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ARTICLE INFO ABSTRACT

Keywords: Tissue engineering, particularly bone tissue engineering (BTE), continues to pose significant challenges to
3D scaffolds modern medicine. In this work, a rapid prototyping technique was explored to create 3D scaffolds using a
Beeswflx . Fab@Home 3D-Plotter extruder. For that purpose, a novel composite mixture containing tricalcium phosphate
?E;Irengls sue engineering (TCP), hydroxyapatite (HAp), sodium alginate (SA), beeswax (BW), and thymol (TM) was formulated. BW and

TM resulted in 3D scaffolds with rougher surfaces and moderate hydrophilic profiles, properties crucial for
mediating cell adhesion and proliferation. Moreover, the 3D scaffolds containing BW displayed a significant
increase in compressive strength and Young modulus, being comparable to those exhibited by trabecular bone.
TM loading prevented the establishment of Staphylococcus aureus and Escherichia coli infections, inhibiting
bacterial adhesion and proliferation at the scaffolds' surface. Additionally, the cytocompatibility of the scaffolds
was confirmed over 21 days, with the adhesion and proliferation of Human osteoblasts (hOB) at the scaffold's
surfaces. Simultaneously, calcium and phosphate ions accumulated at the scaffolds' surface, forming apatite
crystals. Therefore, this improved composite mixture showed promising results for being applied in BTE, not only
facilitating hOB cell adhesion and proliferation but also avoiding bacterial infection, addressing a critical
challenge in implant-based therapies.

Antibacterial scaffolds
Composite materials

1. Introduction

Bone tissue engineering (BTE) is a multidisciplinary approach that
seeks to replicate and enhance the body's natural processes to generate
bone tissue through the integration of biomaterials, cells, and bioactive
factors [1,2]. As a response to the limitations of traditional bone grafts,
BTE aims to guide the complex and highly regulated physiological
mechanisms involved in bone repair and formation [3-6]. By mimicking
the native bone environment, BTE facilitates the recruitment, prolifer-
ation, and differentiation of osteogenic cells, ultimately promoting the
formation of structurally and functionally viable bone tissue. Particu-
larly, BTE aims to develop three-dimensional (3D) solutions that can

replicate the characteristics of native bone, namely the inorganic (i.e.,
hydroxyapatite) and the organic (e.g., collagen type I, bone cells, and
non-collagenous proteins) phases [7-11]. To accomplish that, re-
searchers have been using various material combinations, including
natural or synthetic polymers, ceramics, metals, and other composite
materials [12,13].

Herein, a novel 3D scaffold was fabricated through a rapid proto-
typing technique, using the Fab@Home 3D-Plotter extruder via a top-
down approach. For that purpose, a novel composite mixture
comprising tricalcium phosphate (TCP), hydroxyapatite (HAp), sodium
alginate (SA), beeswax (BW), and thymol (TM) was optimized. TCP is
widely used in BTE due to its biocompatibility, biodegradability, and
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osteoconductivity. Additionally, TCP is more affordable than hydroxy-
apatite and presents a higher rate of degradation, with its degradation
products being absorbed by the cells and used in the formation of bone
tissue [9,14]. HAp has been studied due to its ability to enhance phys-
icochemical properties such as porosity, which positively contribute to
the osteoprogenitor cells' adhesion, proliferation, and differentiation
[3]. Moreover, HAp is also known to stimulate the production of oste-
ogenic growth factors (e.g., Bone Morphogenic protein (BMPs)), and
contribute to the increase of alkaline phosphatase (ALP) activity in
mesenchymal stem cells (MSCs) [15,16]. As for the organic components,
SA is a low-cost, biodegradable, biocompatible, low immunogenic, and
highly viscous natural polymer extracted from the cell walls of brown
algae, including Laminaria hyperborea and Laminaria digitata [17,18]. In
addition, SA is soluble in water and can undergo ionotropic crosslinking
in the presence of bivalent cations such as calcium (Ca®h) ions, which is
essential for maintaining the scaffolds' structure [19]. However, the
application of SA in BTE can be hindered by its poor mechanical resis-
tance and excessive swelling [20,21].

On this note, recent advancements have emphasized the bioactive
potential of natural compounds and polymer combinations, especially
plant secondary metabolites (e.g., flavonoids and monoterpenes), and
honeybee products, such as honey, propolis, and beeswax, for improving
the effectiveness of tissue engineering solutions [22-24]. These natural
bioactive substances may not only present antimicrobial activity but
also the capacity to moderate hydrophilicity, contribute to osteoinduc-
tion, and control the inflammatory response [22,23,25]. Thymol (2-
isopropyl-5-methylphenol) is a monoterpene phenolic compound
mainly extracted from thyme (Thymus vulgaris L.) and oregano (Orig-
anum vulgare L.) essential oils. It is well-known for its antimicrobial, anti-
inflammatory, and antioxidant properties [26,27]. In fact, TM has been
explored to confer bactericidal and anti-inflammatory capacity to
different biomaterials such as electrospun membranes, films, and
hydrogels [28-31]. Due to its easy incorporation and high bactericidal
capacity, TM is considered an effective candidate against antibiotic-
resistant bacteria, which are known to cause biofilm formation on
implanted bone scaffolds [23,29,32,33]. BW is a naturally hydrophobic
and biocompatible compound produced by honeybees' (Apis mellifera)
glands [34]. Its natural composition reduces the risk of adverse immune
reactions, which categorizes BW as GRAS (Generally Recognized as
Safe) by the FDA, an essential feature for a biomaterial aimed to be
applied in the biomedical field [35]. BW has an intricate and ideal
crystalline structure, contributing to its primary function as a support
construct for the honeycomb [36,37]. Around 300 compounds can be
found in BW, in which fatty alcohols represent almost 1 %, hydrocarbons
12-16 %, free fatty acids 12-14 %, fatty acid esters around 67 %, and
honeycomb substances such as pollen, propolis, and some floral con-
stituents make up the remaining components [24,38]. BW has been
extensively used as a food additive, a thickener, an emulsion agent, and
a drug release control agent in food, pharmaceutical, and cosmetic in-
dustries [36-39]. Furthermore, bone wax (a mixture of beeswax, iso-
propyl palmitate, and softening agents) has been used for a long time in
osteotomy operations to control bleeding [40]. In recent BTE studies,
researchers have used BW as a bio-ointment (to improve formulations
viscosity), as an encapsulating agent (to control drug release in hydro-
gels/emulsions), and as a coating agent (which prevents corrosion of
metal alloy grafts) to improve bone tissue formation [35,41-44]. Herein,
BW was explored, for the first time, as part of the organic phase in 3D-
printed scaffolds for bone generation, evaluating its impact on the layer-
by-layer material deposition and the 3D-printed scaffolds' mechanical
stability and bioactivity.

