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ARTICLE INFO ABSTRACT

Keywords: Biocompatible ceramic scaffolds offer a promising approach to address the challenges in bone
Scaffolds reconstruction. Wollastonite, well-known for its exceptional biocompatibility, has attracted sig-
Propolis

nificant attention in orthopedics and craniofacial fields. However, the antimicrobial properties of
wollastonite have contradictory findings, necessitating further research to enhance its antibac-
terial characteristics. This study aimed to explore a new approach to improve in vitro biological
response in terms of antimicrobial activity and cell proliferation by taking advantage of additive
manufacturing for the development of scaffolds with complex geometries by 3D printing using
propolis-modified wollastonite. The scaffolds were designed with a TPMS (Triply Periodic Min-
imal Surface) gyroid geometric shape and 3D printed prior to impregnation with propolis extract.
The paste formulation was characterized by rheometric measurements, and the presence of
propolis was confirmed by FTIR spectroscopy. The scaffolds were comprehensively assessed for
their mechanical strength. The biological characterization involved evaluating the antimicrobial
effects against Staphylococcus aureus and Staphylococcus epidermidis, employing Minimum Inhib-
itory Concentration (MIC), Zone of Inhibition (ZOI), and biofilm formation assays. Additionally,
Sa0s-2 cultures were used to study cell proliferation (Alamar blue assay), and potential osteo-
genic was tested (von Kossa, Alizarin Red, and ALP stainings) at different time points. Propolis
impregnation did not compromise the mechanical properties of the scaffolds, which exhibited
values comparable to human trabecular bone. Propolis incorporation conferred antibacterial
activity against both Staphylococcus aureus and Staphylococcus epidermidis. The implementation of
TPMS gyroid geometry in the scaffold design demonstrated favorable cell proliferation with
increased metabolic activity and osteogenic potential after 21 days of cell cultures.
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1. Introduction

Systematic reviews about different bone regeneration techniques have been frequently reported in the last five years, and recurrent
conclusions are found. The design of randomized clinical trials to study bone healing, stability, complications, aesthetics, cost, and
surgical time of bone graft procedures is required [1]. Several diseases related to bone tissue affect the quality of life in patients around
the globe [2]. Bone from the iliac crests, ribs, or flat bones from the skull may be used for congenital defects, such as craniosynostosis
and cleft palate, as well as defects associated with trauma, tumors, and other pathologies [3]. However, the highest limitations of bone
grafting for craniofacial areas are the availability of bone tissue for autograft and the morbidity of surgical procedures during bone
harvesting. Orthopedic, neurosurgery, plastic surgery, and dentistry conduct more than 2.2 million procedures for bone re-
constructions per year [4]. Although such treatment approaches are safe and predictable, failure rates have been reported to range
between 1.5 and 20 % [5] mainly caused by bacterial osteomyelitis during the post-surgical stage. These failures might increase due to
drug resistance to superbug spreading in hospitals [6], but natural products might provide new tools to fight these microorganisms [7].

Bone regeneration is a complex process in which biological aspects, such as bacteria/cell homeostasis and osteogenesis, inner-
vation, and angiogenesis, and physical features (architecture and mechanical properties) from macro and nanoscale need to be
considered. Several 2D and 3D technologies have been developed to provide new approaches to improve bone repair. However, in the
pathway from bench to clinical use, several technologies have not crossed the stages of in vitro studies, since many questions remain to
be answered, including scalability, massive sterilization, and quality control of products derived from these current technologies.
Another restriction for these technologies to mature has been one that is inherent to the public health system: a systematic review that
evaluated 158 studies found an imbalance in the technical set-up between public hospitals and private hospitals/companies to simulate
and fabricate customized 3D bone grafts for complex patients. They also found that the main challenges are related to time, equipment
cost, and lab-technician skills [8].

Bone regeneration is a size-defect-dependent process ranging from self-repairing (<4 mm) to critical-sized bone defects that are not
repaired naturally or are repaired by different tissues. Open alveoli derived from exodontia, gunshot trauma, or congenital defects need
different bone graft volumes [9]. Open alveoli might be filled using lyophilized bone particles or calcium/phosphate synthetic
powders. However, other defects, exhibiting complex shapes, have been treated using membranes or metallic mesh to maintain the
bone particles confined. However, these approaches present several complications during surgery.

CAD/CAM based on subtractive techniques allows the building of customized bone grafts using polymer, metallic (titanium alloys),
and ceramic materials (zirconia, alumina, feldspathic porcelain) that exhibit limited biological functionality [10]. Similarly, 3D-engi-
neered scaffolds combining polymer, metallic, or ceramic materials to module or carry cells, drugs, or molecules have been developed.
Their mechanical features include a 2-50 MPa compressive strength 11-13] and porous size between 300 and 1200 pm [14]. Several
techniques have been used to manufacture these scaffolds, including replica molding, sacrificial layers, ice molding, and salt leaching
[15]. Currently, 3D printing and combined methods, including 3D printing and electrospinning, have been developed to combine the
micro and nano scales, but they remain in vitro approaches. However, FDM techniques, stereolithography, selective fusion by electron
beam, and ceramic sintering have been reported for maxillofacial clinical applications [16]. 3D direct printing of bioceramic slurries
shows advantages, such as lower costs and improved mechanical properties. This technique assists in obtaining multiscale porosity
which is properly distributed and located to favor osteogenesis and neovascularization. However, its main disadvantage is related to
low efficiency [16,17].

