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Abstract

While autologous transplants are the traditional standard intervention for
non-healing bone defect regeneration, they carry many risks and limitations.
Regenerative composite biomaterials are promising alternatives to conventional
autograft and allograft implants. This study aimed to overcome these challenges by
creating a novel biodegradable 3D biomaterial scaffold that mimics the structural
and physiological properties of native bone. Scaffolds composed of magnesium
phosphate (MgP) doped with copper oxide (CuO) in specific proportions (3, 5, or
7% [w/w]) were homogenously distributed in an alginate polymer matrix for the
repair of calvarial bone defects in a rat model. The scaffolds were fabricated using
a 3D bioprinting technique, and their physical properties were characterized
through X-ray diffraction, Fourier transform infrared spectroscopy, and mechanical
strength assessments. The bioactivity of the scaffolds was evaluated in vitro for
biomineralization and cytotoxicity, revealing high biomineralization and cell viability.
Female rats were used for the in vivo experiments, and the defects were examined
using microscopic and histological analysis, computed tomography imaging, as
well as serum markers including osteocalcin and procollagen Ill. The in vivo results
demonstrated high efficacy of the scaffolds in promoting bone regeneration and
enhanced healing in the calvarial defect model. The incorporation of CuO not only
improved the scaffolds’ mechanical properties but also exhibited angiogenic effects,
fostering an environment conducive to bone healing. Our results indicated that the
Alg-MgP-CuO scaffolds have great promise for bone tissue engineering applications
and repair, especially with 7% (w/w) CuO doping.

Keywords: 3D bioprinting; Alginate; Bone regeneration; Copper oxide doping;
Magnesium phosphate.
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1. Introduction

Bone defects or fractures, including congenital defects
and osteoporosis, are common disability-linked health
problems that impact the well-being of the population
and standard of living. Traditional interventions—such
as autograft, allograft, and xenograft—have demonstrated
clinical success in many cases. However, several limitations
remain, such as insufficient donor sites, risk of disease
transmission,! high cost that may be unaffordable to
many patients, and potential site morbidity or rejection.’
Consequently, considerable research efforts have been
directed toward developing artificial bone matrix using
various materials—such as polymers, ceramics, metals—
as well as mesenchymal cells and growth factors, to restore
damaged osseous tissue. More recently, degradable metals,
particularly iron (Fe)-based alloys, have received great
attention as load-bearing scaffold substrates. For example,
chloride-mediated dissolution and intrusion products
have been demonstrated to persistently accelerate the
degradation of Fe-based implants, and the preferential
corrosion of secondary manganese-sulfide (Mn-S) phases
markedly enhances the biodegradation of Fe-Mn-S
biocomposites.>* As bone defect issues become increasingly
prevalent due to various factors—such as aging and lifestyle
choices—there is an urgent need to innovate and improve
biomaterials for effective and rapid bone repair.

There has been a marked increase in interest in
employing 3D printing technologies for the fabrication of
biomaterial scaffolds. Conventional engineering methods
often fall short of addressing the complexities involved
in bone regeneration, prompting extensive research
into bioinspired materials that mimic natural bone.
Bone scaffolds are biodegradable materials that are used
to fill bone defects and act as an artificial extracellular
matrix, supporting the proliferation and differentiation
of host osteogenic cells until the native bone tissue and
its biomechanical properties are fully restored.” An
efficient 3D scaffold should be able to produce a similar
composite to bone tissue, which is naturally built as
a mesh of collagen fibers and hydroxyapatite crystals.
The designers of these advanced 3D scaffolds aim to
replicate the mechanical and osteoconductive properties
that are crucial for effective bone healing.® Despite the
progress, identifying and developing suitable composite
biomaterials that can provide the necessary performance
for bone tissue engineering (BTE) applications remains
a significant challenge. The development of novel inks
for 3D bioprinting is crucial, as it holds the potential to
generate constructs that not only facilitate cell growth but
also improve the overall regenerative capacity for treating
large bone defects.

Various materials, including bioglass, hydroxyapatite,”
tri-calcium phosphate,® polycaprolactone,’ and polylactide-
co-glycolide,'”!" have demonstrated notable osteoinductive
properties. Recently, magnesium phosphate (MgP) has
gained significant attention due to its high in vivo solubility,
which allows it to transform into calcium phosphate (CaP)
phases under physiological conditions.?

The economic, safe, natural polymer alginate (Alg) is
a perfect material for hosting cell regeneration, as it can
serve as an extracellular matrix. The relative stability
and biocompatibility of Alg make it suitable for use as
a biomaterial.'>"® Alg can produce stable hydrogels by
interacting with bivalent ions (e.g., Mg) through its cation
and carboxyl functional group. This crosslinking process
renders the Alg hydrophobic, allowing it to be used for the
fabrication of 3D scaffolds."*"

From another perspective, the presence of
antimicrobial agents such as copper (Cu) is essential for
preventing secondary infections. Cu, a fundamental trace
element associated with several physiological processes,
is particularly valuable for hard tissue replacements and
displays antibacterial and angiogenic capabilities, which
favor osteogenesis.'® This study proposes the development
of a novel injectable ink for 3D bioprinting technology,
which involves creating 3D biomaterial scaffolds from Alg-
MgP-based composites with trace CuO doping through in
situ conjugation using polyelectrolyte complexation. The
ink could produce a 3D-printed composite scaffold that
promotes bone growth with exceptional efficacy, building
on previously established technologies. The prepared
3D scaffold was characterized using physicochemical,
mechanical, and biomineralization assessments. Given the
challenges associated with repairing large or irregular bone
defects,” this study employed the rat calvarial critical-size
defect model"” to evaluate the in vivo bone-regenerative
capacity of the 3D-printed scaffold.

