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Context: The development of porous devices using materials modified with
various natural agents has become a priority for bone healing processes in the
oral and maxillofacial field. There must be a balance between the proliferation of
eukaryotic and the inhibition of prokaryotic cells to achieve proper bone health.
Infections might inhibit the formation of new alveolar bone during bone graft
augmentation.

Objective: This study aimed to evaluate the in vitro osteogenic behavior of
human bone marrow stem cells and assess the antimicrobial response to 3D-
printed porous scaffolds using propolis-modified wollastonite.

Methodology: A fractional factorial design of experiments was used to obtain a
3D printing paste for developing scaffolds with a triply periodic minimal surface
(TPMS) gyroid geometry based on wollastonite and modified with an ethanolic
propolis extract. The antioxidant activity of the extracts was characterized using
free radical scavenging methods (DPPH and ABTS). Cell proliferation and
osteogenic potential using Human Bone Marrow Stem Cells (bmMSCs) were
assessed at different culture time points up to 28 days. MIC and inhibition zones
were studied from single strain cultures, and biofilm formation was evaluated on
the scaffolds under co-culture conditions. The mechanical strength of the
scaffolds was evaluated.

Results: Through statistical design of experiments, a paste suitable for printing
scaffolds with the desired geometry was obtained. Propolis extracts modifying
the TPMS gyroid scaffolds showed favorable cell proliferation and metabolic
activity with osteogenic potential after 21 days. Additionally, propolis exhibited
antioxidant activity, whichmay be related to the antimicrobial effectiveness of the
scaffolds against S. aureus and S. epidermidis cultures. Themechanical properties
of the scaffolds were not affected by propolis impregnation.
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Conclusion: These results demonstrate that propolis-impregnated porous
wollastonite scaffolds might have the potential to stimulate bone repair in
maxillofacial tissue engineering applications.
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1 Introduction

Restorative dentistry is well established in the field of dentistry
and involves biomaterials, such as metallic alloys, polymers,
composites, and ceramics, to restore lost tissue function and
aesthetics (Anusavice et al., 2013). After more than a century of
biomaterial development, clinicians have found that synthetic
materials often fail to satisfy patients’ requirements for both
aesthetics and function. This observation has led to an extended
definition that incorporates concepts from regenerative dentistry,
wherein three key requirements are present: a) synthetic or
biological scaffolds, b) progenitor/stem cells, and c) the presence
of inductive morphogenic signals (Nakashima and Akamine, 2005).
The literature describes two distinct approaches -cellular and
acellular-which have rapidly transitioned from laboratory
research to clinical applications. This rapid progress observed can
be partly attributed to the minimally invasive access and easy
observation available in the oral cavity during the healing process
(Velasquez-Plata, 2022).

Currently, regenerative dentistry encompasses a range of bone
repair applications, from extensive reconstruction due to factors
such as trauma or tumors, to more localized issues such as
dehiscence and fenestration. One of the most common challenges
faced by clinicians is the bone atrophy of the dentoalveolar process
resulting from the early loss of teeth, as it affects treatments such as
orthodontics, implants, or restorations (Mayer et al., 2016; Bontá
et al., 2023). The recovery of volume and height in the dentoalveolar
process is influenced by complex interactions involving both hard
and soft tissues, acute/subacute/chronic infections, and the
immunological response of bone (Albrektsson et al., 2023). These
factors are modulated within microenvironments where the
metabolism of mesenchymal stem cells (MSCs), balance of
bacteria/hosts, and signaling processes all play roles in
maintaining homeostasis (Shanbhag et al., 2022).

Regenerative dentistry based on scaffolds is a promising
approach for tissue and organ replacement. Adult stem cells,
particularly MSCs, are commonly used in conjunction with
scaffolds (Zhang and Chen, 2014; El-Gendy et al., 2021).
However, the isolation, expansion, and differentiation of these
cells pose clinical challenges (Pelaez-Vargas et al., 2012). The
multilineage potential was described previously as a hyper-
hierarchical lineage that starts with marrow stromal fibroblastic
stem cells. Through appropriate stimulation, these cells progress
through a developmental sequence of osteoprogenitor,
preosteoblast, osteoblast, and osteocyte cells (Pittenger et al., 1999).

The most convenient sources of human MSCs are bone marrow
aspirates taken from the iliac crest under local anesthesia or a
combination of bone tissue explants and bone marrow obtained
from orthopedic corrective hip surgeries (Khorasani et al., 2021). In

all cases, informed consent is required to collect and use these
biological materials, which would otherwise be discarded. There is
also an increasing focus on human dental MSCs, classified based on
their niche within the dental environment (Machado et al., 2012). In
the context of regenerative dentistry, scaffolds have been extensively
studied in vitro and in vivo, with an emphasis on factors such as scale
(micro, nanometric, or hyper-hierarchical), origin (natural or
synthetic), product type (massive or customized), manufacturing
techniques (including 3D printing and bioprinting) (Nikolova and
Chavali, 2019), functionality (3D, 3D functionalized, and 4D)
(Soleymani and Naghib, 2023; Wan et al., 2023), geometries
(periodic or non-periodic) and composition (polymer, metallic,
or ceramic) (Teixeira et al., 2009; Higuita-Castro et al., 2012;
Martin et al., 2019; Moreno et al., 2023). However, ceramic-based
3D scaffolds have received relatively less attention. A variety of
studies have explored the potential of wollastonite-based scaffolds in
bone tissue engineering. Wollastonite, a calcium silicate, possesses
properties such as bioactivity, biocompatibility, and antibacterial
effects (Shao et al., 2017; Gao et al., 2023; Moreno et al., 2023; Yue
et al., 2023). A combination of compositions and complex
geometries (TPMS—triply periodic minimal surfaces) might be
favorable for cell behavior (Ramírez et al., 2019) as they can
closely mimic natural cortical bone tissues, facilitate good
nutrient transfer, and promote stress shielding.

Currently, functionalized scaffolds are at the center of attention
and have evolved from approaches aimed at creating 3D structures
that mimic the extracellular matrix and serve as deposits for calcium,
phosphate, silica, and other ions involved in the later stages of bone
healing (Teixeira et al., 2009). However, this approach has had
limitations that have been gradually addressed by combining
strategies, such as synthetic antibiotic substance carriers with a
local response that impacts bacterial proliferation through
processes such as inhibiting cell wall synthesis, breaking the
osmotic barrier of cell membranes, or reducing the number of
bacterial fimbriae and affecting nucleic acid function.
Nevertheless, these strategies face challenges related to bacterial
resistance (Martin et al., 2019; Soleymani and Naghib, 2023).

Natural substances (e.g., aloe vera, chamomile, calendula, and
propolis) for scaffold modification have been gaining interest
because they mitigate the possibility of bacterial resistance
(Kresnoadi et al., 2020). Propolis is a resin produced by bees to seal
their hives, primarily during rainy seasons. Its anti-inflammatory,
analgesic, wound-healing, and antimicrobial properties have been
described previously (Altan et al., 2013; Przybyłek and Karpiński,
2019; Almuhayawi, 2020). These properties might allow for
maintaining a balance between cells and bacteria in the early stages
of bone grafting, preventing the effects of reactive oxygen species on
bone cells exacerbated by surgery-induced injury and enabling cell
proliferation that prevents bacterial apical migration (Hotta et al., 2020).
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The present study aimed to evaluate the in vitro osteogenic
behavior of Human Bone Marrow Stem Cells (bmMSCs) and assess
the antimicrobial response to 3D-printed porous scaffolds.

