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Abstract

The field of bone tissue engineering has experienced an increase in prevalence due to the inherent challenge of the natural
regeneration of significant bone deformities. This investigation focused on the preparation of Three-Dimensional (3D)-
printed Polycaprolactone (PCL) scaffolds with varying proportions of Nanohydroxyapatite (NHA) and Nanoclay (NC), and
their physiochemical and biological properties were assessed. The mechanical properties of PCL are satisfactory; however,
its hydrophobic nature and long-term degradation hinder its use in scaffold fabrication. NHA and NC have been employed
to improve the hydrophilic characteristics, mechanical strength, adhesive properties, biocompatibility, biodegradability,
and osteoconductive behavior of PCL. The morphology results demonstrated 3D-printed structures with interconnected
rectangular macropores and proper nanoparticle distribution. The sample containing 70 wt% NC showed the highest
porosity (65.98+2.54%), leading to an increased degradation rate. The compressive strength ranged from 10.65+1.90 to
84.93+9.93 MPa, which is directly proportional to the compressive strength of cancellous bone (2—12 MPa). The wet-
tability, water uptake, and biodegradability of PCL scaffolds considerably improved as the amount of NC increased. The
results of the cellular assays exhibited increased proliferation, viability, and adhesion of MG-63 cells due to the addition
of NHA and NC to the scaffolds. Finally, according to the in vitro results, it can be concluded that 3D-printed samples
with higher amounts of NC can be regarded as a suitable scaffold for expediting the regeneration process of bone defects.
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1 Introduction accelerated bone regeneration. Tissue engineering bridges

the gap between life sciences and engineering, offering
Bone defects can arise from various conditions, and while  alternative therapies aimed at improving organ function [1].
the skeleton possesses inherent regenerative capabilities,  This interdisciplinary field focuses either on mimicking the
critical-sized defects necessitate intervention to promote  natural tissue structure or providing scaffolds to support
tissue regrowth. Bone-related diseases and traumas pose a
significant global burden, leading to substantial advances in
bone tissue engineering in recent years [2]. The key com-
ponents in tissue engineering—cell sources, scaffolds, and
growth signals—collaborate for effective tissue regeneration
[3]. The bone scaffolds are expected to have proper poros-
ity, biocompatibility, osteoconductivity, osteoinductivity,

>4 Mitra Naeimi
mit.naeimi@jiauctb.ac.ir

< Mohammad Rafienia
m_rafienia@med.mui.ac.ir

' Department of Biomedical Engineering, Central Tehran angiogenesis, degradability, and mechanical properties akin
Branch, Islamic Azad University, Tehran, Iran to bone [4]. Composite materials are increasingly used for
2 Biosensor Research Center, Isfahan University of Medical scaffolds, combining the benefits of various materials [5].
Sciences, Isfahan, Iran These scaffolds improve chemical characteristics, degrada-
3 Department of Biomaterials, Tissue Engineering and tion control, bioactivity, osteoconductivity and mechani-
Nanotechnology, School of Advanced Medical Technologies, cal properties for bone regeneration [4]. Polycaprolactone

Isfahan University of Medical Sciences, Isfahan, Iran

@ Springer


https://doi.org/10.1007/s42235-025-00704-w
http://crossmark.crossref.org/dialog/?doi=10.1007/s42235-025-00704-w&domain=pdf&date_stamp=2025-5-27

1864

S. Nazari et al.

(PCL), a semi-crystalline aliphatic polyester, is one of the
synthetic polymers used in bone tissue engineering. Its high
toughness and strength, low melting point, inherent tissue
biocompatibility, easy dissolvability in most organic sol-
vents, and low cost are the primary factors behind its popu-
larity [2, 6]. However, PCL’s hydrophobic nature and slow
degradation can hinder bone regeneration [7]. To address
these challenges, researchers have explored strategies such
as the incorporation of a secondary ceramic phase into PCL
scaffolds [8]. An example of such a phase is hydroxyapatite
(Ca,((PO,4)s(OH),, HA), a key component of natural bone,
which increases local Ca>* concentration, thereby stimulat-
ing osteoblast proliferation and promoting mesenchymal
stem cell differentiation [9]. Nanohydroxyapatite (NHA)’s
extensive application in bone repair is attributed to its
immunogenicity, biocompatibility, bioactivity, and effective
bone conductivity [5]. Nevertheless, its intrinsic brittleness
and insufficient mechanical strength limit its standalone use,
necessitating the integration of NHA with other polymers
to improve performance [10]. Nanoclays (NCs) are also a
promising approach to incorporate into polymer matrix,
particularly organically modified NCs like Montmorillonite
(MMT). MMT minerals, serving as a significant bioactive
NC, consist of platelets made of layered silicates possessing
a distinct sandwiched structure. MMT minerals, which have
a high specific surface area and aspect ratio, are a significant
bioactive NC with excellent mechanical strength, chemical
functionality, biocompatibility, degradability, and osteo-
genesis induction. The incorporation of NC minerals into
nanocomposites has been shown to support in vitro biomin-
eralization and osteogenic differentiation of mesenchymal
stem cells, crucial for bone formation [11].

3D printing is an emerging method for creating medical
alternatives and has great potential in tissue engineering
[12]. With 3D printing, scaffolds with precise dimensions
and complex shapes can be fabricated, offering adaptable
and defect-filling structures for tissue regeneration. In
bone tissue engineering, scaffolds must meet specific cri-
teria, including appropriate geometry, porosity, biocompat-
ibility, mechanical strength, and osteoconductivity [13].

Table 1 3D printing ink composed of varying proportions of compo-
nents

Samples Materials’ weight ratio PCL NHA NC
(wiw)  (Wiw) (w/w)

PHNI1 PCL/NHA (100 wt%)/NC (0 60%  40% —
PHN2 wt%) 60% 28% 12%
PHN3 PCL/NHA (70 wt%)/NC (30  60%  20%  20%
PHN4 wt%) 60% 12%  28%
PHN5 PCL/NHA (50 wt%)/NC (50  60%  — 40%

wt%)

PCL/NHA (30 wt%)/NC (70

wt%)

PCL/NHA (0 wt%)/NC (100

wt%)
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Recent research has focused on composites that combine
the strengths of both synthetic and natural materials. In this
context, an innovative nanocomposite scaffold was devel-
oped using PCL, NHA, and NCs, fabricated through 3D
printing. The resulting PCL/NHA-NC composite scaffolds
were evaluated for their morphology, chemical properties,
mechanical strength, hydrophilicity, biomineralization, and
degradability. Additionally, in vitro studies assessed the pro-
liferation and adhesion of MG-63 cells, further confirming
the scaffold’s potential for bone regeneration.