2. Materials and methods

2.1. Materials

Ammonium  dihydrogen  phosphate  (NH4H,POg;
molecular weight: 115.03 g/mol) and magnesium nitrate
hexahydrate (Mg(NOs3),-6H,0; molecular weight: 256.41
g/mol) were sourced from MERCKk, Germany. Copper (II)
nitrate trihydrate (Cu(NOs),-3H,O; molecular weight:
241.60 g/mol) was sourced from QualiKems, India. Sodium
Alg (molecular weight: 500,000 g/mol) was obtained from
Kibun Food Chemipha, Japan Aldrich Chemical Co.,
Japan. Poly(ethyleneimine) solution (PEL 50% [w/v] in
water; molecular weight: 575,000) was acquired from
Sigma-Aldrich (USA).
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2.2. Preparation of CuO-doped MgP

We prepared a pure MgP sample at a ratio of 1:1 as
previously reported.”” Ammonium dihydrogen phosphate
and magnesium nitrate hexahydrate were both dissolved
in 400 mL of distilled water. The solution was then stirred
for 1 h at room temperature with a magnetic stirrer and
subsequently kept in the dryer at 80°C until gelation. The
resulting hard gel was calcined at 600°C for 2 h. CuO-doped
MgP samples were prepared using the same procedure,
with copper (II) nitrate trihydrate incorporated in place of
a corresponding proportion of magnesium. Three doping
copper concentrations were prepared: 3, 5, and 7% (w/w)
CuO. Comprehensive validation analyses of the obtained
MgP nanopowders, both before and after CuO doping,
have been previously reported."”

2.3. Bioprinted composite scaffold preparation
Sodium Alg (200 mg/mL) was dissolved in ultra-purified
deionized water to form a bioink, which was then
combined with pure MgP and CuO-doped MgP (200 mg/
mL). Separately, 29% (v/v) PEI solution was prepared,
with ethanol serving as the solvent. Using 3D Bioplotter®
(EnvisionTEC, GmbH, Germany), Alg-MgP-CuO-doped
scaffolds were constructed. The process was facilitated by
computer-aided design software; 3D Bioplotter® software
for scaffold construction and Visual Machine software for
material and machine control. The printing parameters
in this study were similar to those previously established
by Sithole et al.'® Prior to printing the 3D scaffolds, the
viscosities of Alg solutions—in the presence and absence of
different fillers— were measured using a digital viscometer
(DAIHAN Scientific, South Korea). The device was
calibrated according to the manufacturer’s instructions
prior to use. Samples were measured using spindle 4 at
6 rpm and at a constant temperature of 23°C to ensure
accurate and consistent viscosity readings. The viscometer
spindle was immersed in the sample to the required depth,
and measurements were taken once the instrument reading
stabilized to record the viscosity value. The scaffolds were
fabricated at 37°C utilizing Alg-MgP-CuO-doped bioink
supplied from a 30 cm® cartridge and extruded through
a plastic nozzle (diameter: 0.41 mm) under a pressure of
0.5 bar, at a deposition rate of 8 mm/s, onto a Petri dish
containing a solidifying solution of PEI dissolved in
ethanol. The layers were deposited perpendicularly to the
underlying layer, which was kept in PEI solution overnight
to harden.

2.4. Scaffold characterization

2.4.1. X-ray diffraction
The crystallinity and amorphous characteristics of the Alg—
MgP-CuO-doped 3D-bioprinted composite scaffolds were

assessed using an X-ray diffractometer (RIGAKU, INC.,
Japan). The system was equipped with Cu-ka radiation (A
=1.54056 A). The samples were scanned over a 26 range of
2-70° at 2°/min under ambient conditions.

2.4.2. Fourier transform infrared spectroscopy

Fourier transforminfrared (FTIR) spectraof the 3D-printed
scaffolds were obtained using an FTIR spectrophotometer
(Perkin-Elmer, UK). High-resolution analysis was
conducted over a wavelength range of 4000-650 cm™'. The
evaluation focused on determining the presence or absence
of functional moieties in a 1-3 mg sample.

2.4.3. Texture analyzer for compressive

strength measurement

The mechanical properties of the scaffolds were investigated
using a texture analyzer (TA.XTplusStable Microsystems,
UK). The tests were conducted on the 3D-printed scaffolds
with dimensions of 10 x 10 x 10 mm?®. After the test, the
scaffolds were allowed to return to their initial dimension.

2.4.4. Brunauer-Emmett-Teller surface area analysis
To evaluate the microstructural properties of the 3D-printed
scaffolds, an N, adsorption/desorption analysis (ASAP
2000, Micromeritics Inc., USA) was performed. Samples
were degassed under vacuum for 24 h at 40°C prior to
measurements. The specific surface area of the 3D-printed
scaffolds was assessed using the Brunauer-Emmett-Teller
(BET) method.

2.5. Bioactivity of 3D-printed composite scaffolds
The 3D-printed scaffolds were submerged in 100 mL of
simulated body fluid (SBF) for 14 days. At specific time
intervals (1, 3,7, and 14 days), 5 mL of the SBF was extracted
to quantify ion release using a UV spectrophotometer, and
the removed volume was replaced with fresh SBE. After 14
days, the 3D scaffolds were removed from the SBF solution,
washed, and dried. The surface layer formed on the 3D
scaffolds was then examined using scanning electron
microscopy (SEM) combined with energy-dispersive X-ray
spectroscopy (EDX; TESCAN, USA). The pH levels of the
SBF solutions were measured at specified intervals during
the incubation period. Additionally, the swelling capacity
of 3D-printed scaffolds developed using Alg-based bioink
was assessed.

