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Featured Application: Hard tissue repair and replacement including large and small scales
injuries with tailored mechanical and biological properties, featured by controlled local drug
delivery systems to prevent post-surgical infection, to improve tissue regeneration, and/or for
anticancer activities.

Abstract: In this work, dense, porous, and, for the first time, functionally-graded bi-layer scaffolds with
a cylindrical geometry were produced from a commercially available hydroxyapatite powder using the
robocasting technique. The bi-layer scaffolds were made of a dense core part attached to a surrounding
porous part. Subsequently, these bi-layer robocast scaffolds were joined with an outer shell of an
antibacterial porous polymer layer fabricated by solvent casting/salt leaching techniques, leading to
hybrid ceramic-polymer scaffolds. The antibacterial functionality was achieved through the addition
of silver ions to the polymer layer. All the robocast samples, including the bi-layer ones, were first
characterized through scanning electron microscopy observations, mechanical characterization in
compression and preliminary bioactivity tests. Then, the hybrid bi-layer ceramic-polymer scaffolds
were characterized through antimicrobial tests. After sintering at 1300 ◦C for 3 h, the compressive
strengths of the structures were found to be equal to 29 ± 4 MPa for dense samples and 7 ± 4 MPa
for lattice structures with a porosity of 34.1%. Bioactivity tests performed at 37 ◦C for 4 weeks
showed that the precipitated layer on the robocast samples contained octacalcium phosphate. Finally,
it was evidenced that the hybrid structure was effective in releasing antibacterial Ag+ ions to the
surrounding medium showing its potential efficiency in limiting Staphylococcus aureus proliferation
during surgery.

Keywords: additive manufacturing; robocasting; hybrid technologies; calcium phosphates; scaffold;
functionally-graded materials; hybrid ceramic-polymer scaffold; polycaprolactone; osteoconductivity;
anti-staphylococcal properties
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1. Introduction

Tissue engineering is an alternative to bone grafting procedures, which aims to integrate
engineering and life science criteria to develop reliable and physiologically acceptable solutions
for bone regeneration [1]. From the tissue engineering point of view, an ideal bone graft must meet
strict requirements regarding its biological, physical and mechanical characteristics. An ideal bone
graft must be osteoconductive and osteoinductive and also gradually be degraded in the body fluid
providing adequate space for the new bone to grow [2,3]. Such biological properties can be provided
using calcium phosphate (CaP) bioceramics in the form of highly porous scaffolds with suitable
architecture [4]. The scaffolds must fulfill special physical characteristics regarding porosity level,
and pore and interpore channel sizes to supply proper cell attachment and vascularization [1,5–9].
Besides, surface topography, as well as surface charge and crystallinity, are also claimed to play key
roles in guiding protein adsorption and consequently cell adhesion [10]. An ideal bone graft must
also possess enough mechanical strength to structurally support the newly formed tissue. However,
high mechanical properties are generally in contrast with the high biological performance of an
implant [11]. In other words, improved biological properties of highly porous structures take place
along with a decrease in their mechanical integrity [12,13].

One solution to accomplish such contradictory properties is to design the scaffold as a functionally
graded structure (FGM) made from layers with different porosity levels. FGMs are defined as structures that
show compositional or microstructural transition along with at least one direction designed to fulfill two or
more functions simultaneously [14]. Natural bone is an example of a FGM structure in which the variation
of the pore sizes and distributions across the transverse section provides a graded body. The fabrication
of artificial bone grafts can be inspired from this morphological variation and be designed in multi-layer
structures composed of different porous and dense layers, to fulfill both biological and mechanical
requirements. Production of FGM structures from CaP bioceramics has been reported in several works
where the FGM structures were produced in two [15–18] or more layers [19], with improved mechanical
and biological properties compared to single-layer materials. However, in all cases, the structures were
produced using conventional ceramic processing methods such as freeze casting [15,16,18,20], pressing [17]
and gelcasting [21,22] with limited control on the scaffold architecture [14].

An alternative to conventional ceramic processing methods is additive manufacturing (AM).
AM is a novel manufacturing method that is inherently suitable for the production of complex parts
like biomedical scaffolds. Contrary to conventional methods, AM makes it possible to precisely control
the scaffold architecture, pore size and pore network [14]. Robocasting is an AM technique particularly
suitable for the fabrication of ceramic parts in which the feed material is a highly concentrated
ceramic paste. The paste is deposited continuously through a nozzle in the form of filaments and
the whole part is fabricated from these filaments [23]. A robotic arm controls the displacement
of the nozzle in accordance with a computer-aided design (CAD) model. Production of complex
structures from different ceramics such as alumina [24–26], silicon carbide [27,28], bioglasses [29–31],
and electroceramics [32] has been reported in the literature. Due to the high green density, high fired
densities and therefore high mechanical properties can be achieved after sintering [33,34].

Production of CaP structures by robocasting technique was also reported in several papers.
These studies range from the fabrication of simple geometries to customized complex structures
designed based on the individual patient’s data [35–41]. However, most of the studies were focused on
the demonstration of the suitability of the formulated paste for the fabrication of porous structures
representing different final porosities and pores sizes [35,36,38,41]. While attempts have also been
conducted to increase the mechanical properties of the printed scaffolds through soaking the produced
structures in the simulated body fluid (SBF) [36,42] or polymer infiltration [37,39,43], no studies have
been reported on the production of dense or FGM CaP structures through this technique.