Wollastonite (CaSiO3) is a mineral that exhibits high in vitro reactivity to produce hydroxyapatite on surfaces [18], increase cellular
viability, and promote differentiation of the osteoblast lineage [19]. Its mechanical properties are similar to cortical bone [20,21].
However, pure wollastonite produced by sol-gel methods has shown poor antibacterial activity [22,23]. Several modifications of
wollastonite have been described to promote antibacterial properties, such as silver, copper, and titania doping. However, their clinical
applications are not reported [24,25]. Other strategies have been used to produce functionalized scaffolds loaded with antimicrobial
drugs, including minocycline, vancomycin, penicillin, and streptomycin [26]. However, to the best of our knowledge, these drugs have
been used to coat bioceramics and bioglass scaffolds, and although antibacterial properties were found, a controversy is maintained
about whether these types of functionalization contribute to the increase in the production of super-resistant strains. Currently, natural
antimicrobial products, such as oregano, garlic, turmeric, and propolis avoid such risks due to their composition, which includes
phenols, quinines, saponins, flavonoids, tannins, coumarins, terpenoids and alkaloids [27]. Propolis has been reported as
non-inflammatory [28], a protector of nervous fibers, tissues, and apoptotic processes. It is also antioxidant and antimicrobial [29-38].
In this context, wollastonite scaffolds impregnated with propolis might control bacterial growth in the initial stages of bone healing
and might prevent the occurrence of superbug strains, thus contributing to enhanced bone repair.

The purpose of this work was to fabricate antibacterial and biocompatible propolis-modified wollastonite 3D-printed scaffolds to
improve the in vitro biological response in terms of antimicrobial behavior and cell proliferation. In this way, the scaffolds produced are
enhanced as tools for bone regeneration.

2. Materials and methods
2.1. Ceramic slurry preparation

The ceramic paste is composed of commercial wollastonite powder (NYAD® M1250) with a particle size of 4 pm and acicular
morphology, Polyvinyl alcohol (PVA, Sigma, 98 % hidrolyzed, USA), Carboxymethyl cellulose (CMC, Sigma, USA), and deionized
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water. The formulation of the ceramic paste was obtained through the application of a fractional factorial design of experiments, in
which each component of the mixture was taken as an input variable, and the required force to extrude the suspension into a syringe
was studied as a response variable. The experiment was conducted by applying normal force using a universal testing machine (Instron
3366 Universal Testing System) with a 500 N load cell, thus simulating the printing process. The proportions ultimately used for
printing with the prepared ceramic paste were Wollastonite 59.97%w/w, CMC 0.03%w/w, deionized water 37.75%w/w, and PVA
aqueous solution 2.25%w/w.

A 5 % v/v aqueous solution of polyvinyl alcohol (PVA) was prepared. Separately, CMC was added at 0.01 wt% to the dry
wollastonite powder in a beaker. The premixtures were homogenized. The PVA aqueous solution was added to the powder mixture.
The mass of the powder was 1.5 times the mass of the PVA aqueous mixture. The suspensions were manually mixed with a spatula and
then a Heidolph DIAX 900 homogenizer was used at a speed of 8000 rpm for 4 min to homogenize the suspension. Subsequently, the
suspensions were refrigerated at 4 °C for 24 h. The suspensions were mixed again before printing. This ensures a homogeneous and
smooth flow of the suspension during printing.

2.2. Rheological behavior

The rheological behavior of the suspensions was evaluated using an automatic dynamic shear rheometer (RHEOTEST® medingen
GmbH 81-PV6202). A 36 mm diameter plate configuration (P1) with a 0.5 mm gap was used. A range of shear rates from 0.01 to 100 s-
1 was evaluated, and shear stresses were measured.

2.3. 3D printing

The scaffolds were printed using a 3D printer (Delta WASP 2040). The G-code used to print the scaffolds was generated using Cura
software (Ultimaker, Netherlands). A *.STL file was used to define the volume of the sample. It was then sliced using the Gyroid infill
pattern, without outer walls. The parameters used for the printing process are listed in Table 1.

A custom-made printer head was used to hold a 5 ml syringe with an 18-gauge needle. A microscope slide was used as the printing
substrate. The scaffolds were printed using a triple periodic minimal surface (TPMS) infill pattern [39]. Two different scaffold ge-
ometries were printed: cylindrical (» = 10 mm and h = 5 mm), and cubic (w = 16 mm, 1 = 16 mm and h = 10 mm) which were used for
biological and mechanical characterization, respectively. Scaffolds were printed and air-dried for 24 h.

The scaffolds were printed and air-dried for 24 h. Then, the scaffolds were subjected to a heat treatment in a Sentro Tech SX1700
oven using the following curve: from room temperature to 200 °C with a heating rate of 2 °C/min, this temperature was maintained for
1 h. Then, the temperature was increased to 500 °C at 2 °C/min, and this temperature was maintained for 3 h to remove organic
residues. In the final phase of the heat treatment, aimed at sintering, the scaffolds were exposed to a temperature of 1180 °C for 3 h
[40]. This temperature was reached at a rate of 2 °C/min. After the heat treatment, the samples were allowed to cool naturally.

2.4. Porosity and pore interconnectivity

To measure the porosity and pore interconnectivity of the scaffolds, the ASTM C373-88 standard [41] and the method described by
Liu et al. [42] were used. The apparent density of the scaffold (p,) is calculated using equation (1).

py=Wp/Ws — Wy 1
Where Wy, is the weight of the dry scaffolds, Wy is the weight of the immersed scaffolds, and Wg is the weight of the saturated scaffolds.

Then the total porosity of the scaffold (¢,) was calculated using equation (2) to determine the water absorption capacity of the
scaffold.

