEM image acquired
at low magnification (60×); (b) SEM image acquired at high magnification (5000×).

3.2. Cell Proliferation

The material group had 1.709 ± 0.047, 2.133 ± 0.256 and 2.702 ± 0.344 absorbances for the 1st, 3rd
and 7th days, respectively (see Figure 6). The increase in the absorbance values reflected the elevation
of cell adhesion and proliferation. The 3D structure of the material enabled rapid cell integration but
there is no statistically significant difference between control and experimental groups (p = 0.311).
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Figure 6. Cell adhesion and proliferation of the material and the control groups (Origami refers to the
samples produced in the process addressed in the present article).

DiI is a lipophilic membrane stain that diffuses laterally to stain the entire cell. It is weakly
fluorescent until incorporated into cell membranes. The pictures obtained from fluorescent microscopy
showed that cells were attached to the surface of the material. One example of this is presented in
Figure 7.Materials 2020, 13, x FOR PEER REVIEW 13 of 23 
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Figure 7. Fluorescent microscopy picture showing the attachment of the cells to the surface of
the material.

3.3. Osteogenic Activity

After 21 days of incubation, the absorbance for the material group was 0.066 ± 0.007 while it was
0.048 ± 0.004 for the control group (see Figure 8). The bioceramic content in the material triggered
the osteogenic differentiation of MSCs and as a result higher absorbance was obtained. There was
a statistically significant difference between the control and experimental group (p = 0.023), and no
significant difference was found between the only MSC and only medium group (p = 0.463).
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3.4. RT-PCR Analysis

According to the RT-PCR results, COL1A1 gene had 15.66 ± 0.56, BGLAP gene had 14.21 ± 0.76,
BSP gene had 9.62 ± 0.89, and SPP1 gene had 12.22 ± 0.96-fold changes in the material group when
compared to the control group (see Figure 9). The results showed the osteogenic differentiation of
MSCs in the material group along with the osteoconductive characteristic of the material in vitro.Materials 2020, 13, x FOR PEER REVIEW 14 of 23 
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3.5. Histological Analysis

The material implanted to subcutaneous tissue of rabbits triggered a mild granulation tissue and
a collagenous tissue formation along with mononuclear cell and fibroblast proliferation. Regarding
this, several histological sections of animals showing the implanted areas are presented in Figure 10.
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Figure 10. Representative micrographs from the histologic examination of sections: (A) implanted
with PMMA, Haematoxylin & Eosin 200×; (B) implanted with PMMA, Masson’s Trichrome 200× (C)
implanted with experimental group, Haematoxylin & Eosin 200×; (D) implanted with experimental
group, Masson’s Trichrome 200×. CF: Collagen fibres, **: Granulation Tissue.

4. Discussion

Bone defects around or larger than 10 mm can hardly be replaced by the body. Bone spacers are
often used for repairing large bone defects including the cranium, maxillofacial area, spine, and limbs.
Considering the constraints imposed when using autografts, allografts, and xenografts, it is worthy to
approach the materialization of artificial implants, in particular for large implant sizes.

One of the initial discussion points, which was necessary for addressing the main aim of the article
(biological responses), was to successfully achieve the materialization of cylindrical spacer samples
utilizing the new process proposed (i.e., robocasting, rolling, debinding, and sintering). Robocasting a
ceramic mesh of a hydroxyapatite in combination with β-TCP compound required special attention
to prevent discontinuities and accumulation of material in zones of the printed material. Although
at laboratory scale this process was complex, it was possible to find a feasible compromise between
printing parameters and viable printed meshes.

Over the years, many AM other techniques have been used to fabricate scaffolds. Three of them
that have been the object of study and have found consistent results are Stereolithography (SLA) [60],
Selective Laser Sintering (SLS) [61], and Fused Deposition Modelling (FDM) [62,63]. In the general
case, the manufacturing of basic polymer structures can be completed in any of these three processes,
providing that the structure will have to be removed once the ceramic cement is infiltrated. In this
respect, SLA restrictions have long been scrutinized, and it exist investigations on ceramic resins
yeiding behaviours and properties not affected under the influence of a laser in the normal fabrication
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process [64]. However, SLA is normally not the preferential option as the polymers it utilizes tend to
be difficult to be removed in the following steps.