The last concern relates to probable inflammation and infection in the surgery site, due to bacterial
adhesion to the implant surface. Generally, bacterial adhesion originates from the surgery and
escapes from immunological surveillance [44]. It is shielded from the host immune system by the
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formation of bacterial biofilms making any antibiotic therapy ineffective. This circumstance leads
to implant loss and inevitable revised surgery [44,45]. The most reliable way to avoid bacterial
adhesion is the incorporation of antibacterial agents such as silver, copper, zinc, mercury, tin, etc.
into/onto implants [44,46]. Among these elements, silver has been exploited since ancient times as an
effective antimicrobial agent that inhibits bacterial replications by damaging their RNA and DNA [47].
In comparison with other heavy metals, silver also shows remarkably low toxicity [45].

This paper is divided into two parts. In the first (main) part, the production of porous, dense and
bi-layer scaffolds using the robocasting technique from a commercially available hydroxyapatite (HA)
powder is reported. The fabrication of a bi-layer robocast sample in a single printing step is a key
innovation, as no previous examples—to the best of the authors’ knowledge—are currently available in
the literature. The bi-layer scaffolds were made of a dense core part designed to provide load-bearing
function, and a surrounding porous part to provide biological performances. Physical, mechanical and
bioactivity properties of the new scaffolds were characterized. The biodegradation properties of the
scaffolds were already verified in the authors’ previous work by in vitro dissolution tests, by immersion
of the samples in a 0.1M tris(hydroxymethyl) aminomethane solution, at physiological pH and 37 ◦C,
up to 17 days [21]. The second part is dealing with the hybridization of the robocasting technique with
conventional routes for the processing of polymer parts, with the aim to provide further functionalities
to the scaffolds. Such an original approach implies the joining of the bi-layer robocast scaffold with
an antibacterial porous polymer outer layer fabricated by solvent casting/salt leaching techniques.
The antibacterial functionality was achieved through the addition of silver ions to the polymer layer
and validated through antimicrobial tests. The effective release of silver ions proved the ability of the
polymer layer to provide the desired functionality; however, in the future different drugs could be
added as well, to respond to specific requirements.

2. Materials and Methods

2.1. Robocasting

2.1.1. Design of CAD Models

Three different types of scaffolds were designed for fabrication: lattice, dense and bi-layer
FGM structures. The digital 3D models of the objects were obtained through CAD software
(AutoCAD 2018, Autodesk, Inc., Mill Valley, CA, USA) as can be seen in Figure 1. The designs were
then converted into stereolithography files (STL) which were subsequently sliced (Cura 3.6, Ultimaker,
Geldermalsen, The Netherlands) into two-dimensional (2-D) layers in a virtual environment along with
printing instructions in three different G-code files. The G-code files were translated by a 3D printing client
software instructing the 3D printer to achieve computer-controlled layer-by-layer extrusion of the paste.
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The lattice porous part was a network of struts comprising a tetragonal geometry with the
dimensions of 9.6 × 9.6 × 7.3 mm3. It was made of parallel linear rods aligned in the x- and y-axis in
such a way that subsequent layers oriented at right angles. The part consisted of 24 layers and each layer
contained 12 parallel struts with a diameter of 400 µm. The parallel rods in each layer were separated
equal to the struts sizes resulting in the center-to-center rod spacing of 800 µm. To provide appropriate
consolidation between parallel layers and maintain the integrity of the whole part, the spacing in the
z-axis was defined as 300 µm. As several parameters such as paste formulation, the geometry of the
structure, slicing procedure and printing parameters affect the robocasting outcome, in order to focus
on the paste formulation and minimize the effects of other parameters, the cubic geometry was selected
for the lattice structure to have the simplest possible raster pattern consisting of parallel straight rods
without any circular travels or sharp edges.

The dense part was a monolithic cylinder with a diameter of 10 mm and a height of 15 mm. With the
infill of 100%, the rod spacing between the filaments was defined as equal to d/1.2, where d is the diameter
of the nozzle. The rod spacing was found sufficiently small to cause the filaments to completely squeeze
together during printing, but not too small to cause overfill of the area being printed [27].

The bi-layer structure was a combination of dense and lattice parts designed as an FGM structure
mimicking the natural bone assembly. A radial gradient was achieved by designing the porous part
around a dense cylindrical core. The porous part was composed of successive repetitions of two
different layers: a layer of radial rods and another layer consisting of concentric rings with different
diameters in such a way that the porosity increased from the center to the periphery. Each rod in the
lattice part was composed of two adjacent 400 µm filaments printed next to each other forming struts
of 800 µm thickness. The final design had a diameter of 20 mm and a height of 19.6 mm. The central
dense core diameter was 8.8 mm.

2.1.2. Materials

A commercially available hydroxyapatite powder, Ca10(PO4)6(OH)2 (Captal S, batch P270S BM
192 Lot 2, Plasma Biotal, Buxton, UK) was used as the constituent phase in the pastes. Full characterizations
of the powder as well as its optimum sintering condition were already published in the authors’ previous
paper [48]. Briefly, the powder is a calcium-deficient HA (CD-HA) with a Ca/P atomic ratio of 1.59 and a
starting particle size of 2.48 µm. By wet ball milling, the average particle size was reduced to 0.74 µm [48]
as measured by laser granulometry (Laser Particle Sizer Analysette 22; Fritsch, Idar-Oberstein, Germany).

