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The susceptibility of bone tissues to various factors such as ageing, accidents, and diseases has led to extensive
tissue engineering research focusing on bone tissues. Hence, this research also aims to determine the optimal
amount of Akermanite (AK) addition to the polylactic acid scaffold for bone tissue engineering applications, as
well as the effects of surface modification on its properties. The Akermanite was synthesized using the sol-gel
method. Then, composite scaffolds of polylactic acid, including 0, 10, 20, and 30 wt% AK, were printed via
the fused deposition modelling (FDM) process. These scaffolds were labelled as PLA, 10 wt% AK, 20 wt% AK, and
30 wt% AK, respectively. The X-ray diffraction analysis confirmed the production of the AK high-purity phase.
Cell viability tests on composite scaffolds confirmed non-toxicity, and cell adhesion improved with AK addition.
Mechanical testing showed that the compressive strength of composite scaffolds increased by increasing the AK
content of the composite. This study recommended the 20 wt% AK scaffold as the optimal composition for bone
tissue engineering. The surface-modification of polylactic acid/AK composite scaffolds using sodium hydroxide
showed that it can be suitable for advanced tissue structures and medical applications, contributing to ad-
vancements in tissue engineering and medical technology for improved bone treatments.

bone resorption, non-adhesion, and failure, which was a stimulus for
creating better alternatives [3]. 3D porous scaffolds serve as a 3D

1. Introduction

Bone is a complex, dynamic, and ever-changing tissue with abundant
vessels. It has a composite structure consisting of bone cells, a mineral
phase, an organic phase, and water. Its most important functions include
skeletonizing and shaping the body, protecting the organs internally,
creating movement, storing minerals, and balancing acid and base [1].
Minor injuries to the bone are repaired and regenerated by the bone
itself. However, in the case of significant injuries caused by accidents,
diseases, old age, etc., the healing process may be more complex and
require medical intervention. Typically, the “gold-standard” approach is
to use autograft (bone tissue taken from the patient) and allograft (bone
tissue taken from another donor) [2]. Disadvantages of these treatments
include postoperative complications, donor area immune response,
disease transmission, and lack of osteogenic properties that can lead to
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environment for cell migration and growth in bone tissue engineering,
leading to final bone regeneration [4,5].

Polylactic acid (PLA) is the most widely used thermoplastic poly-
ester, mainly due to its renewability, environmental friendliness, me-
chanical properties, transparency, processability, and biodegradability.
In general, it is produced from the fermentation of carbohydrates, and
over the past decades, it has been widely used in various applications,
including medicine [6]. The reason for the increasing use of PLA in
medical applications is not only because of its biodegradability but also
its excellent properties and good performance at a lower cost in com-
parison with traditional biodegradable polymers. This trend has led to
PLA gaining much attention and recognition as a biopolymer for medical
purposes [3]. For instance, Baptista et al. investigated the mechanical
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performance of PLA and PCL scaffolds for bone applications. They re-
ported that with equal porosity, PLA exhibited better mechanical
properties compared to PCL, which makes it more widely used [4].
However, PLA has many disadvantages, including lack of bioactivity,
low cell adhesion, low degradation rate, biological inertness, and hy-
drophobicity, which has led to extensive research in recent years on
additives and various manufacturing methods to address the various
challenges of PLA [7]. Belaid et al. [8] found that adding graphene oxide
(GO) using the FDM fabrication method improved surface roughness,
wettability, Young’s modulus by 30 %, cell adhesion, and biocompati-
bility of PLA composites. Mauro et al. [9] increased cell viability by
incorporating carbon nanodots (CD) and using a heat-induced phase
separation technique. Bakhshi et al. [10] observed that adding magne-
sium to PLA and employing the FDM method enhanced the mechanical,
physical, chemical, and biological properties of PLA composites. Guo
et al. [11] achieved better compressive and tensile strength and cell
adhesion by adding graphene to the samples produced via the FDM
process. Zarei et al. [12] improved the mechanical properties and
wettability of the FDM fabricated PLA composites by adding Ti6Al4V.
Karthic et al. [13] investigated the enhancement of wettability, me-
chanical properties, and degradability of PLA composites by adding
graphene. Mohammadi et al. [14] improved the mechanical properties
and wettability of PLA composites by adding graphite and magnesium.
Redondo et al. [15] enhanced the bioactivity and mechanical properties
of PLA composites by adding tricalcium phosphate (TCP) using the
solvent-casting particulate leaching method. Osman et al. [16]
improved the flexibility, wettability, and cell adhesion of PLA compos-
ites by adding chitosan in the compression moulding method. Sankar-
avel et al. [17] achieved better wettability, mechanical properties,
degradability, and cell viability of PLA composites by adding eggshell
membrane particles (ESP). These studies demonstrate that different
additives can significantly improve the properties of PLA composites in
bone tissue engineering. These efforts could lead to the development of
new materials and advancements in bone tissue engineering technolo-
gies, ultimately playing a crucial role in enhancing bone tissue repair
and regeneration methods.

In bone tissue engineering, materials suitable for grafting with living
bone are needed to repair bone defects in the human body. Due to their
high biocompatibility and high capacity to form apatite, bioceramics,
especially composites based on calcium-silicate, have been widely used
in biomedical applications [18]. Akermanite (CazMg[Si2O7]) is a
calcium-silicate bioceramic that has excellent bioactivity, non-
cytotoxicity, superior degradation rate, ability to stimulate osteo-
genesis, and controllable mechanical properties, which has great po-
tential to be used as a bone graft material to meet the need for bone
regeneration [19,20]. Akermanite powders are prepared using various
methods, such as combustion, sol-gel, and ball milling, using different
raw materials. Among these methods, the sol-gel method is considered
more useful for producing high-purity Akermanite [21]. Ca®*, Mg2*,
and Si** ions in the structure of Akermanite can increase the prolifer-
ation rate of bone-forming cells and collagen production and stimulate
bone growth [22,23]. About 99 % of the body’s calcium is in the bones,
stimulating bone-forming cell proliferation [24]. Ssilicon plays a role in
the primary bone mineralization process and helps to promote osteo-
genesis and angiogenesis [25]. Magnesium plays a vital role in deter-
mining the rate of ceramic dissolution and is needed to regulate the
ossification process [26]. Based on the research findings on Akermanite,
it is anticipated that incorporating Akermanite into polylactic acid could
effectively address the challenges related to bioactivity, biodegrad-
ability, and mechanical properties of the material. Numerous techniques
have been utilized to create bone scaffolds with porous structures, such
as chemical/gas foaming [27], particle/salt washing [28], freeze-drying
[29], and others. However, traditional scaffold preparation methods
may not provide sufficient accuracy in controlling parameters such as
pore size, porosity, pore shape, and interconnectivity of pores. Thanks to
the emergence of 3D printing and computer-aided design (CAD)
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techniques, controlling scaffold parameters has become easier, resulting
in biocompatible architectures [4]. The first commercial 3D printing
technology, Stereolithography, was proposed by Charles Hall in 1988,
marking the beginning of the history of 3D printing [30]. Various 3D
printing techniques have been commercially applied to various mate-
rials and applications [31]. 3D printing has revolutionized
manufacturing, with its applications ranging from turbine blade pro-
duction to jewellery design and architecture to tissue engineering
[32-36]. Recently, it has become widely accepted in various medical
fields, particularly in BTE.