Concerning the use of SLS for the manufacturing of hydroxyapatite implants, both the particle
size of the ceramic powder and the energy density of the laser applied play a fundamental role in the
final density achieved [65] as well as to the mechanical properties achieved by the 3D printed part.
Some studies prove the efficiency of the SLS for the manufacturing of polymer reinforced compounds
with a high content of hydroxyapatite, even in commercially available 3D printing equipment [66].
Also interesting is the use of FDM, as the materials utilized tend to be easily removable by heating
without degrading the hydroxyapatite [67]. Koh et al. [68] successfully manufactured structures of
poly(ε-caprolactone)/hydroxyapatite (PCL-HA) with FDM. However, processing times in both SLS and
FDM tend to be long.

In other cases, the manufacturing of parts controlling the level of porosity can be achieved by
indirect procedures, in which the 3D printed structure corresponds to polymer structures in which
the ceramic cement (hydroxyapatite) is infiltrated in the pores or cells of such a structure, until the
walls of the polymer are entirely covered. Once this is achieved, the polymer is removed, and the new
skeleton is strengthened by sintering in a furnace at a relatively high temperature [35]. Indeed, indirect
methods can be applied with other geometries than 3D printed, such as sponge replication [69,70].
Still, AM techniques are more attractive as the make it possible to computer design and control the
disposition of every bit of the material, rather than copying an established physical pattern.

Concerning post-processing, the rolling operation was performed manually, but it is susceptible
to being automated. In the case shown in the Figure 4, a variation in the diameter can be seen along
the side view of the roll. This variation is due to a local excess of force applied during the manual
rolling operation and demonstrates the fragility of the ceramic mesh when rolling. Also, it is important
to mention that the force applied during the rolling has implications on the size of the void spaces
achieved between the struts and therefore on the level of porosity and on the continuity of the porosity
across the different directions of the spacers. This porosity variation could affect the bone spacer
cell activity results. This also indicates room for improvement when conducting this operation by
automatic means. Heat treatments were conducted in batch processing (discrete) in furnaces but could
also be undertaken in a continuous manner if industrially scaled.

There exists a relationship between the porosity of the implanted material with the cell growth,
vascularisation, and nutrient diffusion. Klawitter y Hulbert (1971) [71] established a minimum threshold
of 100 µm of porosity to achieve bone growth over the ceramic structure. Itala et al. (2001) [72]
proposed that this growth could already be achieved in pore sizes of 50 µm. Tamai et. al. (2002) [73]
determined that the interconnection of pores with sizes lower than 10 µm does not enable the migration
from pore to pore. Nowadays, a minimum interconnection of 100 µm is accepted, which is necessary
for the mineralization of tissues that live on the implants [74]. Therefore, the mesostructure generated
with the present process is aligned with the pore interconnection recommended for the colonisation
of structures.

Concerning the biological responses yield by the cylindrical bone spacer samples, the porous
structure allowed cell adhesion and proliferation [45]. DiI staining qualitatively monitored cells
with their intact membranes on top of the sample, and WST-1 revealed quantitatively increased
proliferation. Although qualitative evaluation is a limitation, quantitative proliferation data supported
the positive effect of our sample on mesenchymal stem cell proliferation. Attached MSCs underwent
osteogenic differentiation and we determined this osteogenic differentiation with ALP (Alkaline
Phosphatase staining) as an early mineralization marker [58,59,75]. The material slightly stimulated
early mineralization when compared to the control assessed using total ALP activity by absorbance
values. These findings were in line with the literature on mineralization effect of β-TCP and
hydroxyapatite studies [46,58]. The cells on the surface of the bone spacers stimulated bone-specific
genes including Col 1, BGLAP, IBSP, and SSP1. The fold change was more than two-fold for these
genes. Bone spacers produced by this technology presented mild tissue response when implanted
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into the back muscles of rabbits. This finding was partially in line with other materials [47] although
low or nonimmune reaction could have been established by modifying the components of the bone
spacer [48]. As a limitation, osteogenic capacity of the samples can be tested in large-scale animal
testing in the future.