For the paste preparation, Darvan C-N an ammonium polymethacrylate dispersing agent
(15,000 g·mol−1, Vanderbilt Minerals, LLC, Norwalk, CT, USA) was mixed with demineralized water
followed by the dissolution of the required amount of hydroxypropyl methylcellulose (Methocel E4M,
Dow Chemical Company, Midland, MI, USA) as a viscosifying agent. Then, ball-milled HA powder was
added to the mixture in small amounts and homogenized properly after each addition. The final solid
loadings of the pastes are presented in Table 1. In order to remove large agglomerates, the powder was
already sieved under 80 µm. Polyethylenimine (PEI, branched, Sigma Aldrich, Darmstadt, Germany)
was finally added to produce the gelation of the paste. The different paste formulations used for the
fabrication of the robocast parts are reported in Table 1.

Table 1. Different paste formulations used for the fabrication of the robocast parts.

Scaffold Type Paste Code Solid Loading
(vol%) Dispersant (%) Methocel (%) PEI (%) Printing Speed

(mm/min)

Lattice
P1 49.2 4 6.5 16 290
P2 49.2 4 3.5 8 290
P3 51.0 4 6.5 8 290

Dense P3 51.0 4 6.5 8 226
Bi-layer P3 51.0 4 6.5 8 129
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2.1.3. Scaffolds Fabrication

A custom-designed robotic deposition device equipped with a screw-type extruder and mounted
on a Stepcraft 840 V2 CNC machine (Stoneycnc, Dublin, UK) was used for the 3D printing of the
scaffolds. A computer-aided direct-write program controlled the extruder motion in 3 axes. The printing
capsule was partially filled with the formulated paste, with special care to avoid trapping of air bubbles.
An alumina plate was used as the substrate for the deposition of the filaments and the printings were
done at room temperature. To avoid the fast drying of the deposited filaments, the relative humidity of
the printing chamber was regulated over 55%.

The printed parts were dried by gradually reducing the humidity level of the chamber at room
temperature over 24 h. The samples were carefully separated from the substrate to avoid any damage
and submitted to debinding (up to 500 ◦C at 1 ◦C/min) and sintering (up to 1300 ◦C for 3 h at 5 ◦C/min).

2.1.4. Scaffolds Characterizations

The Archimedes’ method according to ISO 10545-3:2018 [49] was used for the density and porosity
measurements. The sintered densities and open porosities were determined by:

ρs =
Mdry(

Msat −Msusp
)ρwater (1)

Open Porosity (%) =

(
Msat −Mdry

)(
Msat −Msusp

)100% (2)

where ρs, ρwater, Mdry, Msat and Msusp are the density of the scaffold being measured, the density of water
at the measurement temperature, the scaffold mass, the scaffold mass being saturated by deionized
water and the mass found by suspending the saturated scaffold in deionized water, respectively.

The pores and strut sizes were characterized using a stereomicroscope (Leica EZ4 W, Wetzlar, Germany).
The microstructures of the samples were observed using field emission scanning electron
microscopy (FESEM) (Zeiss Supra 40, Jena, Germany), equipped with an Oxford EDS microanalysis
(Oxford Instrument plc, Abingdon, UK) for chemical analyses. The mechanical properties of the
dense and porous samples were determined according to ASTM C773-88 (2016) [50] using a uniaxial
compression testing device (MTM Zwick/Roell Z050, ZwickRoell AG, Ulm, Germany) having a 50 kN
load capacity in displacement-controlled mode and with a displacement rate of 0.1 mm/min. At least
6 samples were tested from each scaffold type. Despite that ceramics can be characterized by different
physical-mechanical tests [51–53], the uniaxial compression test is widely used for dense and porous
bioceramics, thus providing a useful tool to compare the current results with literature previous ones.

The fracture mode of the porous samples under uniaxial compressive loading was identified by
performing compression tests in an environmental scanning electron microscope (ESEM, Quanta 450 FEG,
ThermoFisher Scientific, Waltham, MA, USA). While testing, loading and displacement were monitored,
and at any sudden drop of loading the test was stopped and possible crackings were identified by in
situ observation of the specimen.

In vitro bioactivity tests were carried out on the FGM structure by soaking the samples in simulated
body fluid (SBF) solution according to ISO 23317:2014 [54]. The SBF was prepared by dissolving
proper amounts of sodium chloride (NaCl), potassium chloride (KCl), sodium hydrogen carbonate
(NaHCO3), magnesium chloride hexahydrate (MgCl2·6H2O), dipotassium hydrogen phosphate
trihydrate (K2HPO4·3H2O), hydrochloric acid solution (HCl), sodium sulfate (Na2SO4) and calcium
chloride dihydrate (CaCl2·2H2O) in deionized water [54]. Trishydroxymethyl aminomethane (TRIS)
and 1 mol/L HCl fluid were used for buffering of the solution at pH 7.40 at 37 ◦C. Disc-shaped specimens
were placed in transparent plastic containers with the standard configuration and the SBF solution was
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added to the bottles. The following formula was used for the calculation of the required volume of the
SBF solution which is a function of the apparent surface area of the specimen:

vs = 100(mm)·Sa (3)

In this formula, vs and Sa are the volume of SBF in mm3 and the apparent surface area of the
specimen in mm2, respectively. The soaking was performed for 4 weeks at 37 ◦C and afterward,
the samples were washed by ultrapure deionized water and were dried subsequently. SEM observations
were conducted on the lower surface of the samples, as recommended by ISO 23317:2014 standard,
after coating with a thin film of Pt–Pd.

