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Abstract

Numerous clinical bone disorders, such as infections and bone loss from cancer or trauma, increase the need for bone
regeneration. Due to the difficulty of self-repairing large bone defects, bone tissue engineering has gained popularity. In
this study, polycaprolactone(PCL)-gelatin(GEL) scaffolds with varying concentrations of nanohydroxyapatite (NHA) and
nanoclay (NC) particles were fabricated using 3D printing technology, and their physiochemical and biological properties
were assessed. PCL has excellent mechanical properties, but its hydrophobicity and long-term degradation limit its utility
in scaffold fabrication. Thus, GEL, NHA and NC have been used to improve the overall performance of the polymer such as
hydrophilicity, strength, adhesiveness, biocompatibility, biodegradability, and osteoconductivity. The morphological analysis
revealed 3D printed structures with rectangular interconnected pores and well-distributed nanoparticles. The highest poros-
ity belonged to PCL-GEL/NHA-NC (30/70) at 69.49%, which may directly contributed to the increase in the compressive
modulus and degradation rate. The wettability, compressive strength, water uptake rate, biodegradability, and bioactivity
of PCL-GEL scaffolds improved significantly as the NC concentration increased. The behavior of the seeded MG-63 cells
on the 3D printed nanocomposite scaffolds was evaluated using the MTT assay, DAPI staining, and SEM micro images. It
was discovered that the inclusion of NHA and NC nanoparticles can promote cell proliferation, viability, and adherence.
Through the obtained in vitro results, the fabricated 3D printed PCL-GEL/NHA scaffold with higher NC concentration can
be regarded as a promising scaffold for expediting the repair of bone defects.
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Introduction

Bone is a vital organ of the body that plays an important role
in body locomotion, metabolic functions, and the protec-
tion of soft structures such as the brain and lungs [1]. The
skeletal system is susceptible to damage under a variety of
circumstances, but it can heal itself unless the defect is large
enough to necessitate intervention to accelerate osteogenesis
[2]. Artificial implants and bone grafts are currently the most
frequent treatment options for repairing bone abnormalities.
However, previous studies have revealed that these tech-
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niques have drawbacks, including immunological rejection,
limited availability, infection, and virus transmission [3].
Tissue engineering is being investigated as a promising
option for bone regeneration. The primary goal of tissue
engineering is to resemble tissue's native structure or to
facilitate tissue formation and restore its functionality [4,
5]. One of the main pillars in tissue engineering is scaffolds.
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These porous structures serve as a temporary environment
until the regeneration of the tissue has been completed.
Depending on the desired application, scaffolds must be
physically and biologically appropriate for bone repair [6].
Nowadays, in order to improve the biological and mechani-
cal properties of the fabricated scaffolds, composite forms
of them consisting synthetic and natural polymer combi-
nations have been frequently utilized instead of using sin-
gle polymers [7]. Among the synthetic polymers used in
bone tissue engineering, polycaprolactone (PCL) is a semi
crystalline aliphatic polyester that has excellent mechani-
cal properties, simple processing, low melting point, and
intrinsic biocompatibility [8, 9]. However, the most signifi-
cant drawbacks of PCL are its hydrophobicity and long-term
degradation, which limits its utility in scaffold fabrication
[10]. As a result, coating or mixing PCL with a hydrophilic
polymer has been used to improve the surface properties in
numerous investigations [11]. Due to the semi crystalline in
nature of PCL, gelatin (GEL) is a suitable choice for mix-
ing with PCL [12]. GEL is a collagen-derived biopolymer
with high molecular weight that has drawn a lot of atten-
tion because of its intrinsic properties such as hydrophilic-
ity, high biocompatibility, biodegradability, and favorable
effects on cellular activity [13]. It has also been known with
its low immunogenicity and antigenicity, which effectively
improves cell attachment to the scaffold and promotes cell
adhesion, migration, proliferation, and differentiation [14].

Nanocomposites have been used by scientists to improve
the overall performance of polymers. In this regard, signifi-
cant progress has been made in the utilization of modified
natural and synthetic clays for preparing polymer nano-
composites in medicine and biotechnology [15]. Nanoclays
(NC) are layered silicates with a diameter of 50-200 nm
which can be used with polymers to create nanocomposites
that improve the polymer's stiffness, toughness and thermal
properties while also enhancing swelling capability, and
bio adhesion [16, 17]. All of these features point to clay’s
outstanding potential for fabricating novel nanocomposite
scaffolds. The basic structure of bone is mineralized colla-
gen fiber including 35% of organic matrix and 65% of min-
erals [10, 18]. The majority of the mineral content in bone
tissue is made up of nanohydroxyapatite (NHA) structure
(Ca,((PO,)¢(OH),). Bioactivity, biocompatibility, osteo-
conductivity, and non-corrosiveness are the most notable
characteristics of NHA. As a result, it's an appealing solution
for synthetic bone composite in orthopedics, dentistry, and
maxillofacial surgery [19].