At the present time, it has been demonstrated that AM enables to produce engineered constructs
to repair or replace damaged tissues [76]. In AM, porous and individually 3D shaped scaffolds can be
manufactured for bone cell proliferation, differentiation which leads to bone tissue regeneration [77].

However, the AM processes as methods for direct fabrication for implants are difficult to scale in
an industrial way up to mass production in an economically efficient manner and accomplishing all
the biomedical quality standards required due to its in-birth discrete nature. For this reason, it has
been interesting to address a process modification that conducts robocasting in a way that printing
velocity is maximized—by depositing only one layer in the ‘x’ direction and only another one in the ‘y’
direction—and then passing the ceramic meshes obtained to subsequent post-processes.

Concerning the potentiality of the new process to maximize the output in the production of
cylindrical spacers, several scenarios can be considered. The time necessary for obtaining the two-layer
format by robocasting is 533.7 s; thus constituting the reference scenario.

The first scenario for comparison is the utilization of robocasting to obtain an analogue tall
structure of the same external volume (total height of 75.65 mm and diameter of 8 mm) as the samples
produced in the present study. The time to print such structure (as it is calculated in Table 2) accounts
for 1152 s.

Table 2. First scenario for comparison (conventional robocasting): calculation of the total time to
print an analogous tall sample (cylindrical spacer of the same external dimensions) in robocasting of
multiple layers.

Parameter Value

Total spacer height 75.65 mm
Layer definition (layer height) 0.85 mm

Number of layers required 89

Printing time per layer 8 s

Time for changing from one layer to another 5 s

Total time to print a sample 1152 s

Therefore, in the new proposed method, a time reduction of 618.3 s is encountered in the printing
time (before the rolling operation), accounting for 54% of the time required to print the cylindrical
structure. The time difference between both alternatives (10.3 min) is more than the time required for
rolling the structure with the use of a tooling, thus implying a potential saving in the total time of the
two operations (printing plus rolling).

Envisaging the full automation of the process, the conceptualization is that a couple of arrays of
printing heads could print the mesh in both directions (‘x’ and ‘y’): Firstly, producing the first layer in
a belt-type construction platform with linear moving speed, and secondly producing the second layer
moving the second array of printing heads in a perpendicular direction to the belt movement. In this
scenario, the printing speed could even be increased, at least to the maximum speed available in the
robocasting equipment (20 mm/s). If both material depositions could not be performed synchronously,
the total time to print all struts would account for 6.72 s. If the process could be performed in chain,
the operation time could even descend to the maximum of both ‘x’ and ‘y’ directions processing time
(in this case, 3.78 s from the ‘y’ direction). The detail of this study is presented in Table 3.
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Table 3. Second scenario for comparison (industrial upscale): Calculation of the total time to print a
mesh in the new proposed process once industrially upscaled.

Parameter Value

Length of the struts in the ‘x’ direction 58.65 mm
Printing speed in the ‘x’ direction 20 mm/s

Total time to print the ‘x’ direction struts 2.93 s

Length of the struts in the ‘y’ direction 75.65 mm
Printing speed in the ‘y’ direction 20 mm/s

Total time to print the ‘y’ direction struts 3.78 s

Total time to print all struts if not synchronous 6.72 s

Although the industrial scaled up scenario would tend, in principle, to more rigid production, there
would still be the chance of obtaining family part variations of the presented implants. For example,
the system could adapt to changes in the mesh pattern and to different bone spacer sizes. Additionally,
another post-processing cutting operation could be used for selecting and detaching a specific area
with a special shape. Finally, in this article, only a rolling operation has been considered, but many
other types of processing could be introduced for preparing different implant geometries such as
cuboids or others.

Moreover, as a frame of reference of the study, it is interesting to benchmark the process with
a very high-speed processing AM process; namely, LCM. In this case, two additional comparison
scenarios can be identified with the use of this technology: (a) printing a mesh and (b) printing a full
structure. The estimation of the processing times for these are presented in Table 4.

Table 4. Third and fourth scenarios for comparison: Estimation of the total time to print utilizing LCM
technology: (a) values for printing a mesh; (b) values for printing a full structure of equivalent height.

