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Abstract: This study explores the potential utilization of walstromite (BaCa;Si3Og) as a foundational
material for creating new bioceramics in the form of scaffolds through 3D printing technology.
To achieve this objective, this study investigates the chemical-mineralogical, morphological, and
structural characteristics, as well as the biological properties, of walstromite-based bioceramics.
The precursor mixture for walstromite synthesis is prepared through the sol-gel method, utilizing
pure reagents. The resulting dried gelatinous precipitate is analyzed through complex thermal
analysis, leading to the determination of the optimal calcination temperature. Subsequently, the
calcined powder is characterized via X-ray diffraction and scanning electron microscopy, indicating
the presence of calcium and barium silicates, as well as monocalcium silicate. This powder is then
employed in additive 3D printing, resulting in ceramic scaffolds. The specific ceramic properties of the
scaffold, such as apparent density, absorption, open porosity, and compressive strength, are assessed
and fall within practical use limits. X-ray diffraction analysis confirms the formation of walstromite
as a single phase in the ceramic scaffold. In vitro studies involving immersion in simulated body
fluid (SBF) for 7 and 14 days, as well as contact with osteoblast-like cells, reveal the scaffold’s ability
to form a phosphate layer on its surface and its biocompatibility. This study concludes that the
walstromite-based ceramic scaffold exhibits promising characteristics for potential applications in
bone regeneration and tissue engineering.

Keywords: walstromite; bone regeneration; 3D printing; ceramic scaffolds; in vitro bioactivity

1. Introduction

In various medical fields, such as stomatology and orthopedics, biomaterials designed
for bone regeneration play a crucial role. These materials must adhere to a broad spectrum
of specifications, including biocompatibility, osseoinduction, controlled bioactivity, an
acceptable degradation rate, and appropriate mechanical and physical properties (e.g.,
density and porosity) [1-3].

Over the last decade, there has been a significant surge in the utilization of synthetic
biomaterials for the replacement and repair of bone tissue damaged by injury or disease.
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The field of bone tissue engineering represents a promising frontier within regenera-
tive medicine, offering potential solutions for the restoration and replacement of damaged
or lost bone tissue. Researchers have explored a variety of materials, each possessing
distinctive advantages and inherent limitations, shaping the evolving landscape of bone
regeneration. Among the most well-known biomaterials studied over time are hydroxyap-
atite, tricalcium phosphate, bioglass, collagen-based materials, magnesium-based alloys,
and polycaprolactone.

Notably, bioceramics based on calcium phosphate (e.g., hydroxyapatite—HAp, $3-
tricalcium phosphate—{3-TCP, HAp/3-TCP) [2] and calcium-silicates (such as bioactive
calcium-silicate glasses) have emerged as the most widely employed materials for bone
regeneration.

Hydroxyapatite (HA), a bioceramic closely mirroring the mineral composition of natu-
ral bone, has attracted attention due to its biocompatibility and osteoconductive properties.
Nevertheless, its brittleness poses a challenge for applications demanding robust load-
bearing, and its limited resorbability introduces complexities for long-term remodeling [4].
On the other hand, tricalcium phosphate (TCP) displays increased solubility compared
to HA, but its mechanical strength may fall short for scenarios requiring substantial load-
bearing capabilities [5]. Bioactive glass, with its ability to encourage osteoconduction and
stimulate bone formation, presents a promising avenue. However, hurdles arise from its
inadequate mechanical strength for load-bearing situations and difficulties in controlling
resorption rates [6]. Materials based on collagen, designed to emulate the natural extra-
cellular matrix, provide a biocompatible and biodegradable scaffold for cell attachment.
Nevertheless, concerns surrounding their low mechanical strength and rapid degradation
draw attention to the potential challenges associated with long-term structural integrity [7].
The exploration of magnesium-based alloys, combining biodegradability with mechanical
properties resembling bone, emerges as a novel frontier. However, issues such as rapid
corrosion leading to gas production and inflammation highlight the need for refinement
in degradation control [8]. Polycaprolactone (PCL), a biodegradable polymer, provides
mechanical support but may encounter challenges in aligning degradation rates with new
tissue formation, underscoring the ongoing need for materials with enhanced bioactivity
and osteoinductivity [9].