FDM is an extrusion base 3D printing which can melt thermoplastic
polymers and 3D print porous structures. In addition to the advantages,
additive manufacturing processes like FDM face challenges, such as low-
quality parts [37]. On the other hand, PLA, having a high viscosity,
creates a smooth and homogeneous surface [38]. It is necessary to
modify the surface of PLA due to its low cell adhesion and high hydro-
phobicity. In general, polymer surface modification involves altering the
properties of a polymer surface, such as surface roughness, morphology,
and functional group incorporation, to enhance its hydrophilicity and
other features [39]. Surface modification can be achieved through
various processes, with the most common involving changing the sur-
face energy of a material to increase or decrease its adhesion. This is
typically accomplished through chemical, ionic, or optical processes.
Adding functional groups to the material can improve its surface energy
[40]. Various methods can be used to adjust surface roughness and en-
ergy, including chemical etching, physical methods, and non-invasive
processes such as UV irradiation, corona treatment, and plasma and
laser patterning techniques [41,42].

Researchers have focused on two methods to modify the surface of
PLA: chemical and plasma methods. While plasma treatment can in-
crease PLA wettability and cell affinity, its effectiveness is only tempo-
rary [43], so chemical surface modification is suitable for biomedical
applications. Chemical surface modification involves wet methods in
which the polymer is immersed in a solution or sprayed with a solution
to improve its surface properties. These methods create a sterile envi-
ronment suitable for biomedical applications by removing debris and
microbes from the surface [42]. Wet chemical etching activates oxidized
functional groups to increase surface energy.

The following study investigated the mechanical, biological, and
surface properties of polylactic acid scaffolds with different levels of
Akermanite (0 %, 10 %, 20 %, and 30 %) for tissue engineering pur-
poses. The aim was to determine the optimum amount of Akermanite
additive. The researchers aimed to enhance the surface properties of the
scaffolds for bone tissue engineering applications by utilizing alkaline
hydrolysis surface alteration. The research primarily focuses on
improving the performance and efficiency of bone tissue scaffolds in
tissue engineering applications. It is hoped that the maximum desirable
mechanical and surface properties for these applications can be ach-
ieved through further research.

2. Materials and methods
2.1. Preparation of Akermanite nanoparticles

Akermanite was synthesized via the sol-gel method. During synthe-
sis, the mole ratio of tetraethyl orthosilicate (TEOS, Merck, Germany),
ethanol, and nitric acid was maintained at 1:8:0.16. The hydrolysis of
the mixture took place for 45 min under stirring. After adding magne-
sium nitrate hexahydrate (Merck, Germany) and calcium nitrate tetra-
hydrate (Merck, Germany), the solution was stirred for 5 h. at room
temperature. The solution was then subjected to a constant temperature
of 75 °C for 24 h. A dry gel was obtained after drying at 120 °C for 48 h.
The gel was further processed by grinding and sieving through a 250-
mesh sieve. It was then placed in a corundum crucible and subjected
to a temperature of 1200 °C for 3 h. The resulting powder was milled
using a planetary ball mill for 10 h. with a rotation speed of 250 rpm and
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a ball-to-powder ratio of 5:1 to refine the powder and achieve nano-sized
particles (Fig. 1).

2.2. Fabrication of polylactic acid/Akermanite composite scaffold

First, 50 ml of chloroform was poured into Arlene at room temper-
ature, and polylactic acid (eSUN, South Korea) was added little by little
while the solution was stirred with a magnet at 200 rpm. The polymer
was stirred for 3 h. using a magnetic stirrer to obtain a uniform solution.
Meanwhile, Akermanite powder was added to another flask containing
chloroform. The mixture obtained was stirred for 10 min using a bath
ultrasonic device (Grant XB6: UK) to separate the nanoparticles and
disperse them evenly in the solution.

Then, the resulting mixture was added slowly, dropwise, to the
polymer solution that was being stirred. The stirring continued for 30
min to ensure the polymer and nanoparticles were uniformly mixed. The
mixture was poured into a steel container and left at room temperature
until it became completely dry. The composite contained nanoparticles
in varying proportions by weight: 0 %, 10 %, 20 %, and 30 %. The
scaffolding design was created using Solidworks software and then
converted into G-code using CURA software before being sent to the
printer. To create 3D scaffolds, a desktop 3D bioprinter (Chakad, CSS1,
Iran) was utilized. The working specifications of the printer are given in
Table 1.

2.3. Characterization

2.3.1. Phase and structural study

The phase purity of Akermanite powder and composite scaffolds was
evaluated through X-ray diffraction (XRD, Asenware AW-DX300,
China). The sample was irradiated with a copper lamp using a wave-
length of A = 1.54°A, and diffraction patterns were analyzed using
X’pert Highscore Plus software to identify each constituent.

Also, the crystallinity of the PLA matrix was quantitatively evaluated
using the Nara and Komiya method [44] analysis on XRD graphs of
polymeric composites.

2.3.2. Examining the chemical structure and functional groups

Chemical structure and functional groups of samples were analyzed
by DRIFT-FTIR using a reflective infrared spectrometer technique with a
range of 400 to 4000 cm ', The type of chemical bond or functional
group was identified through Origin standard software by observing the
wavenumber of the band.