2. Materials and methods
2.1. Materials

Alizarin Red S (ARS), Dulbecco's modified Eagle's medium (DMEM-
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F12), di-Potassium hydrogen phosphate trihydrate (HK>O4P.3H50),
glutaraldehyde 2 % (v/v), hydrochloric acid (HCI), hydroxyapatite
(HAp), LB Broth, resazurin, sodium alginate (SA), sodium hydroxide
(NaOH), thymol (TM), triton X-100, and trypsin were acquired from
Sigma-Aldrich (Sintra, Portugal). Acetic acid was purchased from Pro-
nalab (Barcelona, Spain). Double-deionized and filtered water was ob-
tained using a Milli-Q Advantage A10 ultrapure Water Purification
System (0.22 pm filtered; 18.2 MQ/cm at 25 °C). Ethanol 99.5 % (EtOH)
was acquired from Aga (Prior Velho, Portugal). Ethyl acetate, tris-base,
and tris-buffered saline (TBS) were obtained from Fisher Scientific
(Porto Salvo, Portugal). Fetal bovine serum (FBS) was obtained from
Biochrom AG (Berlin, Germany). Lysozyme from the chicken egg was
purchased from Alfa Aesar (Haverhill, MA, USA). Magnesium chloride
hexahydrate (MgCl,.6H20), potassium chloride (KCI), and sodium sul-
fate anhydrous (Na;SO4) were purchased from Labkem (Barcelona,
Spain). Normal human osteoblast (hOB; 406-05f) cryopreserved cells
were obtained from Cell Applications, Inc. (San Diego, USA). Staphylo-
coccus aureus clinical isolate (S. aureus; ATCC 25923) and Escherichia coli
DH5a (E. coli) were used to evaluate the antimicrobial properties of
scaffolds. Propidium Iodide was acquired from Life Technologies
(Maryland, USA). Tricalcium phosphate (TCP) was obtained from Pan-
reac (Barcelona, Spain). Sodium bicarbonate (NaHCO3) was purchased
from Labchem (Santo Antao do Tojal, Portugal). White Beeswax (BW)
was acquired from GUINAMA (Valencia, Spain).

2.2. Methods

2.2.1. Fabrication of the 3D scaffolds

The formulations were prepared using different compositions
(Table 1). Briefly, SA was dissolved in 4.4 mL double-deionized and
filtered water (0.22 pm filtered; 18.2 MQ/cm at 25 °C) and then ho-
mogenized for 10-15 min with an X10/25 Ultra-Turrax 8G. Then, TCP
and HAp, in a ratio of 4:1, were mixed with the SA solution and ho-
mogenized for 15 min in X10/25 Ultra-Turrax 8G. A BW 10 % (w/v)
solution was prepared using 3.6 mL ethyl acetate as solvent, under
magnetic agitation at 80 °C, for 45 min. Afterward, TM-BW solutions
were prepared at a final TM concentration of 0.016 % or 0.033 %.
Subsequently, the BW-TM solution was added to the previous SA/TCP-
HAp mixture and homogenized for 10 min. After homogenization, the
formulations were dried at 50 °C for 3 h. The layer-by-layer 3D printing
of the composite mixtures was performed in a Fab@Home 3D printer.
For that purpose, the composite mixtures were homogenized and loaded
into a syringe (10 cc Luer Lock) with an 18G nozzle, which was then
mounted in the Fab@Home 3D printer. Then, the printing parameters
(Table S1) were adjusted for each composite mixture, and 3D-printed
formulations were produced by layer-by-layer extrusion, following a
3D CAD model of a general model unit according to a previous work
[45]. The 3D structure comprised a 13 mm x 13 mm x 13 mm cube,
with a porous structure and several layers angled at 45° with the un-
derlying layer (0°-45°-90°-135°). The layer rotation mimics the

Table 1
Summary of the composition of the mixtures corresponding to twelve scaffolds/
formulations.

Inorganic/Organic Ratio

70 (4:1) 30 (2:1)

TCP HAp SA (g) BW ™

(€3] @ (€3] (@)

TCP/SA (T) 2.52 - 1.08 - -

TCP/SA/BW (TB) 2.52 - 0.72 0.36 -

TCP-HAp/SA/BW (THB) 2.02 0.50 0.72 0.36 -
TCP-HAp/SA/BW-TM5 (TM5) 2.02 0.50 0.72 0.36 0.06

TCP-HAp/SA/BW-TM10
(TM10) 2.02 0.50 0.72 0.36 0.12
Density (g/ml) 0.82
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collagen deposition in natural lamellar bone, namely the rotation of
collagen fibers between adjacent lamellae [46]. Then, the crosslinking of
the SA chains was promoted by soaking the scaffolds in a CaCl, solution
(5 % v/v) for 24 h. Finally, the 3D-printed scaffolds were recovered and
dried at 50 °C for 3 days.