2 Materials and Methods
2.1 Materials

Medium-sized 3 mm pellets of PCL (4,,=60 kDa) and
chloroform (99.8%) as PCL solvent were provided from
Sigma-Aldrich (St. Louis, MO, USA) and Merck (Ger-
many), respectively. The NHA used in this study (< 100 nm,
plate-like morphology) was sourced from Pardis Pajouhesh
Fanavaran Yazd Co. (Yazd, Iran), and NC (< 100 nm, sheet-
like structure) was obtained from US Research Nanomate-
rials Inc. (Houston, TX, USA). The selection of plate-like
NHA was based on our previous findings, which showed
that this morphology enhances printability by reducing ink
viscosity, even at higher concentrations, and increases bio-
activity due to its less crystalline order [8]. All used cell cul-
ture media in this study were purchased from Thermo Fisher
Scientific (Mumbai, India). Simulated body fluid (SBF),
4-(6,6-diamidino-2-phenylindole dihydrochloride (DAPI
solution),  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), and Dimethyl sulfoxide (DMSO)
were provided by Sigma-Aldrich (St. Louis, MO, USA).

2.2 InkPreparation

A 50% (w/v) printable ink was prepared through dissolving
PCL pellets in chloroform for 1 h at 40 °C. Subsequently, the
PCL solution was combined with NHA and NC additives at
the prescribed amount specified in Table 1. The finalized ink
was continuously stirred in an open environment so that the
solvent evaporated, adjusting the viscosity to an empirically
determined viscosity suitable for 3D printing [14].

2.3 Scaffold 3D Printing

The prepared inks were printed using a 3D printer with a
single-screw microextruder and a three-axis Extrusion-
Based Printing (EBP) platform (Abtin II; Abtin Teb Iran
Company). The scaffold geometry was designed using
SolidWorks software (Solidworks version 2017; Dassault
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Syste’mes, France), and the STL file was translated to
G-code with Slic3r software. The G-codes were transferred
to a 3D printer host, enabling output for 3D printing. Repe-
tier Host (V2.1.6) 3D software was used for visualizing and
modifying the G-code, with manual adjustments made to
define additional parameters. The 20-layer porous struc-
tures were printed layer by layer via continuous ink extru-
sion with a 22G nozzle (410 um inner diameter) after the
ink was loaded into a 10 mL syringe. Scaffolds measuring

20%20x6 mm®, with an extrusion multiplier of 0.0096,
speed of 4 mm/s, and 500 pm strut spacing, were manu-
factured at ambient temperature. Post-printing, the scaffolds
were placed in a vacuum oven at 37 °C and 5 mbar for 4 h
to eliminate residual solvent. The overall process of scaffold
preparation can be observed in Fig. 1a.
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Fig. 1 a Preparation steps of the 3D-printed nanocomposite scaffolds.
The 3D-printed scaffolds’ b porosity percentage, ¢ average pore size
and d SEM images of the 3D-printed scaffolds at various scale bars

(1 mm and 400 pm) with different amounts of NHA and NC (Values
are mean=+SD, n=3, *P<0.05)
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2.4 The Scaffolds’ Characterization
2.4.1 Porosity Measurement

The liquid displacement method was used to determine the
porosity of the 3D-printed scaffolds. Hexane was selected
as the transport fluid because it can penetrate through the
scaffolds without changing the structure’s dimensions [27].
A previously weighed scaffold was submerged for 5 min
in a specific volume of hexane (7). Then, the hexane and
hexane-impregnated scaffold’s total volume (7,) was mea-
sured. Following the removal of the scaffold, the volume of
the remaining hexane was recorded (V). After three repli-
cations for each type of sample, the scaffold porosity was
calculated using Eq. (1) as follows:

V1-V3

2.4.2 Morphological Observation

In order to evaluate the morphology of the scaffolds, the
samples with a diameter of 5 mm were gold-plated, and 20
kV of accelerating voltage was used to take the Scanning
Electron Microscopy (SEM) images (Philips XL30, Nether-
lands). Using Image J software (v.1.52a, National Institutes
of Health, USA), macropores selected at random were addi-
tionally assessed for their diameter through SEM images of
the scaffolds (taken at 50x magnification).

2.4.3 Scaffold Spectral Characterization

An FT/IR-6300 spectrometer (JASCO, Japan) was used
to analyze the chemical composition of pure PCL, NHA,
and NC as well as their nanocomposite scaffolds. It has a
wave number range of 650 to 4000 cm ™' and a resolution
of 4 cm™!. Additionally, the examination of the phase shifts
and purity of the scaffold materials was conducted by ana-
lyzing the recorded XRD patterns within an angular range
of 15°<26<80, using X-ray diffraction (XRD; Bruker,
D8ADVANCE/Germany). This analysis was performed
using Cu Ko radiation (41=1.540598 A). The analysis
involved a step size of 0.05 degrees, with each step lasting
for 2 s, and an applied voltage of 40 kV.

2.4.4 Mechanical Behavior

The compression strength and stiffness of dry scaffolds
(4.5x4x5 mm®) were measured using a universal testing
machine (Hounsfield-H25KS-England) with a 2.5 KN load
cell. After applying an axial load to the sample up to its 50%
strain level at a loading rate of 5 mm/min, the compressive
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modulus was calculated using the slope of the elastic region
(0-0.15 strain) of the obtained stress—strain curve. The com-
pressive strength and strain values were also determined
through the subsequent Eqs. (2 and 3):

o=% @
AL .
= T 3)

where o represents the compressive strength, F' is the maxi-
mum compressive load applied, and 4 is the cross-sectional
area of the scaffold. The compressive strain (¢) is derived
from 4L, the change in scaffold length under compression,
and L,, the original scaffold length before compression.