2.3.3. Examination of morphology and microstructure
The morphology, size, and distribution of particles, as well as the
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Table 1

Specifications of the FDM machine used to construct scaffolds in this

work.
Device feature Value
Nozzle diameter [pm] 400
Layer thickness [pm] 300
Nozzle temperature [°C] 210
Temperature of the work surface [°C] 55
Print speed [mm/s] 40

porosity of synthesized Akermanite powder and fabricated 3D scaffolds,
were studied using a scanning electron microscope (SEM-Philips XL30:
Eindhoven, the Netherlands). The samples were coated with a layer of
gold and then imaged using an acceleration voltage of 10 kV. The Image
J software was used to determine the average powder particle size, the
pore diameter, and the thickness of the base of the scaffolds.

2.3.4. Porosity

To measure the porosity of the scaffolds, they were cutinto 5 x 10 x
10 mm? pieces, and the Archimedes method was used to calculate the
porosity content. Three samples were taken for each scaffold. A solution
that is not a solvent for polymers, such as ethanol, was used for the
Archimedes method to measure porosity [45]. The specimens were
placed in vials filled with ethanol for a duration of 24 h. Subsequently,
their weight was measured under three conditions: in air, in ethanol, and
after removing the ethanol from the vial. A laboratory scale (DLS100-6,
Nano Pajouhan Raga: Iran) with a 0.0001 g readability was employed to
obtain accurate measurements. The following equations were used to
measure the percentage of porosity and density of each scaffold sample.
The porosity percentage is Eq. (1) to the ratio of the measured volume to
the theoretical volume:

W, —wW;

Porosity (%) = W W, x 100 1
2 3

where Wy is the dry weight of the samples, W is the weight of the

samples saturated with ethanol, and W3 is the weight of the sample
immersed in ethanol.

2.4. Mechanical properties

A mechanical testing machine (H25KS-HOUNSFIELD: UK) was used
to study the compressive strength and tensile strength of the scaffolds.
The compressive properties of the scaffolds were evaluated according to
the ASTM-D695 standard, and the tensile properties were evaluated
according to the ASTM-638 standard. Scaffolds were prepared for both
compression and tensile tests. The dimensions of the compression test

Ethanol Mg(NO3):6H:0  Ca(NOs):-4H20
TEOs o} HNO: 1
) 45 min ) -24 -
G - —_—
o | % . 75 °C
120 °C‘ 48 h
. . 3h

Nano-Akermanite 250 rpm

L
Akermanite 1200°C | - ©

Mesh=250
50 pm

Fig. 1. Schematic of the synthesis process of Akermanite.
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scaffold were 5 x 10 x 10 mm?>, while the tensile test scaffold had a
thickness of 2 mm, width of 4 mm, and length of 15 mm. A loading rate
of 2 mm/min was used to obtain stress-strain data, and each scaffold was
tested three times.

2.5. Wettability

In order to assess wettability, the contact angle of water was
measured using an ASTM D5964 standard device. For this reason, a thin
film from the samples was prepared using chloroform, and a contact
angle measurement system was used to capture an image 5 s after
dropping a 3-microliter droplet. This test was repeated three times for
each scaffold, and the average values were reported.

2.6. Biological evaluations

2.6.1. Bioactivity test

Simulated body fluid (SBF) was used to simulate the conditions of the
body’s environment in the laboratory, with ion concentrations similar to
human blood plasma (Table 2). To evaluate bioactivity, scaffolds were
cutinto 2.5 x 5 x 5 mm?® dimensions and immersed in SBF for 15 min at
37 °c in a Ben Marie bath. After 7, 14, and 28 days of immersion, the
samples were taken out and evaluated by SEM to observe the
morphology of the apatites formed on the surface. The concentration of
calcium and phosphorus ions was determined by using solutions after
immersing the samples for certain times, and the concentration of the
desired ions in the solution was evaluated by an inductively coupled
plasma (ICP) test.

2.6.2. Degradation test

Laboratory degradation studies were conducted by immersing the
samples in phosphate-buffered saline (PBS). Tablets of phosphate-
buffered saline were prepared by dissolving them in 200 ccs of
double-ionized distilled water and stirring for 30 min using a magnetic
stirrer. The resulting solution was homogenized to a pH of 7.4 at room
temperature. Printed scaffolds measuring 2.5 x 5 x 5 mm® were cut and
immersed in 15 ml of saline phosphate buffer solution at 37 °C in a Bain-
Marie bath for 7, 14, 28, 42, and 56 days. The degradability of the
scaffolds was assessed by measuring weight loss using Eq. (2) [47]:

Wo — W,

0

Weight loss (%) = % 100 (2)

where Wy represents the initial dry weight, and W; represents the dry
weight of the scaffolds after degradation at various time intervals. After
eight weeks of immersion in the PBS solution, SEM images were

captured from the scaffold surfaces to observe any morphological
changes during degradation.

2.7. Invitro cell evaluations

Initially, osteoblast cells (MG-63) were cultured in a cell culture flask
containing DMEM-F12, fetal bovine serum, and penicillin-streptomycin.
The flask with the cells was placed in an incubator with a humid at-
mosphere containing 5 % carbon dioxide at 37 °C. The cells were
checked every 3-4 days a week, and the culture medium was changed.
Once the cells completely covered the container’s surface, they were
detached using an EDTA trypsin mixture, centrifuged, and 20,000 cells
were counted using a Neubauer Chamber and transferred to two

Table 2
The concentration of ions in SBF and human blood plasma (mM) [46].
Na® K" Mg>t  ca*t cl HCOs  HPO3~
SBF 142.0 5.0 1.5 2.5 148.8 4.2 1.0
Blood plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0
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separate containers.

Scaffolds measuring 5 x 5 x 5 mm°® were created and sterilized with
25 % acetic acid, PBS, 70 % alcohol, and ultraviolet rays to assess
cytotoxicity and cell adhesion on the sample surfaces. Cytotoxicity tests
were conducted with 3 repetitions on days 1, 3, and 7, and cell adhesion
tests with two repetitions on days 1 and 3.

2.7.1. Cytotoxicity

The scaffolds were washed twice with PBS and placed in 48-well
plates. Each well was then loaded with twenty thousand cells. The
cells were left to grow for 1, 3, and 7 days, after which MTT solution was
added. The plates were incubated for 3-4 h, and then the culture me-
dium was removed. DMSO solution was added to each well, and the
absorbance was measured at 570 nm using an ELISA reader to determine
cell viability. The following Eq. (3) was used [48]:

Cell viability (%) =

A —A
% x 100 3)

c — 41p

where Aggmple, Ap, and A, represent the absorption values of the scaffold,
DMSO, and control samples, respectively.