In designing and manufacturing of bone tissue engineer-
ing scaffolds, mechanical properties must be consistent
with bone tissue [20]. The technique of constructing scaf-
folds is one of the approaches used to improve mechanical
strength. There are a variety of scaffold fabrication methods,
such as freeze drying, salt leaching, electrospinning, and

gas foaming, but each has its own set of drawbacks, includ-
ing non-reproducibility, inflexibility, and inhomogeneity in
pore size, shape, and connectivity [21, 22]. In recent years,
a novel technology based on 3D printing has been employed
to fabricate scaffolds, which has resulted in major improve-
ments in medical field due to cost savings, accuracy, and
speed [23]. The technology behind 3D printing is based on
patient imaging data such as CT scans and MRIs [24]. Due
to complex regeneration of bone, 3D scaffolds with adequate
size, porosity, cytocompability and strength and desirable
cellular responses are essential to promote bone regenera-
tion [20].

As previously mentioned, investigators have always con-
centrated on composites that have adequate and acceptable
qualities as compared to single synthetic or natural materi-
als. In this study, PCL, GEL, NHA, and NC has been used
for creating biological scaffolds via 3D printing. The mor-
phology, porosity percentage, compressive strength, chemi-
cal composition, hydrophilicity, bioactivity, and biodegrada-
bility of the 3D printed scaffolds were then investigated. In
addition, MG-63 cells were cultured on the fabricated scaf-
folds, and cell growth and adhesion studies were conducted.

Materials and Methods
Materials

Polycaprolactone (PCL, Mw =60 kDa) was supplied in the
form of a 3 mm medium-sized pellets from Sigma-Aldrich
(St. Louis, MO, USA). The 99.8% chloroform as PCL sol-
vent and Bovine skin-derived gelatin (type B) was purchased
from Merck (Germany). NHA nanopowder and Montmoril-
lonite Nanoclay were obtained from Pardis Pajouhesh Fana-
varan Yazd Co. (Yazd, Iran) and US Research Nanomaterials
Inc. (Houston, TX, USA), respectively. Bovine fetal serum
(FBS), Dulbecco's modified Eagle's medium (DMEM), Peni-
cillin/Streptomycin, Trypsin—EDTA, phosphate buffer saline
(PBS) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
liumbromide (MTT) were prepared from Fisher Scientific
(Mumbai, India). Glutaraldehyde solution, 4',6-diamidino-
2-phenylindole dihydrochloride (DAPI solution), simulated
body fluid (SBF) and Dimethyl sulfoxide (DMSO) were sup-
plied from Sigma-Aldrich (St. Louis, MO, USA).

Scaffold Fabrication
Ink Preparation
The PCL pellets were first dissolved in chloroform solvent

for 1 h at 40 °C to attain a 50% (w/v) viscous solution for
the 3D printing ink. 6.25% (w/w) GEL powder was added
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Table 1 Prepared inks for 3D printing

Ratio of NHA-NC to
PCL-GEL (W/W) (%)

Samples Materials’ weight ratio

S1 PCL/GEL-NHA (100%)/NC (0%) 62.5
S2 PCL/GEL-NHA (70%)/NC (30%) 62.5
S3 PCL/GEL-NHA (30%)/NC (70%) 62.5
S4 PCL/GEL-NHA (0%)/NC (100%) 62.5

to PCL solution and homogeneously mixed. Afterwards, the
NHA and NC were blended with PCL-GEL at the prescribed
concentrations listed in Table 1. The final ink was continu-
ally stirred in an open environment to modify the viscosity to
an experimentally determined viscosity suited for 3D print-
ing by evaporation of the solvent [25].

3D Printing of Nanocomposite Scaffolds

A 3D printer equipped with a single-screw microextruder
(Abtin IT; Abtin Teb Iran Company) was used for printing the
prepared inks. The scaffold’s geometry was designed using
SolidWorks software (Solidworks version 2017; Dassault
Syste’mes, France). Then, the final STL file was converted
to G-code via Slic3r software. After transferring the ink
into a 10 mL syringe, the porous 3D structures were printed
layer by layer up to 20 layers via continuous ink extrusion
through a nozzle of 22G (inner diameter =410 pm). Finally,
3D scaffolds in dimensions of 20X 20 x 6 mm® with 500 um
strut spacing were printed at room temperature and speed
of 3 mm/s.

Characterization of the Scaffolds
Determination of the Porosity

The porosity of the 3D printed scaffolds was detected using
the liquid displacement method with hexane. Hexane was
chosen as a transport fluid because it is able to pass through
the scaffolds without causing the structure to inflate or
shrink [26]. A scaffold that had previously been weighed
was immersed for 5 min in a certain amount of hexane (V).
The total volume of hexane and hexane-impregnated scaffold
(V,) was recorded. The scaffold was then removed from the
hexane and the volume of the remaining hexane was meas-
ured (V3). For each type of scaffold, the test was repeated
three times. The following Eq. (1) was used to calculate the
scaffold porosity (g):
Vi-V;

=———x100
TV, oV, o))
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Morphology of the Scaffolds

The morphological analysis of the samples was performed
using scanning electron microscopy (SEM, Philips X130,
Netherlands). Herein, the prepared scaffolds were gold
plated and the SEM images were taken with an accelerating
voltage of 20 kV. The size of the pore diameter was also
quantified from randomly selected pores with Image J soft-
ware (v.1.52a, National Institutes of Health, USA) through
SEM images (taken at 50 X magnification) of the scaffolds.