2.6. Cell viability

Cell viability on 3D-printed scaffolds was evaluated
using the human MG-63 cell line (PromoLab (Pty) T/A
Separations, South Africa). The cells were cultured in
Dulbeccos Modified Eagle Medium (Thermo Fisher
Scientific, South Africa), supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 1% penicillin G sodium,
1% streptomycin sulfate, and 250 ng/mL amphotericin B,
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with the medium replaced every 3 days. The cytotoxicity
of the scaffolds was assessed using an MTT assay. Briefly,
the MG-63 cells were seeded in 48-well tissue culture
plates at 1 x 10° cells per well in the presence of the
3D-printed scaffolds and incubated at 37°C in a humidified
atmosphere with 5% CO,. Evaluations were conducted at
24- and 48-h post-seeding. At the end of the incubation
period, MTT solution (80 uL) was added to each well, and
the cells were incubated for 4 h at 37°C. The formazan
crystals were solubilized, and after 1 h, the absorbance at
570 nm was measured using a Victor™ X3 plate reader
(PerkinElmer, Germany).

2.7. Mode of cell death

MG-63 cells were detected using fluorescent staining
and incubated with the different scaffold composites
(1 mg + 10%) added to wells in duplicates for 24 and 48 h,
as previously described.”” A dual stain of acridine orange
(100 pg/mL) and ethidium bromide (100 pg/mL) dissolved
in phosphate buffer saline (PBS; Merck KGaA, Germany)
was used, and the cells were evaluated under a fluorescence
microscope (Axiolmager Z2, Zeiss, Germany).

2.8. Alkaline phosphatase activity

To evaluate the effect of MgP within the Alg 3D-printed
scaffolds on cell differentiation, alkaline phosphatase
(ALP) activity was measured. Saos-2 cells were cultured in
a serum-free media with 0.1% bovine serum albumin at
a density of 5 x 10* cells per well and maintained at 37°C
for 4 and 7 days. After incubation, the plate was washed
with Hanks’ balanced salt solution (HBSS, Sigma-Aldrich,
USA). To lyse the cells, 80 mL of Triton® X-100 (0.5% in
PBS) was added to each well. A 40 pL aliquot of lysate
was collected from each well to evaluate ALP, and a 10 pL
sample was used to determine protein concentration
utilizing the BCA protein assay. ALP was quantified using
p-nitrophenol,” and data were presented as pg of ALP
per mg of total protein.

2.9.Invivo bone regeneration in rats with critical-
size calvarial defects

2.9.1. Animals and surgical procedure

The study involved a total of 36 adult National Research
Centre, Egypt (NRC)-inbred female Wistar rats, aged
12 weeks. The animals were kept in standard polyacrylic
boxes and left to acclimatize for 1 week in the experimental
room under controlled environmental conditions. All rats
were randomly divided into six groups, including control,
Alg, Alg-MgP, Alg-MgP-CuO3%, Alg-MgP-CuO5%,
and Alg-MgP-CuO7%, according to the filling scaffold.
The animals used as controls did not get any bone filler
(3D scaffolds). The study was conducted in line with the

Declaration of Helsinki and obtained approval from the
Animal Care and Use Committee of the National Research
Centre (approval no. 1311102022).

Rats were anesthetized with a ketamine/xylazine
cocktail at doses of 70 and 7 mg/kg. The head was shaved
and disinfected with alternative swabs of 70% ethanol and
betadine. To expose the periosteum, a sagittal skin incision
was performed, followed by a blunt dissection of the soft
tissues. A circular bone defect was created using a 5-mm
trephine drill under continuous irrigation with 0.9% saline
to prevent local overheating. Scaffolds were then implanted
into the defect region, either with Alg, Alg-MgP, Alg-
MgP-CuO3%, Alg-MgP-CuO5%, or Alg-MgP-CuO7%
scaffolds, or left unfilled for the control. The incision
was sutured with nylon 10/0 sutures after the operation,
followed by sanitization with betadine. Analgesic and 3 mL
of saline were administered subcutaneously. A prophylactic
intraperitoneal injection of antibiotics was delivered
for 3 days following the surgical procedure. Computed
tomography (CT) scans were performed in week 8.
Blood samples were collected, and sera were separated.
The animals were sacrificed, and the skulls containing
the lesion were surgically removed and preserved in
15% formalin (formalin saline) for subsequent analysis.

2.9.2. Macroscopic evaluation

The skulls were defleshed after sacrifice, and the repaired
defects were exposed and observed. The regenerative
capacity was assessed utilizing an assessment scale
established by Badawi et al.,*® with scores ranging from
4 (minimal healing) to 11 (optimal recovery).

2.9.3. Computed tomography scan of rat calvaria

The samples were examined with a CT scanner (MRCE,
Egypt). Specialized software was utilized to generate the
volume of interest from the acquired 2D projections. Bone
mineral density (BMD) was quantified as a metric for bone
mineralization and was expressed in mg/cm®.

2.9.4. Histological examination and analysis

The  specimens were  decalcified with  10%
ethylenediaminetetraacetic acid solution for 2 weeks,
subsequently dehydrated by serial alcohol dilutions, and
fixed in paraffin. The specimens were cut into 5 pm-thick
sections and stained with haematoxylin and eosin. The
prepared specimens were observed under light microscopy
and recorded with a digital slide scanner. The resulting
images were analyzed digitally using Image] 1.53e
(National Institutes of Health, USA).

2.9.5. Bone turnover markers
Finally, sera were analyzed with ELISA commercial kits
for procollagen-IIT (PIIINP) and osteocalcin, which are
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markers of bone turnover. The results of these analyses
were compared between the different groups.

2.10. Statistical analysis

In vitro data were statistically analyzed using two-way
analysis of variance (ANOVA) with multiple comparisons.
No statistically significant differences were observed
between the samples at different time points when p > 0.05.
Data from in vivo investigations are presented as mean *
standard deviation. Statistical analysis using one-way
ANOVA was conducted for cell studies, with significance
indicated at p < 0.05. The sample size was calculated using
power analysis, allocating six animals to each group. All
statistical analyses were performed using GraphPad Prism
Version 10.2.0 (Graphstats Technologies, USA).