@, =Ws—Wp / Wp x 100 2

Table 1

Printing and infill parameters.
Parameter Value
Layer Height 0.7 mm
Initial Layer Height 0.4 mm
Line width 0.3 mm
Wall line count 0
Top/Bottom thickness 0.0 mm
Infill density 10 %
Infill line distance 1.5 mm
Infill pattern Gyroid
Infill overlap percentage 5.0 %
Infill overlap 0.015 mm
Flow 20 %
Print speed 3.0 mm/s

Travel speed 40 mm/s
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To obtain a measure of the interconnectivity between the pores, it was necessary to calculate the open porosity (¢,) using equation
(3). Lastly, the percentage of interconnected pores (P;) was calculated using equation (4). p, corresponds to the theoretical density of
water, and p, is the real density of the scaffold. To obtain the real density (p,) of the scaffold, the pycnometer method was employed
[43]. For this purpose, a scaffold was pulverized, and the weight of a clean and dry pycnometer (M;), was measured. Then, the
pycnometer was filled with distilled water until the meniscus, and its mass (M), was obtained. Next, the pycnometer was emptied to
half of its volume, and the weight (M3), was measured. Subsequently, the pulverized scaffold was added to the pycnometer, and the
weight (M) was determined. Finally, the pycnometer was filled again with distilled water, ensuring the elimination of air bubbles and
avoiding their formation. The weight after filling was measured as (Ms). The mass of the scaffold was calculated as (M4 — M3), and its
volume is the volume of the displaced liquid.

2.5. Propolis samples and Extraction

The propolis samples were obtained from beehives located in the Araucanian foothills, Colombia, and were supplied by beekeepers
from Tame (Colombia). Once collected, the propolis samples were stored at 4 °C. Ethanol extracts of propolis were prepared by mixing
10 g of each propolis sample with 100 mL of 70 % v/v ethanol. It was kept under agitation for 48 h at a controlled speed of 120 rpm at
37 °C and then subjected to a gravity filtration process. A rotary evaporator (RE-20000E) at 40 °C and 2.5 Bar was used to remove the
solvent and obtain clarified propolis extracts.

2.6. Scaffold impregnation procedures

For the impregnation of the scaffolds, 20 pL of ethanolic propolis extract was added to the surface of each scaffold. They were
placed in a positive pressure chamber (Wiropress, BEGO) for 3 min. Once it was confirmed that the extract had been absorbed, the
process was repeated until the total absorbed volume reached 150 pL.

2.7. FTIR

For Fourier Transform Infrared (FT-IR) analysis, the propolis extracts, sintered wollastonite, and propolis-impregnated wollastonite
were evaluated using a spectrometer (Spectrum 2, PerkinElmer) with an attenuated total reflectance accessory. At least 3 spectra were
obtained from different areas in each sample (each spectrum represents the average of 100 scans between 400 cm™! and 4000 cm-1
with a resolution of 4 cm ™). Subsequently, baseline correction and the average spectrum were calculated using numerical software
(Matlab, Mathworks, Mass).

2.8. Biological characterization

The antibacterial activity was evaluated against the standard strains Staphylococcus aureus (ATCC 25175) and Staphylococcus
epidermidis (ATCC 12228) following the procedure described by the Clinical and Laboratory Standards Institute (CLSI). The strains
were previously inoculated onto Petri dishes containing Mueller Hinton agar (Merck, Germany) and incubated at 37 °C for 24 h. To
obtain bacterial inocula, the strains were cultured to the exponential phase in Brain Heart Infusion medium (Merck, Germany) at 37 °C
for 24 h and adjusted by diluting fresh cultures to achieve turbidity equivalent to 90 NTU (approximately 1.5 x 108 CFU/mL).

To determine the MIC, the broth microdilution assay was performed in 96-well microplates. A volume of 100 pL of Mueller Hinton
broth (Merck, USA) and 100 pL per well of the propolis ethanolic extract (EEP) were added, following the procedure described by the
CLSI with some modifications [44]. A stock solution of 100 mg/mL of EEP was prepared and then diluted in Mueller Hinton broth using
serial dilutions (in a 1:2, v/v ratio) at concentrations ranging from 50 to 2000 pg/mL in the microplates. Approximately 50 pL of
bacterial suspension, with an approximate concentration of 1.5 x 10° CFU/mL, was added to the wells containing 100 pL of Mueller
Hinton broth with different final concentrations of EEP. The results were observed after adding 50 pL of resazurin solution (100 pg/mL)
and incubating again at 37 °C for 2 h. Blue staining in the microplates indicated the absence of bacterial growth for S. aureus and
S. epidermidis, while pink staining indicated bacterial growth. Dilutions with 70 % v/v ethanol (solvent of the extracts) in Mueller
Hinton broth were performed to assess the ethanol’s impact, and Mueller Hinton broth was used as the negative control. The MIC
values were defined as the concentration that inhibited bacterial growth. This assay was performed in triplicate.

The disk diffusion method was used to evaluate the antibacterial activity. Twenty milliliters of Mueller-Hinton agar medium were
poured into Petri dishes. Each Petri dish was inoculated with the bacterial inoculum (approximately 1.5 x 10® CFU/mL). Subsequently,
the scaffolds impregnated with propolis extracts (IS) and without propolis extracts (US) were placed. Chlorhexidine and PBS were used
as positive and negative controls, respectively. After 24 h of incubation at 37 °C, the zone of inhibition was measured in mm using
Image J software. Each experiment was performed in triplicate.

For biofilm formation inhibition tests an inoculum of 90 NTU (approximately 1.5 x 108 CFU/mL) was prepared, and two serial
dilutions at a 1:10 ratio were performed to obtain a concentration of 1.5 x 10° CFU/mL for each strain. Sterilized scaffolds were
divided into a) the first group consisted of propolis-impregnated scaffolds (IS), and b) the second group consisted of untreated scaffolds
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(US). Each group was inoculated with 1 mL of the respective strain’s inoculum. The scaffolds were incubated for 24 h and 48 h at 37 °C
and 5 % CO». After the incubation period, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, Merck, Germany)
was added, and the scaffolds were further incubated for 2 h at 37 °C and 5 % CO». The MTT solution was then removed, and dimethyl
sulfoxide (DMSO, Sigma, USA) was added. Absorbance at 550 nm was measured using a spectrophotometer (Zeiss, Germany).