Spectral Characterization of Scaffolds

FT/IR-6300 spectrometer spectra (JASCO, Japan) were per-
formed in a wave number from 650 to 4000 cm™! and 4 cm™!
resolution, in order to accomplish the chemical analysis of
the 3D printed scaffolds. Moreover, the phase changes and
purity of the scaffold materials were investigated using X-ray
diffraction (XRD; Bruker, DEADVANCE/Germany). The
data was provided between 10° <20 <80°

Mechanical Properties

A universal testing equipment (Hounsfield-H25KS-England)
equipped with a 2.5 KN load cell was used to assess the
stiffness of scaffolds in the dry state (4.5x4 x5 mm?). The
axial load was applied at a rate of 5 mm/min up to a 50%
strain level. The slope of the elastic portion of the scaffold
stress—strain curve was used to compute the compressive
modulus.

Contact Angle Measurement

The static contact measurement was performed using the
sessile drop method utilizing CA-ES10 (Fars EOR. TechCo)
at 25 °C. The contact angle was measured at regulated
humidity, 10 s after a 5 pl water droplet was placed on the
scaffold surface (n=23).

Water Uptake Measurement

Water uptake investigations were conducted using dry-
weighted scaffolds (W,) submerged in PBS at 37 °C to
assess the percentage of water uptake capability. Samples
were taken out of solution at 1, 6, 12, 24, 48 h time points
and their weight was recorded (W) after excess water
removal [27]. The water uptake was computed according to
the following Eq. (2) [28]:

ww - Wd
Water uptake(%) = —w x 100 2)
d
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Bioactivity and lon Release

The bioactivity of 3D printed scaffolds (n=3 with equal
geometry) was determined by immersing them in SBF at
37 °C for 7 and 28 days, according to the Kokubo proto-
col [29]. The solution was changed twice a week during
the time of incubation, and the scaffolds were rinsed gently
with pure water after removing from the SBF solution at
each time point. Finally, the lyophilized scaffolds examined
with SEM and the elemental distribution and composition
of calcium, phosphorus, and silicate were also investigated
via Energy-dispersive X-ray (EDX) analysis. The concen-
trations of calcium and phosphorus ions released from the
scaffolds were measured by induced coupled plasma spec-
troscopy (ICP, Pekin Elmer-Optima 7300 DV). Herein, the
PCL-GEL/NHA-NC scaffolds were cut into disks (n=3)
with 10 mm diameter, submerged in SBF and incubated at
37 °C. Then, the calcium and phosphorus ion release of 3D
nanocomposite scaffolds were estimated on weeks 1 and 4.

Degradability Evaluation

In order to investigate the scaffolds’ degradation behav-
ior, they have been immersed in PBS (pH="7.4) and kept
for 3 months at 37 °C [30]. At one-week intervals, the pH
changes were evaluated and then the scaffolds with previ-
ously known weight (W,) were first removed from the solu-
tion, washed thoroughly with distilled water, dried in a vac-
uum oven at 45 °C overnight and weighted again (W,). The
degradation rate was defined according to the bellow Eq. (3):

. Wo - Wt
Degradationrate(%) = W x 100 3)

0

SEM images and FTIR analysis were employed to inves-
tigate the extent of scaffolds’ degradation. EDX analysis was
also conducted to evaluate the elemental distribution and
composition of degraded scaffolds.

Cell Behavior on 3D Printed Scaffolds
Cell Culture and Seeding

The MG-63 cells are widely used as an osteoblastic model
to investigate bone cell survival, attachment, and growth on
the surfaces of scaffolds with load bearable properties [31].
MG-63 cells were obtained from Pasteur Institute, Tehran,
Iran. The cells were cultivated in a cell culture flask con-
taining DMEM, 10% FBS, and 1% penicillin/streptomycin
and then kept at 37 °C in an incubator with 5% CO, until an
appropriate level of confluency (80%) was attained. Prior

to cell culture, the scaffolds were sterilized using gamma
irradiation (25 kGy) for 20 min. Next, Trypsin/EDTA was
used to harvest the cells from the culture flasks, which were
then rinsed three times with PBS. A cell suspension (1 x 10*
cells/well) was then seeded on the scaffolds placed inside a
24-well plate followed by transferring them to an incubator
(37 °C, 5% CO,).

Cell Viability

The MTT assay was conducted to determine the in vitro
viability of adhered MG-63 cells on each scaffold after 1, 3,
and 7 days, as previously described [32]. Cells at a density
of 1x10* cells/well were seeded on 3D printed scaffolds
and incubated at 37 °C with 5% CO,. Monolayer culture of
cells was also considered as a control group. At the end of
each time point, the culture medium was carefully removed,
washed with PBS and replaced with culture medium con-
taining MTT (0.5 mg/mL). After 4 h of incubation, the MTT
solution was discarded and 200 pL. of DMSO was added to
each sample (n=3). The solutions were then transferred to
a 96-well microplate and an ELISA reader (Bio-tek FLx800,
USA) was used to detect the optical density (OD) at 570 nm
wavelength. The cell viability (%) is normalized according
to the following equation by the control group:

Sample wells’ OD — BlankOD

11s’ viabilit =
Cells” viability (%) Control wells’ OD — BlankOD

% 100
“

SEM Images

SEM micrographs (Philips XL30, Netherlands) of cell
seeded scaffolds were taken to assess the adherence and
morphology of MG-63 cells. After one day of cell seeding
on scaffolds, the cell culture medium was retrieved and fixed
with 3% glutaraldehyde solution. Then, dehydration of the
samples was performed with ethanol series of 50, 70, 90 and
100% for 10 min each one. Eventually, the samples were
coated with a thin layer of gold and taken for SEM imaging.