3. Results

3.1. Bioprinted composite scaffold development and
characterization

Based on the viscosity measurements (Table 1), all scaffold
solutions appear to fall within a range (0.3-600,000 P)
suitable for extrusion-based 3D printing.*'

3.2. XRD and FTIR analyses of the

3D-printed scaffolds

The X-ray diffraction (XRD) results (Figure 1) indicate
several important findings regarding the scaffolds
developed from MgP and CuO-doped nanopowders in
the sodium Alg matrix. Firstly, the XRD curves of the
composite scaffolds closely resemble those of pure MgP,
and CuO-doping had minimal effect, suggesting that the
crystalline structure of the nanopowders is preserved
within the 3D-printed scaffolds. The structure of the MgP
and CuO-doped MgP nanopowders appears to overlap over
that of the Alg polymer. This indicates that the properties
imparted by the nanopowders are more significant
than those provided by the polymer alone, which is a
common observation in similar studies involving bioactive
materials. This behavior was commonly observed when
bioactive semi-crystalline nanopowders were included in
the polymeric matrix of 3D scaffolds.”

Table 1. Viscosities of scaffold solutions before 3D printing

Sample Viscosity (P)
Alg 20.8 + 0.6
Alg-MgP 259+0.8
Alg-MgP-Cu03% 26.7£0.5
Alg-MgP-Cu05% 29.5+0.8
Alg-MgP-CuO7% 30.0+0.7

The FTIR analysis of the developed scaffolds provides
important insights into the chemical composition and
interactions of the components involved. The spectra
revealed several key functional groups that contribute to
the overall properties of the scaffolds, which are critical
for their application in tissue engineering. The presence of
characteristic functional groups in the MgP nanopowders,
such as the O-H groups, phosphate (PO, "), and Mg-O
bonds, is indicative of the materials’ bioactive nature.”*
Broad absorption bands around 3448 cm™ indicate
water molecules essential for hydration and biological
interactions (Figure 2A and B),” while a strong 1050 cm™
P-O stretching band suggests potential for cell adhesion
and proliferation.*

The FTIR spectra of MgP-CuO-doped scaffolds
exhibited similar features to CuO-free MgP, indicating that
doping did not significantly alter the material’s fundamental
structure (Figure 2B-D). However, a reduction in O-H
bond intensity suggests the formation of Cu-O bonds,
potentially affecting hydration and ion release. Peaks
between 623-625 cm™ corresponded to phosphate ion
vibrations,”” while Mg-O stretching bands (578-587 cm™)
confirmed the presence of Mg.*

Sodium Alg was identified by a broad 3500-3000
cm™ stretch, with 1595 and 1397 cm™ peaks linked to
carboxylate groups. PEI was confirmed by NH, stretching
peaks at 3345 and 3287 cm™ and CH, vibrations at 2945
and 2844 cm™, highlighting its role in mechanical stability
and biocompatibility.**° The interaction between MgP and
the polymer matrix likely improves scaffold performance
by preventing direct nanopowder-tissue contact, which
may regulate jon release and minimize cytotoxicity.”

The incorporation of Cu ions into the MgP framework
is anticipated to enhance the biological activity of the
scaffolds. Cu is known to play a vital role in angiogenesis
by stabilizing hypoxia-inducible factor, thereby promoting
blood vessel formation crucial for tissue regeneration.
The expectation that Cu ions will be released into the
extracellular environment is significant, as it could facilitate
enhanced angiogenic responses.

3.3. Compressive strength of the

3D-printed scaffolds

The mechanical resilience of the 3D-printed cubic scaffolds
was determined using a texture analyzer. As displayed
in Figure 3, the inclusion of MgP nanopowders with
and without Cu significantly enhanced the mechanical
stability of the engineered scaffolds. Specifically,
nanopowder-free polymeric scaffolds exhibited a lower
mechanical strength (11.82 MPa), while the presence of
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Figure 1. X-rays diffraction (XRD) curves of the 3D-printed composite (Alg-MgP-CuO-doped) scaffolds: Alg-MgP (a), Alg-MgP-CuO3%
(b), Alg-MgP-CuO5% (c), and Alg-MgP-CuO7% (d).

MgP nanopowders increased the mechanical strength
(30.27 MPa). Doping with Cu resulted in a notable
increase in compressive strength (47.45 MPa). Previous
studies have highlighted that the presence of transition
metals in nanopowders contributes to the enhancement
of mechanical properties.**** However, the inclusion of
inorganic nanopowders within the matrix of polymeric
scaffolds facilitates the development of suitable implants
for the repair of damaged hard tissues.*

3.4. Surface area of the 3D-printed scaffolds

Surface area and porosity analyses provided structural
insightsinto the fabricated scaffolds, which can be correlated
with potential biological applications. The porosity ratio—
ratio between pore volume and solid volume—is critical for

preserving the integrity of the scaffold after implantation
and promoting nutrient diffusion and cell infiltration
into the scaffold, both of which are essential for tissue
regeneration.”** Results demonstrated that the presence
of MgP or CuO-doped nanopowders in the Alg matrix
enhanced scaffold porosity, consistent with the observed
increase in BET surface area across different compositions.