Human osteosarcoma cells (Sa0S-2) provided by Dr. Yvonne Roger from Clinic for Orthopedics at Hannover Medical School were
used, they are isolated cells from human osteosarcoma (connective and supportive tissues). The cells were seeded in high-glucose
DMEM medium (Roth, Germany) supplemented with 10 % heat-inactivated fetal bovine serum (FBS) (Bio&sell, Germany) and 1 %
penicillin-streptomycin at 37 °C and 5 % COy, for the first 7 days. The medium was changed every 24h. Subsequently, the cells were
exposed to a differentiation medium adding 5 mM f-glycerophosphate (Merck, Germany), 50 mM ascorbic acid (Merck, Germany), and
10 nM dexamethasone (Merck, Germany) for 28 days.

For cell cultures, sterile scaffolds were taken and immersed in PBS (Merck, Germany) for 72 h to prevent an initial burst release of
calcium ions that could potentially damage the cells. Scaffolds were impregnated with 150 of propolis (IS) and the control group were
untreated scaffolds (US).

For the cell proliferation assay 5 x 10* cells/cm? of Sa0S-2 were seeded onto IS and US in a 24-well plate (TPP, Switzerland) and
cultured for 28 days in the previously described medium. Cell viability measurements were taken at 1, 3, 7, 14, 21, and 28 days. Cell
viability was determined using a resazurin reduction method [45]. A working solution of 44 pM Alamar Blue Reagent was prepared in a
preheated culture medium immediately before the experiments, and 1 ml was added to the samples. The cultures were incubated for
1.5 h with the Alamar Blue reagent, and fluorescence measurements were quantified using a fluorescence reader (Tecan Infinite M200
Nanoquant, USA) with an excitation wavelength of 570 nm and an emission wavelength of 600 nm. A calibration curve of cell number
and fluorescence measurement was constructed (r> = 0.98). Additionally, the assay was performed in 24-well plates and cultured
under the same conditions as the scaffolds to obtain a control measurement. The results are expressed as the percentage of viability
found on the scaffolds relative to control samples. The assays were performed in triplicate.

To evaluate the morphology of cell adherence, the scaffolds were observed using a scanning electron microscope (SEM, S3400 N,
Hitachi, Japan) obtaining images with secondary electrons (SE) and backscattered electrons (BE) using a working distance of 30 mm
and an acceleration voltage of 20 kV. The scaffolds were prepared by washing with 0.1 M cacodylate buffer (Merck, Germany) and then
fixed with 3 % glutaraldehyde (Merck, Germany) for 10 min. They were subsequently washed with PBS (Merck, Germany) and
dehydrated using sequential ethanol solutions (from 25 to 99 % v/v). After overnight drying, a 35 nm layer of Au-Pd was coated onto
the samples using a Minisputter SC7620 (Quorum Technologies, UK).

A qualitative approach to the osteogenic process was performed using histochemical staining, presence in the extracellular matrix
of calcium (von Kossa assay and Alizarin Red), and Alkaline Phosphatase (ALP assay) was conducted. Initially, SaOS-2 cells were
seeded (5 x 10* cells/cm?) onto IS and US scaffolds in a 24-well plate (TPP, Switzerland) and cultured for 7 days in the aforementioned
medium. On day 7, the cells were cultured with a differentiation medium, and staining measurements were taken at 21 and 28 days.
Additionally, cells were seeded in 24-well plates without scaffolds to observe the morphology and behavior of the cell line without
scaffold interaction. The cells were fixed to the scaffolds with 3 % glutaraldehyde (Merck, Germany) for 15 min and then washed with
PBS (Merck, Germany).

For von Kossa staining, scaffolds were treated with a 1 % silver nitrate solution (Merck, Germany) and exposed to UV light for 1 h.
They were then washed with distilled water and covered with a 5 % sodium thiosulfate solution (Merck, Germany) for 3 min. After a
wash with distilled water, the scaffolds were left to dry [46]. For Alizarin Red staining, scaffolds were treated with sterile 4 nM Alizarin
Red (Merck, Germany) solution for 2 min, washed with deionized water, and then 10 mM HCl in 70 % ethanol was applied for 15 s. The
scaffolds were left to dry. For the ALP staining, the Na-naphthyl phosphate (Merck, Germany) solution was added with Tris buffer
(Sigma, USA) and stirred for 10 min. Then, fast blue (Sigma, USA) was added and kept stirring for 5 min. The staining solution was
added and kept in the dark for 1 h, followed by a wash with PBS and allowed to dry [46]. Finally, the scaffolds were observed using
light microscopy (Zeiss Stemi DV4) [46]. Staining on scaffolds without cells was used as a control measure for staining on the material.
The experiments were conducted in triplicate.

2.9. Mechanical test

The mechanical response of the samples was measured by monotonic compression at a rate of 0.5 mm/min using a UTS (Instron
3366, Instron, MA, EE.UU.) equipped with a 10 kN load cell. The compressive load and displacement were recorded during the tests
and the maximum load or failure load of each test was used to calculate the maximum stress supported by the samples as a measure of
the compressive strength of each scaffold. The measurements were taken at time 0, which describes the scaffolds before being sub-
jected to cell culture. Additionally, measurements were taken after 21 and 28 days of cell culture to get an estimation of the effect of
cell adherence on the mechanical response of the scaffolds.

2.10. Statistical analysis
All experiments were performed in triplicate. The results were expressed as mean =+ standard deviation (SD). Statistical analysis

was conducted using SPSS Statistics software (V21, IBM, USA). An unpaired Student’s t-test was used to assess the significance between
experimental groups. A p-value £ 0.05 was considered statistically significant.
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3. Results and discussion
3.1. Characterization of the scaffolds

The formulated ceramic paste allowed for the printing of cylindrical scaffolds with a TPMS gyroid geometry, measuring 5 mm in
height and 5 mm in radius, with an average pore size of 780 pm. Fig. 1a-c and Fig. 1i,j) shows the sinusoidal shape of the obtained
layers. Each printed layer measures approximately 500 pm. SEM photomicrographs of the wollastonite particles (Fig. 1 (d,e)) revealed
the characteristic prismatic crystal structure of this mineral. Elemental Energy-Dispersive X-ray Spectroscopy (EDS) characterization of
the scaffold obtained by 3D printing, showed the presence of Si, Ca, and O (Fig. 1(f-h)). In Fig. 1(k and 1) macrophotographs of the
scaffolds after being impregnated with propolis can be seen. The scaffolds geometry is not compromised by the impregnation of the
propolis.