2.2. Hybrid Technologies: Robocasting Joined with Polymer Processing Routes

2.2.1. Fabrication of Hybrid Ceramic-Polymer Scaffolds

An original attempt to join the ceramic robocast sample to a porous polymeric layer, able to provide
new functionalities to the scaffold, was carried out. To this aim, the robocasting technology to fabricate
the ceramic part was combined with a solvent casting/salt leaching technique for the fabrication of
the foamed polymer. In order to demonstrate the achievement of multi functionalities of the scaffold,
silver ions were added to the polymer layer to provide antimicrobial properties. The polymeric matrix
was made of Poly(ε-caprolactone) (PCL, Mw 80000, Sigma Aldrich, Milan, Italy) reinforced by a
70/30 mixture of HA and β-TCP (whitlockite, batch P346S OD, Plasma Biotal, Buxton, UK) particles.
The PCL to CaP mass ratio was 60:40 and Ag+ was added as AgNO3 compound, by using 1.7 wt%
of AgNO3 with respect to the polymer mass equal to 1 wt% of AgNO3 with respect to the total mass
(polymer and CaP), in accordance with previous literature [55].

AgNO3 was dissolved in acetone (Sigma Aldrich, Milan, Italy) under magnetic stirring for 72 h.
After the addition of the biphasic calcium phosphate (BCP) mixture, the suspension was homogenized
for a further 24 h. Afterward, PCL was added and for its complete dissolution, the mixture was
stirred for a further 24 h at 40 ◦C. Then, NaCl granules (Sigma Aldrich, Milan, Italy), sieved in the
125–355 µm range, were added to the mixture as porogen agents. After homogenization, the suspension
was cast around the sintered bi-layer robocast samples which were already placed in plastic molds
(30 mm diameter). Control samples were also prepared under the same procedure but without
AgNO3 addition.

Drying was carried out for 24 h at room temperature, to completely evaporate acetone. Porosity
was achieved by the salt leaching method, by soaking the samples in deionized water to remove the
salt. The samples were immersed for 4 days and the water was refreshed each 24 h.

2.2.2. In-Vitro Bacterial Adhesion Assay

The antibacterial behavior of the samples was investigated based on a quantitative bacterial
adhesion assay and a sonication protocol was used to dislodge adherent bacteria. In parallel,
the effect of the different biomaterials on the number of planktonic bacteria was also determined.
The antiadhesive and antibacterial activities of the Ag-modified scaffolds were tested against a
biofilm-producing Staphylococcus aureus ATCC 29,213 [56–59]. In detail, staphylococci stored at −80 ◦C
were cultured overnight at 37 ◦C in Mueller Hinton Broth (MHB; Becton Dickinson and Company,
Franklin Lakes, NJ, USA). After incubation, bacteria were centrifuged, and the pellet was re-suspended
in 100 µL of MHB and then diluted in MHB to 104 CFU/mL, as confirmed by colony counts on Mueller
Hinton Agar (MHA; Becton Dickinson and Company, Franklin Lakes, NJ, USA). The sterile samples
were transferred into a multiwell culture plate, covered with 7 mL of staphylococcal suspension,
and incubated by shaking for 24 h at 37 ◦C to allow in vitro bacterial adhesion. Controls represented
by bacteria incubated in MHB with no material were also performed. The number of strongly bound
bacteria on the scaffolds after incubation was quantified after sonication (40 kHz) for 30 min at 22 ◦C in
10 mL of sterile saline solution 0.9% (Bieffe Medital S.p.A., Grosotto, Italy). The number of CFU in
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each sonication product was quantified by plating on MHA the pellet obtained after centrifugation.
The number of planktonic bacteria (CFU/mL) was also determined. All experiments, assayed in
triplicate, were performed simultaneously for each material and repeated a minimum of three times.
The microbiological data, expressed as CFU/mL, were analyzed by descriptive statistics (mean values
and standard error of the means) and tested by unpaired Student’s t-test to highlight significant
differences (p < 0.05) between the different biomaterials by using the GraphPad Prism 8 software
(San Diego, CA, USA). Besides, in order to prove the antimicrobial properties of the Ag-modified
scaffolds, the same procedure was applied to Ag-free hybrid ceramic/polymer scaffolds.

3. Results and Discussions

3.1. Robocasting of Lattice, Dense and Bi-Layer Parts

3.1.1. Paste Formulations

Table 1 presents the constituents of paste formulations used to print the three types of scaffolds.
In this table, the percentage of the dispersant is calculated in relation to the solid content, and the
methocel and PEI values are calculated in relation to the water content of the pastes. P1 was the first
formulation that led to the successful printing of the lattice parts, at 49.2 vol% solid along with 6.5 and
16% of methocel and PEI, respectively. However, the high organic matter content in this formulation
could lead to residual pores during sintering, and thus to incomplete consolidation [60]. Therefore, in
order to reduce the organic matter, P2 was prepared at the same solid loading as P1 but at reduced
methocel and PEI amounts (they were decreased from 6.5 to 3.5 and 16 to 8%, respectively). However,
as can be seen in Figure 2, the samples made from P2 showed several surface cracks once they were
dried. The problem was overcome by restoring the methocel concentration to 6.5% (P3). It seemed
that at the reduced amount of methocel as a viscosifying agent, the evaporation of water took place
at higher speeds inducing local drying stresses. The new formulation (P3) was prepared at a higher
solid loading (51 vol%) than the previous ones (49 vol%), still showing a good printability. Therefore,
this P3 formulation was selected for the printing of all structures of which the obtained results are
presented hereinafter.
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Figure 2. Stereomicroscope observation of a dried porous sample fabricated from P2 indicating drying
cracks on the filaments’ surfaces.