Figure 4 illustrates the adsorption isotherm of the
fabricated scaffolds, comparing their behavior before and
after the incorporation of MgP nanopowders into the Alg
polymer matrix. Generally, the isotherm curves of all the
scaffolds exhibited type IV and V classes. The presence
of hysteresis loops (H3-type) as shown in Figure 4A and
C, indicates loosely packed, plate-like particle aggregates,
likely due to the MgP nanopowders.”” This classification
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Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of the 3D-printed composite (Alg-MgP-CuO-doped) scaffolds: Alg-MgP
(a), Alg-MgP-CuO3% (b), Alg-MgP-CuO5% (c), and Alg-MgP-CuO7% (d).
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Figure 3. Compressive strength of the 3D-printed scaffolds (n = 3).

aligns with the expected behavior of scaffolds designed to
mimic the extracellular matrix, as mesoporous structures
are known to support cell adhesion and growth by
providing a conducive microenvironment. The occurrence
of non-closed desorption isotherms (Figure 4B and D),
which is linked to the physical properties of the adsorbate
rather than pore size, highlights the complexity of gas
interactions within the scaffold’s porous structure.®*

The adsorption phase cavitations in the pores are
responsible for the complexity of gas interactions within
the scaffold’s porous structure. Due to cavitation pressure
effects, the pore size distribution is derived from the
adsorption isotherm. While this peak is observed, it is
important to note that it may not accurately reflect the
functional pore sizes relevant for biological applications
because it arises from cavitation phenomena associated
with N, desorption at 77K. The findings demonstrate that
the concentration of Cu ions in MgP-doped nanopowders

increases the porous interface of the scaffolds. The
measured surface area of the pure Alg, Alg-MgP-CuO3%,
Alg-MgP-Cu0O5%, and Alg-MgP-CuO7% scaffolds were
0.379+0.17,1.635+0.16,3.369 £ 0.12,and 3.8 + 0.13 m*/g
respectively. This enhancement in porosity and surface
area is significant, as a higher surface area can facilitate
greater adsorption of biological molecules and improve
the scaffolds’ interaction with surrounding tissues. The
increased surface area suggests that the scaffolds may
provide more active sites for cellular attachment and
growth, thereby enhancing their bioactivity.

3.5. Surface morphological changes of the
3D-printed scaffolds

Figure 5 displays the SEM images used to evaluate the
effect of Cu on the formation of CaP layers on the surface
of the 3D-printed scaffolds. The concentration of Cu was
found to affect the quantity, size, and shape of the CaP
layer. The EDX analysis revealed that the 5% CuO-doped
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Figure 4. Isotherm curves of the fabricated scaffolds obtained by BET surface area measurements: (a) Alg-MgP, (b) Alg-MgP-CuO3%, (c) Alg-MgP-
CuO5% and (d) Alg-MgP-CuO7%. Abbreviations: BET, Brunauer-Emmett-Teller; STP, standard temperature and pressure.

scaffold exhibited the highest calcium-to-phosphorus
ratio, closely resembling that of hydroxyapatite. This
observation is consistent with previous research that
highlighted the positive impact of Cu presence on

hydroxyapatite formation.'”*-*!

3.6. Bioactivity of the 3D-printed scaffolds

Ion release from the 3D-printed scaffolds in the SBF
(P, Ca, and Mg) and pH changes were measured over
14 and 28 days, respectively (Figure 6). The release of P
ions decreased in the first 3 days of immersion due to
swelling of the 3D scaffolds; the incorporation of MgP
initiated the release of P ions, thereby restoring the original
concentration. In contrast, Ca ions increased in the initial
phase, especially in CuO-doped scaffold solutions; Ca ion

release increased gradually until day 5, then decreased
until day 14. The decrease in P and Ca ion concentrations
at these time points suggests a correlation to the deposition
of a mineralized layer on the scaffold surface.

On day 1, the Mg ion concentration in the SBF
containing the 3D scaffolds decreased due to water
absorption or the uptake of the solution by the MgP
bioactive glass. From day 2, Mg ion concentration gradually
increased until day 14, and this can be attributed to their
release from the MgP scaffold. However, the concentration
of Mg ions after 14 days was relatively low compared to
its initial concentration in the SBE. Variations in pH of the
SBF throughout the immersion period are parallel to the
release and deposition of Ca and P ions (Figure 6D). Due
to the alkaline nature of Ca ions and the acidic nature of
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Figure 5. Scanning electron microscopy (SEM) images of the 3D-printed scaffolds. SEM images (a, ¢, e, and g) of the 3D-printed scaffolds before soaking in
SBF: (a) alginate, (c) Alg-MgP, (e) Alg-MgP-CuO3%, and (g) Alg-MgP-CuO7%. SEM images (b, d, f, and h) and energy dispersive X-rays (EDX) analyses
(inset) of the 3D-printed scaffolds after immersion in SBF: (b) alginate, (d) Alg-MgP, (f) Alg-MgP-CuO3%, and (h) Alg-MgP-CuO7%. Scale bars: 1 pm
(a, ¢, eand g); 40 um (b, d, f and h). Abbreviations: P, phosphorus; Ca, calcium; Lsec: Low secondary electrons; Det: Detector.
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Figure 6. Ion release from the 3D-printed scaffolds and pH changes in the simulated body fluid (SBF). Concentrations of ions in the SBF over 14 days: (a) P,
(b) Ca, and (c) Mg (n = 3). (d) Changes in pH over 28 days (n = 3). Abbreviations: P, phosphorus; Ca, calcium; Mg, magnesium; ppm: particle per million.

P ions, the pH value increased during the first 3 days as
the concentration of Ca ions increased while that of P ions
decreased. However, as the P ions increased after 5 days,
the pH value subsequently decreased.