Parameter Value for mesh (a) Value for full structure (b)

Total height 1.7 mm 75.65 mm
Layer definition (layer height) 0.1 mm 0.1 mm

Number of layers needed 17 757

Total time to consolidate a layer 1.5 s 1.5 s

Total time to print the geometry 25.5 s 1135.5 s

On the one hand, LCM is by far much faster than conventional robocasting and yields much better
surface finish and part definition. Even with a layer definition of 11.8% of that used in robocasting
(0.1 mm layer height in LCM compared to 0.85 mm in robocasting), the total estimated time to print a
full cylindrical geometry via LCM is smaller (1135.5 s). Also, the geometries that can be obtained by
LCM can have a high degree of complexity.

On the other hand, the total time estimated to print a mesh by LCM (25.5 s) does not show a
significant difference to the total time estimated in the industrial upscaled process. Therefore, it would
be interesting to apply the postprocessing operations to the LCM-processed parts and specifically to
assess the properties and biological responses achieved.

5. Conclusions

The paper aimed at studying and characterizing the biological responses of bone spacers ceramic
implants produced by green processing of AM thin meshes. The material used was a compound of
hydroxyapatite and β-TCP, that are well-known ceramic biomaterials for bone tissue engineering and
show bioactivity, osteoinductivity and osteoconductivity.
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Accordingly, cylindrical bone spacers were obtained and biologically tested by several methods;
namely: cell adhesion, proliferation, osteogenic differentiation with early mineralization, bone-specific
gene modulation, and in vivo response.

Additively manufactured thin bone spacers were feasible to obtain in the new process and
stimulated human bone marrow mesenchymal stem cell attachment, proliferation, and differentiation.
They also stimulated mineralization. Bone-specific COL1A1, BGAP, BSP, and SPP1 genes changed
8 to 16-fold. These bone spacers were biocompatible when implanted into the subcutaneous tissue
of rabbits.

Consequently, the research conducted proved possible to produce functional geometries of
hydroxyapatite bone spacers by rolling thin ceramic meshes obtained by AM (robocasting) into
cylindrical shapes with continuous open porosity at a lab scale. This process variation is much
faster than the normal obtention of parts by conventional robocasting (reporting a production time
reduction of 54%), as it avoids the displacements of the nozzle head in the normal direction of the
printing plane—normally the ‘z’ axis—which usually accounts for most of the time losses in a 3D
printing process.

The process derived is susceptible to be scaled up in terms of output and is easily automatable by
means of computer-controlled actuators. Also, more operations such as cutting, bending, and folding
could be explored, which could bring more functionalities and versatility to the final parts produced.
The discussion also proved that the productivity output (when at an industrial scale) could be aligned
even with results yielded by technologies such as LCM, only for the geometry of study, but at the same
time benefiting the long range of materials available for robocasting.

Knowing that relatively big bone spacers are almost impossible to harvest from other sources,
the presented technology deserves attention for bone spacer production as it could be used in critical
conditions. Also, because of the versatility of the fabric-like part production, the presented technology
might allow the manufacturers to embrace massive production of bone spacers.

Author Contributions: Conceptualization, J.M.-C., J.A.C. and F.K.; methodology, J.M.-C., J.A.C. and F.K.;
software, B.K. and E.B.; validation, J.A.C., F.K. and P.K.; formal analysis, F.K., P.K.; investigation, J.M.-C., P.K.,
M.A.d.l.S.-L.; resources, J.M.-C., B.K. and E.B.; data curation, B.K.; writing—original draft preparation, J.M.-C.,
B.K.; writing—review and editing, J.M.-C., J.A.C., F.K., B.K., M.A.d.l.S.-L.; visualization, J.M.-C., B.K.; supervision,
J.M.-C., J.A.C. and F.K.; project administration, J.M.-C., J.A.C. and F.K.; funding acquisition, J.M.-C., J.A.C., F.K.
and M.A.d.l.S.-L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partly funded by the companies AMES CMA, SA (AMES), Aleaciones de Metales
Sinterizados, S.A. (ALME) and FAME-MED, as well as by the Spanish “Centro para el Desarrollo Tecnológico
Industrial” (CDTI) and the Turkish TUBITAK within the Eureka project “Origami” (Industrial Manufacturing of
Bioceramics by a New High Speed Additive Manufacturing Method) under the scheme of collaboration for R&D
projects between Spain and Turkey, grant number E!-8053. The APC were covered with own funds.