Although higher speeds are more desirable to lower the printing time, the printings of dense and
especially bi-layer samples were more problematic. Because of the sharp corners and also different
raster patterns containing circular travels, the printing speeds were decreased from 290 to 226 mm/min
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for the dense samples and to 129 mm/min for the bi-layer samples as indicated in Table 1. In fact,
at higher printing speeds, the tool paths were less accurate, and changing direction at corners reduced
their sharpness to rounded edges. However, it must be considered that the printability of any structure
is a function of several factors such as paste formulation and rheology, the shape of the part, the printing
speed, nozzle sizes, temperature and relative humidity of the printing chamber, etc. and a successful
printing is achieved when these parameters are controlled concurrently.

3.1.2. Porous Parts

Figure 3 collects some representative digital photographs of a sintered 3D lattice sample from
the perspective, top and side views. It can be seen that the sample kept its regular quadratic channel
structure after post-printing processing such as drying, debinding and sintering, and the structures
were, in general, highly defined and precise. The struts stretched without any noticeable deformation
along X and Y directions and no macro-cracks were observed. The average dimensions of the dried
and sintered samples were 9.21 × 9.21 × 7.00 and 7.55 × 7.55 × 5.75 mm3 respectively, indicating 4.06%
and 18.02% drying and sintering shrinkages, respectively.
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Figure 3. A representative lattice sample from different views; Perspective (A), top (B) and side
(C) views.

In Figure 4, a scanning electron micrograph (SEM) image shows the connection of two
interpenetrating struts of a lattice scaffold. The traversing filaments (T) show homogeneous
microstructure without noticeable borderline between them, highlighting a very well integration
between successive layers through production steps. A deeper insight into the image shows a highly
compact, well-sintered microstructure, with few residual pores.
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The physical characteristics of the sintered 3D scaffolds are listed in Table 2 (as average values of
at least 10 samples). The relative density of the solid was calculated considering the final composition
of samples as a 70/30 mixture of HA/β-TCP, as determined in a previous paper [48] (the densities of HA
and β-TCP phases were considered as 3.15 and 3.07 g/cm3, respectively). As the optimum pore size
range for bone regeneration was proposed from 100 to 400 µm [61], the lattice scaffolds with an average
pore width of 275 µm can be considered suitable for biomedical applications. Moreover, the relative
density of the solid parts was 95%, showing an optimum density of the struts. Therefore, it can be said
that the porous samples (i) being composed of a mixture of HA and β-TCP, which considered as the
optimum composition for biological activities, (ii) having interconnected pores with optimum size for
bone regeneration, and (iii) having the optimum solid density of 95% (theoretical density (TD), can be
considered as suitable materials for bone replacement applications from the biological point of view.

Table 2. Physical characteristics of different 3D structures.

Scaffold Type Strut Size
(µm)

Pore Size
(µm)

Apparent
Density (g/cm3)

Density of Solid
Part (g/cm3)

Relative Density
of Solid (%)

Total
Porosity (%)

Open
Porosity (%)

Lattice 341 ± 7 275 ± 8 2.06 ± 0.10 2.97 ± 0.01 95 34.1 30.7 ± 3.4
Dense - - 2.69 ± 0.20 2.95 ± 0.01 95 13.9 8.7 ± 1.6

Bi-layer 619 ± 21 605 ± 55–
1040 ± 31 2.19 ± 0.10 2.99 ± 0.01 96 29.9 26.8 ± 2.6

3.1.3. Dense Parts

Representative images of the dense samples after sintering are presented in Figure 5. The dense
samples were cylinders with regular structures and precise dimensions, in good agreement with the
CAD design. With the average heights of 13.88 ± 0.15 and 11.67 ± 0.09 mm in the dried and sintered
conditions, respectively, the samples exhibited 15.90 ± 0.05% linear shrinkage during the sintering
(the values are the average of at least 10 samples). Compared to the lattice samples, they had lower
sintering shrinkage, in agreement with the results published by Roopavath et al. [62] who showed that
the sintering shrinkage of HA scaffolds has a reverse relationship with their infills. As listed in Table 2,
density and porosity measurements provided 8.7 ± 1.6% open porosity. The density of solid in these
parts was comparable to the porous parts (95%TD) but the presence of open porosities decreased the
average apparent density to 2.69 g/cm3. As can be seen in Figure 6, these open porosities stemmed
from the separation of the adjacent filaments during the post-printing processes. It seems that these
filaments did not squeeze well into each other during printing resulting in spaces between them in the
final structure. These flaws were more pronounced at the center of the samples than in peripheries.
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3.1.4. FGM Bi-Layer Parts

Stereomicroscopy images of a representative bi-layer FGM sample from top and side views are
presented in Figure 7. It can be seen that these samples were a regular combination of a dense part
surrounded by four concentric rings with different diameters. The dense part and the rings were
bonded together by radial filaments providing a well-suited firm structure. Open pores in the shape
of isosceles trapezoids were created by the interception of the concentric rings and radial filaments
of which sizes increased by distancing from the dense core. However, several detachments of the
neighboring filaments in the porous section were observed. The presence of these flaws along with
a similar problem in dense samples underlines the importance of considering the right amount of
overlap between two adjacent rods in the slicing phase of the CAD designs, such that the rods squeeze
into each other during consolidation, and the sintering shrinkage does not result in their disjunction.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 22 

 

Figure 6. Low magnification SEM image of a dense sample illustrating open spaces between filaments. 