Figure 7 displays the percentage of swelling that
occurred in the 3D-printed scaffolds over 28 days. The
swelling percentage progressively increased for 3 days,
followed by a decline. This was caused by potential
interactions between the scaffolds and the SBF, such as ion
release from the scaffolds into the SBF solution. The results
highlighted distinct behaviors at specific time points: Alg
(5% at day 1, peaking at 20% on day 15, 18% at day 28);
Alg/MgP (10% on day 1, peaking at 45% on day 15, 40%
at day 28); Alg-MgP-CuO3% (8-35%); Alg—-MgP-CuO5%
(7-30%); and Alg-MgP-CuO7% (6-28%). The high
solubility of MgP led to the Alg/MgP scaffold exhibiting

the greatest swelling, whereas the CuO-doped scaffolds
displayed lower swelling percentages, presumably due to
the increased mechanical strength and stability imparted
by CuO-doping. At day 28, all scaffolds exhibited a decline
in swelling, suggesting a stabilization of their structure.
Nonetheless, the Alg/MgP scaffold exhibited the highest
swelling percentage (i.e., 40%). These swelling behaviors
can be attributed to the unique properties of the scaffold
materials, particularly the high solubility of MgP and the
mechanical enhancements imparted by Cu. Due to the
high solubility of MgP, the Alg/MgP scaffold exhibited the
highest swelling percentage.”’ However, the incorporation
of Cu enhanced the mechanical strength and chemical
stability of MgP, resulting in reduced swelling in the
Cu-doped scaffolds.*
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Figure 7. Swelling percentage of the 3D-printed scaffolds (1 = 3).
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Figure 8. Cell viability of the different scaffolds (n = 3). Two-way analysis of variance (ANOVA) with multiple comparisons displayed no significant
differences between samples at different time points (p > 0.05). * represents groups that are statistically similar to each other. ** indicates a different
statistical grouping from *. *** further differentiates another set of groups that might show significant differences in cell viability compared to both * and **.
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The significant increase in swelling for the Alg-MgP
scaffold can be attributed to its interaction with the SBE.
The high solubility of MgP facilitates the release of ions
into the SBE, contributing to the initial increase in swelling
by promoting osmotic pressure within the scaffold.
Consequently, the Alg-MgP scaffold exhibited the highest
swelling percentage among the scaffolds tested. However,
after 3 days, a decline in swelling was observed, suggesting
that while the initial hydration promotes swelling, the
mechanical integrity of the scaffold is crucial in limiting
excessive expansion.®'>"* The incorporation of Cu into the
scaffolds mitigates this excessive swelling due to its role
in enhancing mechanical strength and chemical stability,
which is vital for maintaining scaffold shape and function

during tissue engineering applications.'®*> Notably, the
swelling behavior of the Alg-MgP scaffold illustrates
the significance of material composition in regulating
hydration and stability.

3.7. Cytotoxicity of the 3D-printed scaffolds

The cell viability of MG-63 cells cultured on the 3D-printed
scaffolds was evaluated (Figures 8 and 9). The scaffolds
demonstrated cell viability comparable to the control
(unexposed cells). However, 7% CuO-doped scaffolds
displayed a relative increase in cell viability, likely due
to the leaching of alkaline particles in the culture media,
which has a positive effect on cell viability. These results
were also confirmed by ALP activity analysis (Figure 10),
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Figure 9. Cell viability of MG-63 cells cultured on the 3D-printed scaffolds. (a) Fluorescent microscopy images depicting live and apoptotic cells in the
control and experimental groups at 24 and 48 h. Magnification: 20x. Scale bars: 20 pm. (b) Percentage of live, early apoptotic, and necrotic cells, illustrating
the effects of different treatments on cell viability. Abbreviations: EA, early apoptosis; L, live; LA, late apoptosis; N, necrosis.
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Figure 10. Alkaline phosphatase (ALP) activity in all scaffolds on days 4 and 7. Bars denoted with the same letters indicate no significant difference. Two-
way analysis of variance (ANOVA) with multiple comparisons displayed no significant differences between samples at different time points (p > 0.05).
“a” represents groups that are statistically similar to each other (p > 0.005). “b” indicates a different statistical grouping from “a” (p > 0.01). “c” further
differentiates another set of groups that might have significant differences in ALP activity compared to both “a” and “b” (p > 0.05). “d” represents groups

that are distinct from those labeled “a,” “b,” and “c” (p > 0.001).

where all scaffolds reported significantly lower ALP activity
compared to the control (p < 0.001). For each scaffold type,
no significant difference in ALP activity was observed
between days 4 and 7 (p > 0.05). ALP activities of Alg-
MgP-CuO3% and Alg-MgP-CuO5% were significantly
lower compared to the other scaffolds (p < 0.001).

3.8. Invivo evaluation using a rat calvarial
critical-size defect

3.8.1. Macroscopic evaluation

The calvarial defect model is commonly used to evaluate
the bone regeneration potential of biomaterials.? This
model is suitable for studying fractures in flat bones,
such as those of the skull, ribs, and pelvis. The results
revealed that all defect sites healed adequately, with no
notable indications of infection or inflammation. The data
demonstrated the distinct efficacy of CuO-doped MgP in
promoting calvarial defect repair in the animal model.
The median scores were: 4.5 (coefficient of variation [CV]:
17%) for the control group, 4.0 (CV:9.8%) for Alg scaffolds,
5.5 (CV: 14%) for Alg-MgP scaffolds, 8.0 (CV: 16%) for
Alg-MgP-CuO3% scaffolds, 9.5 (CV: 8.4%) for Alg-
MgP-CuO5% scaffolds, and 12 (CV: 4.4%) for Alg-MgP-
CuO7% scaffolds. The scores for both Alg-MgP-CuO5%

and Alg-MgP-CuO7% scaffolds were significantly higher
compared to the control group (p < 0.05).

3.8.2. CT scan of the calvarial defect

The CT scan displayed complete ossification of the
defects in rats filled with Alg-MgP-CuO7%, while the
control rats had an exposed defect (Figure 12). Alg and
Alg-MgP scaffolds revealed narrowing of the defect by
20%, whereas Alg-MgP-CuO3% and Alg-MgP-CuO5%
displayed over 50% defect filling, consistent with previous
reported outcomes for bone implants.””****> There was
no significant difference in BMD between defects filled
with Alg or Alg-MgP and the control group (p > 0.05).
Incorporation of CuO significantly increased the BMD
(p < 0.05). Alg-MgPCu-O7% defect filling was
significantly higher compared to Alg-MgP-CuO3% and
Alg-MgP-CuO5% (p < 0.05) (Figure 12).