The porosity and interconnectivity tests showed a total porosity of 50 + 4 %, an open porosity of 59 + 4 %, and a pore inter-
connectivity percentage of 84 + 1 %. High porosities are desired in the design of scaffolds for bone regeneration as they facilitate cell
proliferation processes [47]. The percentages of porosity present in natural bone tissue vary depending on the type of bone [48]. In the
case of trabecular bone, a total porosity between 30 % and 90 % has been reported. Specifically, for mandibular trabecular bone, the
total porosity ranges between 70 % and 90 %, while in cortical bone, it is found between 5 % and 30 %. Given the reported results, the
scaffold designed in this study has potential applications in the repair of trabecular bone tissue. Pore sizes larger than 300 pm enable
the adhesion, migration, and proliferation of osteoblasts through the activation pathway of mechanoreceptors, which is a crucial step
in the development of bone insertion devices.

3.2. Rheological response
The rheological response of the suspension revealed its non-Newtonian shear-thinning behavior. The data were fitted using the
Herschel-Bulkley model, as shown in Equation (5).
T=1,+ kye'n 5
Where 7 corresponding a shear stress (Pa), 7, is the yield stress (Pa), k is the consistency index (Pa * s"), y is the shear rate (s!) and n is
the flow index (dimensionless). The measured values in the suspension are presented in Table 2. The adjusted R? value was 0,99.

Considering the printing conditions, the inner diameter of the needle, and the volumetric flow rate of the suspension, the shear rate
was calculated using Equation (6).

Fig. 1. SEM Scanning Electron Microscopy (SEM) images of the scaffolds obtained through 3D printing. a-b) the curvature in the printed layers can
be observed, as well as the c¢) three-dimensional structure of the macropore walls, and finally, d-e) the prismatic structure of the characteristic
wollastonite crystals. f-h) Elemental Energy-Dispersive X-ray Spectroscopy (EDS) characterization of the scaffold obtained by 3D printing, showing
the presence of Si, Ca, and O. i-j) Macrophotographs of the untreated scaffolds (US) Scaffolds without propolis. k-)Macrophotographs of the
impregnated scaffolds of propolis (IS).
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where Q = 3.32x10~° m®/s (calculated as the volume of the printed paste divided by the time required to print that volume) is the flow
rate at the needle tip, and R = 4.19x10™* m is the internal radius of the needle. Therefore, the shear rate (y) of the suspensions during
printing was calculated to be 57.43 s, with an approximate viscosity of 0.155 Pa*s. When working with 3D inkjet printing, fluids are
typically subjected to shear rates higher than 10* s~! and residence times on the order of 5-250 ps [49]. However, the value reported in
this study is significantly lower, which is due to the presence of particle-laden ink, whose rheological behavior can differ from that of
particle-free ink [50]. The reported values are similar to those found in studies of cement materials used for 3D printing, which also
exhibit a particulate composition [51].

The apparent viscosity of a fluid, which represents its resistance to flow, is defined as the shear stress divided by the shear rate [52].
It is one of the most significant variables in the analysis of the rheological behavior of inks used in 3D printing. However, in the design
of inks for 3D printing, viscosity varies depending on temperature and shear stress applied during the printing process. In general, 3D
printing inks should exhibit non-Newtonian behavior [53]. Flows following the Herschel-Bulkley model demonstrate non-Newtonian
behavior within certain ranges of shear rate. However, outside of these ranges, a constant viscosity response is obtained, as observed in
the results of this study. Such flows are characterized by their stability within these ranges, facilitating the printing processes [54].

Clay paste is one of the most referenced models in the 3D printing of ceramics [55]. It is characterized by having viscosities not
exceeding 0.2 Pa*s, allowing for the attainment of high-resolution details in layer-by-layer modeling. The viscosity value obtained with
the formulated Wollastonite paste in this study is very close to that of the clay paste, explaining its ability to form three-dimensional
structures through 3D printing.

3.3. FTIR spectra

Fig. 2 (a and b) shows the FTIR spectra corresponding to propolis and wollastonite scaffolds impregnated with propolis. The
characteristic vibrational modes of propolis are observed in the region of 3200 cm ™! to 3600 cm .. It is possible to observe a broad
peak associated with the O-H stretching vibrational mode, which is commonly present in the phenolic groups of propolis. The presence
of flavonoids can be identified as typical signals of aromatic CH2, CH, and C=C groups in the region of 1340 cm ™! to 1360 cm ™.
Primary and secondary alcohols can be identified as characteristic bands associated with C-C, C-OH, and C-C-C groups in the region of
800 cm ! to 1100 em ™! [30,56]. The peaks corresponding to wollastonite can be identified in the range of 400 cm™* to 1200 cm ™. In
the region of 1010 cm ™! to 1100 cm ™2, the vibrational modes corresponding to Si-O-Si antisymmetric stretching vibration and O-Si-O
symmetric and antisymmetric stretching vibration are found. Additionally, the peaks located at 896 cm™! and 930 cm™! can be
associated with the non-bridging silicon-oxygen bond of Si-O, while the absorption peaks located between 450 cm ™! and 450 cm ™! are
associated with the vibrational modes of Ca-O [57,58]. Table 3 summarizes the information on the main peaks identified in the FTIR
spectra. These results show that the impregnation of the scaffolds using the methodology described above was successful.