3.1.4. FGM bi-Layer Parts 

Stereomicroscopy images of a representative bi-layer FGM sample from top and side views are 
presented in Figure 7. It can be seen that these samples were a regular combination of a dense part 
surrounded by four concentric rings with different diameters. The dense part and the rings were 
bonded together by radial filaments providing a well-suited firm structure. Open pores in the shape 
of isosceles trapezoids were created by the interception of the concentric rings and radial filaments 
of which sizes increased by distancing from the dense core. However, several detachments of the 
neighboring filaments in the porous section were observed. The presence of these flaws along with a 
similar problem in dense samples underlines the importance of considering the right amount of 
overlap between two adjacent rods in the slicing phase of the CAD designs, such that the rods squeeze 
into each other during consolidation, and the sintering shrinkage does not result in their disjunction. 

  

 

Figure 7. A representative bi-layer sample from the top (A) and side (B) views. 

As listed in Table 2, the final open porosity of the bi-layer structures was 26.8 ± 2.6% on average 
measured by Archimedes’ method. The solid parts were densified up to 96%TD (2.99 ± 0.01 g/cm3). 
The open pores ranged from 605 ± 55 µm to 1.04 ± 0.031 mm measured for the largest edges of the 
trapezoids. These values demonstrate the extraordinary potentiality of the robocasting technique in 
fabricating porous structures with large tailored macroporosities which besides well densified strong 
solid parts, cannot be achieved by conventional ceramic manufacturing methods. Moreover, 

Figure 7. A representative bi-layer sample from the top (A) and side (B) views.

As listed in Table 2, the final open porosity of the bi-layer structures was 26.8 ± 2.6% on average
measured by Archimedes’ method. The solid parts were densified up to 96%TD (2.99 ± 0.01 g/cm3).
The open pores ranged from 605 ± 55 µm to 1.04 ± 0.031 mm measured for the largest edges of the
trapezoids. These values demonstrate the extraordinary potentiality of the robocasting technique
in fabricating porous structures with large tailored macroporosities which besides well densified
strong solid parts, cannot be achieved by conventional ceramic manufacturing methods. Moreover,
observation of the structure from the side view shows that during the printing of the outside ring the
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filaments spanned the large gap between two radial supports equal to 1.28 mm without considerable
deflection, proving the high strength and shape stability of the formulated paste in supporting its own
and upper layers weights. This observation is noteworthy and can be the key parameter for printing
more complex and stable structures with high accuracy.

Comprising two filaments next to each other, the average thickness of the rods was 619 ± 21 µm.
Other physical characteristics of the sintered samples such as the diameters of the concentric rings and
mean pores sizes are collected in Table 3. The pores sizes were considered equal to the diagonals of the
trapezoids in the X-Y plane and the numbering under the pore sizes column presents their sequence
from the core. Having the mean diameter of the dense core of 5.48 ± 0.11 mm and the overall diameter
of the structure equal to 15.49 ± 0.35 mm, the dense core shared only 12.5% of the total volume of
the structures.

Table 3. Measured diameters of the rings in the lattice part and pore sizes of the FGM bi-layer structures.

External Diameter (mm) Mean Pore Size (µm)

Core 1◦ ring 2◦ ring 3◦ ring 4◦ ring 1◦ ring 2◦ ring 3◦ ring
5.48 ± 0.11 7.92 ± 0.13 10.43 ± 0.15 13.02 ± 0.18 15.49 ± 0.35 605 ± 55 896 ± 52 1040 ± 31

3.1.5. Mechanical Properties

The representative stress-strain curves recorded during compression tests of the dense and
lattice samples are depicted in Figure 8. Curves show that several cracks occurred before the final
rupture of both samples. At the beginning of the loading, the resistance of the lattice samples against
the external loading was attested by the increase of the applied stress as a function of samples’
strains. After reaching an initial stress peak, a significant stress release occurred, which was recovered
subsequently. Several stress release-recoveries led to further peaks inducing sawtooth-like curves.
This phenomenon (repeated stress release-recovery) took place due to the failure of the different layers
(load transfer). However, the final rupture occurred at maximum stress higher than the first peak.
The dense samples, in the same way, firstly showed stress elevation up to an initial peak. Afterward,
the samples managed to recover the released stress exhibiting an oscillating pattern at an almost narrow
stress range, with a very moderate stress increase before the final failure.
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Figure 8. Registered stress-strain curves of the lattice (A) and dense samples (B), obtained during
uniaxial compression tests.

The compressive strengths of the structures were found as 29 ± 4 MPa for the dense samples with
an overall porosity of 13.9%, and 7 ± 4 MPa for the lattice structures with an overall porosity of 34.1%.
This value for robocast HA lattices is reported in the ranges from 9 to 50 MPa with the porosity in the
range from 26 to 71% [39,40,42,63] and for β-TCP ones is reported in the ranges from 11 to 20 MPa
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with the porosity in the range from 27 to 40% [13,37,42]. The results obtained for the lattice structures
in the current work are positioned in the lower limit of the literature data and were in the limit of the
compressive strength of the cancellous bone which is reported in the range of 7–10 MPa [64].

The comparison of the mechanical properties of the dense samples with literature was not possible
due to the lack of data. However, compared to the compressive strength of dense HA produced by the
binder-jetting technique (equal to 22 MPa [65]), current results were significantly higher, suggesting
the high potential of the robocasting technique in the production of well-densified parts. However,
compared to the cortical bone with compression strength in the range of 130-180 MPa for the porosity
in the range from 5 to 13% [2], the robocast dense samples had lower performance. In the future,
mechanical properties could be improved by modifying the slicing procedure of the CAD design
to credit higher overlapping between adjacent filaments and also by drying the samples in more
controlled conditions [27,29].