3.8.3. Serum procollagen-lll and osteocalcin levels

Osteocalcin level was significantly higher after implantation
with Alg-MgP-CuO5% and Alg-MgP-CuO7% compared
to the control and Alg scaffolds (p < 0.05) (Figure 13A).
Likewise, the serum PIIINP level significantly increased
in the Alg-MgP-CuO7% scaffold group compared to the
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Figure 11. Healing score of the implanted 3D scaffolds (n = 3).

other scaffold and control groups (Figure 13B), consistent
with the healing scores presented in Figure 11.

3.8.4. Histological assessment

Control animals with unfilled defects revealed granulation
tissue, new blood vessels, and fibrous tissue, while Alg
scaffold-filled defects displayed regenerated bone at
the boundary of the defect with some scattered blood
vessels. Alg-MgP-filled scaffold revealed fibrous tissue
and scattered cartilage. CuO-doped scaffolds exhibited
enhanced angiogenesis. Bone defects treated with 3% CuO
revealed regeneration at the defect boundary and within
the defect area, along with multiple scattered blood vessels.
The 5% CuO scaffold yielded comparable results to the
3% CuO scaffold. In contrast, bone defects treated with
7% CuO scaffold demonstrated regeneration around the
defect perimeter, characterized by fibrous tissue and highly
vascular tissue (Figure 14).

4, Discussion

In this study, we developed a bioink for 3D printing bone
grafts composed of Alg and MgP composites. This study is
the first to utilize MgP-based bioink containing CuO as a
dopant in BTE. The viscosity of a bioink is a critical factor

in determining its printability, as it influences flow through
the nozzle, layer adhesion, and the shape fidelity of the final
structure. The ideal viscosity range depends on the specific
3D printing technique used, with extrusion-based printing
accommodating a broader range compared to droplet-
based methods.?' Results from the XRD and FTIR analyses
provide important insights into the structural integrity
and chemical composition of the developed 3D scaffolds.
Despite the presence of CuO, the XRD patterns indicate
that the crystal structure of MgP remains unchanged.”
CuO doping was confirmed to enhance the mechanical
properties and biocompatibility of the 3D-printed
scaffolds. The increased compressive strength reflects
improved structural integrity and facilitates the transfer of
the nanopowder’s properties to the final scaffold structure,
surpassing those of the Alg matrix alone. However, the
complete incorporation of MgP and CuO-doped MgP
nanopowders into the Alg matrix highlights the crucial
role of polymers as support materials. FTIR analysis
supports these findings by revealing key chemical groups
associated with the scaffold’s bioactivity. The characteristic
O-H and P-O bonds suggest that the scaffold can facilitate
cell adhesion and spreading,™* which are essential for
successful tissue engineering. The presence of CuO within
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Figure 12. Effect of the implanted 3D scaffolds on ossification in rats suffering from calvarial bone defect. (a) Computed tomography (CT) images of the
calvarial bone defect in different groups: (i) control, (ii) alginate, (iii) Alg-MgP, (iv) Alg-MgP-CuO3%, (v) Alg-MgP-CuO5%, and (vi) Alg-MgP-CuO7%.
(b) Bone mineral density (BMD) of the implanted 3D scaffolds (n = 3). Data is presented as the mean + standard deviation; data were analyzed using one-
way analysis of variance (ANOVA), with statistical significance set at p < 0.05.

the 3D scaffold matrix decreases the vibrational intensity
of the O-H groups, suggesting the formation of Cu-O
bonds. These bonds may alter the hydration dynamics and
ion release behavior, potentially enhancing the biological
activity of the scaffolds.”**

Commercial synthetic bone grafts primarily rely on CaP
or other minerals. Moreover, most available commercial
products, including Bioresorb, Chronos, Norian SRS,
Ostim, and Vitos, are not produced in a 3D format; instead,
they are either available in the form of granules or injectable
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Figure 14. Hematoxylin and eosin (H&E) staining of XXX. (a) New bone formation and disconnected defect edges in control animals. (b) Granulation
tissue (*), new blood vessels (black arrows), and fibrous tissue (red arrow) after Alg scaffold filling of the defect. (c) Defect treated with Alg-MgP scaffold
revealed new bone formation at the defect edge (NB), a connected defect line (yellow arrows), and scattered blood vessels (black arrows). (d) Scaffold
doped with 3% CuO induced regeneration at the boundary and within the defect area (NB), along with multiple scattered blood vessels (black arrows).
(e) The 5% CuO scaffold displayed regeneration at the defect perimeter, fibrous tissue (red arrows), and scattered blood vessels (black arrows). (f) Scaffold
doped with 7% CuO induced regeneration at the boundary of the defect (NB), and the tissue appeared highly vascular (black arrows). Magnification: 100x.

Scale bars: 100 pum.
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solutions. These materials possess low mechanical stability
and only moderate biodegradability.***” Although Ostim
contains nanoscale apatite particles, its mechanical
strength remains limited.”®**° Bjo-Oss Collagen® is a
widely utilized bone graft that consists of a porous scaffold
made of calcium and phosphorus. While it possesses the
capacity for bone conduction, its capacity for promoting
bone tissue regeneration is relatively poor.

Our 3D-printed scaffold demonstrated good
mechanical strength due to the CuO dopant, consistent
with previous studies incorporating inorganic metal
oxides.*»*** Additionally, the successful incorporation of
MgP nanopowders into the Alg matrix enabled modulation
of pore size and surface area, leading to enhanced porosity
and surface area as indicated by adsorption isotherms. This
tunability allows for customization of the scaffolds to meet
optimal biological requirements.