2 Experimental procedure

2.1 Obtaining and characterizing the
propolis extracts

Propolis was obtained from a community of beekeepers
operating in the municipality of Tame, Colombia. All propolis
samples were stored at 4°C before the extraction process.
Ethanolic extracts of propolis (EEPs) were prepared by mixing
10 g of each propolis sample with 100 mL of 70% (v/v) ethanol.
The mixture was then stirred for 24 h at a controlled speed of
120 rpm at room temperature and filtered by gravity. The filtrates
were stored in the freezer for 12 h at −6°C and then re-filtered to
remove waxes. The solvent was removed from the solutions using a
rotary evaporator (RE-20000E, China) at 40°C and pressure of
2.5 bar until the volume was reduced to one-third of the initial
volume. The antioxidant activity of the EEPs was assessed using the
2,2′-Azino-bis [3-ethylbenzothiazoline-6-sulfonic acid] (ABTS)
assay and the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical
scavenging capacity assay.

The ABTS assay was performed using the method proposed by
Re et al. (1999). The radical was generated through an oxidation
reaction of ABTS with potassium persulfate. Then, 4 µL of the
previously prepared EEPs were mixed with 196 µL of the ABTS
solution in a phosphate buffer solution at pH 7.4. The resulting
solutions were incubated at room temperature in the dark for
30 min, and absorbance was measured at 734 nm using a
spectrophotometer (Zeiss, Germany). A solution of 50 μg/mL
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid)
was used as the positive control. The results obtained were
expressed as a percentage of antioxidant activity using the
formula given in Eq. 1:

% oxidant activity � AABTS − AS( )
AABTS

x 100 (1)

where AABTS denotes the absorbance of ABTS and AS denotes that
of the sample. Values were expressed as the mean of three replicates.
All comparisons were made using the ANOVA test with a Tukey
post hoc test. Differences were considered significant for values
of p ≤ 0.05.

The DPPH free radical scavenging capacity assay was performed
using the method reported by Kumazawa et al. (2004) with some
modifications. In a 96-well plate, 10 µL of EEPs and 190 µL of a
methanolic DPPH solution were combined. The plate was shaken
and then allowed to stand for 30 min at room temperature in the
dark. Absorbance was measured at 517 nm using a
spectrophotometer (Zeiss, Germany). A solution of 50 μg/mL
Trolox was used as the positive control. The results were
expressed as a percentage of antioxidant activity using the
formula provided in Eq. 2:

% oxidant activity � ADPPH − AS( )
ADPPH

x 100 (2)

where ADPPH denotes the absorbance of DPPH and AS denotes
that of the sample. Values were expressed as the mean of three
replicates. All comparisons were made using the ANOVA test with a
Tukey post hoc test. Differences were considered significant for
values of p ≤ 0.05.

2.2 Obtaining and characterizing
the scaffolds

2.2.1 Formulation and preparation of the
ceramic paste

A fractional factorial design of experiments was used to obtain
the optimized paste formulation for 3D printing of the scaffolds. The
components of the mixture were considered as factors. As the
response variable, the force required to extrude the suspension
through a syringe was determined by applying force
perpendicular to the plunger using a universal testing machine
(Instron 3366 Universal Testing System) (MA, United States)
with a 500N load cell, thus simulating the printing process. The
components included NYADⓇ M1250 wollastonite powder (Paris,
France) with an average particle size of 4 µm and acicular
morphology, polyvinyl alcohol (PVA, Merck, Germany) as a
binder; carboxymethyl cellulose (CMC, Sigma, United States) as a
rheology modifier, and distilled water as the liquid fraction. The
levels for each of these factors were selected as shown in Table 1.

The refinement of the formulation was carried out after
establishing an initial formula and conducting a rheological
fluidity analysis.

2.2.2 Printing of the scaffolds
In the printing process, a DELTAWASP 2040 3D printer (Italy)

was used with modifications to the print head, which allowed the
attachment of a 5-mL syringe with an 18-G needle. The scaffolds
were printed according to a gyroid infill pattern, i.e., a triply periodic
minimal surface (TPMS). The printed samples had a cylindrical
external shape of 15 mm in diameter and 5 mm in height. The G
code for printing was developed using the Cura software (v. 4.13.1,
Ultimaker, Netherlands).

For printing, a height of 0.4 mm was set for the first layer and
0.7 mm for the following layers using a line width of 0.3 mm. The
infill density was 10% and the infill line distance was 1.5 mm. The
TPMS gyroid geometry was used with an overlap of 5%. The flow
rate was 20%, the print speed was 3 mm/s and the travel speed was
40 mm/s.

The printed samples were left to dry at room temperature for
24 h and then subjected to heat treatment in an oven (SX1700,
Sentro Tech, United States). Briefly, the samples were further dried
for 1 h at 200°C, then incubated at 500°C for 3 h to eliminate organic

TABLE 1 Factors used in the experimental design for paste formulation and
their levels.

Component Range of evaluation

Wollastonite 40%–60% w/v

PVA 3%–6% w/v

CMC 0%–0.3% w/w
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residues, and finally stored at 1180°C for 3 h, which corresponds to
the sintering temperature of wollastonite particles. At the end of the
process, the samples were left to cool naturally inside the oven.

2.2.3 Impregnation of the scaffolds with
propolis extracts

The scaffolds were desinfected with 70% ethanol for 30 min and
impregnated with EEPs through vacuum absorption. Briefly, 20 μL
of EEPs was placed on the scaffold’s surface and then subjected to a
positive pressure in a chamber (Wiropress, BEGO, Germany) for
3 min. The absorption was verified by the color change of the
scaffold and the process was repeated until the total volume
absorbed was 150 μL.

2.2.4 Evaluation of variations in pH
Bone regeneration devices might produce variations in the pH in

the microenvironment, where they are implanted. Herein, the
variations in pH observed when propolis-impregnated (pIS) and
non-impregnated scaffolds (n-IS) were immersed in 100 mL of
phosphate-buffered saline (PBS, Merck, Germany) was determined.
The pH was measured using a PH700 benchtop pH meter (Apera,
United States). Measurements were taken every hour for 70 h.

2.2.5 Evaluation of antimicrobial activity
The antimicrobial activity of the propolis-impregnated and non-

impregnated scaffolds was evaluated using a co-culture of S. aureus
(ATCC 25175) and S. epidermidis (ATCC 12228) according to the
procedure described by the Clinical and Laboratory Standards
Institute (CLSI). The strains were pre-inoculated Mueller-Hinton
agar (Merck, Germany) and incubated at 37°C for 24 h. To obtain
the bacterial inoculate, the strains were grown to the exponential
phase in BHI medium (Merck, Germany) at 37°C for 24 h and
adjusted by diluting fresh cultures until a turbidity equivalent to
90 NTU (approximately 1.5 × 108 CFU/mL) was obtained. Then,
serial dilutions were made to a concentration of 1.5 × 106 CFU/mL
and mixed in equal parts to obtain the co-culture.

2.2.6 Determination of the minimum inhibitory
concentration (MIC)

To determine the MIC of S. aureus and S. epidermidis under
monoculture conditions, serial dilutions were made in broth in 96-
well microplates. Briefly, 50 μL of Mueller- Hinton broth (Merck,
United States) and 50 μL of the EEP were added in each well,
according to the procedure described by the CLSI with some
modifications (Seidel et al., 2008). A stock solution of 50 mg/mL
EEP was prepared and then diluted in Mueller-Hinton broth by
serial dilutions (1:2, v/v) to achieve concentrations ranging from
50 to 1000 μg/mL in the microplates. To the wells containing
different concentrations of EEP, 50 μL of bacterial suspension
(approximately 1.5 × 106 CFU/mL) was added. Then, 50 μL of
resazurin solution (100 μg/mL) was added and the plates were
incubated at 37°C for 2 h. Blue staining indicates lack of bacterial
growth for S. aureus or S. epidermidis, whereas pink staining
indicates bacterial growth. Ethanol in Mueller-Hinton broth (70%
v/v) was used as a control for the solvent used in the extracts, and
Mueller-Hinton broth was used as a negative control. MIC values
were defined as the concentration that inhibited bacterial growth for
both strains evaluated. The assay was performed in triplicate.