As bone tissue engineering continues to progress, the journey towards optimal mate-
rials involves delicately balancing biocompatibility, mechanical strength, and controlled
degradation. The future of the field hinges on overcoming the limitations of existing ma-
terials through innovative research and development, paving the way for transformative
approaches for bone regeneration in clinical settings. Thus, in order to avoid these disad-
vantages, in the scientific field, the emphasis was placed on the exploration of ceramics
based on calcium silicate as an alternative to the previously presented biomaterials.

A remarkable feature of calcium-silicate bioceramics is their ability to induce the
formation of a layer of hydroxy-carbonate apatite (HAp) on their surface, closely resembling
the mineral phase of bone in simulated body fluids (SBF).

Moreover, silicon is recognized as a significant trace element in the human body, with
concentrations of approximately 100 ppm in bone and binding to extracellular matrix com-
pounds at concentrations ranging from 200 to 550 ppm. Research has also demonstrated
silicon’s presence at the active site of calcification in bone, implicating its direct involve-
ment in the bone mineralization process [2,3,10] From a biological standpoint, calcium is
strategically located in the active region of natural bone, where it plays a pivotal role in
bone growth and fosters angiogenesis. Additionally, both calcium and silicon have been
found to stimulate osteoblast proliferation and differentiation in vitro.

Furthermore, compared to conventional phosphate-based bioceramics, silicate bioce-
ramics offer a broader range of chemical compositions, which can contribute to optimizing
various physicochemical properties, including mechanical strength, as well as biological
attributes such as bioactivity and degradation [2]. Consequently, in recent years, particu-
lar attention has been paid to bioceramics based on materials like wollastonite (CaSiO3),
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akermanite (CayMgSiOy), diopside (CaMgSi;Og), hardystonite (CayZnSirOy), bredigite
(CayMgSiyO14), and merwinite (CazMgSipOg) [10-14]. Furthermore, the literature [3,15-23]
has highlighted the impact of other cations within these materials on biological behavior.
For instance, Zn?* has been shown to promote osteogenesis and mineralization and confer
antibacterial properties; Sr>* stimulates bone formation and inhibits bone resorption; and
Mg?* supports osteogenesis, mineralization, and angiogenesis.

Recently, significant attention has been directed toward the role of barium in bone
repair and regeneration, particularly in the context of osteogenesis [24-26]. It has been
demonstrated that the incorporation of Ba?* into bioceramic compositions enhances the
mineralization of their surfaces under in vitro conditions, as observed during immersion in
simulated body fluid (SBF) [26-30]. One such oxide ceramic mineral phase, which includes
silicon, calcium, and barium, is known as walstromite. Walstromite is characterized as
a cyclosilicate mineral featuring SizOg rings composed of three silicon tetrahedra. Its
presence has been reported in the literature in the context of ceramics with electrical
properties [31-34]. Walstromite exhibits a structure similar to wollastonite’s structure
(CaSi0O3), with minimal structural alterations resulting from the substitution of Ca%* with
Ba?* [35,36]. Furthermore, it is recognized for its favorable bioactivity from a biological
perspective.

In the realm of bone tissue engineering (BTE), the creation of 3D structures to replace,
enhance, or regenerate damaged tissue remains a formidable challenge. This challenge is
attributed to the diverse requirements these structures must meet, including biocompati-
bility, rapid production, adequate mechanical properties, irregular shape tailored to the
bone defect, and sufficient macroporosity to facilitate the formation of new bone tissue. In
essence, the goal of a scaffold designed for bone tissue engineering is to emulate the natural
structure of bone. Various conventional methods for obtaining scaffolds in BTE have been
reported in the literature over time, such as foaming, sol-gel, polymer sponge, thermal
bonding of particles or fibers, and ceramic nanofiber electrospinning techniques. While
these methods have demonstrated certain advantages, it has been concluded that achiev-
ing an ideal scaffold with proper control over porosity and mechanical strength is nearly
impossible with the previously mentioned methods. Issues like irregular pore geometry,
inadequate interconnectivity between pores, the use of toxic solvents, low reproducibility,
and a prolonged production duration have posed significant challenges [37].