2.2.2. Morphological characterization of the 3D scaffolds

Scanning Electron Microscopy (SEM) was used to analyze the 3D
scaffolds' macroporosity, surface, and morphology. Samples were
affixed to aluminum stubs with Araldite glue and coated with gold using
a Quorum Q150RES sputter coater (Quorum Technologies, UK). Once
this process was completed, image acquisition was performed in a
Hitachi S-3400 N scanning electron microscope (Japan) at 20 kV ac-
celeration voltage. Additionally, sectional images of the scaffolds' cryo-
fracture were also obtained. This process involved soaking the samples
in liquid nitrogen for 30 s, followed by the scaffolds' fracture at the
center.

2.2.3. Physicochemical characterization of the scaffolds

2.2.3.1. Attenuated total reflectance-Fourier transform infrared spectros-
copy (ATR-FTIR). The scaffolds' chemical composition was analyzed
using ATR-FTIR spectroscopy. For this purpose, each scaffold formula-
tion was first crushed into powder and then placed on a Nicolet iS10
FTIR Spectrophotometer (Thermo Scientific, Waltham, MA, USA). All
spectra were recorded with an average of 64 scans, at a resolution of 4
em™}, and in the 600-3600 cm ! range, adapting a protocol previously
established in our group [47]. The spectra of the raw materials used to
create the composite mixture were also acquired for comparison.

2.2.3.2. Energy-dispersive spectroscopic analysis (EDS). The 3D scaffolds'
elemental composition and surface mineralization were analyzed using
EDS. Briefly, the samples were freeze-dried for 3 h, then placed on
aluminum stubs, and analyzed using an XFlash Detector 5010 (Bruker
Nano, Germany).

2.2.4. Mechanical characterization of the scaffolds

The 3D scaffolds' (n = 3) mechanical properties were evaluated
under wet and dry conditions. For that purpose, scaffolds were sub-
merged in TBS at a pH of 7.4 overnight. After that process, both dry and
wet scaffolds underwent compression tests to analyze their mechanical
behavior. The assay was performed at RT with a load cell of 5 kN and a
crosshead speed of 2 mm/min, using a Shimadzu AG-X tensile testing
machine (Tokyo, Japan) [48].

The compressive strength (Cs) was calculated using Eq. (1):

- F
T wxl

(€8]

s

In this context, F is the load at the time of fracture, while w and 1
stand for the width and length of the scaffolds, respectively.
Young's modulus (YM) was determined using the stress-strain rela-
tionship, as demonstrated in Eq. (2):
Cs

YM = o, 2)

where Cs represents the scaffold compressive strength, and Hy is the
height deformation at maximum load.

Energy absorption (E,) was calculated by integrating the force-
displacement curve, according to Eq. (3):

E, — f ' oude &)
0

where o;j is the stress value at ¢; strain in the strain-stress curve.
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2.2.5. 3D scaffolds' porosity evaluation

The scaffolds' (n = 5) porosity was analyzed using the liquid
displacement method as previously reported in the literature [49]. The
samples were weighed, soaked in EtOH for 48 h, and reweighed. The
EtOH was chosen as a solvent due to its capacity to infiltrate the scaf-
folds' structure without causing swelling or shrinkage [48]. The sample's
overall porosity was determined using Eq. (4):

W, — Wy

Porosity (%) = ——————
ores ly( 0) DEtOH X Vscaﬁold

x 100 @

where W,, and Wy represent the wet and dry scaffolds' weights,
respectively. Doy corresponds to EtOH density at RT, and the Vil
refers to the scaffolds' volume.

2.2.6. Characterization of the scaffolds' swelling profile

The 3D scaffolds' swelling was characterized using cell culture
media, adapting a method described in the literature [48]. Briefly, the
3D scaffolds (n = 5) were incubated with DMEM-F12 (pH 7.4), under
stirring (20 rpm) at 37 °C, for approximately 72 h. The scaffolds were
then recovered, weighed, and re-immersed in the DMEM-F12 solution at
predetermined intervals.

The swelling was calculated using Eq. (5):

W — W,

0

Swelling (%) = < ) x 100 (5)

where W; corresponds to the final weight of the scaffolds, and W, in-
dicates the initial weight.

2.2.7. Evaluation of the scaffolds' hydrophobic/hydrophilic character

The sessile drop method was used to optically determine the contact
angle between a liquid and a solid surface, allowing the determination of
the scaffolds' hydrophilicity. In this method, a 10 pL drop of deionized
water was automatically dispensed onto the surface of the sample, and
the resulting contact angle was measured using a Dataphysics OCA 20
contact angle analyzer (Dataphysics Instruments, Filderstadt, Germany).
Multiple measurements were taken at various points on the surface of
the scaffolds to calculate the mean static water contact angle (WCA) and
its standard error.

2.2.8. Mineralization assay

The scaffolds' mineralization capacity was evaluated in a simulated
body fluid (SBF) solution, at 37 °C for 21 days. At different times,
samples were collected and freeze-dried for 3 h. SEM was performed to
visualize and characterize the apatite crystal layers. The formation of
apatite crystals was also monitored by measuring the amount of calcium
and phosphorus elements present at the scaffold's surface via EDS
analysis. The SBF was prepared at pH 7.4 and with the following con-
centration of ions: 142.0 mM Na®, 5 mM K', 1.5 mM Mg?t, 2.5 mM
Ca®", 147.8 mM Cl™, 4.2 mM HCO3, 1.0 mM HPO3™, and 0.5 mM SO3~
[50].

2.2.9. Evaluation of the scaffolds' biodegradation profile

The degradation profile of the samples was monitored in the pres-
ence or absence of an enzyme. Briefly, the 3D scaffolds were immersed
in DMEM-F12 medium, with or without lysozyme (13.6 mg/L), and
incubated for 14 days at 37 °C under stirring [48]. Then, the scaffolds
were removed from the solution at specific times, frozen at —80 °C,
freeze-dried for 3 h, and reweighed.

The weight loss percentage at each time point was determined using
Eq. (6):

L,

i

Weight loss (%) = < ) x 100 (6)

where W; is the initial weight of the scaffold and Wy corresponds to the
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weight of the scaffold at time t.