3.4. Antimicrobial activity

The antimicrobial activity of ethanol extracts of propolis was measured in three different ways, and the results are shown in Fig. 3a-
d. First, the Minimum Inhibitory Concentration (MIC) was obtained against Staphylococcus aureus (ATCC 25175) and Staphylococcus
epidermidis (ATCC 12228). Then, inhibition zones were measured, and finally, the formation of biofilms on the scaffolds was quantified
in 24 and 48-h cultures. The sensitivity of the evaluated strains to the propolis extracts was found using all three methodologies. The
MIC was found to be between 1.1 & 0.5 mg/mL against S. aureus and between 1.7 + 0.3 mg/mL against S. epidermidis. Propolis samples
from Verona, Italy, showed similar activities when evaluated against 35 strains of S. aureus, with inhibition observed from a con-
centration of 1.2 mg/mL, and against 63 strains of S. epidermidis. Inhibition was obtained with concentrations ranging from 1.2 to 2.5
mg/mL [59]. However, propolis from other regions such as Algeria has shown much lower MIC values, requiring a smaller amount of
propolis to inhibit growth. These samples exhibited MIC values of 0.04 and 0.06 against S. aureus and S. epidermidis, respectively [60].
Given the highly variable and complex composition of propolis, it is highly likely to find samples with variable antimicrobial activity
against different bacterial species.

Zone of Inhibition assays (Fig. 3b) showed a considerable effect of the propolis ethanol extracts (EEP) against strains of S. aureus
and S. epidermidis, although the effect of the positive control (C+) was much greater. Scaffolds impregnated with propolis extracts (IS)
exhibited inhibitory effects against both evaluated strains, although the effect was significantly lower for S. aureus compared to EEP.
Untreated scaffolds (US) did not show any inhibitory effect. The sensitivity of S. aureus to EEP and impregnated scaffolds was
significantly higher than that of S. epidermidis.

Table 2
Herschel-Bulkley fitting parameters for Wollas-
tonite suspensions.

Parameter Value

T 167,66
—139,22

n 0.01
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Table 3
Main peaks identified in the FTIR spectra of the obtained scaffolds.
Frequency cm ™ Chemical Bond Assignment
3335 O-H OH bond
2973 C-H Saturation CH Groups
2845 C-H Hydrocarbons
1625 c=0 Amino acid flavonoid lipids
1647 C-0, COH Lipid, tertiary alcohols
1513 H-O-H Water
1453 CH, CH, and CH3 Flavonoids and aromatic rings
1380 CH CH groups of flavonoids
1269 OH C-CO Hydrocarbons
1080 C-C, C-OH Flavonoids and secondary alcohol groups
1043 = C-0-C, C-C, C-OH Primary alcohol groups
1070-902 0-Si-0 Silica
881 C-C-O- Primary and secondary alcohol groups
567-453 Sio SiO groups
453 CaO CaO groups

Propolis samples from different regions of Anatolia, Turkey, exhibited inhibition zones ranging from 8 to 11 mm against S. aureus
and from 8 to 12 mm against S. epidermidis [61]. This kind of propolis activity has been widely reported by authors who have studied
propolis from different regions, highlighting that the effect is more pronounced against gram-positive bacteria compared to
gram-negative bacteria [62].

The bacterial biofilm formation assay confirmed the behavior observed in the previous tests, as significantly higher absorbance
measurements were found in S. epidermidis cultures compared to S. aureus cultures, indicating that S. aureus is more sensitive to the
effect of propolis. The IS exhibited a significant reduction in biofilm formation compared to US, and this effect persisted for up to 48 h
of bacterial culture (Fig. 3d).

The antimicrobial activity of propolis has been largely attributed to the presence of organic compounds such as phenols, flavonoids,
flavanones, and terpenes, among others [63,64]. The propolis used in this study showed the presence of phenolic compounds and
flavonoids, indicating that these may influence the antimicrobial activity found against the evaluated species [65]. Propolis is char-
acterized by its varied and complex composition, which allows it to affect bacterial species through mechanisms that include damage
to the bacterial cell membrane [66], inhibition of bacterial enzymatic activity [67], induction of oxidative stress [68], and modulation
of virulence factors [69]. Red propolis from Shandong, China has shown the ability to affect intracellular metabolite concentrations
and metabolic pathways, leading to a decrease in bacterial biofilm formation, deformation of the cell wall, and reduced virulence of
multidrug-resistant strains of S. aureus [70]. This antimicrobial effect is common among propolis from different regions and has even
been observed to have antifungal activity, antimicrobial activity against mycobacteria [71], and even activity against certain viruses
[72].

The activity of propolis against strains such as S. aureus is a significant finding, as this is one of the bacteria with a high potential to
develop resistance to antibiotics including macrolides, aminoglycosides, and fluoroquinolones. This is due to the ability of these
bacteria to rapidly adapt to the presence of antibiotics through their enzymatic activity [73]. Staphylococcus species are characterized
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Fig. 3. Antibacterial activity. a) Zone of inhibition measurements of EEP, Untreated Scaffolds (US), and Propolis-Impregnated Scaffolds (IS) against
S. aureus and S. epidermidis. b) image of inhibition zone of EEP, Untreated Scaffolds (US) and Propolis-Impregnated Scaffolds (IS) against S. aureus
and S. epidermidis. ¢) Viability of biofilm formation after 24 h of culture on Untreated Scaffolds (US) and Propolis-Impregnated Scaffolds (IS) against
S. aureus and S. epidermidis. d) Viability of biofilm formation after 48 h of culture on Untreated Scaffolds (US) and Propolis-Impregnated Scaffolds
(IS) against S. aureus and S. epidermidis. Results are stated as means + SD (n = 3) (**p < 0.05, and (ns) points to non-significant difference). All the
measurements of the zone of Inhibition are in mm.