Over the past two decades, the concept of additive manufacturing (AM) has emerged
as a flexible and powerful technique for advanced biomedical fabrication. This innova-
tive technology involves the layer-by-layer printing of precise 3D structures based on
images obtained through CT or MRI scans using computer-aided design (CAD) techniques.
The manufacture of ceramic scaffolds through versatile and reproductible 3D printing
techniques represents an increasingly studied and intriguing strategy to circumvent the
challenges associated with conventional production methods. Furthermore, this technology
efficiently paves the way for the transition of these materials from the research stage to
clinical testing. However, the processing of various biomaterials to obtain 3D scaffolds
requires the use of different AM technologies based on the characteristics of these materi-
als. In contrast to metallic and polymeric materials, AM techniques for ceramic materials
face challenges due to their inherent fragility and high melting points. Additionally, the
performance of obtained scaffolds varies depending on the AM technology used [38,39].

In light of these considerations, the present study aimed to investigate the poten-
tial utility of walstromite (BaCa;SizOg) as a foundational material for developing novel
bioceramics designed for bone regeneration in the form of scaffolds produced through
3D printing technology. To accomplish this objective, this study examines the chemical-
mineralogical, morphological, and structural attributes, as well as the distinctive ceramic
and biological properties of walstromite.
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(a) OBTAINING OF THE WALSTROMITE PRECURSOR

2. Materials and Methods
2.1. Scaffold Synthesis

The sol-gel method was employed to synthesize the precursor mixture required
to produce BaCa,SizOg. This involved using pure reagents, namely tetraethyl orthosili-
cate (TEOS, Si (OCyHs)4, 99% purity, Sigma-Aldrich, Germany), calcium nitrate tetrahy-
drate (Ca(NOs),-4H,0O, purity > 99%, Sigma-Aldrich, Germany), and barium acetate
(Ba(CyH30,),, 98.5% purity, Sigma-Aldrich, Germany).

The process, as illustrated in Figure 1a, began with the solubilization and individual
hydrolysis of the precursors, resulting in clear and colorless solutions. These solutions
were then homogenized, leading to a rapid gelation process, occurring within seconds.
This resulted in the formation of a gelatinous precipitate in a mildly acidic pH range of
5.5-6. The gelatinous precipitate was subsequently subjected to a 72-h period of aging and
drying at 60 °C. Following this, it underwent thermal calcination and grinding to yield the
precursor powder. This powder was a necessary component to produce a ceramic paste,
which was processed using additive 3D printing techniques, like the approach detailed
in a previous study [40]. The outcome was a scaffold, as depicted in Figure 1b, which
underwent further heat treatment to ultimately yield a ceramic scaffold.

Hydrolysis of TEOS
H,0:TEOS=4:1
T=60°C; acid catalysis (HCL, pH=1) l

Dissolving Ca(NO3), 4H,0
T=60°C; minimum amount of H,0

Dissolving Ba(0,C,H;),
T=60°C; minimum amount of H,0

Homogenization of precursor solution
Obtaining the gelatinous precipitate

by Sol-Gel method g
ST

T=60°C; gelation time is few second =

i =
\ ¥
Maturing of the gelatinous precipitate 24 h; T=60°C | \ ||’| =
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i

ined bricks and cal
700°C/2h
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Hydroxypropylmethylcellulose;
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Figure 1. Synthesis scheme of walstromite precursor gel precipitate (a) and obtaining ceramic scaffold
using 3D printing (b).

2.2. Materials Characterization
2.2.1. Thermal Analysis

The dried gelatinous precipitate was subjected to thermal analysis using Shimadzu
DTG-60 equipment (Shimadzu, Kyoto, Japan). This analysis was conducted in an air
atmosphere within a temperature range of 20-1000 °C, utilizing a platinum crucible and
employing a heating rate of 5 °C per minute. The calcined powder, processed at 700 °C for
2 h, was then evaluated from both compositional and morphological perspectives through
X-ray diffraction (XRD) analysis and scanning electron microscopy (SEM), respectively.
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2.2.2. XRD Analysis

XRD analyses were conducted using a Shimadzu XRD 6000 diffractometer (Shimadzu,
Kyoto, Japan), employing Ni-filtered Cu K« radiation (A = 1.5406 A), with 2 theta values
ranging between 5 and 65 degrees. SEM analyses were carried out with an FEI Quanta In-
spect F scanning electron microscope (SEM) (FEI, Eindhoven, The Netherlands), equipped
with energy dispersive X-ray spectroscopy (EDX). Furthermore, the ceramic scaffold was
evaluated regarding its mineralogical phase composition through XRD, and its microstruc-
ture was evaluated through SEM analysis.