2.2.10. Biological characterization of the scaffolds

2.2.10.1. Assessment of hOB cells' viability and proliferation in contact
with the scaffolds. The resazurin assay was used to characterize the 3D
scaffolds' cytotoxic profile [51]. To accomplish that, scaffolds were
broken into quarters and placed in 12-well plates, and then UV light was
used to sterilize them for 1.5 h. After that process, hOB cells were
cultured with the 3D scaffolds and incubated for 1, 3, 7, 14, and 21 days.
At the respective time points, both scaffolds and the culture medium
were removed, and cells were incubated in the dark with 550 pL of fresh
medium containing resazurin (50 pL) for 4 h at 37 °C and 5 % CO».
Subsequently, the resorufin fluorescence was measured using a Spec-
tramax Gemini EM spectrofluorometer (Aex = 560 nm and Aer, = 590 nmy;
Molecular Devices LLC, CA, USA). Cells incubated without materials and
cells incubated with 70 % EtOH were used as negative (K™) and positive
(K™) controls, respectively.

2.2.10.2. Evaluation of cell adhesion to the scaffolds' surface. To analyze
cell adhesion on the scaffolds' surface, hOB cells (50 x 103 cells/wells)
were directly seeded onto them. The cells were then incubated for 1, 3,
and 7 days. At each time point, the medium was removed, and the
samples were fixed using 2.5 % (v/v) glutaraldehyde for 30 min. Af-
terward, the scaffolds were frozen at —80 °C, freeze-dried for 3 h, and
SEM images were acquired (as described in Section 2.2.2.). Additionally,
the hOB cells' adhesion and internalization were also monitored using
Confocal Laser Scanning Microscopy (CLSM). The 3D scaffolds and hOB
cells (50 x 10° cells/scaffold) were cultured using p-Slide 8-well Ibidi
imaging plates (Ibidi GmbH, Germany). Then, at each time point (1, 3,
and 7 days), the samples were permeabilized using a Triton X-100 so-
lution, and the cell nuclei were labeled with propidium iodide (PI) at 15
mM, for 15 min at RT. Subsequently, DMEM-F12 medium was used to
wash the samples, followed by fixation with 2.5 % (v/v) glutaraldehyde
for 15 min. Finally, a Zeiss LSM 710 laser scanning confocal microscope
(Carl Zeiss SMT Inc., USA) was used to acquire consecutive z-stacks
forming a 3D reconstruction, analyzed in Zeiss Zen 2010 [52].

2.2.10.3. Biomineralization assay. The scaffolds' capacity to promote
calcium deposition by hOB cells was analyzed using the alizarin Red S
(ARS) staining method following a protocol previously optimized [52].
For this purpose, multiple cell densities were seeded with the scaffolds
(n = 5) in 12-well plates and incubated for 1, 3, 7, 14, and 21 days. Then,
the samples were fixed with 4 % (v/v) formaldehyde for 1 h and stained
with 1 mL of ARS (40 mM, pH = 4.1-4.3) for 1 h under agitation. Finally,
samples were washed (2x) with deionized H30, and the calcium de-
posits were visualized by microscopic images.

2.2.10.4. Evaluation of the scaffolds' antibacterial activity. A modified
Kirby-Bauer protocol was used to characterize the scaffolds' antibacte-
rial activity, in which both Gram-positive and Gram-negative bacteria
were tested, S. aureus and E. coli, respectively [47]. For this purpose, the
bacteria at 1 x 10® CFU/mL (OD = 0.5) were cultured on the agar plates
and incubated with the 3D scaffolds (n = 3) for 24 h at 37 °C. Afterward,
the inhibition halos were photographed and measured using the ImageJ
software. Moreover, bacterial growth on the 3D scaffolds' surface was
also assessed by SEM analysis, after freeze-drying the samples according
to the protocol described in Section 2.2.2.

Otherwise, the bacterial viability of S. aureus and E. coli was also
determined using the resazurin assay and counting the colony-forming
units [53]. For that purpose, 3D scaffolds were incubated with bacte-
rial suspensions (1 x 10° CFU/mL in LB broth) in 12-well plates at 37 °C
for 24 h. In the negative control (K™) bacteria were cultured in LB broth
only, whereas in the positive control (K™), the bacteria were cultured in
LB broth supplemented with antibiotic-antimycotic solution (containing
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0.25 pg/mL amphotericin B, 100 U/mL penicillin, and 100 pg/mL
streptomycin). After incubation, 100 pL of bacterial medium was
collected from each well and mixed with 20 pL of 0.05 % (w/v) resazurin
solution for 4 h in the dark (37 °C, 5 % CO»). The resazurin reduction
was determined by using a BioRad xMark microplate spectrophotometer
(hex = 570 nm, Aem = 600 nm). Furthermore, the remaining bacterial
medium from the test groups was serially diluted in LB media, and 100
pL samples were plated on LB agar plates. The culture plates were
incubated overnight at 37 °C, and the colonies were documented
photographically [54-56].

2.2.11. Statistical analysis

Results were statistically analyzed using one-way analysis of vari-
ance (ANOVA) with the Newman-Keuls post hoc test. The data are
presented as mean + s.d., a p-value lower than 0.05 (p < 0.05) was
considered statistically significant.