2.4.5 Contact Angle Measurement

The wettability of scaffolds is a critical chemical property,
providing insights into their surface structure and composi-
tion. Static contact angles were measured using the sessile
drop method with a CA-ES10 (Fars EOR. TechCo.) device
at ambient temperature. A 5 uL water droplet was placed on
the scaffold surface, and the contact angle was recorded 10 s
later under controlled humidity (n=3).

2.4.6 Water Uptake

Water uptake investigations were carried out utilizing dry-
weighted scaffolds () with a dimension of 10x 10 mm?
submerged in PBS at 37 °C. At different time points of 1, 6,
12, 24, and 48 h [15], swollen samples were removed from
the solution, and after absorbing the excess moisture with
filter paper, their weight (W) was recorded [16]. The water
uptake was calculated using Eq. (4) as follows:

Ww _Wd
d

Water uptake(%) = x 100 4)

2.4.7 Bioactivity and lon Release

The Kokubo protocol [17] was used to test the bioactivity
of 3D-printed scaffolds (#=3 with 10 mm diameter) by sub-
merging them in SBF at 37 °C for 7 and 28 days. Through-
out the incubation period, the SBF solution was replaced
twice a week, and the scaffolds were gently rinsed with pure
water after each time point and dried in an oven at 60 °C for
4 h. The elemental distribution of calcium, phosphorus, and
silicate was evaluated using EDX analysis in addition to the
SEM examination of the lyophilized scaffolds. Moreover,
induced coupled plasma spectroscopy was used to measure
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the amounts of calcium and phosphorus ions released by the
scaffolds (ICP, Pekin Elmer-Optima 7300 DV).

2.4.8 Evaluation of Degradation Rate

In order to investigate the 3D-printed scaffolds’ degrada-
tion behavior, the scaffolds with cut dimensions of 5x5
mm? were submerged in PBS (pH 7.4) and maintained at
37 °C for 3 months in order to study the scaffolds’ hydro-
lytic degradation behavior [18]. At specific time intervals,
the scaffolds with previously identified weight (W) were
first taken out of the solution, completely rinsed with dis-
tilled water, dried at 45 °C for 24 h in a vacuum oven, and
weighed another time (7). The following Eq. (5) was used

to obtain the degradation rate:

Wo — Wy
— X

Degradation rate(%) = W
0

100 (5)

During the degradation process, the pH changes were also
assessed by employing a pH meter (ISTEK, P/Korea 240L)
at weekly intervals for a duration of 3 months. Subsequently,
the scaffolds were subjected to further investigation through
the employment of FTIR, SEM, and EDX after the degrada-
tion rate was calculated at the final time point.

2.5 Cell Behavior on 3D-Printed Scaffolds
2.5.1 Cell Culture

In order to evaluate the bone cell behavior on the engineered
scaffolds, the MG-63 cells were obtained from the Pasteur
Institute, Tehran, Iran. The MG-63 cells are commonly
employed as a model for osteoblasts in order to examine the
viability, attachment, and proliferation of bone cells on scaf-
folds possessing load-bearing characteristics [19]. The cells
were cultured in DMEM supplemented with 10% FBS, and
1% penicillin/streptomycin before being incubated at 37 °C
and 5% CO, until the level of 80% confluency was reached.
The scaffolds were disinfected using UV irradiation for
20 min. After cell trypsinization, the scaffolds in a 24-well
plate were then seeded with a cell suspension (1 x 10* cells/
well), and they were then moved to an incubator (37 °C, 5%
CO,).

2.5.2 MTT Assay

The MTT assay was implemented to evaluate the in vitro
vitality of cultured MG-63 cells on each scaffold at 1, 3, and
7 days, in accordance with the ISO-10993—5 standard. At
each time point, the culture medium was removed, and after
washing the cell-seeded scaffolds with PBS, it was replaced

with a medium containing MTT (0.5 mg/mL). Then, the
MTT solution was removed after 4 h of incubation, and
200 uL of DMSO was then added to each sample (n=3).
The obtained solution was put into a 96-well microplate,
and an ELISA reader (Bio-tek FLx800, USA) was used to
find the Optical Density (OD) at a wavelength of 570 nm.
A monolayer culture of cells was considered the control
group. The cell viability (%) was normalized by the control
group (monolayer culture of cells) using the following for-
mula (6):

Sample wells OD — Blank OD

11 viabilit; =
Cell viability (%) Control wells OD — Blank OD %

100 (6)

2.5.3 SEMImaging

To evaluate MG-63 cell adherence and morphology, SEM
images of cell-seeded scaffolds were obtained using a Phil-
ips XL30 microscope (Netherlands). Cells were seeded
on scaffolds for one day before the culture medium was
removed and treated with 3% glutaraldehyde for 2 h in a
refrigerated environment. The samples were then dehy-
drated through an ethanol sequence of 50, 70, 90, and 100%
for 10 min each. After gold-coating the samples, they were
prepared for SEM imaging.

2.5.4 DAPI Staining

After 7-day incubation of cell-cultured scaffolds, the cul-
ture medium was removed, the samples were rinsed with
PBS, and they were subjected to 4% paraformaldehyde for
20 min before being submerged in a solution containing
1 pg/mL DAPI for 10 min. Finally, a fluorescent image ana-
lyzer (Nikon Eclipse Ti, Japan) was used to take images of
cultured MG-63 cell nuclei.