2.2.3. Ceramic Properties

The ceramic properties, such as apparent density (p,), absorption (A), and open
porosity (Pg), were determined using the Arthur method [41] and calculated using the
following formulas:

(m;-py) DA — Mya — 1My
; =
Mya — My Myxa Mya — My

Pa =

where m;—the initial mass of the sample (g); my,—the mass weighed in air of the sample im-
pregnated with xylene (g); my—the mass weighed in xylene of the sample impregnated with
xylene (g); pa—the apparent density (g/cm?); A—absorption (%); P4—open porosity (%);
px—the density of xylene (0.86 g/cm?).

Compressive strength was assessed using a Shimadzu Autograph AGS-X 20 kN press
(Shimadzu, Kyoto, Japan), where force was applied to a scaffold area of 15 x 15 mm, and
the specimen’s height was 7 mm. This test was performed on a minimum of three samples.

2.2.4. Biological Evaluation

In vitro bioactivity assessments in simulated body fluid (SBF) were conducted to
evaluate the scaffold’s capability to develop a phosphate layer on its surface. To achieve
this, the scaffold was immersed in SBF (pH = 7.4) at 37 °C for varying durations (7 and
14 days) within a laboratory water bath. The SBF solution was prepared following the
Kokubo protocol [42]. After each immersion period, the scaffold was gently washed with
distilled water and allowed to air-dry for approximately 12 h at 60 °C. The scaffold’s
mineralization was examined using Fourier-transform infrared spectroscopy (FI-IR) and
SEM/EDX.

FT-IR spectra were obtained using a Thermo Scientific Nicolet iS50 spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) in ATR mode (with a diamond crystal).

Additionally, cell viability and cytotoxicity assays (MTT and LDH) were performed to
assess the in vitro response to the ceramic scaffold. The cell morphology at the interface
with the ceramic scaffold was also evaluated.

Cell culture: for cell culture, MG-63 osteoblast-like cells (Cell Line Services CLS, Heidel-
berg, Germany) were cultivated in Dulbecco’s Modified Eagle Medium (DMEM), supple-
mented with 10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin (PAN-Biotech,
Aidenbach, Germany), under standard conditions of temperature and humidity (37 °C,
5% CO3, 90% humidity).

The ceramic scaffold samples were sterilized using UV exposure for 1 h on each side.
Following sterilization, the samples were placed in a 24-well plate (TPP, Trasadingen,
Switzerland), and cells were seeded at a concentration of 100,000 cells per 500 pL per well.
To create negative and positive controls, cells at the same concentration were directly seeded
into the wells of the plate. The samples were incubated for 40 min to allow cell attachment
to the surfaces of the scaffolds. Subsequently, the samples were supplemented with an
additional 1.5 mL of fresh culture medium and incubated under standard conditions
for an additional 48 h. The positive control was treated with 1% Triton-X in complete
culture medium.

Cellular viability measurements (MTT): The cellular viability of the samples was as-
sessed using the MTT tetrazolium salt viability assay. After the incubation period, the
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culture medium covering the samples was substituted with 10% MTT solution (prepared
from 5 mg/mL MTT in PBS, Serva Electrophoresis, Heidelberg, Germany) in complete
culture medium. The mixture was then incubated for 2 h under standard temperature and
humidity conditions.

Subsequently, the MTT solution was aspirated, and the resulting formazan crystals
were dissolved using dimethyl sulfoxide (DMSO). The quantity of formazan was measured
spectrophotometrically at 570 nm. Cell viability was determined with reference to the
negative control, which was assigned a value of 100% viability.