3. Results and discussion
3.1. Morphological characterization of the 3D scaffolds

The 3D scaffolds were produced layer-by-layer using a Fab@Home
3D printer, using an extrusion-based methodology [48,57]. Moreover,
since bones are chemically composed of an inorganic (60-75 %) and
organic (25-40 %) phase, all 3D scaffold formulations were created in a
70:30 ratio of inorganic-to-organic material. The final mixture was
formulated using TCP, HAp, SA, and BW, with each material contrib-
uting to mimicking the bone properties. TCP and HAp were included, in
a 4:1 ratio, to mimic the inorganic phase. TCP was chosen for its me-
chanical and osteogenic properties, while HAp can improve the porosity
of the scaffolds and even lead to enhanced mechanical properties and
osteoinductivity [48,58-60]. Meanwhile, the SA and BW organic phase
was added to the formulations in a 2:1 ratio. SA is a natural, biocom-
patible, hydrophilic, and biodegradable polymer, making it ideal for
mimicking the extracellular matrix [48]. On the other hand, BW's
crystalline structure and hydrophobic character help honeybees to
develop a stable and durable structure, which in this case was expected
to control the scaffolds' wettability and mechanical performance under
wet conditions [36]. Additionally, TM was impregnated in BW to confer
antibacterial properties to the scaffolds against both Gram-positive and
Gram-negative bacteria [61]. Macroscopic and SEM images were ac-
quired after the 3D scaffolds' production to evaluate their structure and
morphology. The macroscopic images (Fig. 1A) show that all formula-
tions have similar characteristics in terms of dimensions and shapes,
with minor variations in the layer arrangement. The paths of the T
formulation appear flattened (Fig. 1A, Top View), while the paths of all
other formulations remain slightly straighter. This can be explained by
the absence of BW in these mixtures. The wax solidifies as the organic
solvent evaporates, contributing to a straighter path upon layer depo-
sition. Furthermore, in the SEM images (Fig. 1B), BW and TM formu-
lations appear to present a rougher surface, which can offer a higher
number of anchorage points essential for cell adhesion and proliferation
[62] as well as protein absorption, as reported in the literature [63].
Fig. S1 further shows the arrangement and connection between the
different layers that compose the scaffolds.

3.2. Physicochemical characterization of the scaffolds’

3.2.1. ATR-FTIR analysis

The scaffolds' chemical composition was analyzed using ATR-FTIR,
as shown in Fig. 2. The TCP raw spectra (Fig. 2A) display a single
characteristic peak at 1021 em™), attributed to the P—O vibration,
which can also be observed in HAp spectra. In the SA spectra, two peaks
at 1404 and 1597 cm ™! can be observed corresponding to the C=0
stretching of the carboxylate group, along with a band between 3000
and 3600 cm ™! attributed to alginate's G and M units [48]. Otherwise,
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Fig. 1. Morphological evaluation of the produced scaffolds. Representative macroscopic images of the 3D scaffolds (top and side views) (A) and SEM images showing

their morphology (B1), surface topography (B2 and B3), and cryofracture (B4).

the BW presented vibration bands at 2960-2820 cm ™, attributed to the
asymmetric CHy stretching. Moreover, the BW fingerprint zone
(Fig. 2AI) in the 1800-900 em™! [64] region was also visible. In this
region, it was possible to identify hydrocarbon scissor deformations at
1334 cm™, free fatty acids and esters at 1763 cm™!, and 1179 cm ™!
representing C—=O0 stretching vibrations and C—H bending vibrations,
respectively. Moreover, the TM spectra presented a peak at 1621 cm ™
from the C—=C aromatic ring and the TM fingerprint zone (Fig. 2AII) at
1514-720 cm’l, which contained peaks at 863 cm ™! (aromatic C—H
out-of-plane bends), 1171 em™! (meta substitution), 1210 em™! (aro-
matic C—H in-plane bends), and 1485 cm™! (C—H asymmetric/sym-
metrical bending) [65]. Additionally, it is possible to observe the
presence of characteristic peaks of the corresponding raw material in the
spectra of the different composite mixtures (Fig. 2B).

3.2.2. EDS analysis

The EDS analysis (Table S2) was conducted to determine the
elemental composition of the 3D scaffolds. The results show a similar
oxygen, phosphorus, and calcium content in all composite formulations.
However, the carbon content increased with the addition of BW and TM
to the different formulations. Moreover, the data in Table S3 indicated
that the formulations exhibited a slightly higher Ca/P ratio (2.39-2.7)
compared than native trabecular bone (1.3-2.2) [66].

3.3. Mechanical properties of the scaffolds

Optimal mechanical properties are crucial for scaffolds' performance
in bone tissue formation. In this application, the biodegradable 3D
scaffolds must provide temporary structural support while facilitating
cell adhesion, proliferation, and the initial formation of hydroxyapatite
crystals [48,67]. For this purpose, the 3D-printed scaffolds' compressive

strength (Cg) and Young's modulus (YM) were tested in wet and dry
conditions.

As stiffer scaffolds could lead to stress-shielding and lower stiffness
fail to provide mechanical stability to the injury, the replacement bio-
material's mechanical properties should be similar to those of native
bone tissue [68]. The results show that all formulations performed better
in dry conditions (Fig. 3A and B). In this regard, it is possible to observe
that adding BW to the mixtures (TB formulation) leads to an increase of
approximately 25 % in C; when compared to the T formulation, which
was already optimized in a previous work in our group [48]. TB presents
a value of approximately 25 MPa, whereas the T formulation is
approximately 20 MPa. Additionally, to further increase the C; of the TB
formulation, HAp was added, resulting in a 28 % increase in Cs, sur-
passing the trabecular bone range (1-30 MPa). Moreover, no significant
impact on the Cg value was observed with the addition of TM. However,
the obtained results show a poorer performance of the 3D scaffolds
under wet conditions, which can be attributed to the expansion of the
polymeric matrix in response to the fluids. This can lead to swelling and
loss of structural integrity, leading to decreased mechanical properties.
The data obtained (Fig. 3A) demonstrate that adding BW helps minimize
the loss of mechanical properties in wet conditions. While the control
formulation loses almost 95 % of its Cs, incorporating BW into the
scaffolds helps them retain over 30 % of their original resistance. This
can be explained by the rapid solidification of the wax at RT and its
internal crystalline structure, which helps bind the polymeric and
ceramic phases in the composite mixture, acting as a mechanical ad-
hesive [69]. Additionally, the hydrophobic nature of BW also plays a
role in preventing increased swelling, as will be further discussed in
Topic 3.6. Otherwise, the addition of BW almost doubled the scaffolds'
energy absorption in a dry state, increasing from 1.35 + 0.19 (T
formulation) to 2.13 + 0.67, 2.86 + 0.51, 2.41 & 0.10, and 2.81 + 0.43
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for TB, THB, TM5, and TM10 (Fig. 3C). Particularly, in the wet state, the
formulations containing BW maintained their energy absorption,
whereas this value decreased from 1.35 + 0.19 to 0.09 + 0.01 MJ/m°
for the T scaffolds. These show that the TB, THB, and TM formulations
have superior fracture resistance and damage tolerance, in dry and wet
states. Furthermore, there is also a noticeable increase in YM in wet
conditions, but the addition of BW is unable to maintain YM within the
trabecular bone range (50-2000 MPa). However, BW improved the
scaffolds' plasticity in both conditions, as indicated in Fig. 3B. The YM of
composite mixtures with BW showed an increase of more than 100 %
compared to the control formulation in dry conditions, further
enhancing T plasticity within trabecular bone values.