2.6 Statistical Analysis

Every measurement was repeated at least three times. The
acquired outcomes of this study were displayed in the form
of a mean=+ Standard Deviation (SD). One-Way Analysis
of Variance (ANOVA) and Tukey’s HSD post-hoc test for
independent samples were used to identify significant dif-
ferences between the groups (SPSS software V.23). Statisti-
cal significance was defined as a value of P<0.05.
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3 Results and Discussion

3.1 The Porosity, Morphology, and Macropore Size
of the Scaffolds

Biodegradable polymer-based porous scaffolds are essen-
tial in tissue engineering for regulating cellular functional-
ity and developing new tissues and organs. The macropore
architecture of these scaffolds must facilitate effective
cell seeding, penetration, and dispersion [20]. The poros-
ity of 3D-printed samples, shown in Fig. 1b, revealed that
decreasing NHA and adding NC in a 50/50 ratio reduced
porosity from 58.84+3.30 to 44.75+3.76%. The PHNS5
sample showed a relatively low porosity of 52.26+4.31%,
while increasing NC concentration to 70 wt% resulted in the
highest porosity of 65.98+2.08% (P>0.05). In 3D printing,
the structure of macro and micro pores is influenced by the
formulation of the printing ink [14]. The current investiga-
tion demonstrates that the combination of NC and NHA in a
30/70 ratio enhances the ink composition for fabricating 3D
samples. This enhancement is evident from the examina-
tion of ink viscosity and SEM images, revealing improved
printability and uniform filament formation. Moreover, the
decrease in PHN3 porosity is linked to the ink formulation,
as the ink obtained by combining equal amounts of NHA
and NC results in a printing ink with reduced viscosity and
ultimately smaller porosity holes.

Figure 1c and d illustrate the morphology and average
macropore diameters of the composite scaffolds. SEM
images revealed an interconnected, rectangular macropore
structure in all 3D-printed samples, with distinct distribu-
tion of NHA and NC particles on the scaffold surface. The
filament structure was consistently precise across all scaf-
folds, with no observable cracks, micropores, or shrinkage
on the strands, ensuring structural stability under mechani-
cal loading [21].

Incorporating 70 wt% NC with 30 wt% NHA reduced fil-
ament diameter, resulting in the largest average macropore
size in the PHN4 sample at 520.51+39.21 um. This was
statistically significant compared to samples with lower NC
proportions (P<0.05). NCs, as inorganic fillers, can enhance
porosity due to their electrostatic interactions and distribu-
tion within the polymeric ink [22]. Previous research has
demonstrated that an elevation in MMT quantity results in a
rise in scaffold surface tension [23], which reduces filament
diameter and enlarges macropore size [24]. Furthermore,
increased surface tension has been demonstrated to improve
printability and resolution by reducing defects caused by
satellite droplets. This enhanced stability of the filament and
reduced ink spreading ultimately lead to a higher porosity
percentage within the printed samples [8, 22]. Research has
also demonstrated that NCs exhibit thixotropy, where ink
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thickens under pressure but recovers upon release, crucial
for maintaining structural precision during and after print-
ing. Additionally, sheet-like NCs function as a rheological
modifier by exhibiting inherent shear-thinning behavior due
to their opposing surface charges, which prompt structural
recovery at rest and breakdown under applied shear. This
feature allows the ink to uphold its structure at rest while
thinning under pressure during printing, ultimately enhanc-
ing overall viscosity. The elevated viscosity is advanta-
geous for extrusion-based 3D printing as it promotes stable
filament formation, while the shear-thinning property facili-
tates smooth extrusion through the printer nozzle [25-27].
Consequently, the increased macropore size noted in this
investigation can be attributed to alterations in particle dis-
persion, NC inner structure, and increased surface tension,
primarily associated with a higher concentration of NC
rather than NHA. The PHN3 sample exhibited a notable
decrease in porosity diameter, and the obtained image pro-
vided additional supporting evidence of the low viscosity
of the ink as well as a resulting increase in the diameter of
the filament. This observation suggests that the printability
of this particular sample presents a considerable challenge.
Prior research has demonstrated that optimal bone growth
in scaffolds requires porosity and macropore sizes of at least
50% and 300-800 um, respectively, to support angiogenesis
and cell migration [8, 28]. As a consequence, the prepared
scaffolds demonstrate structural capacity for bone tissue
engineering, with NHA and higher NC proportions enhanc-
ing overall porosity in PCL/NHA-NC scaffolds.

3.2 Spectroscopic Evaluations of the
Nanocomposite Scaffolds

The pure PCL, NHA, and NC functional groups as well as
their composites were assessed using FTIR, and the findings
are shown in Fig. 2a. The FTIR spectra of PCL revealed that
the strong peak at 1721 cm™! corresponded to C=0O stretch-
ing, whereas the peaks at 2865 and 2941 cm ! belonged to
symmetric and asymmetric CH, group stretching, respec-
tively. The C-O-C group appears to have undergone
symmetric stretching in the band at 1159 cm™!, whereas
asymmetric C—O—C stretching occurred between 1240 and
1294 cm ™! [2]. The primary peaks in the NHA spectrum are
located at 3421, 1630, 1036, 976 cm™" which are attributed
to the vibrations of OH stretching vibrations, OH group
bending, carbonate group vibration, asymmetric stretching
of PO,*", and symmetric stretching of PO,*", respectively
[29]. The characteristic peaks of NC’s FTIR spectrum can
be detected at 797 cm™' (Si-O—Al vibration), 1033 cm™!
(Si-O-Si stretching), 1637 and 3425 cm™' (O—H stretching
of absorbed H,0 in NC), and 3623 cm ™! (stretching mode of
the Si—OH and AlI-OH in the silicate layers of NC) [30]. The
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composite scaffolds exhibited generally similar spectra, with
distinct PCL peaks observed in all the spectra due to their
higher incorporation. It is evident that when the concentra-
tion of NC rises, the 796 cm™! peak gets stronger. Addition-
ally, a peak at 1088 cm™ ' was seen in the sample with the
highest concentration of NHA, indicating its presence in the
scaffold. The PCL’s sharp peak at 1043 cm ™! transformed
into a broad peak with the increase in NHA concentration,
thus indicating an overlap of this peak with the peak at
1036 cm ™! attributed to NHA. In general, the FTIR pattern
of the composite scaffolds made it clear that the distinctive
bands of PCL, NHA, and NC can be identified.