DAPI Staining

The DAPI staining was used to evaluate cell density and
spreading on nanocomposite scaffolds. Herein, a suspension
of MG-63 cells (1 x 10* cells/well) was cultured on scaf-
folds and incubated for 7 days. After removal of the culture
medium, the cell-seeded samples were washed with PBS,
exposed to 4% paraformaldehyde for 20 min and placed in
1 pg/mL DAPI solution for 10 min. Finally, the images of
MG-63 cell nuclei were captured with a fluorescent image
analyzer (Nikon Eclipse Ti, Japan).
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Statistical Analysis

The obtained results from laboratory experiments were
presented in a form of mean + standard deviation (SD).
SPSS software V.23 was used to conduct statistical stud-
ies to clarify the differences between the groups through
one-way analysis of variance (ANOVA) and Tukey's HSD
post-hoc test. A value of P <0.05 was considered as statisti-
cally significant.

a
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£ 60 +
£ 50 1
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Results and Discussion
Scaffold Porosity, Pore Size and Morphology

Scaffold porosity is essential for nutrient diffusion and
metabolic waste products removal during cell prolifera-
tion. Moreover, porous scaffolds provides a 3D structure
improving cell adhesion, migration and penetration [33, 34].
Figure 1a illustrates the measured porosity of 3D printed
scaffolds. The S3 sample had the highest porosity among
other samples, with 69.49 +1.19% porosity. The average
porosity percentages gently decreased to 68.37 +1.80%,
61.98+1.64% and 58.14 +1.08% for S1, S2 and S4 samples,
respectively. In comparison to the other groups, the S2 and

800 T
700 +
600 +
500 +
400 +

Pore Size (um)

300 +
200 +
100 +

S1 S2 S3 S4
Samples

Fig. 1 a Porosity percentage, b average pore size and ¢ SEM images of the 3D printed scaffolds at different scale bars with various amount of
NHA and NC (values are mean=+ SD, n=3, *P < 0.05). Significant differences between the samples are shown by (*P <0.05)
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S4 samples exhibited the lowest porosity values. Figure 1b, ¢
illustrate the morphology and mean pore sizes of the printed
composite scaffolds. As can be seen in SEM images, all of
the printed samples are structures with interconnected and
rectangular shaped pores. Moreover, NHA and NC parti-
cles distribution can be seen throughout the scaffold surfaces
and a high level of filament shape stability and accuracy
was apparent in all printed scaffolds. The highest average
porosity size was seen in sample S3; although it was only
significant with the S4 sample (P <0.05), which is the result
of decreasing filament diameter due to the enhanced surface

tension associated with the use of specific concentrations of
NHA and NC in S3 sample.

Kazemi et al. reported that addition of NHA to the scaf-
folds increases the stability of the filaments and decreases
the ink spreading, leading broadening pore size and porosity
percentages [35]. Furthermore, it has been demonstrated that
composite networks are more likely to form porous struc-
tures when NC is involved [36]. According to previous find-
ings, the required porosity and pore size for bone scaffolds
is in the range of 60-90% and 100-600 um respectively
which is suitable for angiogenesis, cell migration, and bone
ingrowth [10, 37, 38]. Thus, it can be concluded that NHA

Fig.2 FTIR spectra of a pure a PCL

PCL, GEL, NHA, and NC and
b PCL-GEL/NHA-NC (100/0,
70/30, 30/70, 0/100) scaffolds
with ¢ their XRD pattern
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incorporation was more successful in improving the print-
ability of the nanocomposite scaffolds.