Lactate Dehydrogenase release (LDH): Following the incubation period, 50 pL of the
supernatant from each well was collected and transferred to a 96-well plate to measure
the amount of LDH released from the cells after interacting with the biomaterials. To
perform this, the CyQUANT LDH Cytotoxicity Assay (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) was employed, and the samples were prepared according to the
manufacturer’s instructions. The absorbance of each sample was measured spectrophoto-
metrically at 490 nm. The quantity of LDH was determined by comparing the absorbance
of each sample to that of the negative control.

The biological investigation data were expressed as mean =+ standard deviation
(STDEV), and statistical analysis was conducted using the Student ¢-test function.

Morphological investigations: To examine the morphology of the osteoblast-like cells
cultured on the ceramic samples, confocal microscopy was conducted using the LSM 880
Zeiss microscope (Zeiss, Oberkochen, Germany). To achieve this, the actin filaments of the
cells were stained with Alexa Fluor 555 phalloidin (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA), and the cells’ nuclei were stained with Hoechst 33342 (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer’s instructions.

3. Results and Discussion
3.1. Gel and Powder Investigation

The dried gelatinous precipitate underwent comprehensive thermal analysis, as de-
picted in Figure 2. This analysis provided crucial insights for determining the calcination
temperature required for the organic residual component’s combustion and the decomposi-
tion of secondary phases (resulting from the reprecipitation of precursor salts or accidental
carbonate formation due to exposure to atmospheric CO5).

DrTGA TGA DTA
(mg/min) (%6) (V)
of 100 600
.
= 80 |
{400
-4
60
% {200
40 |
-8
{0
. 187.79°C 508.46°C
a0 207
117.65°C
0
200 400 600 800 1000

Temperature (°C)
Figure 2. Complex thermal analysis of dried gelatinous precipitate.

The differential thermal analysis (DTA) curve displays three notable endothermic
effects and one exothermic effect, all accompanied by mass loss, as evident in the thermo-
gravimetry (TG) curve. The two endothermic effects occurring within the 50-220 °C range
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can be attributed to the dehydration of the reprecipitated calcium nitrate, which constitutes
a relatively small portion of the mass loss in this temperature range. Additionally, the
minor endothermic effect, peaking at around 599 °C, corresponds to the decomposition of
the calcium hydroxide formed during synthesis. The prominent exothermic effect, peaking
at 382 °C and linked to mass loss, is attributed to the combustion of the residual organic
component [43].

Furthermore, the TG curves from the comprehensive thermal analysis reveal that
there is no significant mass variation above 700 °C. Consequently, it was determined that
calcination of the dried gel precipitate should be conducted at 700 °C, with a two-hour
plateau and a heating rate of 1 °C per minute, followed by gradual cooling.

Considering the fine macroscopic nature of the dried gel precipitate, it was uniaxially
compressed into cylindrical pellets. This step was taken to prevent material pulverization
in the furnace during heat treatment. Following heat treatment, the pellets were milled,
and the resulting powder was entirely passed through a 45 um mesh sieve to attain a finely
grained material suitable for 3D printing.

The X-ray diffraction (XRD) pattern (Figure 3) of the powder calcined at 700 °C,
revealed the presence of distinct peaks corresponding to calcium and barium silicates. Specif-
ically, these peaks correspond to BaCa;SizOy, as per PDF 015-0063, and Baj 55Cag 45510y,
according to PDF 017-0930. In addition, monocalcium silicate, known as wollastonite
(CaSiOs), was identified based on PDF 076-0925 and PDF 084-0654. Notably, these peaks
are relatively wide and exhibit low intensity, implying the presence of small crystallites.

400 -

.BaCaZSi309

%A ABa,Ca,,SiO,
] M caSiO,

300

E)

i

> J

=

[72]

c

[}]

e

£ 200

100 : . : . : . : . . ' T

10 20 30 40 50 60
2 theta (deg.)

Figure 3. X-ray diffraction pattern for powder calcined at 700 °C/2 h.

Morphologically, as depicted in Figure 4, the powder forms aggregates with diameters
below 45 pm (Figure 4a,b), composed of polyhedral particles measuring less than 50 nm
and fibrous structures with diameters below 30 nm (Figure 4c).