Generally, materials that contain calcium or MgP are
non-toxic, biocompatible, and bioresorbable. Magnesium
offers an added advantage due to its ability to chelate
various natural substances, supporting several metabolic
processes.” This property can eliminate the need for
additional surgical interventions to remove implants.”
Additionally, Miner-Oss/Collagen® demonstrated
significant regenerative capabilities in a 6-mm rabbit
calvaria critical-sized defect model. Maxresorb, a synthetic
bioceramic containing calcium, demonstrated enhanced
osteogenic effects and the formation of well-structured and
vascularized bone tissue matrix after 16 weeks.”"**

In this study, a complete bone tissue with vascularization
andafilled defect area was observed through tomographical
and histological examinations after 8 weeks of grafting.
Based on our findings, our matrix demonstrates a unique
capacity to support the regeneration of bone tissue with
superior structural and vascular characteristics within
a shorter timeframe.”»** Furthermore, our bioink fully
degraded upon neo-tissue formation—a significant
improvement over other existing products, such as Norian
SRS, a CaP-based granule. Norian SRS gradually degrades
from the outermost to the innermost layers, which can lead
to the persistence of residual material and the potential
need for surgical removal after tissue regrowth.

Inorganic metal oxides, such as CuO, have been
observed to facilitate endothelial cell proliferation and
differentiation. It can promote angiogenesis through
hypoxia and vascularization in newly formed tissue, thus
accelerating the bone regeneration process.”” Previous
studies have highlighted the vital role of Cu in the regulation
of the vascular endothelial growth factor, fibronectin, and
fibroblastic growth factors,* all of which play fundamental

roles in bone healing and vascularization.>** Lin et al.*!
demonstrated that small amounts of Cu,(PO,), positively
impact osteogenesis and angiogenesis in bone marrow-
derived mesenchymal stem cells. This finding aligns
with our histological and tomographical analyses, which
indicated that the scaffold containing 7% CuO exhibited
the most enhanced bone filling and highest vascular tissue
density. Furthermore, Cu particles possess antimicrobial
characteristics that can help to combat early-stage localized
infections,'® as bacterial colonization is a common
complication in surgical procedures.®

Bone defects treated with the 3D-bioprinted scaffolds
demonstrated enhanced osteogenesis and vascularized
tissue, especially when using the Alg-MgP-CuO7%
scaffold. The formation of blood vessels that provide
adequate blood supply is crucial for improving the nutrition
of bone tissue, thereby promoting the survival of tissue-
engineered bone and protecting it from ischaemia.'>****
Osteocalcin is an integral part of the bone formation
process; it is secreted within the bone microenvironment
and facilitates hydroxyapatite crystal formation, bone
mineralization, and calcium ion homeostasis.® Serum
osteocalcin levels have been correlated with increases in
BMD during treatment.®*® Our study revealed that plasma
osteocalcin concentration correlated with the percentage
of CuO in the scaffolds. Osteocalcin is synthesized through
the carboxylation of glutamic acid residues in an aerobic
process requiring a reducing agent. It is plausible that
an optimal percentage of CuO acts as a catalyst in the
reaction, enhancing the reduction process and facilitating
osteocalcin formation. This hypothesis aligns with the
observed early release patterns in our in vitro assays.

The repair and regeneration of bone injuries require the
interaction between multiple growth factors and cytokines
that facilitate extracellular matrix production. Initially
composed of type I collagen, the extracellular matrix forms
in the callus. This temporary cartilaginous structure is later
remodeled into calcified bone through tightly regulated
intercellular and intracellular signaling pathways.®" The
early expression of collagen is indicated through the
PITINP biomarker. In the present study, increased PIIINP
levels were observed after scaffold implantation, peaking
in animals treated with the 7% CuO-doped scaffolds, and
corresponded with osteocalcin levels.

The observed increments in osteocalcin and
PITINP levels correlated with histological findings and
improvements in BMD at skull defect sites, particularly
following grafting with Alg-MgP-CuO5% and Alg-MgP-
CuO7% scaffolds. Furthermore, the scaffold’s surface
topography facilitated the diffusion of nutrients and
growth factors through surface pores, as confirmed by
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SEM analysis and consistent with previous reports.®

Structural analysis validated the effective integration
of MgP and CuO-doped MgP nanopowders within the
Alg/PEI matrix, highlighting the scaffolds’ potential for
tissue engineering applications. The presence of bioactive
functional groups and the release of Cu ions were likely
responsible for the enhanced cell growth and angiogenesis
after scaffold grafting. Overall, the in vivo performance in
a critical-sized cranial defect model in rats demonstrated
promising therapeutic outcomes. Future studies should
focus on quantitatively assessing the release kinetics of Cu
ions and evaluating their long-term biological effects to
fully understand the scaffolds’ therapeutic potential.

5. Conclusion

This study represents a significant advancement in BTE
through the development of a novel 3D scaffold composed
of MgP, CuO, and Alg to treat calvarial bone defects in
a Wistar rat model. The successful fabrication of Alg-
MgP-CuO scaffolds via 3D bioprinting demonstrates
the potential for designing customizable and precise
scaffolds. The characterization results indicate that
CuO doping enhances mechanical strength, biological
activity, and angiogenic properties of the scaffold. At a
doping concentration of 7% (w/w), in vitro analyses
demonstrated high cell viability, indicating excellent
biocompatibility and osteoinductive properties. In vivo
evaluation further validated the scaffold’s therapeutic
efficacy, with significant improvements in bone
regeneration and healing observed in the calvarial defect
model. Microscopic and histological analyses provided
extensive evidence of improved healing and bone growth.
The study also emphasized the synergistic effect of MgP
and CuO in promoting an environment conducive to
bone healing and regeneration. These findings highlight
the promising application of Alg-MgP-CuO scaffolds in
BTE, offering a foundation for future studies and potential
clinical applications. Overall, this study reinforces the
significance of innovative biomaterials in overcoming the
challenges of bone defect repair, ultimately contributing
to improved therapeutic outcomes.
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