Spectroscopic Characterizations of the Composite
Scaffolds

FTIR Results

By employing FTIR, the functional groups of pure PCL,
GEL, NHA, and NC as well as their composites were evalu-
ated and the obtained results are presented in Fig. 2a, b.
The FTIR spectrum of PCL demonstrated that 2865 and
2941 cm~! peaks relate to symmetric and asymmetric
CH, group stretching, respectively and the sharp peak
at 1721 cm™! belonged to C =0 stretching. The band at
1159 cm™! is ascribed to symmetric stretching of the C-O—-C
group, while the asymmetric C—O—C stretching appeared at
1240 and 1294 cm™! [2]. The GEL spectrum showed major
peaks at 1542, 1660, 2935, and 3421 cm™! which are attrib-
uted to the vibrations of N-H bending, C =0 stretching, alk-
enyl C—H stretching, and N-H stretching, respectively. Also
other peaks were observed at 1442 cm™! (CH,), 1233 cm™!
(NH), 1076 cm™! (C-O stretching) [39]. As can be seen in
FTIR spectrum of NHA, the NHA spectrum contains the
characteristic peaks at 3428 cm™' (OH stretching vibra-
tions), 1630 cm™' (OH group bending), 1405 cm™! (car-
bonate group vibration), peaks at 1084 cm™! (asymmetric
stretching of PO,*7), 1036 cm™' (asymmetric stretching of
PO43'), and 976 cm™! (symmetric stretching of PO43') [40].
The NC spectrum showed prominent peaks at 797 cm™! due
to Si—O-Al vibration, 1033 cm™! due to Si—O-Si stretch-
ing, 1637 and 3425 cm™! due to O—H stretching of absorbed
H,O in NC, and 3623 cm~! was attributed to the stretch-
ing mode of the Si—OH and Al-OH in the silicate layers of
NC [41]. The composite scaffolds almost showed a similar
spectra and strong PCL peaks can be clearly seen in all of
the obtained spectra. As can be seen, the peaks found in
the range of 727 cm™! (symmetric stretching of PO43‘) [42]
and 795 cm™~! became stronger with increasing NHA and
NC concentrations, respectively indicating the existence of
HA and NC in the composite scaffolds. Additionally, the
peak at 1060 cm™! (C—C vibration) [43] related to PCL was
disappeared in composite scaffolds and changed into a broad
peak, then shifted to the 1029 cm™!, which may be associ-
ated with the strong NHA peak at this region. According
to earlier research, the first indication of NHA in an FTIR
spectrum is the presence of a broad peak between 1000 and
1100 cm™" [44, 45]. However, it seems that with the increase
of NC concentration, the shifted peak had the least change
due to Si—O-Si stretching vibration peak in NC. Identify-
ing GEL peaks in the spectrum of the scaffolds might be
challenging due to its low concentration in the composite
scaffolds and overlapping its mild peaks with other material
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peaks. However, other studies have proven that adding GEL
to PCL shifts the FTIR spectrum peaks to lower wavelengths
[2, 46] which is consistent with this study in term of shifting
a PCL peek at 1104 cm~! (O—C vibration) [47] to shorter
wavelengths. It is evident from the composite scaffolds FTIR
pattern that the characteristic bands of PCL, GEL, NHA, and
NC are distinguished.

XRD Results

Figure 2b presents the XRD patterns of the S1 to S4 sam-
ples. As can be seen, the XRD pattern of the 3D printed scaf-
folds exhibits two distinct peaks at 20=21.5° and 20 =23.8°
that are indicative of the crystal structure of PCL [48]. Previ-
ous studies have also indicated that incorporation of GEL
to PCL simply lowers the PCL peaks intensity due to the
amorphous nature of GEL. Reducing PCL peaks intensity
results in decreased crystallinity rate of the nanocompos-
ite scaffolds, confirming PCL-GEL molecule interactions
[48, 49]. The XRD results of the NC contained scaffolds
demonstrated that the polymer chain was introduced into
the NC interlayer domain since the typical peak of NC was
found near at 20 =19.8° and 26.45° which are matched with
JCPDS Card No 00-012-0232.[50, 51]. The crystalline
nature of the NHA powder was evident by the presence of
peaks approximately at 20=26°, 31.35°,32.25°, 33.05° and
49.55° (JCPDS Card No 01-070-3371) [49] which could be
seen after addition of NHA to the prepared scaffolds. These
findings imply that the molecules of the PCL-GEL/NHA-NC
scaffold may interact with each other.

Mechanical Characterization

For sufficient cellular and tissue support, utilized scaffolds
for healing bone defects should have appropriate mechani-
cal properties [52]. The compressive strength and stiffness
of the composite scaffolds were investigated in this study.
Figure 3a depicts the stress—strain curves of the fabricated
scaffolds at a strain level of 60%. All of the printed scaffolds
exhibited similar stress—strain behavior, which was consist-
ent with the normal response of polymeric porous scaffolds,
and as the NC amount increased, compressive strength also
enhanced significantly (P < 0.05). However, the highest stiff-
ness value belonged to the S3 sample (35.21+1.31 MPa)
and conversely, the sample with NHA/NC (70/30) possessed
the lowest deformation resistance (11.18 +2.13 MPa) com-
pared to the other scaffolds. The PCL-GEL/NHA sample
also exhibited more rigidity than the PCL-GEL/NC sam-
ple, although the difference was not statistically significant
(P> 0.05). These outcomes may be correlated with the
earlier determined porosity percentage of 3D printed scaf-
folds. Moreover, due to NHA's greater brittleness compared
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Fig.3 Mechanical evaluation of the nanocomposite scaffolds. a The
scaffolds’ stress—strain curves under uniaxial compression loading.
b The compressive strength and ¢ Compressive moduli of the 3D

to PCL-GEL scaffolds, it may enhance the brittleness of
PCL-GEL/NHA samples, which reduces their compressive
strength. In addition, accumulation of NHA crystals may
occur in composite scaffolds, resulting in a poor interac-
tion between the NHA and PCL-GEL scaffolds [53]. Nev-
ertheless, inorganic fillers such as layered nanosheets of NC
can reinforce scaffolds through uniform distribution and
interaction between nanosilicates and polymer matrix [54].
Comparing the compressive strength and stiffness of human
bone and the 3D printed scaffolds reveals that the compos-
ite scaffolds are still weaker than cortical bone (strength of
100-230 MPa and stiffness of 7-30 GPa [55, 56], but it is
comparable with the cancellous bone (strength of 2—12 MPa
and stiffness of 0.01-3 GPa [56, 57]).

printed scaffolds (values are mean+ SD, n=3, *P < 0.05). Significant
differences between the samples are shown by (*P <0.05)