3.2. Walstromit Scaffold—Obtainment and Characterization

Hence, to produce a ceramic scaffold using the additive 3D printing method, the
utilized material was the powder subjected to heat treatment at 700 °C, in combination
with a 15% aqueous solution of hydroxypropyl methyl cellulose (HPMC), as depicted
in Figure 1b. The 3D printing process involved the obtainment of homogenous pastes
through the combination of powder calcined at 700 °C for 2 h and 15% HPMC, with a
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powder-to-liquid ratio of 0.71 g/mL. The printing utilized a filament with a thickness
of 0.2 mm, encompassing a total of 12 layers. Following the printing, the scaffolds were
subjected to a heat treatment at 1100 °C, according to the firing curve illustrated in Figure 5,
ultimately yielding ceramic scaffolds denoted as M_02.

Figure 4. SEM images for powder calcined at 700 °C/2 h (a) x500, (b) x50k, (c) x100k.

1100 1100°Ci3 h

1000 - S
] &
900 - S
1 &
800 |
— 700°C/2
600 -}

500

guoo? *°®

400

Temperature (°C)

7
L

300
200

100

0

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

Figure 5. Heat treatment curve applied to obtain the ceramic scaffold.

The ceramic scaffold obtained was examined with a focus on its specific ceramic
properties, as documented in Table 1 (p,—apparent density, A—absorption, P4—open
porosity, Re—compressive strength), where the open porosity value was assigned to the
filament. The strength value confirms the scaffold’s manipulability, and in line with the
existing literature, these values fall within the practical use requirements.

Table 1. Specific ceramic properties for ceramic scaffold with 0.2 mm filament thickness (arithmetic
mean of values determined based on three samples).

Sample Pa (g/cm?) A (%) P4 (%) R. (MPa)
M_02 2.67 £0.03 12.05 £ 0.03 41.34 +0.03 2.56 +0.03
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X-ray diffraction analysis (as depicted in Figure 6) conducted on the ceramic scaffold,
which underwent heat treatment at 1100 °C for 3 h, revealed the formation of walstromite
as a single phase, as indicated by PDF 015-0063 and PDF 073-1907.

o ®BaCa,Si.0,
750

500

Intensity (a.u)

2 theta (deg.)

Figure 6. XRD pattern for ceramic scaffold obtained at 1100 °C/3 h.

The in vitro behavior of the M_02 ceramic scaffold was investigated through immer-
sion in simulated body fluid (SBF) for 7 and 14 days, as well as through interaction with
cells. The sample immersed in SBF was characterized using Fourier-transform infrared
(FTIR) spectrometry (see Figure 7 and Table 2) and scanning electron microscopy (refer to
Figure 8), which was coupled with energy-dispersive X-ray (EDX) analysis (see Figure 9).

3 g
-OH z Q.0
0.00 4=—; -— 8 B
; = . 9 9
. . a 8
[ \
£l
©
5 025
3 :
c
©
!
= |
o
(72}
Qo
< : ——M_02
0.50 © |——M_02-sBF-7d
© |——M_02-SBF-14d

T ll T T T T T T - T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 7. FTIR spectra of unimmersed and immersed M_02 scaffolds in SBF for 7 and 14 days,

respectively.
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Table 2. Centralization of FTIR absorption bands for unimmersed and immersed M1_02 scaffold for
7 and 14 days.

I d in SBF:
Unimmersed in SBF mmersed 1n

7 Days 14 Days
Wavemirlnber Functional Group Wavemirlnber Functional Group Wavemirlnber Functional Group
(cm~1) (cm~1) (cm~1)
700 Ba-O 855 C-O din CO3%~ 480/414 (POL)*~
1043 Si-O-Si 1073 PO43~ 551 P-O from (POy,)3~
923-1100 [SiO4]*~ 1338-1400 CO52- 855 C-O from CO52~
1460 Ca-O 1460 Ca-O 1052/1000 PO~
1600-1900 atmosphere water
3500-4000 —OH from hydroxyapatite

Figure 8. Scanning electron microscopy images of scaffold M_02 (a) unimmersed in SBF and
(b) immersed in SBF for 14 days, respectively.