3.4. 3D scaffolds porosity evaluation

The total porosity of the scaffolds was measured using the liquid
displacement method (Fig. 4A). The ability of cells to infiltrate, grow,
and proliferate depends greatly on the pore size and interconnectivity,
as this regulates cell movement, nutrient exchange, and metabolite
diffusion within the scaffold structure. Additionally, pore

interconnectivity facilitates the diffusion of ions such as Ca®* and PO}~
throughout the scaffolds, leading to the formation of hydroxyapatite-
like layers [60,70]. The results obtained for the scaffolds indicate that
all the formulations fall within the range of trabecular bone porosity (50
%-90 %). Although this is a significant achievement, we can observe that
when compared to the control formulation T (= 60.5 % porosity), the
addition of BW (TB) reduces porosity by ~ 10 % to 50.2 %. However,
this effect is contradicted by the addition of HAp to the mixture (THB),
as it increases total porosity to 63 %, a 3 % and 13 % increase compared
to the control and TB, respectively. These results align with data avail-
able in the literature, where the BW has functioned as an occlusive agent
and HAp is known to enhance scaffolds' inner porosity [60,71]. In
addition, incorporating TM slightly increases the total porosity
compared to TB (= 50.2 % porosity). TM5 and TM10 had porosity values
of 52.5 % and 55 %, respectively, higher than the TB formulation, which
can be explained by the presence of TM creating small spaces between
the ceramic and polymer grains bonded by the BW. However, it still
decreases porosity by 2.3-5.5 % when compared to the control T.
Moreover, all composite mixtures resulted in 3D scaffolds with macro-
porosity compatible with cell internalization, mean pore size within
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2063-2617 + 250 pm and 205-605 + 250 pm, as shown in Table S4,
and SEM images (Fig. 4B).

3.5. Evaluation of the scaffolds' wettability

The hydrophobic/hydrophilic nature of the materials directly in-
fluences cell adhesion and protein absorption onto the scaffolds' surface.
According to the literature, cell adhesion is more favorable on moder-
ately hydrophilic surfaces (40° < WCA < 70°) when compared to hy-
drophobic surfaces (WCA > 90°) or super hydrophilic surfaces (WCA <
20°) [72]. The results show that the T formulation exhibited a super-
hydrophilic nature with a low contact angle of 4.5 + 0.4°. In turn, the
inclusion of BW improved the WCA of TB and THB formulations,
increasing the hydrophobicity to 25.4 + 1.2° and 26.8 + 1.4°, respec-
tively. These results are closer to the ideal range and align with those
reported in the literature. The BW's hydrophobic nature is frequently
mentioned in the Agro-Food industry as it is a valuable characteristic of
emulsion production [73,74]. Subsequently, the TM5 and TM10 for-
mulations containing a mixture of BW-TM demonstrated further
improvement in the WCA (Fig. 4C). The hydrophobic nature of TM
further increased the formulations' hydrophobic nature, reaching 45.6
+ 3.6° and 43.9 + 0.4°, respectively. Therefore, TM5 and TM10 3D
scaffolds present WCA values within the ideal range (40° < WCA < 70°)
for promoting the cells' adhesion and proliferation, which can positively
influence their biological performance.

3.6. Characterization of the scaffolds' swelling profile

When the scaffolds swell, their structure changes as the polymeric
matrix expands, increasing pore sizes. This enables better cell penetra-
tion and nutrient diffusion throughout the scaffolds [52]. Nevertheless,
excessive swelling can reduce the density of the scaffolds, leading to a

loss of mechanical integrity and increasing the compressive stress on
surrounding tissues [75]. The results showed that the T, TB, and THB
formulations had similar swelling profiles when placed in the DMEM-
F12 medium. Fig. 4D shows that all formulations present a rapid
swelling in the first 4-5 h, which stabilized until the end of the experi-
ment at 72 h. Moreover, T samples presented the highest swelling, with
420 % at 72 h. In turn, the BW inclusion resulted in 3D scaffolds with
lower swelling, ~15-20 % less for TB and THB formulations. The TM5
and TM10 3D scaffolds showed a more controlled swelling profile, with
a peak swelling value of ~280 % for TM5 and ~240 % for TM10. The
obtained results can be correlated with the data obtained in the porosity
and WCA studies, i.e., lower porosity and increased hydrophobicity
resulted in materials with a more controlled and lower swelling capac-
ity. Therefore, these data show that including BW and TM in the com-
posite mixture positively affects the 3D scaffolds' response to fluids,
leading to more stable structures.