2.2.7 ZOI
Suspensions of S. aureus and S. epidermidis (1.5 × 108 CFU/mL)

were prepared separately to assess the inhibitory effect using the
Kirby–Bauer technique. Subsequently for each strain evaluated, 1 mL
of suspension was taken and spread on plates containing Mueller-
Hinton agar medium using a swab. The propolis-impregnated and
non-impregnated scaffolds were placed onto inoculated plates. Paper
discs of 5 mm diameter were soaked with saline solution (negative
control) and chlorhexidine Digluconate at 0.2% (positive control,
Farpag, Colombia). Finally, the plates were incubated at 37°C for 24 h
and its antimicrobial activity was evaluated bymeasuring the diameter
of the growth inhibition zone in millimeters (including the disc
diameter) using ImageJ software.

2.2.8 Co-culture biofilm formation assay
Propolis-impregnated and non-impregnated scaffolds were used

for the co-culture biofilm formation assay. Each group of scaffolds was
incubated with 1 mL of the co-culture for 24h and 48 h at 37°C. The
culture mediumwas renewed every 16 h. After incubation, the scaffolds
were washed three times with PBS to remove the non-adhered bacteria.
Viability tests were conducted on the biofilm adhered to the discs. To
complete this, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was added and incubated for 2 h. Dimethyl
sulfoxide was then added, and absorbance was measured at 550 nm
using a spectrophotometer (Zeiss, Germany).

2.2.9 Cytotoxicity and biocompatibility assays
A culture of human bone marrow derived MSCs (bmMSCs) was

used for cytotoxicity and biocompatibility assays. The bmMSCs were
kindly provided by Dr. Yvonne Roger from the Orthopedic University
Clinic of the Hannover Medical School. The bmMSCs (6th–8th
passages) were seeding on propolis-impregnated and non-
impregnated scaffolds (premoistened in supplemented medium
overnight) at a density of 25,000 cells/cm2. As a control, cells were
seeding in a 24-well plate (TPP, Switzerland). Non-impregnated (n-IS)
and scaffolds impregnated (IS) with 150 µL of propolis were evaluated;
they were sterilized and then immersed in PBS (Merck, Germany) for
72 h to avoid the initial release of calcium ions that could damage the
cells. The scaffolds were cultured in 24-well plates (TPP, Switzerland) in
growthmedium supplemented with Dulbecco’s modified Eagle medium
(Bio&Sell, Germany) containing 2.3% (v/v) stable glutamine, 2.3% (v/v)
HEPES, 0.002% (v/v) FGF-2, 11.6% (v/v) fetal bovine serum (Bio&Sell,
Germany), and 1.2% (v/v) penicillin/streptomycin. The medium was
replaced every 2 days during the first 7 days of culture (Leal-Marin et al.,
2021). Subsequently, the cells were cultivated to a differentiationmedium
by adding 5mM β-glycerophosphate (Merck, Germany), 50 mM
ascorbic acid (Merck, Germany), and 10 nM dexamethasone (Merck,
Germany) for 28 days (Pelaez-Vargas et al., 2012).

2.2.10 Cell proliferation assay and mineralization
Cell proliferation was evaluated at day (1, 3, 7, 14, 21 and 28)

using Alamar Blue assay. Cultures were incubated for 1.5 h and
fluorescence was quantified using a multiplate reader (Tecan Infinite
M200 Nanoquant, United States) at 570 nm (excitation wavelength)
and 600 nm (emission wavelength) (Leal-Marin et al., 2021). The
results were expressed as the percentage of viability found in the
scaffolds relative to the control samples sown in the wells without
scaffolds. The assays were conducted in triplicate. Additionally, cell
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morphology and adhesion on scaffolds were characterized via SEM
(S3400N, Hitachi, Japan). Cells were treated in cacodylate buffer
(0.1M, Merck, Germany), fixed in 3% glutaraldehyde (Merck,
Germany) and dehydrated using a series of graded ethanol
solutions (25%–99%, v/v). After drying overnight, the samples
were coated with a 35 nm Au-Pd layer (Minisputter–SC7620,
Quorum Technologies, United Kingdom).

A histochemical characterization was conducted for a qualitative
assessment of osteogenesis, which involved identifying calcium
deposits on the scaffolds using von Kossa staining, and Alizarin
red staining, as well as, measuring alkaline phosphatase (ALP)
activity. A total of 25,000 cells/cm2 were seeded on the propolis-
impregnated and non-impregnated scaffolds in 24-well plates. These
cells were then maintained under the culture conditions described
above and cultured in a differentiationmedium from day 7 to day 28.
For staining, measurements were taken on days 21 and 28, during
which the cells were fixed with 3% glutaraldehyde (Merck,
Germany) for 15 min and subsequently washed with PBS
(Merck, Germany).

For von Kossa staining, 1 mL of 1% silver nitrate (Merck,
Germany) was added to the scaffolds, which were then exposed
to UV light for 1 h. Subsequently, the scaffolds were rinsed with
distilled water and 1 mL of 5% sodium thiosulfate (Merck,
Germany) was added for 3 min. Finally, the scaffolds were rinsed
again with distilled water and allowed to air dry (Sundaram and
Milton, 2017).

For Alizarin red staining, scaffolds were treated with 4 nM sterile
Alizarin red solution (Merck, Germany) for 2 min and washed with
deionized water. Then, 10 mM HCl in 70% ethanol was added for
15 s. The scaffolds were left to air dry (Abbasi et al., 2020).

For ALP staining, a solution of Na-naphthyl phosphate (Merck,
Germany) with Tris buffer (Sigma, United States) was used. The
solution was stirred for 10 min, added with fast blue (Sigma,
United States), and then stirred for 5 min. This solution (1 mL)
was added to the scaffolds, following which the scaffolds were stored
in the dark for 1 h, washed with PBS, and then allowed to air dry.

The scaffolds subjected to these stains were observed under an
optical stereomicroscope (Stemi DV4, Carl Zeiss, Germany).
Scaffolds without cell culture with each of the stains were used as
a staining control on the material. These experiments were
conducted in triplicate.

2.2.11 Mechanical properties
The scaffolds were subjected to quasi-static monotonic

compression tests using a UTS (Universal Testing System,
Instron 3366, Instron, MA, United States) with a 10 kN load cell
at a rate of 0.5 mm/min. The tests recorded compression load and
displacements, with the maximum load or failure load used to
determine the maximum compressive strength of each scaffold
sample. Samples were tested after sintering and following 21 and
28 days of cell culture to identify any potential mechanical
response changes.

2.3 Statistical analysis

All experiments were performed in triplicate. The results were
expressed as mean ± standard deviation. Statistical analysis was

performed using the SPSS Statistics software (V21, IBM,
United States). An unpaired Student’s t-test was used to assess
significance of differences between experimental groups and
comparison of % viability between different days was performed
using the one-way ANOVA test with post hoc Tukey method. Values
of p ≤ 0.05 were considered statistically significant.

3 Results

3.1 Antioxidant activity of propolis extracts

The tests conducted to assess the antioxidant activity of the EEPs
demonstrated their effectiveness against the two analyzed radicals.
The DPPH method identifies low-polarity compounds capable of
neutralizing DPPH free radicals through hydrogen donation, while
the ABTS method assesses the activity of both hydrophilic and
lipophilic compounds. The results of the antioxidant activity of the
EEPs are presented in Figure 1. The EEPs exhibited an antioxidant
activity of 55.4% ± 1% with the DPPHmethod and 36.2% ± 1% with
the ABTS method. Additionally, the Trolox solution, used as a
control, displayed values of 79.7% ± 2% and 50.8% ± 1% in the
DPPH and ABTS assays, respectively. These results are promising,
indicating that the EEPs contain both polar and hydrophilic
components, enabling them to effectively neutralize free radicals
through diverse mechanisms.