2.7.2. Cell adhesion

MG-63 cells were cultured on scaffolds, removed after 1 and 3 days,
washed with PBS, incubated in 3 % glutaraldehyde, dehydrated with
ethanol, and imaged using SEM to analyze their morphology and
adhesion.

2.8. Chemical surface modification with alkaline hydrolysis

In this method, 0.5 g of sodium hydroxide (0.25 M) was mixed with
50 ml of distilled water in an Erlenmeyer flask using a magnetic stirrer.
Ethanol was added after complete mixing, and the solution was stirred
until thoroughly mixed. Scaffolds measuring 0.5 x 0.5 mm? were placed
in the hydrolysis solution for 6 h, at room temperature. Afterwards, the
scaffolds were washed in distilled water. The weight of the scaffolds
before and after hydrolysis was measured to monitor weight changes
during the surface modification process.

2.9. Statistical analysis

In this study, to examine and statistically analyze the results obtained
from various tests, including cellular and mechanical, the data were
reported as mean + standard deviation. Furthermore, using one-way
analysis of variance (ANOVA) with a 95 % confidence level through
the statistical software Minitab, significant differences (p < 0.05) among
the tests were identified.

3. Results and discussion
3.1. Characterization of synthesized Akermanite powder

Fig. 2(a) displays the XRD pattern of the synthesized Akermanite
powder, with characteristic peaks at angles 20 = 28.9°, 31.1°, 36.2°,
44.4°, and 51.8°. These peaks correspond to crystal planes (201), (211),
(310), (212), and (312), confirming the presence of crystalline Aker-
manite. The phase analysis using X’'pert software identified the powder
as a single phase with the formula CapMgSi>O7, matching the standard
card number 96-900-6941.

Images obtained using an SEM reveal the morphology and size range
of Akermanite ceramic particles in Fig. 2(b), showing nanoparticles and
larger agglomerates ranging from 5 to 40 pm. These particle sizes and
shapes are attributed to the sol-gel method at high temperatures [49].
Energy-dispersive X-ray spectroscopy (EDS) analysis, depicted in Fig. 2
(c), provides elemental composition information, including element
percentages, weight percentages, and atomic percentages in the
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Fig. 2. (a) XRD pattern, (b) SEM image, and (c) EDS spectrum analysis of synthesized akermanite powder.
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Fig. 3. (a) XRD patterns, and (b) FTIR graphs of the 3D printed scaffolds.

Akermanite sample.
3.2. Characterization of poly (lactic acid)-Akermanite composites

Fig. 3(a) illustrates the XRD pattern of the composites, including O,
10, 20, and 30 wt% Akermanite. The presence of characteristic peaks of
Akermanite at angles 20 = 28.9°, 20 = 31.1°, 20 = 36.2°, 20 = 44.4°, and
20 = 51.8° is evident in all composites. Based on these XRD patterns and
peak matching, an increase in Akermanite leads to the crystallization of
the structure.

3.3. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is used to analyze
molecular vibrations in materials. Reflective infrared spectroscopy (DR-
FTIR) reflects radiation into the sample and collects reflected energy at a
large angle. Advantages include easy sample preparation and minimal
sample mass requirements, but drawbacks include accessory costs and
limitations in solid sample analysis [50]. Fig. 3(b) displays the results of
reflective infrared spectroscopy on scaffolds within the 400-4000 cm ?
wavenumber range.

In samples fabricated from pure polylactic acid, peaks observed in
the spectra at 753 cm ™! and 856 cm™! corresponded to C—H and C—C

b

eat a¥ o3
EvamEssn ey

ettt

AT AT T,

evas

Fig. 4. SEM images and photographs of a) PLA, b) 10 wt% AK, c) 20 wt% AK and d) 30 wt% AK 3D printed scaffolds (in photographs, cubic scaffolds are 2 x 2 x 0.5

cm® in dimension).
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Fig. 6. The compressive stress-strain curves of 3D printed scaffolds.

vibrational bonds, respectively [51]. C-O-C and C—O bonds were also
detected in peaks at 1030 em ! and 1091 em™! [52]. Peaks at 1360
em™! and 1465 cm ™! were attributed to asymmetric and symmetric
stretching C—H bonds in the CH3 group, while peaks at 1715 cm™! and
1780 cm ! represented C=O stretching bonds [52]. In the range of
2800-3000 cm ™}, all peaks indicated -CH3/-CH stretching bonds, and
the peaks at 3500 cm ! indicated stretching bonds without OH [53].

In samples containing Akermanite, additional bonds were observed
on the polylactic acid structure. Vibrational bonds O-Ca-O, O-Mg-O,
Ca—O0, and O-Si-O were detected at 1411 cm ™, 473 ecm ™}, 589 cm ™2,
and 641 cm’l, respectively [53]. Elastic bonds Ca—O and Si—O were
also seen at 696 cm ' and 930 cm!. Despite the presence of these
additional bonds, all characteristic polylactic acid bonds were visible in
scaffolds containing Akermanite, indicating a homogeneous and suitable
combination of polylactic acid and Akermanite.

Table 3
Compressive properties of 3D printed scaffolds (*p < 0.05).

3.4. Investigating the porosity of the scaffolds

The porosity and pore size of 3D biodegradable and bioactive scaf-
folds directly impact their performance in biomedical applications.
Cellular nourishment, proliferation, migration for tissue vascularization,
and formation of new tissues require open and interconnected networks.
Porous surfaces help enhance mechanical bonding between scaffolds
and surrounding tissue for improved implant stability. The pore network
structure guides tissue formation, while high porosity enables the
effective release of biological factors and nutrient exchange. However,
balancing mechanical stability with porosity is crucial for optimal
scaffold design, ensuring suitability for the intended application.

Measuring porosity and obtaining microscopic images are effective
methods for examining the formation of a porous structure in printed
scaffolds. Tissue engineering scaffolds for bone tissue necessitate suit-
able porosity levels and interconnected pores to promote bone forma-
tion, support cell growth and mobility, enable nutrient exchange, and
facilitate waste removal from bone and cells. SEM images of the printed
scaffolds in Fig. 4 demonstrate a porous and interconnected structure,
ideal for tissue engineering applications in bone tissue. It is evident that
by increasing Ak from 0 to 10 wt%, the pore size increased and then
decreased by further Ak increment.