by their ability to encode a-helical amphipathic peptides known as phenol-soluble modulins (PSMs) [74]. These PSMs are associated
with their virulence capacity, being involved in proinflammatory and cytolytic processes, and are also related to the modulation of
adhesins responsible for biofilm formation. PSMs vary among species, therefore they can exhibit different levels of sensitivity to
antimicrobial agents. It is for this reason that the activity of the propolis used in this study is much higher in S. aureus than in
S. epidermidis.
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Fig. 4. Cell culture/proliferation. a) Viability Percentage of SaOS-2 on Untreated Scaffolds (US) scaffolds without propolis and Impregnated
Scaffolds of propolis (IS) b) SEM of adherence of SaOS-2 on Untreated Scaffolds (US) after 21 and 28 days of culture. c-e) SEM of adherence of SaOS-
2 on Impregnated Scaffolds (IS) after 21 and 28 days of culture. Results are stated as means + SD (n = 3) (**p < 0.05, and (ns) points to non-
significant difference).
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3.5. Cell viability/proliferation

Cell proliferation assays showed cellular growth in both IS and US scaffolds (Fig. 4a). During the first 3 days, fluorescence signals
were very low in both scaffold groups, indicating a proliferation rate of less than 10 %. From day 7 onwards, there was an increase in
cell proliferation in both scaffold groups, reaching a proliferation rate of 50 %. On day 14, proliferation in both groups exceeded 80 %,
showing significant differences between the two groups. In propolis-impregnated scaffolds, the proliferation process was considerably
slower. This trend persisted until day 21, at which point proliferation was close to 100 % in both scaffold groups without significant
differences. From day 28, a decrease in cell proliferation was observed, with a decrease of approximately 30 % compared to the
proliferation achieved on day 21. SEM imaging of 21 and 28-time points (Fig. 4 b-e) revealed that the SaOs-2 cells were able to adhere,
spread, and propagate on the fabricated scaffolds. SaOs-2 generally exhibited a cuboidal-like morphology typical of mature osteo-
blasts, and numerous filopodia interacting with other cells and the surface of scaffolds [75]. Multilayered lamellar-like structures
formed by cells and presumably other extracellular matrix components were also observed [76].

The results obtained show that propolis can slow down the cell proliferation process of the SaOS-2 cell line during the first 14 days
of culture. However, when proliferation reaches approximately 80 %, this effect becomes imperceptible. Propolis has been tested on
human cell lines and has not shown cytotoxic effects at concentrations below 1.4 kg/mL [77]. However, when evaluated on certain
types of cancer cells, including Sa0OS-2, it has been observed that propolis influences the processes of transporting elements into the
cell, which can slow down the proliferation processes [78]. This activity has been associated with the phenolic compounds present in
propolis [79], which aligns with the findings of this study, where propolis-impregnated scaffolds delayed the process of cell prolif-
eration during the first week until reaching a cell population dense enough to survive the effect of propolis.

In addition to the effect of propolis, one of the objectives of this study was to verify if the employed three-dimensional geometry
facilitates proliferative processes. This was demonstrated by achieving a viability percentage close to 100 % on day 21, indicating that
the employed TPMS gyroid geometry might promote cell growth due to its interconnected porosity and the curves generated layer by
layer. These results are consistent with previously reported studies, where 3D bioceramic scaffolds using materials such as bioactive
glass and calcium phosphates have been shown to enhance the process of cell proliferation[80-82].

3.6. Osteogenic potential

The von Kossa staining was used as a qualitative approach to evaluate the presence of calcium-phosphate in the extracellular matrix
of cell cultures (SaOs-2) or on cell/biomaterials constructs [83]. A mineralized extracellular matrix might be a reliable indicator of the
osteoinductive capacity of biomaterials [84]. Fig. 5g—i shows images of cell cultures on TCPS wells, used as controls. They have been
presented with positive staining for calcium-phosphate (Fig. 5h, black nodules) at day 21, and the deposition increases with the in-
cubation time (Figs. 5i and 28 days). Both scaffold groups (Fig. 5b and ¢ and 5e, f), showed nodules of calcium-phosphate highly
distinguishable compared to control (Figure a, d). Although von Kossa is a qualitative evaluation, significant differences in intensity
and area covered between both groups might be observed at 21 days. For 28 days of culture, the calcium-phosphate deposition differs
in the two scaffold groups; lower area and intensity of deposits of calcium-phosphate in the extracellular matrix might be observed in

Ctrl 21d 28d

Fig. 5. von Kossa staining of SaOS-2 cultures on a-c) Untreated Scaffolds (US), d-f) Impregnated Scaffolds (IS), and g-i) TCPS. Time points. 21 and
28 days. Control (CTRL).
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the IS group (Fig. 5f) compared to US group (Fig. 5c¢) scaffolds. These findings are consistent with previous reports [85], where positive
results showed that cells exhibited a strong proliferation and osteogenic ability [86]. The areas shown are representative of the
corresponding cell layer at the experimental conditions selected.

The Alizarin Red Staining was used as a qualitative approach to evaluate the presence of calcium deposits on MEC of cell cultures
and constructs cells/3D-printed scaffolds. The Alizarin Red Staining for control samples revealed that no calcium deposits had been
marked (Fig. 6g). Both groups of scaffolds without cells exhibit a positive staining, with little intensity (Fig. 6 a, d). After 21 days of
culture, both scaffolds (Fig. 6 b, e) exhibit a marked intensity of calcium deposits, as well as, it might be observed in TCPS wells
(Fig. 6h, red nodules). Finally, after 28 days of culture, all groups showed positive staining of calcium deposits (Fig. 6¢, f and, i).

The alkaline phosphatase (ALP), a marker of the osteoblastic phenotype, is expressed when progenitor cells differentiate into
osteoblasts. Therefore, the number of osteoblasts increases [84]. The results of the staining in the TCPS cultures, used as controls, were
positive after 21 and 28 days of culture. (Fig. 7a-i). The results show that ALP was observed at both time points in this control culture,
with much more intense staining on day 28. In the case of staining on the scaffolds, it can be observed that the control scaffolds
exhibited a few brown colorations, while the scaffolds subjected to culture showed intense brown or black staining after 28 days
(Fig. 7a,d). This staining was less marked than that used to identify calcium deposits, but it follows the same trend. After 21 days of
culture (Fig. 7b, c, e,f, h), the IS group showed lower ALP staining than the US group. However, after 28 days of culture, more ALP
staining can be observed in the IS group compared to the US group (Fig. 7g-i).