3.1.6. Fracture Mechanism Analysis

Figure 9 shows the in-situ compression test configuration of the samples inside the ESEM, in which
the stress was applied perpendicular to the ceramic filaments. The sample was held between two grips
and the observations were done parallel to rods direction.
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Figure 9. Test configuration as well as sample placement within the in-situ compression test device.

Figure 10 shows the condition of a sample after loading and the observation of a few sudden load
drops. It can be seen that the failure mode consisted of longitudinal cracks aligned with the load axis
running through the structure. Cracks were initiated from the external surface of the rods, nearby their
intersections (image B). In fact, while loading, the area underneath two intersecting rods was under
compression, while the perpendicular “free” rod fraction was probably submitted to flexural strength
(with the upper parts in traction, as evidenced by the appearance of cracks indicated by white arrows
in Figure 10). Increasing the loading increased the number of longitudinal cracks and the cracks
propagated through the layered structure.
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Figure 10. (A) Longitudinal cracks running through the structure of a porous scaffold during the
compression test observed by ESEM, (B) a higher magnification image of a representative of the cracks.

It was observed that even after the development of several cracks, the structure preserved a certain
mechanical resistance. This condition was revealed on stress-strain curves as the saw-tooth pattern
(Figure 8A). Figure 11 shows the remaining parts of the lattice structure after the final fracture. It was
reported that columnar structures that remain oriented along the load direction were responsible for
such extended load-bearing capacity [40]. Of course, by load removal, these structures collapsed with
no connection between the pillars able to provide any mechanical integrity.
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Figure 12 illustrates the propagation of two parallel cracks during the compression test of the
porous structure captured by ESEM. Image A shows two parallel cracks close to the intersection of the
rods at the compressive loading of 2139 N. It can be seen that the cracks propagated with both inter (A)
and intragranular (B) paths. Image B illustrates the condition of the cracks after increasing the applied
loading to 2211 N. The dashed circle highlights the progression of the cracks’ tip resulting in the crack’s
growth. However, because sample strain led to the redistribution of the applied force, the opposite
sides of the previous cracks became closer. Image C shows the condition of the same cracks a few
minutes after Image B, just before the final failure. Further growth of the cracks and bigger opening of
the cracks’ faces are visible. However, the final compressive loading dropped to 2083 N due to the
stress relief by the cracks’ growth.
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3.1.7. In Vitro Bioactivity Test

Figure 13 shows the SEM images obtained from a bi-layer sample after a preliminary bioactivity
test. The newly deposited layer was observed on both dense and porous sections confirming in vitro
bioactivity of the samples. However, as can be seen, in the dense sections (image A) some areas were
not completely covered by the new layer. On the other hand, on the porous sections, entire filaments
were covered by a newly formed thick layer (image B and C), suggesting higher bioactivity of the
porous section compared to the dense one. The morphology of the deposited crystals was observed as
rod-shaped or needle-like, in agreement with previous literature [60,61], and was distributed evenly
on the surfaces (image D).

The chemical composition of the precipitated bioactivity layer was examined by EDS analysis.
The results, collected in Table 4, suggested a calcium to phosphorous ratio of 1.33 for the precipitated
layer, matching the Ca/P ratio of the octacalcium phosphate phase (OCP, Ca8H2(PO4)6.5H2O). Previous
studies have shown that CaP phases such as OCP and dicalcium phosphate dihydrate (DCPD)
are kinetically more preferred precipitation phases from supersaturated calcium and phosphorous
solutions than HA. Indeed, from the thermodynamic point of view, HA is the most stable phase in SBF,
but due to a substantially higher nucleation rate, OCP precipitates earlier than HA in physiological
environments [66,67]. However, OCP is a precursor for the formation of nonstoichiometric biological
apatites [68], which in longer times and by increasing the Ca/P ratio becomes more apatitic in nature
and finally converts to HA. The stated phenomenon takes place according to the following reaction [65]
and has been reported both for in vitro and in vivo tests [67–70].

5Ca8H2(PO4)6·5H2O→ 8Ca5(PO4)3OH + 6H3PO4 + 17H2O (4)
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Figure 13. The new precipitated CaP layer on the surface of the bi-layer robocast structures.
Low magnification images show the partial (A) and entire (C) coverage on the surface of dense
and porous parts, respectively, and high magnification images show the evenly distributed rod-shaped
crystals on the surface of the dense (B) and porous (D) parts.

Table 4. Chemical composition of the precipitated bioactivity layer, At%.

Ca P O Si Mg Na Ca/P

15.44 11.63 71.4 0.32 0.56 0.65 1.33

Therefore, it can be concluded that the precipitated CaP layer in this work was OCP which would
have been transformed to HA if the bioactivity tests had been conducted for longer times.

3.2. Hybrid Technologies for Ceramic/Polymer Scaffolds

Figure 14 depicts some representative Ag+-free and Ag+-containing multi-layer ceramic/polymer
scaffold fabricated by robocasting combined with the solvent casting/salt leaching method. Successful
integration of these two technologies was achieved, in terms of a perfectly adherent external
polymer/CaP layer to the inner bi-layer ceramic part. PCL is a biopolymer extensively used for
controlled drug delivery providing uniform drug distribution and enabling long-term drug release up
to several months [71].
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Figure 14. Digital photographs of two representative hybrid ceramic polymer samples. (A): Ag+-free
PCL/BCP layer; (B): Ag+-added PCL/BCP layer.

A mixture of HA and β-TCP phases (indicated as biphasic calcium phosphate, BCP) was added
to the PCL solution (resulting in polymer/ceramic composite) to improve the osteoconductivity and
bioactivity of the scaffold [72], while silver was added to impart the antimicrobial properties.