3.7. Evaluation of the scaffolds' mineralization capacity

The ability of scaffolds to promote mineral deposition is critical for
bone tissue formation. During this process, the binding of calcium and
phosphate ions facilitates the nucleation and growth of hydroxyapatite
crystals (Cas(PO4)3(OH) [76]. For that purpose, the scaffolds' mineral-
ization was characterized for 21 days in SBF. The formation of apatite
crystals on the scaffolds' surface was observed through SEM (Fig. 5A)
and complemented with EDS analysis (Fig. 5B and C). The results show
that during the first 3 days, the TB, THB, TM5, and TM10 formulations
form fewer apatite crystals than the control T scaffolds (Fig. 5A). This
observation was also confirmed by the lower amount of P and Ca ele-
ments found in these scaffolds (Fig. 5B and C) during the first 3 days.
After this initial phase, a continuous deposition of apatite crystals
occurred, and an increase in the P and Ca elements was observed until
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the end of the study. The results also show that the TM5 and TM10
formulations had the highest amounts of P and Ca elements after 21
days. Furthermore, the elemental surface map obtained using SEM on
days 7 and 21 (Fig. S2) revealed a uniform distribution of both elements
at the scaffolds' surface for all the formulations. Altogether, these data
demonstrate that 3D scaffolds can trigger the mineralization process,
creating a closer bone-like environment, which is crucial for supporting
bone cell attachment, growth, and differentiation.

3.8. Evaluation of the scaffolds' biodegradation profile

The degradation rate of the scaffolds is a critical factor for guiding
the formation of new tissue (Fig. S3). As temporary supports, the scaf-
folds must degrade at a rate that aligns with the new tissue formation to
prevent mechanical instability [77]. Therefore, to assess the degradation
profile of the scaffolds, they were incubated with DMEM-F12 medium in
the presence or absence of lysozyme. Lysozyme is an enzyme typically
found in saliva, macrophages, human serum, and neutrophil granules
that mediates hydrolysis of N-acetyl glucosamine groups present in
different materials, such as chitosan and peptidoglycans [52].

Based on the obtained results, it is possible to observe that the 3D
scaffolds suffer a maximum degradation rate of 9 % over 14 days, both in
the absence and presence of lysozyme (Figs. S3B and S3A). Moreover,
most of the degradation occurs in the first 7 days, which can be attrib-
uted to the lack of specificity of the enzyme towards the different
components present in the composite mixture and to the initial swelling

that promotes the matrix expansion, creating space between the poly-
meric and ceramic phases. Additionally, the scaffolds with BW show a
slightly faster degradation in the presence of lysozyme. Such can be
related to the lysozyme capacity to promote a decrease of long, medium,
and short-chain free fatty acids present in BW [78]. Moreover, it should
be noted that upon implantation in the human body, the alginate lyases
will also contribute to the 3D scaffolds' degradation through the cleav-
age of the glycosidic bonds between the sugar units [79]. Furthermore,
the TCP and HAp can also undergo aqueous dissolution in body fluids
and be reabsorbed and integrated into the mineralized bone tissue [80].

3.9. In vitro cellular characterization of the scaffolds

3.9.1. Assessment of hOB cells' viability and proliferation in contact with
the scaffolds

The cytocompatibility of the 3D-printed composite scaffolds was
analyzed in hOB cells for 21 days. For that purpose, the hOB cells were
seeded and cultured in contact with the different 3D scaffold formula-
tions. Optical microscopic images were obtained at various time points,
and the collected images show the hOB cells with normal elongated
morphology and proliferating until day 21 (Fig. S4). Moreover, these
results were further corroborated by the resazurin assay. This assay
explores the reduction of the nonfluorescent resazurin to the strongly
fluorescent resorufin by living and metabolically active cells. Therefore,
the obtained fluorescence will be proportional to the number of viable
cells. Fig. 6A indicates that all formulations remained biocompatible
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over 21 days, with all tested formulations showing cellular viabilities
superior to 70 %. Nevertheless, it is also possible to notice a slight
decrease in the hOB cells' viability (to ~80 %) when they were seeded in
contact with the T 3D scaffolds, during the first 3 days. Otherwise, the
incorporation of BW and TM in the 3D scaffolds did not impact the hOB
cells, with the TB, THB, TM5, and TM10 formulations showing cellular
viabilities of ~100 % without significant differences to the K~ group.
This cytocompatibility profile is aligned with previous reports in the
literature [81,82]. Vu et al. reported that incorporating TM at different
concentrations (500 pg and 1000 pg) into a hydroxyapatite-coated ti-
tanium implant maintained cell viability throughout an 11-day assay
period [82]. Moreover, Pereira and colleagues demonstrated that BW
multifunctional composites exhibited over 90 % cell viability during 72
h [81].

3.9.2. Evaluation of cell adhesion and internalization

Apart from the 3D scaffolds' cytocompatibility, the capacity of hOB
cells to adhere and proliferate at the surface of the scaffolds was also
assessed by SEM (Fig. 6B). The obtained images show that the hOB cells
adhered and spread across the surface of the scaffolds from day 1 to day
7.

At day 7, formulations with BW (TB and THB) and formulations with
BW and TM (TM5 and TM10) exhibited hOB cells with typical osteo-
blastic morphology as cells began to form continuous layers and estab-
lish connections between them. These results are consistent with the
physicochemical properties revealed in the previous sections. The 3D
scaffolds' surface roughness provides important anchorage points for the
hOB cells' adhesion. Additionally, the wettability results indicated that
TMS5 and TM10 presented WCA values within the range considered ideal
for promoting cell adhesion. In contrast, despite showing the adhesion

and spreading of hOB cells, the T formulation did not show the same
levels of cell density and typical osteoblastic morphology as the other
formulations, further corroborating the results of the resazurin assay
(Section 3.9.1). Fig. 6A shows that the T formulation results in lower cell
viability on the first 3 days of the study, leading to less cellular density
and adhesion in the 7-day assay presented in Fig. 6B.

The adhesion and internalization of hOB (Red) cells throughout the
scaffolds (Blue) were also analyzed using CLSM (Fig. S5). The results
indicate that cells can penetrate the scaffold in all formulations at each
time point. Such capacity is correlated with the macropores (Fig. 4B),
which facilitate the cells' migration to deeper regions of the 3D-printed
scaffolds. Moreover, on the 7th day, it was possible to observe some
cellular aggregates, which have been shown to improve osteogenesis
[83].