Wettability of the Scaffolds

A crucial property for bone scaffolds is wettability which
determines appropriate cell attachment and accelerates
oxygen and nutrients delivery [58]. The water contact
angle test of all types of 3D printed scaffolds was per-
formed and shown in Fig. 4a. The S4 sample exhibited the
lowest contact angle (52.45 +1.028°) compared to other
three samples. Earlier studies reported that PCL has a con-
tact angle greater than 100°, indicating its hydrophobic
nature [32, 59], and adding GEL reduces the PCL contact
angle to the 70-80° range due to its hydrophilic chemi-
cal groups (amide group) [60, 61]. By adding NHA to
PCL-GEL scaffolds, the contact angle value has reached
to 64.216 + 1.509° and incorporation of NC with 30 wt%
and 70 wt% concentration has significantly reduced the
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Fig.4 a Water contact angle comparison for samples S1 to S4 based
on NHA and NC concentrations. b Water absorption of S1 to S4 after
1, 6, 12, 24, and 48 h incubation in PBS (values are mean+SD, n=3,

average contact angle of PCL-GEL/NHA scaffolds to
59.609 +0.603° and 58.859 +0.472°, respectively (P <
0.05). In this regard, previous investigations also reported
that the wettability of PCL scaffolds increased after add-
ing NC and NHA to PCL due to the hydrophilic property
of NC and NHA [62, 63]. Moreover, Rajzer et al. proved
adding NHA to scaffolds enhances surface roughness due
to the presence of additional crystallites on the surface of
scaffolds, which raises the contact angle [64]. The general
conclusion of this section was that high amounts of NC
considerably improved the PCL-GEL scaffolds wettability
and brought the highest level of hydrophilicity compared
to other groups.

Water Uptake of the Scaffolds

Figure 4b shows the water uptake capability of fabricated
scaffolds at various time intervals. The S1 sample without
NC incorporation exhibited less water uptake rate. However,
as the concentration of NC increased in the scaffolds, the
initial water uptake rate reduced but its amount enhanced
over time. Furthermore, the PCL-GEL/NC sample showed
the significantly highest value of hydration equilibrium
after 24 h compared to the S2 and S1 samples (P < 0.05),
followed by a slower water release compared to the PCL-
GEL/NHA sample. As previously stated, PCL is reluctant
to absorb water due to its hydrophobic nature, and several
studies have been conducted to improve the water uptake
capacity of this polymer, including the combination of GEL
with PCL [65-67]. In this study, NC participation had the
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most positive effect on increasing water uptake capability of
PCL-GEL scaffolds due to its hydrophilic property, allowing
inorganic cations in the interlayer to hydrate [68]. The poten-
tial of scaffolds to absorb water is very crucial since it regu-
lates the exchange of nutrients and metabolites among cells
[69]. Despite the fact that it has been mentioned in other
studies that adding NHA reduces gelatin's hydrophilicity by
binding calcium (Ca) and phosphate to hydrophilic carboxyl
(COOH) or amine (NH,) groups, it prevents the penetration
of water into the scaffold due to the temporary barrier cre-
ated by NHA, and subsequently reduces the water uptake
of the nanocomposite scaffolds [58]. Moreover, due to the
barrier effect of NC nanosheets, water molecules are inhib-
ited from interacting with the macromolecules of polymers,
resulting in low water content levels [53]. Thus, utilizing a
suitable amount of NHA and NC in the PCL-GEL scaffold
matrix is a potential method for controlling water uptake.

Bioactivity and lon Release Behavior
Bioactivity

The ability of a biomaterial to bond with bone is often deter-
mined by testing the formation of NHA on the surface of the
sample. According to Hench Theory, the formation of NHA
starts with dissolution. In other words, this process begins
with dissolution and release of calcium ions on the surface
of the sample towards the solution [61, 70]. Ion release and
dissolution is defined in terms of the scaffold degradabil-
ity. In this study, four samples have the same amounts of
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PCL and GEL. Many studies have confirmed the degradabil-
ity and the bioactivity of PCL [61, 70]. PCL is a bioactive
synthetic polymer. Due to the presence of ester and water-
sensitive groups, it will undergo hydrolysis process after
exposure to biological environments [61, 71]. The formation
of carboxyl groups on the hydrolyzed PCL surface leads to
the release of positively charged hydrogen ions (H") from
COOH towards the SBF environment. The release of H cat-
ion will decrease the pH of the environment and increase the
tendency to dissolve the scaffold surface [72]. The release
of positively charged ion (H") followed by the formation of
COO™ anion on the surface leads to the electrostatic attrac-
tion between PCL and calcium cations (Ca®>") present in SBF
[71]. The presence of GEL as a peptide biopolymer is one of
the effective factors in creating nucleation sites in the forma-
tion of Ca-P deposits [61]. GEL easily reacts with aqueous

Day 7

S1

S2

S3

R ———

S4

environment and leads to the formation of positively charged
NH,* and negatively charged COO™ ions respectively due to
its amine (NH,) and carboxyl groups [61, 71]. Electrostatic
attraction and repulsion between the positive and negative
ions of the SBF environment and the surface of the scaffold
leads to the formation of calcium-phosphate deposits [61,
70]. The presence of NHA in the structure of the scaffolds
is another effective factor in increasing the dissolution and
release of ions from the scaffold towards the solution. The
presence of NHA will also leads to the creation of nuclea-
tion sites [72]. Studies have reported that the presence of
NC has a direct effect on the creation of nucleation sites
[73]. The presence of SiO44_ negatively charged ion caused
by the presence of clay is effective in creating negatively
charged cyanol (Si—-OH) layers as a silicate material. These
negatively charged layers lead to the electrostatic attraction