. Ca

2000 - Si

1500 |
=
8 1 Ba
2 o)
= 1000
8 P B
£ 1€ 3 M_02-SBF-14d

500 -
M_02
0 2 4 6

Energy (keV)

Figure 9. EDX spectra of unimmersed (M_02) and 14-day SBF-immersed scaffolds (M_02-SBF-14d).
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The infrared spectroscopy data, as depicted in Figure 7 and summarized in Table 2,
reveal characteristic absorption bands of Ba-O (at 700 cm™ 1), Si-O-Si (at 1043 and
923-1100 cm 1), and Ca-O (approximately 1460 cm ') for the unimmersed scaffold. These
bands exhibit a decrease in intensity or even disappear upon immersion in simulated body
fluid (SBF), indicating an interaction between the scaffold and the fluid.

For the samples immersed in SBF, absorption band characteristics for partially carbon-
ated hydroxyapatite become evident: bands associated with PO,>~ (at 551, 1073, 480, and
414 cm 1), -OH (ranging from 3500 to 4000 cm 1), and CO32~ (at 855 and 1338-1400 cm ™ 1).
It is noteworthy that the intensity of these absorption bands increases with prolonged
immersion, suggesting a higher amount of phosphate phase formation upon contact with
SBF [44,45].

The scanning electron microscopy (SEM) images presented in Figure 8 reveal the
following observations:

e In the case of the unimmersed ceramic scaffold (M_02), the filaments appear contin-
uously, exhibit uniform thickness, and display open porosity. This information is
consistent with the data in Table 1. Additionally, both intra- and inter-granular poros-
ity is observed, suggesting enhanced circulation of physiological fluids and growth
factors within the material at the implantation site.

e  For the sample immersed for 14 days, SEM images clearly illustrate alterations in the
morpho-structural and surface characteristics of the scaffold filaments. Notably, the
surface roughness of the filaments increases, indicating an interaction between the
scaffold and simulated body fluid (SBF). At higher magnifications, quasi-spherical
particles composed of very fine plates can be observed. These particles are attributed
to the partially carbonate apatite phase formed during surface mineralization, which
aligns with the FTIR spectroscopy findings mentioned earlier.

e  Furthermore, the presence of phosphorus in the EDX analysis, as shown in Figure 9,
confirms the interaction between SBF and the material. It is worth noting that the
SBEF solution, in which the scaffold was immersed for 14 days, has a slightly basic
pH value of 8.5.

MTT and LDH assays were conducted to assess the in vitro performance of M_02
using MG-63 osteoblast-like cells, as depicted in Figure 10. The MTT tetrazolium salt
viability assay serves as an indirect method for evaluating cell viability. This approach
measures the overall metabolic activity of osteoblast-like cells after 48 h of incubation with
3D-printed ceramic samples. The cells” ability to metabolize MTT into formazan is directly
proportional to their viability. Consequently, osteoblast-like cells cultured in the presence
of M_02 samples exhibited a biocompatible behavior like the negative control (NC), with a
determined cell viability of 104.07 & 2.56% (p = 0.11). In contrast, the determined viability
for the positive control (PC) was significantly lower at 12.12 £ 2.26 (p < 0.001), as shown in
Figure 10a.

On the other hand, the measurement of lactate dehydrogenase (LDH) release into
the extracellular medium serves as an indicator of cell death resulting from membrane
ruptures. LDH is a cytosolic enzyme, and its presence outside the cell is an indicator of
necrosis. In the case of the 3D-printed ceramic samples, there were no significant quantities
of released LDH detected, with a value of 1.04 & 0.02 (p = 0.09), compared to the negative
control (see Figure 10b). Conversely, the positive control samples showed a higher LDH
release of 3.85 &= 0.31 (p = 0.004).