Fig. 5 depicts the porosity and strut thickness of printed scaffolds.
The porosity increased from 58 + 3.4 % in PLA to 69.3 + 4.9 % in 10 wt
% AK then decreased with higher Akermanite content. The porosity
reached 60 % =+ 2.5 % in 30 wt% AK. Adding Akermanite to the molten
polymer during 3D printing raised composite viscosity, reducing strut
thickness due to increased difficulty in nozzle exit. The addition of
Akermanite increased the porosity of polylactic acid scaffolds. As
Akermanite content increased, viscosity increased significantly,
requiring more pressure for extrusion, resulting in thicker struts and
reduced porosity in composite scaffolds. Previous studies support this
trend, showing that [48].

Pore size measured using ImageJ software ranged from 500 to 700
pm. It is a crucial aspect of bone scaffolding. Small pores hinder cell
migration, affecting nutrient exchange, while large pores limit cell
connectivity. The relationship between pore size and cellular activity is

Compressive strength [MPa]

Elastic modulus [MPa] Yield strength [MPa]

PLA 22.4 + 8.2
10 wt% AK 16.9 + 8.8
20 wt% AK 29.4+ 3.4
30 wt% AK 543 £ 1%

943 +£11.7 9.2+04

50.5 £+ 16.5* 9.1+0.3

96.6 = 13 123 £1.1*
138.2 + 12.5* 23.7 £ 2.1%
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unclear, leading to conflicting reports on the optimal size for tissue
engineering. Pores of 20-1500 pm are common in bone engineering,
with studies suggesting medium pores (96-150 pm) for connectivity and
larger pores (300-800 pm) for bone growth. Balancing cellular con-
nectivity and bone growth is key [48]. Adding ceramic to polymer in-
creases wall thickness, reducing pore size and porosity, as reported
everywhere [48].

3.5. The mechanical properties of the scaffolds

Natural bone exhibits hardness, strength, and toughness, which are
attributed to its composition and structure [54,55]. The mineral com-
ponents provide rigidity, while organic components offer malleability
and toughness. Compact bone is stiffer and stronger, while cancellous
bone is more malleable. The overall mechanical behaviour of bone
combines these characteristics, making it both rigid and malleable,
serving various functions like support and shock absorption. In bone
tissue engineering, scaffolds need to mimic bone properties like
strength, stiffness, malleability, and toughness to avoid issues like
fracture and loosening. Factors such as particle shape, biomaterial type,
scaffold fabrication method, compound ratios, and porosity influence
scaffold mechanical properties. Studies indicate that polymer scaffold
mechanical properties can be enhanced by incorporating reinforcing
phases. Uniform dispersion of the ceramic particles within the polymer
matrix and strong interaction between the mineral particles and the
polymer matrix can increase the compressive strength of the composite
scaffolds.

Based on Fig. 6 and Table 3, in the 10 wt% AK scaffold, it was ex-
pected that adding ceramics would improve the mechanical properties.
The compressive strength and modulus of elasticity in a polylactic acid
scaffold decreased by 24 % and 46.4 %, respectively, when 10 % weight
of Akermanite was added due to increased porosity. This trend has not
been revealed in a pure polylactic acid scaffold. Guarino et al. [56]
investigated the effect of porosity on the mechanical properties of
polymeric scaffolds of polycaprolactone, showing that with an increase
in porosity, the mechanical properties of the scaffolds decrease. On the
other hand, by increasing the percentage of Akermanite and reducing
the porosity in 20 wt% AK scaffold, all compressive properties of the
scaffolds increased significantly compared to 10 wt% AK scaffold,
indicating a considerable compensation for the decreased mechanical
properties due to porosity by the Akermanite particles. Finally,
increasing the amount of Akermanite to 30 % weight showed a signifi-
cant increase in the compressive properties of the scaffolds compared to
all scaffolds. In comparison to 20 wt% AK scaffold, the compressive
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Fig. 7. The tensile stress-strain diagrams of 3D printed scaffolds.
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Table 4
Tensile properties of 3D printed scaffolds (*p < 0.05).

Young’s modulus [MPa] Elongation [%] Toughness [J/m°%]

PLA 586.3 + 67 9.4+0.8 2+09
10 wt% AK 920.1 + 44.5* 7.8 £0.6 1.3 +£0.1*
20 wt% AK 1295.4 + 60.1* 3.4 +1.4% 1+0.6%
30 wt% AK 1651.1 + 64.2* 1.5+ 0.3* 0.7 £ 0.1*

strength, yield strength, and modulus of elasticity increased by 48.8 %,
45.2 %, and 32.2 %, respectively. The results suggest that an increase in
the percentage of Akermanite in the scaffolds leads to an improvement
in the compressive properties of polylactic acid/Akermanite composite
scaffolds. According to Dong et al. [57], the compressive strength and
elastic modulus of a porous PLA scaffold fabricated by freeze-drying
technique can be increased by 52 % and 30 %, respectively, if 10 %
weight of Akermanite is added, compared to the pure PLA scaffold. In
another study, Deng et al. [47] found that adding 20 % weight of
Akermanite to the PLGA scaffold fabricated by the solvent-casting/
particulate leaching method can improve the compressive strength by
80 % compared to the pure PLGA scaffold.

In the study, tensile tests were conducted on dumbbell-shaped
composite samples to evaluate the mechanical properties required for
engineering bone tissue scaffolds, including strength, stiffness, flexi-
bility, and toughness. Their stress-strain curves are depicted in Fig. 7. An
increase in the percentage of Akermanite in the composite samples led to
a decrease in tensile properties compared to the pure polylactic acid
sample, attributed to the brittleness of the bioceramic. Table 4 presents
the tensile properties of the composite samples. The pure polylactic acid
sample demonstrated superior tensile properties in all conditions
compared to samples containing Akermanite, highlighting the polymer’s
superiority over ceramics in tensile conditions.