Acknowledgments: The authors would like to thank Muharrem Timuçin from Middle East Technical University,
Department of Metallurgical and Material Engineering for kindly producing and providing the compound based
on Hydroxyapatite and β-TCP utilized as raw material in the present study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Korkusuz, F.; Timuçin, M.; Korkusuz, P. Nanocrystalline Apatite-Based Biomaterials and Stem Cells
in Orthopaedics. In Advances in Calcium Phosphate, Biomaterials-Springer Series in Biomaterials Science
and Engineering; Ben-Nissan, B., Ed.; Springer: Berlin/Heidelberg, Germany, 2014; pp. 373–390. ISBN
978-3-642-53979-4.

2. Kankılıç, B.; Çiftçi Dede, E.; Korkusuz, P.; Timuçin, M.; Korkusuz, F. Apatites for Orthopedic Applications.
In Clinical Applications of Biomaterials; Kaur, G., Ed.; Springer: Berlin/Heidelberg, Germany, 2017; pp. 65–90.
ISBN 978-3-319-56058-8.



Materials 2020, 13, 2497 20 of 23

3. Korkusuz, P.; Korkusuz, F. Hard-tissue biomaterial interactions. In Biomaterials in Orthopedics; Yaszemski, M.J.,
Ed.; CRC Press: Boca Raton, FL, USA, 2003.

4. Yang, Y.; Wang, G.; Liang, H.; Gao, C.; Peng, S.; Shen, L.; Shuai, C. Additive manufacturing of bone scaffolds.
Int. J. Bioprint. 2019, 5, 148. [CrossRef]

5. Shirazi, F.S.; Mehrali, M.; Oshkour, A.A.; Metselaar, H.S.C.; Kadri, N.A.; Osman, N.A. Mechanical and
physical properties of calcium silicate/alumina composite for biomedical engineering applications. J. Mech.
Behav. Biomed. Mater. 2014, 30, 168–175. [CrossRef] [PubMed]

6. Hulbert, S.F. The use of alumina and zirconia in surgical implants. Adv. Ser. Ceram. 1993, 1, 25–40.
7. Nakonieczny, D.S.; Antonowicz, M.; Paszenda, Z.K.; Radko, T.; Drewniak, S.; Bogacz, W.; Krawczyk, C.

Experimental investigation of particle size distribution and morphology of alumina-yttria-ceria-zirconia
powders obtained via sol–gel route. Biocybern. Biomed. Eng. 2018, 38, 535–543. [CrossRef]

8. Nakonieczny, D.S.; Paszenda, Z.K.; Basiaga, M.; Radko, T.; Drewniak, S.; Podwórny, J.; Bogacz, W. Phase
composition and morphology characteristics of ceria-stabilized zirconia powders obtained via sol-gel method
with various pH conditions. Acta Bioeng. Biomech. 2017, 19, 21–30.

9. Pighinelli, L.; Kucharska, M. Chitosan–hydroxyapatite composites. Carbohydr. Polym. 2013, 93, 256–262.
[CrossRef]

10. Reis, E.C.C.; Borges, A.P.B.; Fonseca, C.C.; Martinez, M.M.M.; Eleotério, R.B.; Morato, G.O.;
Oliveira, P.M. Biocompatibility, osteointegration, osteoconduction, and biodegradation of a
hydroxyapatite-polyhydroxybutyrate composite. Braz. Arch. Boil. Technol. 2010, 53, 817–826. [CrossRef]

11. Dolcimascolo, A.; Calabrese, G.; Conoci, S.; Parenti, R. Innovative Biomaterials for Tissue Engineering. In
Biomaterial-Supported Tissue Reconstruction or Regeneration; IntechOpen: London, UK, 2019. [CrossRef]

12. Merola, M.; Affatato, S. Materials for hip prostheses: A review of wear and loading considerations. Materials
2019, 12, 495. [CrossRef]

13. Pazourková, L.; Reli, M.; Hundáková, M.; Pazdziora, E.; Predoi, D.; Martynková, G.S.; Lafdi, K. Study of the
structure and antimicrobial activity of Ca-deficient ceramics on chlorhexidine nanoclay substrate. Materials
2019, 12, 2996. [CrossRef]

14. Ayats, J.R.G.; Canela, J.M. Development of a methodology for the materialisation of ceramic rapid prototypes
based on substractive methods. Arch. Mater. Sci. 2007, 28, 9–14.