Based on these quantitative measurements, it can be concluded that the presence of
the 3D-printed ceramic samples did not significantly affect the viability of osteoblast-like
cells. Additionally, a minor increase in cell proliferation can be observed, although it
is not statistically significant compared to the negative control. The morphology of the
osteoblast-like cells cultured on the 3D-printed ceramic samples appears normal, with
cells maintaining a characteristic prolonged polygonal shape, typical of osteoblast cells (as
shown in Figure 11). Furthermore, the actin filaments of MG-63 cells closely follow the
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scaffold’s architecture, indicating that the M_02 samples provide a suitable substrate for
the attachment and growth of osteoblast-like cells.
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Figure 10. Viability assessment of the 3D-printed ceramic samples: (a) MTT tetrazolium-salt viability
assay; (b) lactate dehydrogenase (LDH) release for MG-63 osteoblast-like cells cultured in the presence
of M_02 samples during 48 h.
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Figure 11. Morphology of the MG-63 osteoblast-like cells cultured onto 3D-printed M_02 ceramic
samples; green—actin filaments; blue—nuclei (subfigures (a—c): different zoomed areas).

The main purpose of scaffolds in bone tissue engineering is to support the cells’
attachment and growth, enabling a 3D biomimetic environment. Here, the obtained
3D walstromite scaffolds clearly provide a suitable architecture for the osteoblast-like
cells, comparable with that of the natural bone. Moreover, the rough surface of the fila-
ments facilitates the adherence of the MG-63 cells, which follow the conformation of the
3D structure.

The hydroxyapatite phase that occurred following the immersion in the simulated
body fluid enhances the texture of the 3D scaffold, resulting in round-shaped calcium
phosphate aggregates lining the exposed extremities of the material. These structures on
their own showcase a high specific surface area due to the platelet-like structure, providing
many attachment points for the osteoblast cells. Due to these morphological features, the
cells are able to form strong connection to the scaffold, finally leading to improved osseoin-
tegration into the in vivo environment. The first biological molecules interacting with the
biomaterial upon immersion in a biological environment are the proteins in the media.
Then, the attachment of the cells happens. It has been shown that the nanotopography
of the calcium phosphate-based materials influence the conformation of these proteins,
leading to an improved response of the osteoblast cells when they finally adhere to the
material [46]. Additionally, it has been shown that bioactive materials leading to the forma-
tion of nanostructured hydroxyapatite promote the cells’ proliferation and differentiation
in vitro and in vivo [47].
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Additionally, the proposed new material offers the biocompatible setting required
for the growth of the osteoblast cells, which is a mandatory requirement of biomaterials,
proving a behavior comparable to that of classic hydroxyapatite-based [38,48,49] or calcium
silicate-based [50,51] scaffolds obtained through 3D printing. To the best of our knowledge,
this is the first time the walstromite biocompatibility was investigated for osteoblast-like
cells in tissue engineering applications. Moreover, the proposed walstromite-based 3D-
printed scaffolds clearly offer prospective clinical applications in the management of bone
defects, such as limited defects, defects where bone fragments have contact, and segmental
defects. The large applicability is given by the implication of the 3D printing technique and
possibility to employ a previous CAD-CAM scanning step in order to design the scaffold
according to the patient’s need. This opens up future implications of the proposed devices
in the personalized medical management of bone defect reconstruction.

4. Conclusions

This study has explored the potential utility of walstromite (BaCaySizOg) as a funda-
mental material for the development of novel bioceramics for bone regeneration using 3D
printing technology.

The research rigorously characterizes the synthesized bioceramic scaffold through
multiple techniques, including X-ray diffraction (XRD) and scanning electron microscopy
(SEM). These analyses provide essential insights into the material’s composition and mor-
phology. This study confirms that the specific ceramic properties of the scaffold, including
apparent density, absorption, open porosity, and compressive strength, fall within the
acceptable range for practical utilization in bone regeneration.

Through immersion in simulated body fluid (SBF), this study demonstrates the scaf-
fold’s capacity to form a phosphate layer on its surface, indicating a high degree of in-vitro
bioactivity, a critical attribute for bone tissue engineering. The assessment of the ceramic
scaffold’s biocompatibility using MG-63 osteoblast-like cells underscores its suitability as
a platform for cell growth and reveals no cytotoxic effects. Morphological analysis of the
cultured cells on the ceramic scaffold shows that the material accommodates the attachment
and growth of osteoblast-like cells.

In summary, this investigation provides substantial evidence supporting the viability
of walstromite-based bioceramics, particularly when fabricated as 3D-printed scaffolds,
for applications in bone tissue regeneration. This research opens avenues for further
exploration and development in the realm of medical biomaterials and bone regenerative
therapies.
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