Day 28

Ca/P=1.46

Fig.5 Elemental analysis of S1 to S4 samples with SEM images after 7 and 28 days immersed in SBF to confirm the existence of Ca and P on

the samples' surface (scale bars =200 um)
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of Mg** and Ca”" cations on the surface of the scaffold.
According to the data obtained from EDS analysis during
7 days of immersion in SBF (Fig. 5), increasing the amount
of NHA from 0O to 1wt. % has led to the increase of calcium
and phosphorus on the surface of the scaffold. This could
indicate the effect of NHA in increasing deposition. The
presence of calcium and phosphorus cations in the synthe-
sized NHA in the scaffold is also effective in increasing the
amount of these two elements. In ion exchanges between
the surface of the scaffold and the SBF environment, there
is a competition for deposition and interaction with the sur-
face of the scaffold between the two Ca>" and Mg?* cations
[35]. It is necessary to reduce the deposits containing MgO
and Mg,Si0, in order to form crystalline deposits of NHA
(calcium-phosphate) [35]. According to the elemental data,
it can be stated that the amount of Mg on the surface of
the S1 sample has decreased compared to other scaffolds.
This can indicate the dominance of Ca** over Mg>* in inter-
action with the surface of the scaffold. The formation of
MgO and Mg,SiO, phases has also decreased. The amount
of Mg in the NHA-free scaffold has increased compared to
other scaffolds and reached 0.22 wt.%. These results dem-
onstrate the effect of NHA compounds in the formation of
calcium-phosphate deposits. On the 28™ day of immersion,
the S1 and S2 scaffolds has more calcium and phosphorus
compared to the other scaffolds. In addition, EDX analysis
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Fig.6 a Ca’* absorption (mg/L) and b P absorption (mg/L) of S1 to
S4 samples in SBF during 1 and 4 weeks

@ Springer

indicated that the Ca/P ratios of the samples were consistent
with nonstoichiometric biological apatite, which was found
to be approximately around 1.67 after immersion in SBF
for a period of four weeks, which is in line with the results
obtained from a previous study [10].

lon Release

According to the ICP results (Fig. 6), the amount of
calcium and phosphorus in the SBF solution related to
the S1 scaffold is higher than other scaffolds. This can
indicate the greater dissolution of NHA in the scaffold,
the decrease in pH of the environment and the release of
calcium and phosphate ions from the scaffold toward the
solution, which has increased the concentration level of
these two elements in the solution. The surface rough-
ness caused by the presence of NC is also one of the other
effective factors in creating nucleation sites [73]. Based
on the ICP results, the S4 sample shows lower amounts
of calcium and phosphorus compared to the other scaf-
folds, during 28 days in solution. The decreasing trend
of calcium and phosphorus in clay-free scaffold solution
during 28 days indicates the increase of the tendency of
these two elements to interact with the surface. In the S2
sample, the amount of calcium and phosphorus in the
solution has increased during 28 days. This can indicate
the release of anions and cations from the surface of the
sample toward the solution, which is one of the require-
ments of ion exchange to create calcium-phosphate depos-
its [61, 70]. In other words, after placing the S2 sample
in SBF solution, HPO42_ anion and Mg2+ cation release
from the surface and increase the amount of phosphorus
after dissolving in the solution. The amount of calcium
in the solution has increased due to the decrease in the
amount of phosphate ions and calcium cation deposits on
the surface of the scaffold. According to the data obtained
from the elemental analysis on the 7 and 28" day, the S2
sample has performed better than the S3 sample in terms
of the creation of nucleation sites and the formation of
calcium-phosphate deposits. This shows the great influ-
ence of NHA in the formation of minerals. The increase
of calcium-phosphate deposits on all the scaffolds during
28 days indicates the bioactivity of the scaffolds. GEL as
a polypeptide and PCL as a polyester undergo hydrolysis
process after being placed in a simulated body environ-
ment at 7.4 pH and 37 °C and create positively charged
NH3Jr and COO™ ions respectively [61, 70, 71]. The pres-
ence of COO™ along with the formation of Si—~OH nega-
tively charged cyanol layer participates in attraction of
Ca?* and Mg?* cations. The increase of calcium deposits
compared to magnesium is critically important in bioac-
tivity. The attraction of cations leads to the creation of
nucleation sites on the surface of the scaffolds. Providing
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the substrate chemically (the presence of cations) and mor-
phologically (roughness of the surface due to the presence
of NC) as well as the bioactive nature of NHA and NC
in the structure of the scaffolds, are effective factors in
creating bioactive properties. After providing a cationic
substrate caused by calcium deposits and NH>* present in
GEL, HPO,?>~ and SiO,*" anions (caused by silicate lay-
ers present in clay) interact with surface cations through
electrostatic attraction of dissimilar charges. The attrac-
tion between calcium and NH** cations and HPO,*~anions
lowers the energy barrier for the formation of Ca-P (cal-
cium-phosphate) crystal deposits and facilitate the forma-
tion of them [35].