The XRD patterns of the samples are presented in Fig. 2b.
It was observed that the 3D-printed scaffolds revealed two
typical peaks at 26=21.5° and 23.8°, indicating the crystal
structure of PCL [31, 32]. The existence of peaks at around
260=26.2°,31.35°, 32.3°, 33.2°, and 49.7° in the XRD pat-
tern suggested the crystal-like characteristics of NHA pow-
der that was integrated into the structures [33]. These peaks
were found to correspond with JCPDS Card No. 01-070-
3371. Furthermore, XRD analysis of the scaffolds contain-
ing NC revealed the introduction of polymer chains into
the NC interlayer domain. This was confirmed by the pres-
ence of characteristic peaks of NC at 20=19.8° and 26°, as
indicated by JCPDS Card No. 00-012-0232 [34, 35]. These
results suggest that there may be interactions between mol-
ecules in the PCL/NHA-NC scaffold.

3.3 Mechanical Characterization

The bioink used in bone tissue engineering must possess
mechanical properties suitable for load-bearing, stiffness
and structural integrity of 3D-printed scaffolds [36]. This
investigation examined the compressive strength and stiff-
ness of the prepared scaffolds. Stress—strain curves at 50%
strain (Fig. 3a) showed variations in PHN3 but consistent
elastomeric behavior across all samples, aligning with
PCL-based porous scaffolds [37, 38]. The data presented in
Table 2 and Fig. 3b and c indicate that the PHN1 sample,
compared to other scaffolds, exhibited the lowest compres-
sive modulus, which can be attributed to the properties of
NHA. The intrinsic brittleness of NHA in combination with
the flexible PCL polymer may intensify the brittleness of
PCL/NHA samples and result in a reduction of their com-
pressive strength and stiffness. In fact, the use of composite
scaffolds that contain NHA may result in the accumulation
of crystals. These enlarged NHA crystals have the potential
to act as cracks within the scaffold. This is due to the limited
bonding between the crystals and the polymer matrix, as
well as their restricted impact on the reinforcement mecha-
nism [49, 50]. On the other hand, the PHN3 sample exhib-
ited the highest compressive strength (82.93+9.93 MPa)
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and modulus (117.19+£6.62 MPa), which can be attributed
to the reduced macropore size resulting from the experi-
mentally observed low viscosity, as also evident in the
SEM image (P<0.05). This observation suggests that the
equal proportion of NHA and NC plays a significant role in
influencing intra-structural changes, which contribute to the
enhanced mechanical properties. A previous study reported
a zeta potential of -38.4 mV for plate-like NHA, indicat-
ing a strong negative surface charge and excellent colloidal
stability. This stability arises from significant electrostatic
repulsion between particles, which is crucial for maintain-
ing uniform dispersion in the bio-ink and preventing particle
aggregation [8]. In the current study, the 50:50 combination
of NHA and NC likely results in similarly stable suspen-
sions, as demonstrated by the experimentally observed low
viscosity of the bioink. The negatively charged surface of
NC may further enhance the zeta potential of the system,
reducing the viscosity of the ink and leading to the formation
of smaller macropores. Previous research has established an
inverse relationship between porosity and mechanical prop-
erties, with an increase in porosity size typically leading
to a decrease in mechanical strength [39, 40]. The results
of this study confirm this trend, with the sample contain-
ing 100 wt% NC exhibiting the second-highest compressive
strength (17.13+£4.03 MPa) following the PHN3 sample.
However, this difference was not statistically significant
(P>0.05). In contrast, the PHN4 sample exhibited the high-
est modulus (40.23+4.22 MPa), indicating superior resis-
tance to deformation relative to the other samples (P<0.05).
Furthermore, the results demonstrate that the compressive
properties of PCL/NHA scaffolds increased with the addi-
tion of NC, and for the PHN4 sample, the compressive
strength was largely unaffected by the scaffold porosity.
Specifically, despite the PHN4 sample having the highest
porosity, its compressive strength not only remained unaf-
fected but was also greater than that of samples with higher
NHA proportions. These findings suggest that the incorpo-
ration of NC plays a critical role in enhancing the mechani-
cal properties of the scaffolds, irrespective of porosity, and
underscores the importance of the NHA-NC combination
in optimizing both structural integrity and material perfor-
mance. The use of NC nanosheets as an inorganic filler can
enhance scaffold strength by promoting homogeneous dis-
tribution and interaction between the polymer matrix and
nanosilicates [11]. The enhanced mechanical properties in
polymer/NC composite systems can be attributed to the
presence of nano-thick layers within the clay material, as
well as the larger surface area and higher aspect ratio of
clay particles [41]. The interlocking structure formed by
the combination of polymer and MMT in composite mate-
rials restricts polymer chain movement, enhancing inter-
action between the two phases under external forces. This
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Table 2 The compressive strength, modulus and average contact angle
of the 3D-printed samples

Samples Compressive Compressive Average
strength (MPa) modulus (MPa) contact
angle (°)
PHNI1 10.65+1.90 11.95+2.04 81.72+6.44
PHN2 12.97+0.86 28.47+2.48 75.89+4.79
PHN3 84.93+9.93 117.19+6.62 69.07+4.72
PHN4 14.85+3.85 40.23+4.22 64.15+5.14
PHNS 17.13+£3.29 36.83+0.80 58.38+3.63

interlocking increases molecular forces and contact area,
leading to a greater number of interlocks, which improves
the mechanical properties of polymer bone scaffolds [35].
When comparing the mechanical properties of human bone
to those of 3D-printed scaffolds, it is evident that cortical
bone remains significantly stronger (which has a strength
range of 100-230 MPa and stiffness range of 7-30 GPa [42,
43]); while cancellous bone exhibits similar strength (with
a range of 2—12 MPa) and stiffness (with a range of 0.01-3
GPa) [43, 44] to the composite scaffolds.

3.4 Wettability of the Scaffolds

Surface hydrophilicity is a key factor in predicting how
materials interact with cells and biological media, influ-
encing cell proliferation, attachment, and osteointegration
in bone scaffolds [45]. Water contact angle tests (Fig. 3d;
Table 2) revealed that the PHN1 sample had the highest
contact angle (81.72+6.44°), while the PHNS sample had
the lowest (58.38+3.63°). Even though the PHN4 sample
had no significant difference from the PCL/NC scaffold
(P>0.05), they both had a marked difference compared
to the PCL/NHA sample (P<0.05). A water droplet with a
contact angle greater than 90° is indicative of a hydropho-
bic surface, which results in poor wetting and adhesion and
low solid surface-free energy [46]. Prior research indicated
that pure PCL has low hydrophilicity, with a contact angle
over 100°, confirming its hydrophobic nature [47]. Nitya et
al. found that the hydrophilicity of PCL augmented with an
increase in the NC content [48]. Additionally, studies have
found that the wettability of PCL scaffolds increases after
the incorporation of NHA, due to the hydrophilic proper-
ties of NHA and the formation of extra crystallites on the
surface of the scaffolds, resulting in an increase in surface
roughness and contact angle. [49, 50]. However, this study
demonstrated that the addition of NC had a more consider-
able influence on the hydrophilicity of PCL scaffolds than
the incorporation of NHA.