Histochemical (von Kossa and Alizarin Red) and ALP staining techniques qualitatively confirm that mineralization processes might
be occurring on the scaffolds of both groups and that the longer they are maintained in culture, the greater the presence of ALP and
calcium might be obtained. In addition, ALP staining is used to evaluate the differentiation potential of pre-osteoblastic cells to form
mineralized tissues [87]. Since the assessed scaffolds increased ALP activity at longer culture times, they can be used as permanent
bone substitutes since they facilitate cell proliferation and induce the formation of new bone tissue. This trend might be observed in
other studies where quantitative ALP activity was evaluated where a significant and comparable increment ALP and marked von Kossa
and Alizarin Red staining on the scaffolds at later time points (21 and 28 days) was found [76].

Wollastonite has the potential to be used in the development of bone replacement devices, because it favors the mineralization
processes, as it has been described previously [88,89]. Wollastonite has allowed the generation of scaffolds by additive manufacturing
techniques for the repair of bone defects in vivo, where histochemical techniques such as von Kossa and Alizarin staining have been
used [90]. Wollastonite can attribute its bone regeneration-inducing properties to two important aspects, the first being its similarity to
apatite in natural bone tissue, and the second to the dissolution of bioactive inorganic ions, which encourages the generation of an
osteogenic environment in the pores of the scaffolds [91], where calcium and calcium-phosphate deposits might be found stained. In
addition, propolis has also been used in bone repair, using chitosan as a transport medium, it was possible to demonstrate acceleration
in the process of mineralization of demineralized bone matrix in its presence, this might be related to its ability to regulate the

us
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Fig. 6. Alizarin Red staining of SaOS-2 cultures on a-c) Untreated Scaffolds (US), d-f) Impregnated Scaffolds (IS) and g-i) TCPS control (CTRL). Time
points. 21 and 28 days. Control (CTRL). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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40 pm )

Fig. 7. ALP staining of SaOS-2 cultures on a-c) Untreated Scaffolds (US), d-f) Impregnated Scaffolds (IS), and g-i) TCPS control (CTRL). Time points.
21 and 28 days. Control (CTRL).

expression of TGF-$ which is involved at earlier stages of wound healing which are conferred by the presence of some compounds such
as flavonoids [92] which may be involved in inflammation modulation processes and although in this study, the inflammation process
was not evaluated, it is a desirable feature when developing bone replacement devices.

3.7. Mechanical response

Fig. 8 (a and b) shows the compressive strength results of the scaffolds before and after cell proliferation tests for 21 and 28 days.
Statistical analysis shows no significant differences between groups. Furthermore, the compressive strength of the scaffolds remains in
the typical values measured for trabecular bone (e.g., 0.1-16 MPa) [93-95]. These results are a clear indication that the propolis
impregnation treatment does not considerably affect the mechanical response and function of the scaffolds. It is worth noting in Fig. 7
that despite no statistically significant differences in the mechanical results, there is a considerable change in the variability of the
results of the scaffolds after 21 and 28 days of cell proliferation in comparison to the results at 0 days. This change in the results is due
to the cell proliferation and its adhesion to the scaffold, which therefore removes wollastonite particles from the surface of the scaffold
in specific places, hence changing the repeatability of the results.

4. Conclusion

In this study, a ceramic paste formulation of wollastonite was successfully developed with suitable rheological characteristics for
use in printing scaffolds with TPMS gyroid geometric shape, which exhibited a porosity of approximately 50 % and interconnectivity of
the pores. The scaffolds were impregnated with propolis obtained from Tame, Arauca (Colombia), and their presence was confirmed
through FTIR spectra analysis. The propolis impregnated in the scaffolds conferred antibacterial activity against Staphylococcus aureus
(ATCC 25175) and Staphylococcus epidermidis (ATCC 12228). Inhibition zone assays and bacterial biofilm tests indicated that S. aureus
is more sensitive to propolis’s effect than S. epidermidis. The activity of propolis against strains like S. aureus is significant, as this
bacterium has a high potential for developing resistance to antibiotics, including macrolides, aminoglycosides, and fluoroquinolones.
The results of cell proliferation assays showed cellular growth in both propolis-impregnated (IS) and untreated (US) scaffolds. The
presence of propolis in the scaffolds reduced the cell proliferation of the SaOS-2 cell line during the first 14 days of culture. However,
after proliferation reached 80 %, the difference became imperceptible. The use of TPMS gyroid geometry in the scaffold design was
favorable for cell proliferation. The presence of curved surfaces and interconnected porosity facilitated viability of nearly 100 % within
21 days of culture. The results obtained from von Kossa, Alizarin Red, and ALP staining assays indicate the presence of calcium and
phosphorus deposits on both propolis-impregnated and un-impregnated scaffolds. The impregnation of scaffolds with propolis does not
significantly affect the mechanical behavior of the scaffolds. The compressive strength of the scaffolds remains within the typical
values measured for trabecular bone (e.g., 0.1-16 MPa). The results obtained in this study position propolis-impregnated wollastonite

12



A.I Moreno Florez et al. Heliyon 10 (2024) e23955

a) b)
i 1S v — 5
- US Us
Us 28 d
2500 14 4

Load (N)
Compressive Strenght (MPa)

Displacement (mm)

=)
~
[

Time (d)

Fig. 8. Mechanical response. a) Load-displacement curve of Impregntaed scaffolds of propolis (IS) at time 0, Untreated scaffolds with propolis (US)
at time 0, and Untreated scaffolds with propolis (US) at time 28 d. b) Mechanical response of 3D printed wollastonite impregnated scaffolds with
propolis (IS) and Scaffolds without propolis treatment (US). There are no statistical differences between sample sets.

scaffolds as an interesting option for bone repair and regeneration.
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