Based on the results presented in Table 4, the stiffness or modulus of
elasticity significantly increased with the addition and increase of bio-
ceramics compared to pure polylactic acid samples. However, ductility
and malleability exhibited a significant decreasing trend, which could be
attributed to increased crystallinity due to the higher Akermanite con-
tent. The crystallinity for PLA, PLA-10 wt% AK, PLA-20 wt% AK, and
PLA-30 wt% AK composites are 25, 41, 51, and 62 %, respectively. These
values are computed by interpreting XRD graphs of composites. It is
evident that by increasing the Akermanite content in the composite, the
crystallinity of the PLA increased.

Crystalline polymers demonstrate lower ductility compared to
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Fig. 8. Contact angle of the surface of 3D printed scaffolds (p < 0.05%).
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amorphous or semi-crystalline polymers, as their molecules are ar-
ranged in a regular and repeating pattern, enhancing their stiffness and
brittleness. This regular molecular pattern facilitates easier crack
propagation and less resistance to deformation [58]. Crystallinity in
bone tissue scaffolds is crucial as it directly impacts the scaffold’s ability
to resist mechanical forces and provide structural support during the
improvement and regeneration process. The toughness refers to a ma-
terial’s ability to absorb energy and deform without fracturing, as
indicated by the area under the stress-strain curve before the breaking
point. In bone tissue engineering, scaffolds with high toughness are
essential for promoting proper bone growth and integration. The slope
of the initial part of the diagram (linear zone) was considered as elastic
modulus, and the stress of the end of the linear zone is considered as
yield strength. The average stress between 20 and 40 % strain is
considered as the compressive strength, and for calculating toughness,
the area under the stress-strain graph is analyzed [59].

Based on the compressive and tensile mechanical test results and the
need for scaffolds with induced bone-like properties, 20 wt% AK scaffold
can be introduced as an optimal scaffold. In such a way, PLA and 10 wt%
AK scaffolds exhibited weak mechanical properties during compressive
and tensile tests, and 30 wt% AK scaffold exhibited more brittle
behaviour. In comparison, 20 wt% AK scaffold showed promising
results.

3.6. Wettability

The results of the contact angle tests of different scaffolds are shown
in Fig. 8. As can be seen in this figure, the contact angle in pure poly-
lactic acid was 71.1 + 5.78°, consistent with previous studies reporting
contact angles ranging from 60 to 85° for pure polylactic acid, indicating
its hydrophobic nature [60,61]. This hydrophobicity of polylactic acid
can be attributed to the presence of methyl groups known to be hy-
drophobic alkyl functional groups [61]. By incorporating Akermanite,
the contact angle decreased to 67.1 + 7.65° in 30 wt% AK scaffolds,
confirming the beneficial effect of Akermanite in improving the hydro-
philicity of the scaffolds. Increasing the weight percentage of Aker-
manite from 10 to 30 % in the composites also led to an increase in the
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amount of bioceramic on the surface, which is the main factor in
increasing the contact area and reducing the contact angle of the poly-
lactic acid/Akermanite composite scaffolds. It was expected that this
decrease in contact angle would be more significant, but the limited
reduction can be attributed to the type of parts manufacturing, wherein
the moulding process, a layer of polylactic acid covers the entire surface
of the parts significantly, neutralizing the effect of Akermanite on the
surface and preventing an increase in surface hydrophilicity.

3.7. Evaluation of bioactive behaviour of scaffolds

An important aspect of tissue engineering scaffolds for bone regen-
eration is their bioactivity, as assessed by their capacity to form a bone-
like apatite layer upon exposure to simulated body fluid (SBF) [62]. This
scaffold’s ability to graft with bone tissue is essential in bone tissue
engineering. Cell adhesion, proliferation, and differentiation increase
when a bone-like apatite layer forms on the scaffold surface [63]. The
production of hydroxyapatite on polylactic acid scaffolds with Aker-
manite involves the hydrolysis of polylactic acid and the activation of
carboxyl and hydroxyl groups on the surface [64]. The attachment of
Ca?* to these active groups is crucial for the nucleation of hydroxyap-
atite crystals [65]. Initially, the active groups on a surface attract cal-
cium ions through electrostatic forces. Then, absorbed phosphorus ions
attach to these combined groups, leading to the formation of hydroxy-
apatite nuclei. The hydroxyl groups on the surface also attract calcium
ions, though not as strongly as carboxyl groups. As time passes and
hydrolysis occurs, the number of active groups on the surface increases.
This provides more sites for calcium ion binding, forming numerous
hydroxyapatite crystal nuclei, which eventually grow and form apatite
on the surface [66]. This process is accelerated by the presence of Mg2"
and Si*' ions in the solution, creating an environment conducive to
hydroxyapatite formation and preventing its dissolution [67].

Figs. 9 and 10 display SEM images and EDS charts of scaffolds in SBF
solution with Akermanite for 14 and 28 days. Pure polylactic acid
scaffolds show minimal deposits, hindering calcium-to-phosphorus ratio
expression due to limited hydroxyapatite formation. Leo et al. [68]
confirmed restricted apatite formation on polylactic acid immersed in a

Fig. 9. SEM micrographs of a) PLA, b) 10 wt% AK c) 20 wt% AK and d) 30 wt% AK scaffolds immersed in SBF solution for 14 days.
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Fig. 10. SEM micrographs of a) PLA, b) 10 wt% AK c) 20 wt% AK and d) 30 wt% AK scaffolds immersed in SBF solution for 28 days.
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Fig. 11. pH changes of 3D printed scaffolds immersed in SBF solution.

simulated body fluid. Akermannite increases the biological activity of
the scaffolds, and after 28 days, it completely covers them with hy-
droxyapatite. Apatite crystals and particles indicate nucleation with
increasing Ca—P sizes over time. Akermanite’s potential for apatite
deposition and bone formation through ion release has been the focus of
researchers [69,70]. Apatite formation on Akermanite scaffolds pro-
motes cell layer reaction, proliferation, and matrix deposition, which is
critical for tissue engineering.