3.2 Ceramic paste formulation

From the fractional factorial design of experiments, a ceramic
paste formulation was obtained with the following composition:
59.97% (w/w) wollastonite, 0.03% (w/w) CMC, 37.75% (w/w)
deionized water, and 2.25% (w/w) PVA aqueous solution. The
ceramic paste exhibited non-Newtonian fluid rheological
behavior, which was fitted to the Herschel–Bulkley model,
allowing for the 3D printing of cylindrical scaffolds. These

FIGURE 1
Antioxidant activity of ethanolic extracts of propolis (EEPs) and
positive control Trolox solution (Trolox) determined via DPPH and
ABTS assays.
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scaffolds had a radius of 5 mm, height of 5 mm, layers of 500 μm,
and pore size of 780 µm. Figure 2 shows the SEM images of the
printed scaffolds, showing the curvature achieved in each of the
printing layers and the size and shape of the pores obtained
using the TPMS.

3.3 Variations in pH

Figure 3 displays the curves representing variations in pH over
time for both the propolis-impregnated and non-impregnated
scaffolds. At the start of the test, the distilled water in which the
samples were immersed had a pH value of 7.5. During the initial 8 h,
this value remained unchanged, regardless of the type of sample
being immersed. However, after 12 h, an increase in pH was
observed in the solution containing the propolis-impregnated
scaffolds, reaching a pH value of 8.5 after 30 h and remaining
stable thereafter. Conversely, the solutions with the non-
impregnated reached a maximum pH of 8.2. These variations

suggests that the EEPs create more alkaline environments, which
may have a detrimental effect on acidophilic bacterial species.

3.4 Antimicrobial activity

Antimicrobial activity was evaluated using three different
methodologies: MIC and inhibition zones were studied from
single strain cultures, and biofilm formation was evaluated on the
scaffolds under co-culture conditions. The MIC for each strain
evaluated were defined as the lowest concentration at which
bacterial growth inhibition was observed. The EEPs exhibited
inhibitory effects against the two strains evaluated, with a
propolis concentration of 1.1 ± 0.5 mg/mL required to inhibit S.
aureus and 1.7 ± 0.3 mg/mL required to inhibit S. epidermidis.

Figure 4 displays the measurements of the inhibition zones
observed during the test. These measurements indicate the
antimicrobial effect of the EEPs against the two strains, with a
stronger activity against S. aureus compared with S. epidermidis.
These findings align with the results of the MIC test, where the lower
concentration of propolis required to inhibit the growth of S. aureus
suggests greater sensitivity to it, resulting in larger inhibition zones
compared with those observed for S. epidermidis at the same
propolis concentration. However, notably, the antimicrobial
activity of propolis was significantly lower than that of the
positive control against both strains. The positive control
exhibited inhibition zones of 18.87 ± 0.6 mm and 17.54 ±
0.5 mm against S. aureus and S. epidermidis, respectively, whereas
the EEPs exhibited zones of 15.72 ± 0.3 mm and 8.45 ± 0.2 mm,
respectively, and the pIS exhibited zones of 13.43 ± 0.07 mm and
10.97 ± 0.6 mm, respectively.

In Figure 4, the results of biofilm formation by the co-culture
reveal a significant reduction in bacterial viability on the pIS
compared with the n-IS at both evaluated time points. After 24 h
of culture, the absorbance value in the pIS scaffolds was 1.10 ±
0.05 u. a., whereas in the n-IS, it was 1.25 ± 0.03 u.a. After 48 h of
culture, the pIS scaffolds exhibited a value of 1.71 ± 0.06 u.a.,
whereas the n-IS exhibited a value of 1.94 ± 0.1 u. a., clearly
demonstrating the effective control of bacterial viability provided
by the EEPs.

FIGURE 2
Stereomicroscopy (A, C) and SEM (B) images of the scaffolds obtained through 3D printing. (A, B) the curvature in the printed layers can be observed,
as well as the (C) 3D structure of the macropore walls.

FIGURE 3
pH measurement of propolis-impregnated scaffolds (IS) and
non-impregnated scaffolds (n-IS) over 72 h.
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FIGURE 4
Antimicrobial activity. (A)Measurement of the inhibition zones of the EEPs, untreated scaffolds (n-IS), and treated scaffolds (pIS) against S. aureus and
S. epidermidis. (B) Viability of biofilm formation after 24 and 48 h of culture on n-IS and pIS against a co-culture of S. aureus and S. epidermidis. (C, D)
Images of the inhibition zones of the EEPs, chlorhexidine digluconate (C+), and saline solution (C−) against S. aureus and S. epidermidis. (E, F)
Measurement of the inhibition zones of the US and TS against S. aureus and S. epidermidis. Results are expressed as means ± SD (n = 3). Significance
levels are denoted as follows: **p ≤ 0.05 indicates a significant difference, while (ns) denotes a non-significant difference. All the measurements of the
inhibition zones are expressed in mm.

FIGURE 5
bmMSCs cell proliferation assays. (A) Viability (%) propolis-impregnated scaffolds (pIS) and non-impregnated scaffolds (n-IS). SEM images of
bmMSCs adhesion on (B, C) n-IS and (D, E) pIS after 21 and 28 days of culture. Results are expressed asmeans ± SD (n = 3). Symbol (**) denote statistically
significant differences (p ≤ 0.05). Arrows indicate cells at different spreading stages.
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3.5 Cell proliferation and biocompatibility

The bmMSCs proliferation was assessed using the Alamar Blue
assay with different time-points (1–28 days). The % viability values
for the pIS group exhibited statistically significant differences (p =
0.01) between early stages (1 and 7 days) and later stages (14, 21, and
28 days). The n-IS group showed a similar trend (p = 0.01). This
behavior indicates the transition from the proliferation to the
differentiation phases of cultures.

A viability of 50% for the cell culture on the non-impregnated
scaffolds was reached by day 21 and maintained until day 28 of
culture. On the propolis-impregnated scaffolds, a viability close to
40% was achieved and maintained through day 28. Figure 5 shows
SEM images highlighting the cell morphology (arrows) found for
both scaffold groups, consistent with the morphology of stem cells
reported by other authors (Gutiérrez-Prieto et al., 2019; Qiu et al.,
2019; Bahraminasab et al., 2021).

To identify scaffold regions with calcium deposits and ALP
activity, histochemical techniques were employed. To visualize
calcium deposits two methods were used von Kossa staining
(Figure 6) and Alizarin red staining (Figure 7). After 28 days of
culture, von Kossa staining revealed black staining indicative of
calcium deposits on 70% of the top layer of the n-IS. Conversely, the
pIS exhibited brown staining, which intensified over time (Figures
6E, F). Scaffolds used as staining controls did not display any
significant color change upon the application of staining reagents.

Contrary to the findings obtained with von Kossa staining,
calcium deposits were more prevalent in the pIS than in the n-IS
after 28 days of culture. Notably, with this staining, some color
change was also observed in the control scaffolds (those not
subjected to cell culture), although at a lower intensity. To

prevent false positives, only regions displaying intense staining
were considered positive results. Alizarin red staining revealed
the presence of calcium deposits in the internal layers with
pronounced staining. This pattern was consistent at both time
points and in both scaffold groups.

Additionally, staining was performed to visualize ALP activity,
as it serves as a marker for the initial phase of osteogenic
differentiation. The results of the ALP staining are presented in
Figure 8. After 28 days of culture, ALP activity exhibited higher
intensity in the n-IS. However, ALP activity was also detected in the
pIS after 21 days of culture. The regions displaying the highest
activity were primarily located at the corners and areas with
pronounced curvatures. In comparison, the scaffolds used as
staining controls exhibited a faint brown hue, significantly less
intense than that observed in the scaffolds exposed to cell culture.