15. Minguella-Canela, J.; Cuiñas, D.; Rodríguez, J.V.; Vivancos, J. Advanced manufacturing of ceramics for
biomedical applications: Subjection methods for biocompatible materials. Procedia Eng. 2013, 63, 218–224.
[CrossRef]

16. Minguella-Canela, J.; Morales Planas, S.; Gomà Ayats, J.R.; De los Santos López, M.A. Assessment of the
Potential Economic Impact of the Use of AM Technologies in the Cost Levels of Manufacturing and Stocking
of Spare Part Products. Materials 2018, 11, 1429. [CrossRef] [PubMed]

17. Dziaduszewska, M.; Wekwejt, M.; Bartmanski, M.; Pałubicka, A.; Gajowiec, G.; Seramak, T.; Osyczka, A.M.;
Zielinski, A. The Effect of Surface Modification of Ti13Zr13Nb Alloy on Adhesion of Antibiotic and
Nanosilver-Loaded Bone Cement Coatings Dedicated for Application as Spacers. Materials 2019, 12, 2964.
[CrossRef] [PubMed]

18. Oungeun, P.; Rojanathanes, R.; Pinsornsak, P.; Wanichwecharungruang, S. Sustaining Antibiotic Release
from a Poly(methyl methacrylate) Bone-Spacer. ACS Omega 2019, 4, 14860–14867. [CrossRef]

19. Beenken, K.E.; Smith, J.K.; Skinner, R.A.; Mclaren, S.G.; Bellamy, W.; Gruenwald, M.J.; Spencer, H.J.;
Jennings, J.A.; O’Haggard, W.; Smeltzer, M.S. Chitosan coating to enhance the therapeutic efficacy of calcium
sulfate-based antibiotic therapy in the treatment of chronic osteomyelitis. J. Biomat. Applicat. 2014. [CrossRef]

20. Coraça-Huber, D.C.; De Rezende Duek, E.A.; Etchebehere, M.; Magna, L.A.; Amstalden, E.M.I. The use of
vancomycin-loaded poly-l-lactic acid and poly-ethylene oxide microspheres for bone repair: An in vivo
study. Clinics 2012, 67, 793–798. [CrossRef]

21. Masquelet, A.C.; Fitoussi, F.; Begue, T.; Muller, G.P. Reconstruction of the long bones by the induced
membrane and spongy autograft. Ann. Chir. Plast. Esthet. 2000, 45, 346–353.

22. Koc, B.; Acar, A.A.; Weightman, A.; Cooper, G.; Blunn, G.; Bártolo, P. Biomanufacturing of customized
modular scaffolds for critical bone defects. CIRP Ann. Manuf. Technol. 2019, 68, 209–212. [CrossRef]

23. Ashman, O.; Phillips, A.M. Treatment of non-unions with bone defects: Which option and why? Injury Int. J.
Care Inj. 2013, 44, S43–S45. [CrossRef]

http://dx.doi.org/10.18063/ijb.v5i1.148
http://dx.doi.org/10.1016/j.jmbbm.2013.10.024
http://www.ncbi.nlm.nih.gov/pubmed/24316872
http://dx.doi.org/10.1016/j.bbe.2018.02.010
http://dx.doi.org/10.1016/j.carbpol.2012.06.004
http://dx.doi.org/10.1590/S1516-89132010000400010
http://dx.doi.org/10.5772/intechopen.83839
http://dx.doi.org/10.3390/ma12030495
http://dx.doi.org/10.3390/ma12182996
http://dx.doi.org/10.1016/j.proeng.2013.08.219
http://dx.doi.org/10.3390/ma11081429
http://www.ncbi.nlm.nih.gov/pubmed/30110904
http://dx.doi.org/10.3390/ma12182964
http://www.ncbi.nlm.nih.gov/pubmed/31547373
http://dx.doi.org/10.1021/acsomega.9b01472
http://dx.doi.org/10.1177/0885328214535452
http://dx.doi.org/10.6061/clinics/2012(07)15
http://dx.doi.org/10.1016/j.cirp.2019.04.106
http://dx.doi.org/10.1016/S0020-1383(13)70010-X