3.9.3. In vitro biomineralization

The scaffolds' biomineralization capacity was evaluated using the
ARS staining method, after removing the scaffolds cultured with hOB
cells. The ARS binds specifically to calcium ions (Ca®*"), fixed by hOB
cells, forming a red or orange complex that allows the visual detection of
the mineralization process. Therefore, optical microscopic images were
acquired to assess the hOB cells' matrix mineralization ability when
cultured with the 3D scaffolds over 21 days (Fig. S6). The obtained
images clearly show the cells' staining, indicating the presence of cal-
cium deposits in cultured cells, which is a hallmark of bone formation.
Moreover, it is possible to observe that the increase in scaffolds' incu-
bation time leads to a stronger ARS staining and the appearance of
several stained deposits. In this way, the optical microscopy images
show the continuous deposition of calcium, which indicates the capacity
to promote the mineralization of the extracellular matrix and new bone
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formation. Furthermore, the higher number of calcium-rich deposits
detected in the hOB cells incubated with TB, THB, TM5, and TM10
formulations reveals an apparent superior mineralization capacity. Such
may be justified by the osteogenic properties of the materials and their
capacity to promote the crystallization of calcium phosphate, as previ-
ously observed in Section 3.7 [84]. Similar findings were observed by
Luo et al., showing that mineralized scaffolds (Alginate scaffolds coated
with nano-HAp) enhanced the mechanical properties as well as the cell
attachment and differentiation [85]. Moreover, it is worth noticing that
the TB, THB, TM5, and TM10 formulations also presented physico-
chemical properties closer to those considered ideal for applications in
BTE, further increasing their bioactivity, showing to be a clear advance
over the previous scaffolds developed using TCP/SA-based composite
mixtures [47,48,68].

3.9.4. Evaluation of the scaffolds' antibacterial activity

Hospital infections caused by bacteria are a severe complication
associated with bone implants [52]. For that purpose, incorporating
antibacterial agents into bone substitutes has been pursued for pre-
venting bacterial infections. However, these agents should not
compromise the osteoconductivity and osteoinductivity exhibited by
scaffolds [86]. Hence, the antibacterial activity of the scaffolds was
evaluated against two bacterial models, S. aureus (Gram-positive) and
E. coli (Gram-negative), using the agar diffusion method. The results
show that the groups treated with the T, TB, and THB formulations did
not exhibit inhibition halos (Fig. S7). In turn, the adding TM to the
composite mixtures demonstrated efficacy against both S. aureus and
E. coli, as it presented inhibition halos within the standard values
defined in the literature (Table S5) for the antibiotic gentamicin [87].
Moreover, both TM5 and TM10 3D scaffolds showed a higher inhibitory
effect against S. aureus, a result consistent with the data available in the
literature [28,65]. TM's mechanism of action involves permeabilizing
and depolarizing bacterial membranes [88]. This permeabilization is
easier in Gram-positive bacteria due to the outer peptidoglycan layer,
which allows TM, a hydrophobic molecule, to penetrate. In contrast, this
process is more difficult in Gram-negative bacteria, whose membranes
are primarily composed of lipopolysaccharides that form a protective
barrier against hydrophobic molecules, thereby reducing TM efficacy
[28]. Moreover, it is worth noticing that the incorporation of BW would

A S.aureus
150+ ns
% %k %k Xk r
R .
%k f 1 kokkk
— L | ns [
X T ] 1
< *k Kook ok
r |
(] r
2100{ L T
-
c
2 [T
[$]
S
()]
o
c
[e]
2
g S50
e
(4]
(14
ns
| —— |
e

T TB THB TM5TM10 K- K+

Biomaterials Advances 178 (2026) 214440

result in some degree of antibacterial activity [25]. However, the
absence of inhibitory activity in TB and THB formulations may be
attributed to the bleaching process undergone by the BW used in this
work, which can lead to the depletion of bioactive compounds, such as
propolis, responsible for these antibacterial effects. The resazurin assay
also demonstrated strong antibacterial activity of TM scaffolds against
S. aureus and E. coli (Fig. 7A and B), showing a significant reduction in
metabolic activity to values close to those of the K*. The analysis of the
plates from the CFU study confirmed these results, indicating bacteri-
cidal effects of TM-containing scaffolds, without any detectable colonies
in the TM5 and TM10 scaffolds (Fig. S8). Furthermore, SEM images
(Fig. 8) also showed that the TM5 and TM10 successfully avoid the
bacteria's adhesion and proliferation to the surface of the scaffolds, after
24 h of incubation with S. aureus and E. coli, consequently inhibiting the
biofilm formation.

4. Conclusions

The addition of natural materials, i.e., BW and TM, resulted in the
production of scaffolds with promising physicochemical, mechanical,
and biological properties. The scaffolds containing BW showed
improved mechanical properties, especially in humid conditions,
without compromising their ability to absorb fluids and fix calcium and
phosphate ions in the form of apatite crystals on the scaffolds' surface. In
addition, BW also allowed the optimization of various physicochemical
properties such as hydrophobicity and surface roughness, favoring cell
growth. On the other hand, the incorporation of TM demonstrates the
potential of this phenolic compound to be applied in tissue engineering
solutions as a viable alternative to conventional antibiotic-based
methods to prevent the establishment of bacterial infections and bio-
film development. It is also important to note that, to the best of our
knowledge, this is the first study to incorporate a mixture of BW and TM
into the organic phase of 3D-printed scaffolds aimed at BTE. Neverthe-
less, additional assays are still required to validate the TM 3D scaffolds.
For example, mechanical studies under bending and torsion loadings
will provide additional information about the scaffolds' performance in a
dynamic environment such as the human body. Scaffolds' osteoinductive
capabilities should be further characterized using mesenchymal cells
and monitored via ALP assays. In addition, in vivo assays will be
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essential to assess the potential of TM scaffolds for BTE applications.
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