3.5 Water Uptake of the Scaffolds

The water uptake capability of the scaffolds fabricated was
observed at various time intervals, as shown in Fig. 3e. The
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inclusion of NC exceeding 50 wt% resulted in two primary
and secondary peaks of water uptake after 6 and 24 h. In
contrast, scaffolds with predominantly NHA showed a sin-
gle peak at 6 h, with the PHN1 sample exhibiting the low-
est water uptake (9.80+5.58%). Furthermore, these samples
commenced the process of water uptake subsequent to
desorption, after a duration of 12 h. In general, the addi-
tion of NC led to a higher water uptake peak, with the PCL/
NC scaffold recording 15.79+6.95% after 6 h. The delayed
water uptake peak observed at 12 h for the PHN3 scaffold
(13.97+3.26%) can be attributed to its distinct structural
and morphological characteristics. The low viscosity of the
ink allowed PHN3 to form thicker filaments and smaller
macropores, which impede the rapid penetration and dis-
tribution of water within the scaffold [51]. This structural
arrangement likely reduces the initial absorption rate, result-
ing in a longer period for the scaffold to reach its maximum
water uptake capacity.

The ability of scaffolds to swell is vital as it regulates nutri-
ent and metabolite exchange among cells [52]. PCL, being
hydrophobic, resists water uptake, but combining it with
NHA and NC has been shown to enhance water absorption.
The introduction of NHA into PCL improves swelling due
to the interface formed between NHA and the PCL matrix,
allowing solvent penetration [53]. At a pH of 7.4 in PBS,
the=0 group in PCL becomes charged ions, contributing
to the swelling behavior of the composite through increased
electrostatic repulsion between these ionized groups [54].
This study found that NC had the most significant impact on
enhancing water uptake, attributed to its hydrophilic nature,
which facilitates the hydration of inorganic cations in the
interlayer [52]. In general, the swelling effect of the MMT
interlayer domain is well-established, especially in liquid or
molten environments, where it expands, facilitating interca-
lation between polymer molecular chains. When exposed to
a mixed solution with polymer, MMT absorbs water, lead-
ing to the expansion of the interlayer domain and enabling
the polymer chains to embed within it, while the other end
remains compatible with the polymer matrix. The combina-
tion of covalent or noncovalent intermolecular interactions
and the mutual compatibility of organic materials is antici-
pated to produce intercalated molecular chains that serve as
a connecting link between MMT and polymers. This pro-
cess generates a molecular cross-linking bridge between
inorganic and organic substances [35]. The use of both NHA
and NC in PCL scaffolds appears to be a viable approach for
regulating water release rate and augmenting water uptake.

3.6 Bioactivity and lon Release Behavior

The evaluation of a biomaterial’s capacity for osseointegra-
tion is commonly established through an examination of HA
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growth on the surface of the scaffold. In accordance with
Hench’s theory, the commencement of NHA creation is ini-
tiated by the dissolution and liberation of calcium ions from
the surface of the sample into the solution [55]. In this study,
EDX analysis after 7 days of submersion in SBF revealed
that higher NHA concentrations enhance calcium and phos-
phorus levels on the scaffold surface (Fig. 4a). The inclusion
of calcium and phosphorus cations within the synthesized
NHA present in the scaffold enhances the deposition of these
elements. In instances of ion exchanges between the scaffold
and the SBF solution, there exists a competitive relationship
between Ca>" and Mg?" cations, in terms of their deposi-
tion and interaction. To promote crystalline NHA formation,
the deposition of MgO and Mg,SiO, must be minimized.
Regarding the data acquired, it can be observed that there has
been a reduction in the quantity of Mg present in the PHN1
sample. This reduction suggests that Ca>* holds dominance
over Mg?" in terms of their interaction with the scaffold.
Furthermore, there has been a decrease in the formation of
MgO and Mg,SiO, phases. Additionally, an increase in Mg
in NHA-free scaffolds indicates that NHA compounds influ-
ence calcium-phosphate deposit formation. After 28 days,
the PHN1 and PHN?2 scaffolds demonstrated higher calcium
and phosphorus levels compared to the other samples. Nota-
bly, the Ca/P ratios across all samples were consistent with
that of biological apatite (1.67). PCL, a bioactive polymer,
undergoes hydrolysis under physiological conditions, form-
ing carboxylic (-COOH) groups on its surface and releasing
H" ions into the SBF solution. The liberation of H' results
in a concomitant escalation in the proclivity to dissolve the
scaffold surface. In addition, it yields COO™ ions at the sur-
face of the scaffold, thereby instigating electrostatic attrac-
tion between the PCL and Ca®" ions that are present in the
SBF [56]. In general, the generation of calcium-phosphate
deposits is facilitated through the electrostatic attraction and
repulsion that take place between the positive and negative
ions of the SBF medium and the scaffold surface [55]. The
bioactivity of composite scaffolds, based on PCL and NHA,
is linked to PCL degradation and NHA nanoparticle disso-
lution. Under physiological pH, PCL’s acidic degradation
releases COO™ ions, while negatively charged NHA particles
help absorb Ca*" ions, promoting calcium-phosphate miner-
alization [57]. Higher NHA content in scaffolds increases
nucleation sites, leading to greater apatite formation. Addi-
tionally, NC possesses a negatively charged surface, which
exhibits a synergetic effect with NHA in inducing apatite
formation [58]. The inclusion of SiO44’ from NC is notable
in the generation of negatively charged silanol (Si-OH) lay-
ers that may induce the electrostatic adsorption of Mg?" and
Ca*" onto the scaffold’s surface [59]. Upon the formation of
apatite nuclei, spontaneous growth may ensue through the

utilization of calcium and phosphate ions that are readily
available in the surrounding fluid.