The pH changes in the SBF solution post-removal of scaffolds at 7, 14,
and 28 days are illustrated in Fig. 11. Furthermore, an ICP test was
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conducted to evaluate the quantitative and qualitative elements in the
SBF solution after 14 and 28 days of sample immersion, with the results
displayed in Fig. 12. The pH variations in pure polylactic acid scaffolds
exhibited a slight decrease, likely due to limited hydroxyapatite for-
mation caused by reduced calcium and phosphorus levels (Fig. 11a).
Introducing Akermanite led to distinct pH behaviour. Scaffolds with
Akermanite showed pH changes due to hydroxyapatite formation, ion
release from Akermanite, and polylactic acid degradation. The process
involving pH changes and hydroxyapatite formation on polylactic acid
scaffolds with Akermanite can be divided into two stages, as depicted in
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Fig. 11. Initially, during the first 7 days of immersion, the release of Ca®*
and Mg®" ions from Akermanite increased the pH level [71]. Subsequent
days saw a pH decrease due to hydroxyapatite formation and polylactic
acid degradation. Studies have shown that an alkaline environment is
conducive to nucleation and hydroxyapatite formation [71]. ICP results
for polylactic acid scaffolds with Akermanite (Fig. 12b-d) revealed
increased calcium ion release and decreased phosphorus ion release
with prolonged immersion time and higher Akermanite content.

3.8. Evaluation of biodegradable behaviour of scaffolds

Tissue engineering bone scaffolds should have an appropriate
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degradation rate to control the release of bone growth factors and create
a conducive environment for bone reconstruction by osteoblasts. The
degradation rate must be optimal to prevent premature loss of scaffold
properties before bone formation and to ensure the right conditions for
bone regeneration. Excessive degradation can lead to the scaffold losing
its integrity, while insufficient degradation may hinder bone formation
and require additional surgical intervention for scaffold removal. The
primary degradation mechanism in polymeric scaffolds involves hy-
drolysis caused by water infiltration, breaking ester bonds like hydroxyl
and carboxyl, followed by bacterial attack and removal of the frag-
mented remains [72].

Fig. 13(a) illustrates the weight loss degradation based on changes in



A.E.A. Mostafa et al.

International Journal of Biological Macromolecules 284 (2025) 138097

Fig. 14. SEM images of degradation: a) PLA, b) 10 wt% AK, c) 20 wt% AK and t) 30 wt% AK of scaffold after 56 days of immersion in PBS solution.
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Fig. 15. MTT test results with MG-63 cell culture on 3D printed scaffolds (p
< 0.05%).

the weight of submerged printed scaffolds over different time points in a
phosphate buffer solution. Pure polylactic acid scaffolds showed mini-
mal weight reduction due to the hydrophobic nature of polylactic acid,
resulting in superficial hydrolysis and degradation. A study by Lu et al.
[73] examined the degradation of pure polylactic acid, revealing limited
surface cracks, cavities, and slight weight loss over 24 weeks. In Fig. 13
(a), the incorporation of Akermanite increased the rate of weight loss in
submerged scaffolds in a phosphate buffer solution. This accelerated
weight loss, proportional to the amount of added Akermanite, was sig-
nificant. The enhanced weight loss can be attributed to the increased
hydrophilicity of scaffolds with added Akermanite, speeding up poly-
lactic acid hydrolysis and ester bond cleavage, leading to scaffold
degradation. Additionally, the random distribution of bioceramic
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particles within the polymer contributes to weight loss as they are
released during degradation, creating voids in the polymer structure and
promoting further hydrolysis and structural weakening on the surface
[74].

pH changes were measured to evaluate the effects of scaffold
degradation on the surrounding environment, as shown in Fig. 13(b). In
the case of pure polylactic acid scaffolds, specific pH variations were not
observed, likely due to minimal surface degradation and near-zero pure
polylactic acid within the examined range. In scaffolds containing
Akermanite, an increase in pH and alkalinity was observed up to the
second week due to the degradation of surface Akermanite and the
release of Ca®>* and Mg2+ ions [75]. After the second week, as polylactic
acid degradation and the release of lactic acid into the solution
increased, a decrease in pH and acidification of the environment were
observed. This gradual decrease in pH due to simultaneous Akermanite
degradation compensated significantly for the acidification caused by
polylactic acid degradation, preventing excessive acidification of the
environment, as previous studies have confirmed [76]. Overall, the
neutralization of the acidic environment resulting from polylactic acid
degradation by the released ions from Akermanite confirms their suit-
ability for tissue engineering applications.

Fig. 14 displays SEM images of scaffold surfaces after 56 days of
immersion at 37 °C. Observations from the images reveal the formation
of holes on the surfaces of scaffolds containing Akermanite, attributed to
hydrolysis and removal of degraded Akermanite particles. In contrast,
the surface of pure polylactic acid scaffolds exhibits no cavities or
degradation. SEM images indicate the presence of small particles on
scaffolds with Akermanite, with particle formation increasing alongside
higher Akermanite content. As Akermanite degrades and dissolves in the
PBS solution, Ca* ions rise. The abundance of Ca®>" on the surface fa-
cilitates the absorption of PO;  from the solution, promoting the
nucleation of calcium phosphate. These nuclei lead to the precipitation
and formation of calcium phosphate compounds on the surfaces of
scaffolds containing Akermanite [77].
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Fig. 17. SEM images related to MG-63 Cell adhesion on the surface of a) PLA, b)10 wt% AK, c) 20 wt% AK and d) 30 wt% AK scaffolds after 3 days.
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3.9. Evaluation of biocompatibility behaviour of scaffolds

3.9.1. Cytotoxicity assessment of scaffolds

In Fig. 15, MTT test results on MG-63 cell culture on scaffolds in 1, 3,
and 7 days indicated increasing cell viability over time. Scaffolds with
Akermanite showed higher cell viability compared to pure polylactic
acid, especially noticeable on day 7, as reported by Altunordu et al. [78].
Incorporating Akermanite up to 30 wt% boosted cell viability, consistent
with previous studies [79]. Significant differences in cell viability were
observed in 20 and 30 wt% AK scaffolds on the third and seventh days.
Akermanite extract positively impacted bone marrow mesenchymal
stem cell viability, with safety confirmed in various studies [80]. The
release of Si** and Ca®" ions from Akermanite and increased hydro-
philicity from its addition likely contributed to favourable cell
adaptation.