Materials 2020, 13, 2497 21 of 23

24. Unal, M.; Creecy, A.; Nyman, J.S. The role of matrix composition in the mechanical behavior of bone. Curr.
Osteoporos. Rep. 2018, 16, 205–215. [CrossRef]

25. Constant, C.; Nichols, S.; Wagnac, É.; Petit, Y.; Desrochers, A.; Braïlovski, V. Biocompatibility and Mechanical
Stability of Nitinol as Biomaterial for Intra-Articular Prosthetic Devices. Materialia 2020, 100567. [CrossRef]

26. Bayraktar, H.H.; Morgan, E.F.; Niebur, G.L.; Morris, G.E.; Wong, E.K.; Keaveny, T.M. Comparison of the
elastic and yield properties of human femoral trabecular and cortical bone tissue. J. Biomech. 2004, 37, 27–35.
[CrossRef]

27. Naik, K.S. Advanced bioceramics. In Advances in Biological Science Research; Academic Press: Cambridge,
MA, USA, 2019; pp. 411–417. [CrossRef]

28. Bourell, D.; Kruth, J.P.; Leu, M.; Levy, G.; Rosen, D.; Beese, A.M.; Clare, A. Materials for additive manufacturing.
CIRP Ann. 2017, 66, 659–681. [CrossRef]

29. Buj-Corral, I.; Petit-Rojo, O.; Bagheri, A.; Minguella-Canela, J. Modelling of porosity of 3D printed ceramic
prostheses with grid structure. Procedia Manuf. 2017, 13, 770–777. [CrossRef]

30. Cesarano, J.; Segalman, R.; Calvert, P. Robocasting provides moldless fabrication from slurry deposition.
Ceram Ind. 1998, 148, 94–102.

31. Smay, J.E.; Cesarano, J.; Lewis, J.A. Colloidal Inks for Directed Assembly of 3-D Periodic Structures. Langmuir
2002, 18, 5429–5437. [CrossRef]

32. Michna, S.; Wu, W.; Lewis, J.A. Concentrated hydroxyapatite inks for direct-write assembly of 3-D periodic
scaffolds. Biomaterials 2005, 26, 5632–5639. [CrossRef]

33. Miranda, P.; Saiz, E.; Gryn, K.; Tomsia, A.P. Sintering and robocasting of β-tricalcium phosphate scaffolds for
orthopaedic applications. Acta Biomater. 2006, 2, 457–466. [CrossRef]

34. Minguella-Canela, J.; Villegas, M.; Poll, B.; Tena, G.; Ginebra, M.P. Automatic casting of advanced technical
ceramic parts via open source high resolution 3D printing machines. Key Eng. Mater. 2014, 631, 269–274.
[CrossRef]

35. Fu, Q.; Saiz, E.; Tomsia, A.P. Direct ink writing of highly porous and strong glass scaffolds for load-bearing
bone defects repair and regeneration. Acta Biomater. 2011, 7, 3547–3554. [CrossRef]

36. Chartier, T.; Dupas, C.; Lasgorceix, M.; Brie, J.; Champion, E.; Delhote, N.; Chaput, C. Additive Manufacturing
fo Produce complex 3D ceramic parts. J. Ceram. Sci. Tech. 2015, 6, 95–104. [CrossRef]

37. Altun, A.A.; Prochaska, T.; Konegger, T.; Schwentenwein, M. Dense, Strong, and Precise Silicon Nitride-Based
Ceramic Parts by Lithography-Based Ceramic Manufacturing. Appl. Sci. 2020, 10, 996. [CrossRef]

38. Schwentenwein, M.; Schneider, P.; Homa, J. Lithography-Based Ceramic Manufacturing: A Novel Technique
for Additive Manufacturing of High-Performance Ceramics. Adv. Sci. Technol. 2014, 88, 60–64. [CrossRef]