Based on ICP findings in Fig. 4b and c, the SBF solution
of the scaffold containing 100 wt% NHA exhibited higher
calcium and phosphorus ion concentrations than other scaf-
folds, suggesting a higher NHA dissolution rate. This led
to the liberation of calcium and phosphate ions, enhanc-
ing their solution concentration [56]. Notably, the surface
roughness induced by the presence of NC constitutes an
additional efficacious factor in the genesis of nucleation
sites [59]. Data showed that the scaffold with 100 wt%
NC had lower calcium and phosphorus levels compared to
others over 28 days. On the other hand, scaffolds lacking
NC exhibited decreased calcium and phosphorus levels in
solution, suggesting enhanced interaction of these elements
with the scaffold surface. Ion exchange, crucial for calcium-
phosphate deposit formation, was inferred from the release
of anions and cations into the solution upon immersion in
SBF [55]. This process increased phosphorus levels through
the release of HPO,*~ and Mg?* ions from the scaffold sur-
face, while calcium concentrations rose due to deposition
driven by the reduced phosphate ion levels and the subse-
quent incorporation of calcium cations onto the scaffold
surface. Elemental analysis conducted on days 7 and 28
confirmed the superior nucleation and deposit formation of
the 70:30 NHA/NC scaffold compared to the 30:70 NHA/
NC scaffold (P<0.05), emphasizing the critical role of
NHA in mineral formation. In general, an augmentation in
the quantity of calcium-phosphate deposits can be observed
across all scaffolds during the 28-week period, which signi-
fies the bioactivity of the scaffolds. PCL generates COOH
groups that interact with the calcium and phosphate ions in
SBF, thereby promoting the deposition of hydroxyapatite
crystals on the scaffold surface [56]. The incorporation of
COO" in conjunction with the generation of Si—OH anioni-
cally charged cyanol layers actively engages in the attrac-
tion of Mg?" and Ca®" cations. The cationic attraction results
in the formation of nucleation sites on the scaffolds’ sur-
face. The substrate’s chemical and morphological provision,
which is shown by the presence of cations and the rough-
ness of the surface caused by the presence of NC, as well
as the bioactivity of NHA and NC integrated into the scaf-
fold’s structure, are important factors in producing the bio-
active properties. After introducing the positively charged
substrate induced by calcium deposits, the anions HPO,>~
and SiO,*, originating from silicate layers present in NC,
interact with the cations on the surface through the elec-
trostatic attraction between opposite charges. The interac-
tion observed between calcium cations and HPO,>~ anions
results in a reduction of the energy barrier for the generation
of calcium-phosphate crystal deposits, thereby promoting
their formation [60].
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Fig.4 a Elemental analysis of
PHN1 to PHNS5 samples with
SEM images after 7 and 28 days
of immersion in SBF to demon-
strate the presence of calcium
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3.7 Biodegradability

In bone tissue engineering, it’s essential to modify scaffold
degradation rates to provide structural support until the new
bone reaches sufficient strength [61]. This study assessed
the degradation of nanocomposite scaffolds over 12 weeks
in PBS (pH 7.4). Results, shown in Fig. 5, include weight
and pH changes, along with FTIR, EDX, and SEM images
of the degraded samples after 12 weeks. All samples showed
weight variations, including both increases and decreases,
until the tenth week (Fig. 5a). Upon exposure to an aqueous
or physiological environment, porous scaffolds engage with
water molecules to initiate hydrolysis, a process involving
absorption, interaction, and release [62]. These scaffolds
also underwent cycles of water absorption and desorption,
which resulted in fluctuating rates of weight loss. After 12
weeks, the highest and lowest degradation rates showed
significant weight losses of 0.55+0.15 and 0.04+0.01%,
respectively (P<0.05). It could potentially be attributed
to the considerable porosity of this scaffold, as well as the
presence of NC. An increase in porosity percentage results
in an augmentation of the surface area and contact with
agents that induce degradation, such as enzymes or hydro-
lytic fluids. This ultimately leads to an accelerated degra-
dation process due to the enhanced availability of sites for

the occurrence of degradation reactions [63]. Additionally,
negatively charged groups in NC, along with polar groups
in PCL and HPO,” and Ca cations from NHA, can aug-
ment the propensity of hydrolysis and chemical interactions.
The ability of the prepared scaffolds to absorb water is influ-
enced by various components, including PCL ester groups,
silicate in NC, and phosphate and calcium ions in the NHA
structure. On the contrary, hydrophilic scaffolds degrade at
a faster rate in comparison to hydrophobic scaffolds due to
the increased water uptake capacity exhibited by hydro-
philic materials, which subsequently leads to enhanced
swelling and subsequent degradation [64]. As previously
stated, the incorporation of NC at concentrations of 70 and
100 wt% into the scaffolds resulted in an elevation of scaf-
fold hydrophilicity, which was attributed to the presence of
oxygen groups within the SiO, * structure. This resulted in
a substantial reduction in weight compared to other samples
(P=<0.05).

All scaffolds displayed pH fluctuations over 12 weeks
(Fig. 5b), likely due to ion exchanges and electrostatic
interactions between charged groups [59, 65]. The ester
groups in PCL react with the aqueous environment, generat-
ing water and acid, which leads to a decrease in pH. This
decrease in pH has a positive effect on the solubility of NHA
[55, 62, 65], which causes the scaffold to release Ca®" and
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a statistically significant difference compared to the control group. b

HPO,? into the solution. Throughout the degradation pro-
cess, pH levels remained within the physiological range,
and the solution subsequently regained its buffered state.