3.6 Mechanical test

The compressive strength of the scaffolds was measured before
and after cell proliferation tests for 21 and 28 days (Figure 9).
Statistical analysis indicated no significant differences between
the groups. Additionally, the compressive strength of the
scaffolds remained within the typical range (0.1–16 MPa) for
trabecular bone (Rincón-Kohli and Zysset, 2009; Gerhardt and
Boccaccini, 2010; Kaur et al., 2019). These findings suggest that
the propolis impregnation treatment does not significantly impact
the mechanical response or function of the scaffolds. Notably,
although there were no significant differences in the mechanical
results, an evident increase in variability in the scaffolds’ results was
observed after 28 days of cell proliferation compared with the results

FIGURE 6
von Kossa staining of bmMSC cultures on (A–C) non-impregnated scaffolds (n-IS), (D–F) propolis-impregnated scaffolds (pIS), and (G–I) tissue
culture polystyrene TCPS. Time points: 21 and 28 days. Control without cells (Ctrl).
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obtained at 0 and 21 days (Figure 9). This change can be attributed
to cell adhesion to the scaffold, resulting in the removal of
wollastonite particles from certain areas of the surface, thus
affecting the repeatability of the results.

4 Discussion

The selected design of experiments has been widely employed
for formulating and optimizing ceramic pastes (Yang and Van

FIGURE 7
Alizarin red staining of bmMSC cultures on (A–C) non-impregnated scaffolds (n-IS), (D–F) propolis-impregnated scaffolds (pIS), and (G–I) TCPS.
Time points. 21 and 28 days. Control (Ctrl).

FIGURE 8
ALP staining of bmMSC cultures on (A–C) untreated scaffolds (n-IS), (D–F) propolis-impregnated scaffolds (pIS), and (G–I) TCPS. Time points. 21 and
28 days. Control (Ctrl).
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Olmen, 2004; Yoon and Lee, 2004; Renteria et al., 2019). It allows for
a specific combination of parameters, particularly crucial in 3D
printing of ceramics, where obtaining pastes with precise rheological
properties is essential for layer-by-layer design. This is especially
challenging when developing devices with complex geometries, such
as ceramic scaffolds with TPMS gyroid geometries. In this study, the
choice of TPMS gyroid geometries was deliberate because research
has shown that they promote cell proliferation owing to their
sinusoidal structures, creating interconnected pores that facilitate
oxygen diffusion and nutrient distribution. These structures also
optimize cellular distribution, reducing the stress effects triggered by
environmental conditions that can lead to replicative senescence
(Abueidda et al., 2019). TPMS geometries have demonstrated
mechanical properties suitable for bone tissue engineering
applications, often comparable to other TPMS structures widely
used in this field (Abueidda et al., 2019; Castro et al., 2019). The
mechanical compressive strength evaluation of the scaffolds yielded
values within the same range as trabecular bone (0.1–16 MPa)
(Rincón-Kohli and Zysset, 2009; Gerhardt and Boccaccini, 2010;
Kaur et al., 2019). This supports the idea that the porosity achieved
through additive manufacturing of ceramic scaffolds is well-suited
for repairing bone lesions. Furthermore, the impregnation of the
scaffolds with propolis had no detrimental effects on their
mechanical properties.

The propolis extracts exhibited antioxidant activity using two
methodologies. However, the antioxidant activity of the propolis-
impregnated scaffolds was notably lower than that of the control
(Trolox Solution). Our activity values align with other studies, which
have reported antioxidant activity against the DPPH free radical
ranging from 17% to 70% and against the ABTS free radical ranging
from 5% to 28% (Ahn et al., 2007). This antioxidant activity can be
attributed to the presence of specific components such as phenols
and flavonoids found in propolis from this region (Moreno et al.,
2023). Furthermore, the antioxidant activity, along with the
presence of phenolic compounds and flavonoids, may be
associated with antimicrobial activity. The evaluated EEPs
demonstrated antimicrobial activity against the two strains used

as well as their co-culture. Propolis is known to employ multiple
mechanisms to inhibit bacterial growth, including damaging the cell
membrane, altering membrane potential and ATP production
(Przybyłek and Karpiński, 2019), inducing oxidative stress, and
inhibiting bacterial enzymatic activity (Mirzoeva et al., 1997).
Notably, propolis is typically more effective against gram-positive
bacteria than against gram-negative ones and tends to function
better against aerobic bacteria than against anaerobic ones. The two
strains evaluated in this study are gram-positive and facultative
anaerobes. They also exhibit resistance to methicillin (Eladli et al.,
2019) and possess a high virulence factor, allowing them to form
biofilms easily (Periasamy et al., 2012). Additionally, these two
bacteria can form co-cultures, increasing their capacity to create
biofilms, thus making them more virulent. The EEPs were
demonstrated to be effective against the co-culture. This
significant reduction in efficacy may be attributed, in part, to the
pH conditions in the pIS, which create a more basic
microenvironment than that in the n-IS. These pH conditions
are detrimental to the bacterial strains, as they typically thrive in
acidic or neutral pH conditions (Iyer et al., 2021).

In terms of biocompatibility and proliferation, the propolis-
impregnated scaffolds exhibited statistically non-significantly lower
cell viability and proliferation than the non-impregnated scaffolds.
This effect can also be attributed to the pH conditions in the
microenviroment. Although a pretreatment was applied to
neutralize this effect, the pH values of the pIS scaffolds were
slightly higher than that of the n-IS. Propolis often contains
resinous components (Huang et al., 2014) that may hinder the
cell proliferation process, although they do not completely inhibit it.
In previous studies, propolis has been used in bone tissue repair
processes, demonstrating an increase in bmMSC cell proliferation at
concentrations of <400 g/mL (Elkhenany et al., 2019). However,
very high concentrations can lead to decreased proliferation, with
cytotoxic effects typically observed at concentrations of >2000 g/mL
(Bufalo et al., 2009; Elkhenany et al., 2019). Additionally, the
presence of propolis has been shown to enhance the proliferation
capacity of periodontal ligament fibroblasts and stem cells derived
from exfoliated primary teeth (Ahn et al., 2007; Chew Shi Fung et al.,
2015). Therefore, studies such as the present one, using different
concentrations of propolis to assess its antimicrobial activity and
cellular response, are of interest. The incorporation of propolis into
wollastonite scaffolds has been demonstrated to increase
proliferation percentages and, consequently, the mineralization
process. Stainings used to visualize metabolic activity indicated
that pIS do not impede osteogenesis processes, as evidenced by
the presence of calcium deposits and ALP activity. Although the
black staining observed in the von Kossa staining, interpreted as
positive, was lower on the pIS than on the n-IS, sizable regions still
showed a positive result. Wollastonite is well known for its
biocompatibility in the field of bone tissues. The results obtained
in this study are consistent with those reported by others in this
regard (Porter et al., 2009; Jahan and Tabrizian, 2016; Carvalho et al.,
2021; Zenebe, 2022). Finally, it has been well reported that
uncorrected microenvironment acidosis can lead to a reduction
of alkaline minerals in bone by osteoblasts, and there is an increase
in osteoclast resorptive activity (Brandao-Burch et al., 2005). Our
pHmeasurements showed values close to 8.4 for pIS and 8.2 for n-IS
achieved at 40 h. These results are consistent with reported findings,

FIGURE 9
Mechanical response of propolis-impregnated scaffolds (pIS)
and non-impregnated scaffolds (n-IS). No significant differences were
observed between sample sets.
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suggesting that within the range up to pH 8.4, any increase above
pH 7.2 is beneficial for proliferation and mineralization (Galow
et al., 2017).

The porous scaffolds created through 3D printing with TPMS
gyroid geometry exhibited mechanical properties suitable for
repairing trabecular bone tissue. Additionally, impregnating the
scaffolds with EEPs demonstrated effective control over bacterial
growth associated with the development of osteomyelitis, a common
cause of implant failure in bone repair procedures. Specifically,
antimicrobial activity was observed against S. aureus and S.
epidermidis. This antimicrobial effect may be attributed to the
presence of phenolic compounds and flavonoids, which are also
responsible for the antioxidant activity identified in this study.
Moreover, the scaffolds impregnated with EEPs promoted the
proliferation of stem cells derived from bone marrow, along with
progress in the mineralization process after 28 days of culture. These
findings open new avenues for further research on utilizing EEPs to
maintain antimicrobial activity while minimizing their impact on
the cellular microenvironment.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

Themanuscript presents research on animals that do not require
ethical approval for their study.