Figure 15 shows the microstructure of a representative PCL/BCP macroporous layer observed
by SEM at two different magnifications. The left image illustrates the macroporosities left by NaCl
after leaching out. The mean pore size was measured as 270 µm, marginally more than the mean NaCl
granules sizes, while the geometric shape of the pores matches the morphology of the salt particles.
The right image is a high magnification micrograph of the polymer strut, where we can observe CaP
particles homogeneously distributed within the PCL matrix.
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Figure 15. SEM micrographs of the PCL/BCP layer at two different low (A) and high (B) magnifications.

The antibacterial rate of the produced scaffolds was calculated using the following formula:

R =
B−A

B
× 100% (5)

where R, A and B are the antibacterial rate, the average bacterial count of the sample (CFU) and the
average bacterial count of the control sample (CFU), respectively.

Table 5 collects the results obtained from antibacterial tests. The Ag+-free samples indicated
as “control sample” showed a significant number of adhered bacteria in the order of 109 CFU/mL,
suggesting a poor antimicrobial behavior of either the ceramic core and polymer layer. As expected,
the number of adhered bacteria substantially decreased for the Ag+ doped samples, showing the high
effectiveness of the antibacterial layer to reduce the bacteria adhesion to the whole hybrid scaffold.
The current results were slightly better than the average antibacterial results presented in the literature.
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For example, Chen et al. [73] reported 90% improvement in the antibacterial properties of HA coating
by doping 1 wt% of AgNO3. However, it must be considered that although Ag has established
antibacterial properties, it can be toxic if it is used in high concentrations. Therefore, a threshold
value of the Ag percentage in the scaffold should be optimized considering both antimicrobial and
cytotoxicity properties. Due to different Ag incorporation methods and different biological test
methodologies, there is a discrepancy of the optimum concentrations in the literature. For example,
Chen et al. [73] reported similar cell proliferation and differentiation for 1 wt% Ag-HA and HA.
No significant cytotoxicity was reported for 2.05 wt% co-sputtered Ag-HA coating after incubation
with human embryonic palatal mesenchymal cells for 24 h [74]. In another study, Karlov et al. [75]
suggested a silver concentration of 7 wt% in coating as the optimum balance between antibacterial
effect and minimum cytotoxicity.

Table 5. Antibacterial test results presenting bacterial count (CFU/mL) and antibacterial rate (%).

Sample Type Ag-Doped Sample Control Sample R (%)

Adhered bacteria 7.16 × 104
± 3.5 × 104 3.22 × 109

± 3.07 × 108 100.00
Planktonic bacteria 4.31 × 104

± 1.70 × 104 2.97 × 109
± 3.82 × 108 100.00

Quantification of the planktonic bacteria, those present in the broth after 24 h incubation,
was conducted to highlight the role of either the scaffold composition itself, to avoid toxic behavior,
or the Ag+ ions when released from the scaffold. Once again, the Ag+-free control samples showed
a high accumulation of planktonic bacteria (109 CFU/mL). This value was significantly decreased
(104 CFU/mL) for the Ag+-functionalized samples. Therefore, the results validated the release of
antibacterial Ag+ ions from the composite layer to the surrounding medium as an effective tool in
eradicating the bacterial contamination of the surgery site.

Figures 16 and 17 show SEM micrographs of Ag+-free and Ag+-modified hybrid scaffolds,
respectively. In Figure 16, the center image presents the overall structure of the sample, and the left and
right images present the polymer and ceramic parts, respectively at higher magnifications. Biofilms
made from bacterial colonization can be observed from the high magnification images on both polymer
and ceramic parts, confirming a negligible role of both layers in preventing bacterial adhesion. On the
contrary, Figure 17 shows the effectiveness of the Ag+-functionalization since the microstructures
were almost bacteria-free. Both the functionalized porous layer and ceramic parts were found free of
bacteria. The absence of staphylococci also in the ceramic part (which does not contain Ag) suggests
an effective Ag+ release in the broth, as validated by the quantification of the planktonic bacteria.
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4. Conclusions

Robocasting was successfully used for the production of dense, porous and bi-layer (FGM)
hydroxyapatite structures. The bi-layer structure was composed of a dense core surrounded by a
lattice part, fabricated in a single printing step. To the best of our knowledge, it was the first time that
such a complex part, made by integrating monolithic and porous structures, was fabricated by the
robocasting technique.

While the dense structure showed some large flaws and consequently a moderate compressive
strength, even if higher to structures made by binder-jetting, the produced lattice structure fulfilled all
biological and mechanical criteria for the non-load-bearing biomedical applications. The osteoconductive
properties of the bi-layer parts were verified by soaking the sintered samples in SBF, which showed
good in vitro bioactivity, especially the porous parts: the precipitated layer was OCP which is believed
to be a precursor of biological HA.

As an innovation, a new PCL/CaP composite macroporous layer was also added to the already
fabricated FGM structures to introduce more functionality e.g., antibacterial properties. This third
hybrid layer combined the advantages of high biological properties of CaP component and effective
drug entrapment in the polymeric part. The result was FGM tri-layer samples in which each layer
had special functions: loadbearing for the dense core layer, osteoconductivity and osteoinductivity
for the intermediate porous layer, and antibacterial and drug delivery for the outer composite layer.
Antibacterial tests showed that the hybrid structure was effective in releasing antibacterial Ag+ ions
to the surrounding medium and showed its potential efficiency in limiting Staphylococcus aureus
proliferation during surgery. As a final note, this hybrid material can be considered as a model system
to pave the way towards new multifunctional biomaterials for tissue engineering applications.
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