39. Schwarzer, E.; Götz, M.; Markova, D.; Stafford, D.; Scheithauer, U.; Moritz, T. Lithography-based ceramic
manufacturing (LCM)–Viscosity and cleaning as two quality influencing steps in the process chain of printing
green parts. J. Eur. Ceram. Soc. 2017, 37, 5329–5338. [CrossRef]

40. Ahlhelm, M.; Günther, P.; Scheithauer, U.; Schwarzer, E.; Günther, A.; Slawik, T.; Moritz, T.; Michaelis, A.
nnovative and novel manufacturing methods of ceramics and metal-ceramic composites for biomedical
applications. J. Eur. Ceram. Soc. 2016, 36, 2883–2888. [CrossRef]

41. Zhang, X.Y.; Fang, G.; Zhou, J. Additively manufactured scaffolds for bone tissue engineering and the
prediction of their mechanical behavior: A review. Materials 2017, 10, 50. [CrossRef]

42. Patel, P.P.; Buckley, C.; Taylor, B.L.; Sahyoun, C.C.; Patel, S.D.; Mont, A.J.; Mai, L.; Patel, S.; Freeman, J.W.
Mechanical and biological evaluation of a hydroxyapatite-reinforced scaffold for bone regeneration. J. Biomed.
Mater. Res. A 2019, 107, 732–741. [CrossRef]

43. Li, B.; Liu, Z.; Yang, J.; Yi, Z.; Xiao, W.; Liu, X.; Liao, X. Preparation of bioactive β-tricalcium phosphate
microspheres as bone graft substitute materials. Mater. Sci. Eng. C 2017, 70, 1200–1205. [CrossRef]

44. Baino, F.; Minguella-Canela, J.; Korkusuz, F.; Korkusuz, P.; Kankılıç, B.; Montealegre, M.A.; De los
Santos-López, M.A.; Vitale-Brovarone, C. In vitro assessment of bioactive glass coatings on alumina/zirconia
composite implants for potential use in prosthetic application. Int. J. Mol. Sci. 2019, 20, 722. [CrossRef]

45. Huang, B.; Caetano, G.; Vyas, C.; Blaker, J.; Diver, C.; Bártolo, P. Polymer-ceramic composite scaffolds: The
effect of hydroxyapatite and β-tri-calcium phosphate. Materials 2018, 11, 129. [CrossRef]

http://dx.doi.org/10.1007/s11914-018-0433-0
http://dx.doi.org/10.1016/j.mtla.2019.100567
http://dx.doi.org/10.1016/S0021-9290(03)00257-4
http://dx.doi.org/10.1016/B978-0-12-817497-5.00025-2
http://dx.doi.org/10.1016/j.cirp.2017.05.009
http://dx.doi.org/10.1016/j.promfg.2017.09.183
http://dx.doi.org/10.1021/la0257135
http://dx.doi.org/10.1016/j.biomaterials.2005.02.040
http://dx.doi.org/10.1016/j.actbio.2006.02.004
http://dx.doi.org/10.4028/www.scientific.net/KEM.631.269
http://dx.doi.org/10.1016/j.actbio.2011.06.030
http://dx.doi.org/10.4416/JSCT2014-00040
http://dx.doi.org/10.3390/app10030996
http://dx.doi.org/10.4028/www.scientific.net/AST.88.60
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.05.046
http://dx.doi.org/10.1016/j.jeurceramsoc.2015.12.020
http://dx.doi.org/10.3390/ma10010050
http://dx.doi.org/10.1002/jbm.a.36588
http://dx.doi.org/10.1016/j.msec.2016.03.040
http://dx.doi.org/10.3390/ijms20030722
http://dx.doi.org/10.3390/ma11010129


Materials 2020, 13, 2497 22 of 23

46. Adel-Khattab, D.; Giacomini, F.; Gildenhaar, R.; Berger, G.; Gomes, C.; Linow, U.; Hardt, M.; Peleska, B.;
Günster, J.; Stiller, M.; et al. Development of a synthetic tissue engineered three-dimensional printed
bioceramic-based bone graft with homogenously distributed osteoblasts and mineralizing bone matrix
in vitro. J. Tissue Eng. Regen. Med. 2018, 12, 44–58. [CrossRef] [PubMed]
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