Author contributions

AM: Formal Analysis, Investigation, Methodology, Visualization,
Writing–original draft, Writing–review and editing. SM:
Investigation, Methodology, Writing–original draft. SO:
Investigation, Methodology, Writing–original draft. SL-M: Data
curation, Investigation, Methodology, Writing–original draft. EO:

Conceptualization, Funding acquisition, Investigation, Validation,
Writing–review and editing. BG: Investigation, Supervision,
Writing–original draft. CG: Conceptualization, Formal Analysis,
Funding acquisition, Investigation, Project administration,
Writing–review and editing. AP-V: Conceptualization, Formal
Analysis, Funding acquisition, Investigation, Supervision,
Writing–original draft, Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was funded by the Ministerio de Ciencia, Tecnología e Innovación
de Colombia (formerly Colciencias); grant number: 71203, 80740-
476-2020.

Acknowledgments

The authors acknowledge Dr. Yvonne Roger from the
Orthopedic University Clinic of the Hannover Medical School for
providing the SaOs-2 cells used in this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Abbasi, N., Ivanovski, S., Gulati, K., Love, R. M., and Hamlet, S. (2020). Role of offset
and gradient architectures of 3-D melt electrowritten scaffold on differentiation and
mineralization of osteoblasts. Biomater. Res. 24, 2–16. doi:10.1186/s40824-019-0180-z

Abueidda, D., Elhebeary, M., Shiang, C., Pang, S., Al-Rub, R. K. A., and Jasiuk, I. M.
(2019). Mechanical properties of 3D printed polymeric Gyroid cellular structures:
experimental and finite element study. Mat. Des. 165, 107597. doi:10.1016/j.matdes.
2019.107597

Ahn, M. R., Kumazawa, S., Usui, Y., Nakamura, J., Matsuka, M., Zhu, F., et al. (2007).
Antioxidant activity and constituents of propolis collected in various areas of China.
Food Chem. 101, 1383–1392. doi:10.1016/j.foodchem.2006.03.045

Albrektsson, T., Tengvall, P., Amengual, L., Coli, P., Kotsakis, G. A., and Cochran, D.
(2023). Osteoimmune regulation underlies oral implant osseointegration and its
perturbation. Front. Immunol. 13, 1056914. doi:10.3389/fimmu.2022.1056914

Almuhayawi, M. S. (2020). Propolis as a novel antibacterial agent. Saudi J. Biol. Sci. 27,
3079–3086. doi:10.1016/j.sjbs.2020.09.016

Altan, B. A., Kara, I. M., Nalcaci, R., Ozan, F., Erdogan, S. M., Ozkut, M. M., et al.
(2013). Systemic propolis stimulates new bone formation at the expanded suture. Angle
Orthod. 83, 286–291. doi:10.2319/032612-253.1

Anusavice, K., Shen, C., and Rawls, H. (2013). “Emerging technologies,” in Philip’s
science of dental materials. Editors K. J. Anusavice, C. Shen, and H. R. Rawls (St. Louis,
Mo: Elsevier/Saunders), 519–537.

Bahraminasab, M., Janmohammadi, M., Arab, S., Talebi, A., Nooshabadi, V. T.,
Koohsarian, P., et al. (2021). Bone scaffolds: an incorporation of biomaterials, cells, and
biofactors. ACS Biomater. Sci. Eng. 7, 5397–5431. doi:10.1021/acsbiomaterials.1c00920

Bontá, H., Bugiolachi, J., Perrote, C. A., Sánchez, L. M., Pulitano Manisagian, G. E.,
Galli, F. G., et al. (2023). Alveolar ridge reconstruction with a digitally customized bone
block allograft. Clin. Adv. Periodontics 2023, 10270. doi:10.1002/cap.10270

Brandao-Burch, A., Utting, J. C., Orriss, I. R., and Arnett, T. R. (2005). Acidosis
inhibits bone formation by osteoblasts in vitro by preventing mineralization. Calcif.
Tissue Int. 77, 167–174. doi:10.1007/s00223-004-0285-8

Bufalo, M. C., Candeias, J. M., and Sforcin, J. M. (2009). In vitro cytotoxic effect of
Brazilian green propolis on human laryngeal epidermoid carcinoma (HEp-2) cells. Evid.
Based Complement. Altern. Med. 6, 483–487. doi:10.1093/ecam/nem147

Carvalho, M. S., Cabral, J. M. S., Da Silva, C. L., and Vashishth, D. (2021). Bone matrix
non-collagenous proteins in tissue engineering: creating new bone by mimicking the
extracellular matrix. Polymers 13, 1095–1133. doi:10.3390/polym13071095

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Moreno Florez et al. 10.3389/fbioe.2024.1321466

https://doi.org/10.1186/s40824-019-0180-z
https://doi.org/10.1016/j.matdes.2019.107597
https://doi.org/10.1016/j.matdes.2019.107597
https://doi.org/10.1016/j.foodchem.2006.03.045
https://doi.org/10.3389/fimmu.2022.1056914
https://doi.org/10.1016/j.sjbs.2020.09.016
https://doi.org/10.2319/032612-253.1
https://doi.org/10.1021/acsbiomaterials.1c00920
https://doi.org/10.1002/cap.10270
https://doi.org/10.1007/s00223-004-0285-8
https://doi.org/10.1093/ecam/nem147
https://doi.org/10.3390/polym13071095
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1321466


Castro, A., Ruben, R., Gonçalves, S., Pinheiro, J., Guedes, J., and Fernandes, P. (2019).
Numerical and experimental evaluation of TPMSGyroid scaffolds for bone tissue engineering.
Comput. Methods Biomech. Biomed. Engin. 22, 567–573. doi:10.1080/10255842.2019.1569638

Chew Shi Fung, H. M., Hashim, S. N. M., Htun, A. T., and Ahmad, A. (2015).
Proliferative effect of Malaysian propolis on stem cells from human exfoliated
deciduous teeth: an in vitro study. Br. J. Pharm. Res. 8, 1–8. doi:10.9734/bjpr/2015/19918

Eladli, M. G., Alharbi, N. S., Khaled, J. M., Kadaikunnan, S., Alobaidi, A. S., and
Alyahya, S. A. (2019). Antibiotic-resistant Staphylococcus epidermidis isolated from
patients and healthy students comparing with antibiotic-resistant bacteria isolated from
pasteurized milk. Saudi J. Biol. Sci. 26, 1285–1290. doi:10.1016/j.sjbs.2018.05.008

El-Gendy, R., Junaid, S., Lam, S. K. L., Elson, K. M., Tipper, J. L., Hall, R.M., et al. (2021).
Developing a tooth in situ organ culture model for dental and periodontal regeneration
research. Front. Bioeng. Biotechnol. 8, 581413. doi:10.3389/fbioe.2020.581413

Elkhenany, H., El-Badri, N., and Dhar, M. (2019). Green propolis extract promotes
in vitro proliferation, differentiation, and migration of bone marrow stromal cells.
Biomed. Pharmacother. 115, 108861. doi:10.1016/j.biopha.2019.108861

Galow, A.-M., Rebl, A., Koczan, D., Bonk, S. M., Baumann, W., and Gimsa, J. (2017).
Increased osteoblast viability at alkaline pH in vitro provides a new perspective on bone
regeneration. Biochem. Biophys. Rep. 10, 17–25. doi:10.1016/j.bbrep.2017.02.001

Gao, S., Li, J., Lei, Q., Chen, Y., Huang, H., Yan, F., et al. (2023). Calcium sulfate-Cu2+
delivery system improves 3D-Printed calcium silicate artificial bone to repair large bone
defects. Front. Bioeng. Biotechnol. 11, 1224557. doi:10.3389/fbioe.2023.1224557

Gerhardt, L.-C., and Boccaccini, A. R. (2010). Bioactive glass and glass-ceramic
scaffolds for bone tissue engineering. Materials 3, 3867–3910. doi:10.3390/ma3073867