In the FTIR spectrum (Fig. 5c) of PHNI and PHN2
samples after 12 weeks, the intensities of the PCL peaks at
2865, 2941, and 1721 cm™!, which correspond to CH, and
C=0 stretching vibrations, were reduced. This decrease in
peak height indicates that the incorporation of NC and NHA
nanoparticles in the scaffolds has resulted in an increase in
the degradation of PCL. The heightened peaks of 1727 and
795 cm™!, induced by the existence of NHA and NC, have
also exhibited a decline in all scaffolds. This decrease may
be attributed to the gradual release of these nanoparticles
from the scaffolds. The observed changes in FTIR spectra
suggest some degradation and ion release, although the
structural integrity of the scaffold remained largely intact, as
evidenced by the minor weight loss over the 12-week period.
In general, no other obvious differences were observed, sug-
gesting that the samples did not encounter any structural or
chemical alterations.

The results of the EDX of the degraded samples (Fig. 5d)
subsequent to a 3-month period further revealed a reduc-
tion in the quantity of calcium, phosphorus, and silicide
ions present on the scaffolds’ surface. This suggests the
degradation of the scaffolds and the dissolution of anions
and cations from the sample’s surface into the solution.
The PHN1 sample exhibited a diminished reduction in the
levels of calcium and phosphorus elements, aligning with
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the observations derived from the degradation rate analysis
of this particular sample, signifying a delayed degradation
process.

SEM images (Fig. 5e) of all samples conspicuously illus-
trated the degraded surfaces subsequent to a 12-week period
of immersion in PBS. The scaffolds exhibited evident signs
of degradation, with their surfaces displaying observable
holes and cracks, thereby revealing a rough matrix attrib-
uted to hydrolytic degradation. Prior studies have indicated
that NHA incorporation enhances water and solvent flow
across the NHA-PCL interface, increasing water infiltra-
tion into the PCL matrix and accelerating degradation [53].
Moreover, the existence of NC also promotes the absorption
of water, thereby preparing PCL chains for hydrolysis and
accelerating the degradation of PCL scaffolds [56].

3.8 Cellular Viability and Attachment on the
Nanocomposite Scaffolds

Cell viability of each 3D-printed sample was assessed at 1,
3, and 7 days using the MTT assay (Fig. 6a). After 3 days,
all scaffolds exhibited a cell viability rate that exceeded
100%, suggesting high biocompatibility of the scaffolds
[66]. On days 1 and 3, it was observed that the PHN1 sam-
ple, exhibited the highest level of cell viability. However,
all scaffolds demonstrated a statistically significant increase
in cell viability rate over the control group after one week
(P<0.05), and the PHN4 sample exhibited the highest
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percentage of MG-63 cell viability (113.05+1.18%). The
findings of the study also demonstrated that the NHA/NC
70:30 scaffold exhibited considerably superior cell viability,
when compared to the NHA/NC 30:70 scaffold (P<0.05).
The lower cell viability in PCL/NC may be due to MMT
toxicity at high concentrations, as shown in previous stud-
ies, whereas lower MMT concentrations did not reduce cell
viability [67]. In general, the application of NC has been
shown to enhance scaffold biocompatibility, promoting cel-
lular proliferation and differentiation [68]. Moreover, it is
noteworthy to mention that NHA has been identified as a
highly efficacious nanoparticle in promoting cell prolifera-
tion, owing to its ability to enhance the concentration of
indigenous Ca”" and thereby trigger the proliferation of
osteoblasts [2, 9, 69]. These results align with cell stain-
ing observations, which showed a significant increase in cell
populations within each scaffold after one week, compared
to the control group. Overall, the combination of NHA with
an optimal amount of NC generates a structure conducive to
enhanced cellular proliferation.

To evaluate in vitro biological performance, MG-63
cells were cultured and seeded onto each scaffold. The mor-
phological characteristics of the cells after 1 and 7 days of
culture are depicted in Fig. 6b. The findings of the investi-
gation revealed that the cultured cells displayed excellent
adherence to all of the scaffolds and evinced an extended
cellular morphology and architecture that expanded towards
the scaffolds through the formation of pseudopodia. Nota-
bly, scaffolds incorporating both NHA and NC showed
enhanced cellular attachment, with pronounced lamellipo-
dia and filopodia extensions by day 7, indicating robust cel-
lular adhesion and proliferation.

DAPI, a fluorescent DNA probe, was employed to label
the nuclei of viable MG-63 cells cultured on 3D-printed
scaffolds for 1 and 7 days (Fig. 6c). After a week-long
incubation, a substantial population of cells, characterized
by a homogeneous morphology, were observed to have
efficiently adhered and expanded onto the surface of the
scaffolds. The findings of the study revealed a noteworthy
increase in cellular proliferation on each scaffold in com-
parison to the control group after 7 days. Previous inves-
tigations have established that both NHA and NC exert a
positive effect on cell adhesion and proliferation. Similar to
NHA, the modified MMT has the ability to provide many
active sites for the adsorption of adhesion molecules, such
as vitronectin or fibronectin, and accelerate the diffusion of
actin filaments of bone cells on the scaffolds [59, 70]. Fur-
thermore, they can augment the surface area and roughness,
which enhances cell adherence to the scaffolds [11, 69]. The
elevated concentration of Ca?* or Mg?" along the surfaces
of NC may potentially lead to improved cell adhesion. This

is due to the role of these cations in facilitating interactions
between cells and the through integrins [59, 71].

4 Conclusion

In the current study, PCL composite scaffolds with differ-
ent NHA and NC concentrations were fabricated using 3D
printing technology. Subsequently, the physicochemical and
cellular properties of these scaffolds were evaluated in vitro.
The SEM micrographs of the synthesized scaffolds exhib-
ited interconnected rectangular macropores with the most
and least porosity percentages for the PHN4 and PHN3
samples, respectively, which can be attributed to the ink’s
viscosity. As the concentration of NC was elevated, the
hydrophilicity of the scaffolds was significantly enhanced.
Furthermore, the inclusion of NC in the nanocomposite
scaffolds led to an enhancement in water uptake, mechani-
cal properties (reaching the level of spongy bone strength),
and biodegradability. Since the scaffold compounds exhib-
ited favorable bioactivity, the in vitro cultivation of MG-63
cells also demonstrated improved adhesion, proliferation,
and viability within scaffolds comprised of NHA and NC
after a period of 7 days. These findings indicated that the
3D-printed scaffolds, particularly when enriched with
higher concentrations of NC, hold promising potential for
the regeneration of bone defects.
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