3.9.2. Evaluation of cellular adhesion of scaffolds

The initial reaction and the level of cell adhesion to the surfaces of
tissue engineering bone scaffolds are important parameters that impact
the rate and speed of bone regeneration and repair. Therefore, the
assessment of cellular adhesion on 3D-printed scaffolds with MG-63 cell
seeding was conducted at two time points, 1 and 3 days, and SEM images
were acquired to evaluate the extent of cellular adhesion to the scaffolds.
Figs. 16 and 17 display the scanning electron microscopy images cor-
responding to cell culture on the printed scaffolds at 1 and 3 days,
respectively. Studies have indicated that compositions containing cal-
cium and magnesium elements, such as Akermanite, can accelerate bone
growth, increase the adhesion of osteoblast cells, and influence the
growth factors of these cells [81,82]. Furthermore, Akermanite with
silicon content also enhances bone repair and growth, directly corre-
lating with calcium. In scenarios where calcium levels are relatively
reduced, they manifest as a composite akin to hydroxyapatite, thereby
enhancing bone properties. The SEM images reveal that the surface of
pure polylactic acid scaffolds is not conducive to cell adhesion, with only
a few cells displaying spherical morphology, indicating poor cellular
attachment. This lack of adhesion is primarily attributed to the hydro-
phobicity of the surfaces [83]. Cell adhesion to scaffolds is improved by
incorporating Akermanite at varying percentages, leading to better
attachment of cells with natural morphology. Increasing Akermanite
content up to 30 % by weight on the first day improved cellular growth
and proliferation. After 3 days, cell proliferation significantly increased,
with cells adhering well to the scaffold surfaces. 20 and 30 wt% AK
scaffolds showed higher cellular density, and cells displayed a flatter
appearance with increased pseudopodia, indicating improved cell
anchoring. The findings suggest that Akermanite can positively influ-
ence the growth, proliferation, and viability of MG-63 cells, highlighting
its potential for enhancing cellular adhesion and proliferation [84].
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3.10. Evaluation of the effects of alkaline hydrolysis level correction

The study aimed to enhance polylactic acid-based scaffold surfaces
by increasing hydrophilicity and cellular affinity without altering
intrinsic properties. A mild alkaline solution containing sodium hy-
droxide and ethanol was used for surface modification to minimize
degradation and weight loss. The process resulted in minimal weight
loss (5.3 £ 1 %) and surface charge improvement without compromising
mechanical strength. Various studies have shown that treating polyester
polymers with a hydroxide ion source such as sodium hydroxide leads to
surface erosion primarily with a limited decrease in the molecular
weight of the polymer, accompanied by minimal mass loss and limited
swelling [85]. During the alkaline hydrolysis surface modification pro-
cess in a sodium hydroxide environment, hydroxide anions rapidly
degrade the surface of the polyester, resulting in surface mass loss, but
the volume of the polymer and molecular weight are significantly
reduced. In addition to the reduction in surface weight, alkaline hy-
drolysis surface modification leads to the production of end groups such
as ester, hydroxyl, and carboxylic on the surface, increasing the surface
charge and improving the surface properties of polyester substrates
[75,86].

3.10.1. Evaluation of the effects of alkaline hydrolysis surface modification
with SEM

The surface modification resulted in increased roughness and hole
formation, as seen in Fig. 18. The alkaline treatment enhanced rough-
ness by creating shallow pits on the surface, which promotes cell

Fig. 18. SEM images of a) 20 wt% AK scaffold without surface modification and b) 20 wt% AK scaffold after surface modification.
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Fig. 20. SEM images related to MG-63 cell adhesion on the surface of 20 wt% AK scaffold after surface modification in a) 1 and b) 3 days.

adhesion and proliferation [73]. Additionally, the process created pores
and a sterile environment conducive to biomedical applications by
eliminating debris and microbes [87]. Moreover, the modification
influenced surface charge, as rougher surfaces inherently exhibit higher
surface charge levels [88].

3.10.2. Evaluating the effects of modifying the level of alkaline hydrolysis
on the degree of wettability

Surface modification using alkaline hydrolysis on polylactic acid
scaffolds 20 wt% AK significantly improved wettability, as depicted in
Fig. 19. The chemical hydrolysis of the ester bond produced polar hy-
drophilic hydroxyl end groups, reducing water contact angles [89]. The
increased surface roughness resulting from hydrolysis contributed to the
reduced water contact angle. Post-modification, the wetting angle
notably decreased from 70.6 + 5.5° to 5.5 + 1.5°, indicating enhanced
scaffold interaction with cells and biological fluids, facilitating
improved and accelerated bone formation processes.

3.10.3. Evaluating the effects of alkaline hydrolysis surface modification on
cell adhesion

The ability of cells to adhere to tissue engineering scaffolds is crucial,
and surface hydrophilicity plays a key role in this process. Cells prefer
surfaces with low contact angles, as these are typically more hydrophilic
and conducive to cell adhesion [62,90]. Covering composite scaffolds
with polylactic acid decreased the contact angle with water, indicating
improved hydrophilicity. This enhancement can be further improved
through alkaline surface modification, which increases surface rough-
ness and hydrophilicity. The process also introduces hydroxyl and
carboxyl end groups, enhancing surface charge and promoting better
cell adhesion [58]. SEM images in Fig. 20 show increased cell adhesion
on a 20 wt% AK scaffold after surface modification, highlighting
improved hydrophilicity. Overall, the results suggest promising cell
adhesion on these composite scaffolds, with the potential for further
enhancement through surface modifications to increase hydrophilicity.

4. Conclusion

In this study, nano-sized Akermanite powder was successfully pro-
duced via the sol-gel method, which was confirmed by X-ray diffraction
and scanning electron microscopy. Characterization of printed scaffolds
using FDM revealed composite polylactic acid scaffolds containing 0, 10,
20, and 30 wt% Akermanite, showing suitable porosity (about 60 vol%)
for bone tissue engineering.

The addition of 20 wt% Akermanite significantly improved strength
and elasticity by 36 % and 120 %, respectively, compared to pure pol-
ylactic acid scaffolds. It also exhibited 43 % more toughness than 30 wt
% AK scaffolds, addressing tenderness and fragility concerns. Actually,
Akermanite addition resulted in tensile and compressive mechanical
properties of PLA 3D printed scaffolds.

As the amount of Akermanite in the scaffolds increased, bioactivity,
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biodegradability, and biocompatibility improved. During printing, the
scaffold’s larger surface area with lower Akermanite presence on the
surface from the molten state enhanced properties like hydrophilicity
and cell adhesion.

Alkaline hydrolysis modification on 20 wt% AK scaffold increased
hydrophilicity by 42.5 % and improved MG-63 cell adhesion, promoting
bone regeneration for effective bone tissue engineering.

In conclusion, polylactic acid/Akermanite scaffolds produced
through FDM 3D printing and alkaline hydrolysis surface modification
show promise for bone tissue engineering applications.
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