Gutiérrez-Prieto, S. J., Perdomo-Lara, S. J., Diaz-Peraza, J. M., and Sequeda-Castañeda,
L. G. (2019). Analysis of in vitro osteoblast culture on scaffolds for future bone regeneration
purposes in dentistry. Adv. Pharmacol. Pharm. Sci. 2019, 1–9. doi:10.1155/2019/5420752

Higuita-Castro, N., Gallego-Perez, D., Pelaez-Vargas, A., García Quiroz, F., Posada,
O. M., López, L. E., et al. (2012). Reinforced Portland cement porous scaffolds for load-
bearing bone tissue engineering applications. J. Biomed. Mat. Res. B Appl. Biomater.
100B, 501–507. doi:10.1002/jbm.b.31976

Hotta, S., Uchiyama, S., and Ichihara, K. (2020). Brazilian red propolis extract
enhances expression of antioxidant enzyme genes in vitro and in vivo. Biosci.
Biotechnol. Biochem. 84, 1820–1830. doi:10.1080/09168451.2020.1773756

Huang, S., Zhang, C.-P., Wang, K., Li, G. Q., and Hu, F.-L. (2014). Recent advances in the
chemical composition of propolis.Molecules 19, 19610–19632. doi:10.3390/molecules191219610

Iyer, V., Raut, J., and Dasgupta, A. (2021). Impact of pH on growth of Staphylococcus
epidermidis and Staphylococcus aureus in vitro. J. Med. Microbiol. 70, 001421. doi:10.
1099/jmm.0.001421

Jahan, K., and Tabrizian, M. (2016). Composite biopolymers for bone regeneration
enhancement in bony defects. Biomater. Sci. 4, 25–39. doi:10.1039/C5BM00163C

Kaur, G., Kumar, V., Baino, F., Mauro, J. C., Pickrell, G., Evans, I., et al. (2019). Mechanical
properties of bioactive glasses, ceramics, glass-ceramics and composites: state-of-the-art
review and future challenges. Mat. Sci. Eng. C 104, 109895. doi:10.1016/j.msec.2019.109895

Khorasani, H. R., Sanchouli, M., Mehrani, J., and Sabour, D. (2021). Potential of bone-
marrow-derived mesenchymal stem cells for maxillofacial and periodontal
regeneration: a narrative review. Int. J. Dent. 2021, 1–13. doi:10.1155/2021/4759492

Kresnoadi, U., Rahayu, R. P., Ariani, M. D., and Soesanto, S. (2020). The potential of
natural propolis extract combined with bovine bone graft in increasing heat shock
protein 70 and osteocalcin on socket preservation. Eur. J. Dent. 14, 031–037. doi:10.
1055/s-0040-1701921

Kumazawa, S., Hamasaka, T., and Nakayama, T. (2004). Antioxidant activity of
propolis of various geographic origins. Food Chem. 84, 329–339. doi:10.1016/S0308-
8146(03)00216-4

Leal-Marin, S., Gallaway, G., Höltje, K., Lopera-Sepulveda, A., Glasmacher, B., and
Gryshkov, O. (2021). Scaffolds with magnetic nanoparticles for tissue stimulation. Curr.
Dir. Biomed. Eng. 7, 460–463. doi:10.1515/cdbme-2021-2117

Machado, E., Fernandes, M. H., and Gomes, P. D. S. (2012). Dental stem cells for
craniofacial tissue engineering. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 113,
728–733. doi:10.1016/j.tripleo.2011.05.039

Martin, V., Ribeiro, I. A., Alves, M. M., Gonçalves, L., Claudio, R. A., Grenho, L., et al.
(2019). Engineering a multifunctional 3D-printed PLA-collagen-minocycline-
nanoHydroxyapatite scaffold with combined antimicrobial and osteogenic effects for
bone regeneration. Mat. Sci. Eng. C 101, 15–26. doi:10.1016/j.msec.2019.03.056

Mayer, Y., Zigdon-Giladi, H., and Machtei, E. E. (2016). Ridge preservation using
composite alloplastic materials: a randomized control clinical and histological study in
humans. Clin. Implant Dent. Relat. Res. 18, 1163–1170. doi:10.1111/cid.12415

Mirzoeva, O. K., Grishanin, R. N., and Calder, P. C. (1997). Antimicrobial action of
propolis and some of its components: the effects on growth, membrane potential and
motility of bacteria. Microbiol. Res. 152, 239–246. doi:10.1016/S0944-5013(97)80034-1

Moreno, A. I., Orozco, Y., Ocampo, S., Malagón, S., Ossa, A., Peláez-Vargas, A., et al.
(2023). Effects of propolis impregnation on polylactic acid (PLA) scaffolds loaded with
wollastonite particles against Staphylococcus aureus, Staphylococcus epidermidis, and
their coculture for potential medical devices. Polymers 15, 2629. doi:10.3390/
polym15122629

Nakashima, M., and Akamine, A. (2005). The application of tissue engineering to
regeneration of pulp and dentin in endodontics. J. Endod. 31, 711–718. doi:10.1097/01.
don.0000164138.49923.e5

Nikolova, M. P., and Chavali, M. S. (2019). Recent advances in biomaterials for 3D
scaffolds: a review. Bioact. Mat. 4, 271–292. doi:10.1016/j.bioactmat.2019.10.005

Pelaez-Vargas, A., Gallego-Perez, D., Gomez, D. F., Fernandes, M. H., Hansford, D. J.,
and Monteiro, F. J. (2012). Propagation of human bone marrow stem cells for
craniofacial applications. Stem Cells Cancer Stem Cells 7, 107–122. doi:10.1007/978-
94-007-4285-7_10

Periasamy, S., Chatterjee, S. S., Cheung, G. Y. C., and Otto, M. (2012). Phenol-soluble
modulins in staphylococci: what are they originally for? Commun. Integr. Biol. 5,
275–277. doi:10.4161/cib.19420

Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca, J. D.,
et al. (1999). Multilineage potential of adult human mesenchymal stem cells. Science
284, 143–147. doi:10.1126/science.284.5411.143

Porter, J. R., Ruckh, T. T., and Popat, K. C. (2009). Bone tissue engineering: a review in
bone biomimetics and drug delivery strategies. Biotechnol. Prog. 25, 1539–1560. doi:10.
1002/btpr.246

Przybyłek, I., and Karpiński, T. M. (2019). Antibacterial properties of propolis.
Molecules 24, 2047. doi:10.3390/molecules24112047

Qiu, Y., Chen, X., Hou, Y., Hou, Y., Tian, S., Chen, Y., et al. (2019). Characterization of
different biodegradable scaffolds in tissue engineering. Mol. Med. Rep. 19, 4043–4056.
doi:10.3892/mmr.2019.10066

Ramírez, J. A., Ospina, V., Rozo, A. A., Viana, M. I., Ocampo, S., Restrepo, S., et al. (2019).
Influence of geometry on cell proliferation of PLA and alumina scaffolds constructed by
additive manufacturing. J. Mat. Res. 34, 3757–3765. doi:10.1557/jmr.2019.323

Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M., and Rice-Evans, C.
(1999). Antioxidant activity applying an improved ABTS radical cation decolorization
assay. Free Radic. Biol. Med. 26, 1231–1237. doi:10.1016/s0891-5849(98)00315-3

Renteria, A., Fontes, H., Diaz, J. A., Regis, J. E., Chavez, L. A., Tseng, T.-L. B., et al. (2019).
Optimization of 3D printing parameters for BaTiO3 piezoelectric ceramics through design
of experiments. Mat. Res. Express 6, 085706. doi:10.1088/2053-1591/ab200e

Rincón-Kohli, L., and Zysset, P. K. (2009). Multi-axial mechanical properties of
human trabecular bone. Biomech. Model. Mechanobiol. 8, 195–208. doi:10.1007/s10237-
008-0128-z

Seidel, V., Peyfoon, E., Watson, D. G., and Fearnley, J. (2008). Comparative study of
the antibacterial activity of propolis from different geographical and climatic zones:
antibacterial activity of propolis from different zones. Phytother. Res. 22, 1256–1263.
doi:10.1002/ptr.2480

Shanbhag, S., Rana, N., Suliman, S., Idris, S. B., Mustafa, K., and Stavropoulos, A.
(2022). Influence of bone substitutes on mesenchymal stromal cells in an inflammatory
microenvironment. Int. J. Mol. Sci. 24, 438. doi:10.3390/ijms24010438

Shao, H., Liu, A., Ke, X., Sun, M., He, Y., Yang, X., et al. (2017). 3D robocasting
magnesium-doped wollastonite/TCP bioceramic scaffolds with improved bone
regeneration capacity in critical sized calvarial defects. J. Mat. Chem. B 5,
2941–2951. doi:10.1039/C7TB00217C

Soleymani, S., and Naghib, S. M. (2023). 3D and 4D printing hydroxyapatite-based
scaffolds for bone tissue engineering and regeneration.Heliyon 9, e19363. doi:10.1016/j.
heliyon.2023.e19363

Sundaram, B., and Milton, M. J. (2017). Porous polycaprolactone scaffold engineered
with naringin loaded bovine serum albumin nanoparticles for bone tissue engineering.
Biosci. Biotechnol. Res. Asia 14, 1355–1362. doi:10.13005/bbra/2580

Teixeira, S., Rodriguez, M. A., Pena, P., De Aza, A. H., De Aza, S., Ferraz, M. P., et al.
(2009). Physical characterization of hydroxyapatite porous scaffolds for tissue
engineering. Mat. Sci. Eng. C 29, 1510–1514. doi:10.1016/j.msec.2008.09.052

Velasquez-Plata, D. (2022). Osseous topography in biologically driven flap design in
minimally invasive regenerative therapy: a classification proposal. Clin. Adv.
Periodontics 12, 251–255. doi:10.1002/cap.10209

Wan, L., Mao, Z., Liu, H., Xie, Y., Lyu, F., Cao, Z., et al. (2023). Direct 4D printing of
gradient structure of ceramics. Chem. Eng. J. 465, 142804. doi:10.1016/j.cej.2023.142804

Yang, T., and Van Olmen, R. (2004). Robust design for a multilayer ceramic capacitor
screen-printing process case study. J. Eng. Des. 15, 447–457. doi:10.1080/
09544820410001697136

Yoon, D.-H., and Lee, B. I. (2004). Processing of barium titanate tapes with different
binders for MLCC applications—Part I: optimization using design of experiments.
J. Eur. Ceram. Soc. 24, 739–752. doi:10.1016/s0955-2219(03)00333-9

Yue, X., Zhao, L., Yang, J., Jiao, X., Wu, F., Zhang, Y., et al. (2023). Comparison of
osteogenic capability of 3D-printed bioceramic scaffolds and granules with different
porosities for clinical translation. Front. Bioeng. Biotechnol. 11, 1260639. doi:10.3389/
fbioe.2023.1260639

Zenebe, C. G. (2022). A review on the role of wollastonite biomaterial in bone tissue
engineering. Biomed. Res. Int. 2022, 1–15. doi:10.1155/2022/4996530

Zhang, Y., and Chen, Y. (2014). Bioengineering of a human whole tooth: progress and
challenge. Cell Regen. 3, 8. doi:10.1186/2045-9769-3-8

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Moreno Florez et al. 10.3389/fbioe.2024.1321466

https://doi.org/10.1080/10255842.2019.1569638
https://doi.org/10.9734/bjpr/2015/19918
https://doi.org/10.1016/j.sjbs.2018.05.008
https://doi.org/10.3389/fbioe.2020.581413
https://doi.org/10.1016/j.biopha.2019.108861
https://doi.org/10.1016/j.bbrep.2017.02.001
https://doi.org/10.3389/fbioe.2023.1224557
https://doi.org/10.3390/ma3073867
https://doi.org/10.1155/2019/5420752
https://doi.org/10.1002/jbm.b.31976
https://doi.org/10.1080/09168451.2020.1773756
https://doi.org/10.3390/molecules191219610
https://doi.org/10.1099/jmm.0.001421
https://doi.org/10.1099/jmm.0.001421
https://doi.org/10.1039/C5BM00163C
https://doi.org/10.1016/j.msec.2019.109895
https://doi.org/10.1155/2021/4759492
https://doi.org/10.1055/s-0040-1701921
https://doi.org/10.1055/s-0040-1701921
https://doi.org/10.1016/S0308-8146(03)00216-4
https://doi.org/10.1016/S0308-8146(03)00216-4
https://doi.org/10.1515/cdbme-2021-2117
https://doi.org/10.1016/j.tripleo.2011.05.039
https://doi.org/10.1016/j.msec.2019.03.056
https://doi.org/10.1111/cid.12415
https://doi.org/10.1016/S0944-5013(97)80034-1
https://doi.org/10.3390/polym15122629
https://doi.org/10.3390/polym15122629
https://doi.org/10.1097/01.don.0000164138.49923.e5
https://doi.org/10.1097/01.don.0000164138.49923.e5
https://doi.org/10.1016/j.bioactmat.2019.10.005
https://doi.org/10.1007/978-94-007-4285-7_10
https://doi.org/10.1007/978-94-007-4285-7_10
https://doi.org/10.4161/cib.19420
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1002/btpr.246
https://doi.org/10.1002/btpr.246
https://doi.org/10.3390/molecules24112047
https://doi.org/10.3892/mmr.2019.10066
https://doi.org/10.1557/jmr.2019.323
https://doi.org/10.1016/s0891-5849(98)00315-3
https://doi.org/10.1088/2053-1591/ab200e
https://doi.org/10.1007/s10237-008-0128-z
https://doi.org/10.1007/s10237-008-0128-z
https://doi.org/10.1002/ptr.2480
https://doi.org/10.3390/ijms24010438
https://doi.org/10.1039/C7TB00217C
https://doi.org/10.1016/j.heliyon.2023.e19363
https://doi.org/10.1016/j.heliyon.2023.e19363
https://doi.org/10.13005/bbra/2580
https://doi.org/10.1016/j.msec.2008.09.052
https://doi.org/10.1002/cap.10209
https://doi.org/10.1016/j.cej.2023.142804
https://doi.org/10.1080/09544820410001697136
https://doi.org/10.1080/09544820410001697136
https://doi.org/10.1016/s0955-2219(03)00333-9
https://doi.org/10.3389/fbioe.2023.1260639
https://doi.org/10.3389/fbioe.2023.1260639
https://doi.org/10.1155/2022/4996530
https://doi.org/10.1186/2045-9769-3-8
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1321466

	In vitro evaluation of the osteogenic and antimicrobial potential of porous wollastonite scaffolds impregnated with ethanol ...
	1 Introduction
	2 Experimental procedure
	2.1 Obtaining and characterizing the propolis extracts
	2.2 Obtaining and characterizing the scaffolds
	2.2.1 Formulation and preparation of the ceramic paste
	2.2.2 Printing of the scaffolds
	2.2.3 Impregnation of the scaffolds with propolis extracts
	2.2.4 Evaluation of variations in pH
	2.2.5 Evaluation of antimicrobial activity
	2.2.6 Determination of the minimum inhibitory concentration (MIC)
	2.2.7 ZOI
	2.2.8 Co-culture biofilm formation assay
	2.2.9 Cytotoxicity and biocompatibility assays
	2.2.10 Cell proliferation assay and mineralization
	2.2.11 Mechanical properties

	2.3 Statistical analysis

	3 Results
	3.1 Antioxidant activity of propolis extracts
	3.2 Ceramic paste formulation
	3.3 Variations in pH
	3.4 Antimicrobial activity
	3.5 Cell proliferation and biocompatibility
	3.6 Mechanical test

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