Biodegradability

In bone tissue engineering, the scaffold's rate of degrada-
tion must be adjusted to maintain the required structural
support until the recently formed bone is strong enough to
take over the supporting role. Without meeting this require-
ment, the fabricated scaffold may fracture when subjected to
mechanical force before bone healing has taken place [74].

The current investigation evaluated the nanocomposite scaf-
folds' degrading behavior over a 12-week period of soak-
ing in PBS (pH 7.4). The findings were displayed in Fig. 7,
which included plots showing weight and pH changes during
the soaking period as well as FTIR analysis and SEM images
of the degraded samples after 12 weeks.

During the process of degradation, scaffolds will experi-
ence cycles of water absorption and desorption, which is
why the weight loss rate of the samples is shown as a fluc-
tuating graph curve (Fig. 7a). The hydrolysis process takes
place in three steps which are absorption, interaction and
release [75]. Hydrophilic amine groups in GEL, PCL ester
groups, silicate in clay, and phosphate and calcium ions in
the NHA structure are all components that contribute to the
scaffolds' ability to absorb water. Water molecules act as a
softener for PCL-GEL polymer chains and will increase the
mobility and the volume of the chains and separate their con-
nections [75]. Moreover, Fig. 7a displayed the degradation
rate for all scaffolds starting at eighth week. The inclusion
of NC in the S4 and S3 samples, respectively, has increased
hydrophilicity compared to other scaffolds, and Fig. 7a
displayed a higher weight loss until the twelfth week. The
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scaffolds' tendency to absorb water increases as they become
more hydrophilic. The hydrophilicity findings indicated that
S1 sample is less hydrophilic than other scaffolds while S4
and S3 scaffolds, respectively, are more hydrophilic due to
the presence of oxygen groups in SiO,*~. Due to the pres-
ence of clay, Si0,*~ is ready for ionic and polar interactions
with NHA cations and other positively charged polar groups
of the scaffold. The weight loss percentage over 12 weeks
revealed that S1 and S2 samples have the degradation rate
of 1.67 £0.25% and 2.22 +0.16% respectively, and the high-
est weight loss percentage of 3.87 +0.57% belongs to S3
sample. The S4 scaffold had a weight loss percentage of
2.924+0.37% and there was a significant difference between
the weight loss percentage of S1 and S2 scaffolds with S3
and S4 samples (P <0.05). The increased percentage of
weight loss in the S3 sample demonstrated the impact of
the structure's increased hydrophilic group content. The rate
of weight loss has increased from 2.22 to 3.87% as a result of
increasing the amount of NC from 30 to 70 wt%. The quan-
tity of free polar groups available to interact with water mol-
ecules has grown due to the presence of NC with increasing
the hydrophilicity. Generally, the percentage of weight loss
rose with an increase in the amount of NC in the structure.
NC with negatively charged groups along with other polar
groups such as carbonyl (C=0) from PCL, NH, and COOH
from GEL, and HPO42_ and Ca cations from NHA can
enhance the tendency of chemical interactions and hydrol-
ysis. According to pH changes (Fig. 7b), ions have been
released from all of the scaffolds and cations have been dis-
solved into the PBS solution, raising pH up until the fourth
week. GEL's amino acid structure contains COOH, which
releases H* to lower pH levels in the physiological aqueous
environment [61]. Additionally, water and acid are produced
by the reaction of the ester group of PCL with the aqueous

Fig.8 The viability of MG-63
cells on the 3D printed scaf- 120
folds during 1, 3, and 7 days
(Values are mean+SD, n=3,
*P <0.05). Significant differ-
ences between the samples

are shown by (*P <0.05). The
number sign (*P <0.05) denotes
a difference that is statistically
significant when compared to
the control group
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medium, which also lowers the pH. The decrease in pH will
improve the solubility of NHA [61, 72, 75], which causes the
release of calcium cations and HPO,>~ from the scaffold into
the solution. All scaffolds exhibited pH fluctuations over the
period of 12 weeks, which may be caused by ion exchanges
and electrostatic interactions between charged groups of
scaffolds [72, 73]. Throughout the degradation process, each
scaffold maintained the pH within the physiological range,
and the solution recovered its buffer condition. It is evident
from the FTIR spectra (Fig. 7c) of the S4 and S2 samples
that after 12 weeks, the height of the characteristic PCL
peaks has diminished, indicating that the scaffolds' inclusion
of NC and NHA nanoparticles has improved the degrada-
tion of PCL. The SEM images (Fig. 7d) of the S2 and S4
samples clearly depicted eroded surfaces after 12 weeks of
immersion in PBS. The S4 sample had more obvious signs
of degradation than the S2 sample. The S4 scaffold surfaces
had more visible cracks and holes, which revealed a rougher
matrix due to the hydrolytic degradation. Previous research
has demonstrated that gelatin's considerable biodegrada-
bility caused it to accelerate the deterioration of the PCL
scaffold when it was added [76, 77]. Furthermore, it has
been demonstrated that the inclusion of NHA nanoparticles
accelerate the degradation rate of PCL scaffolds. By add-
ing NHA, water and solvent are able to pass through the
interface between NHA and PCL, making it more conveni-
ent for water to infiltrate the PCL matrix [78]. Adding NC
also accelerates PCL scaffold degradation, which might be
brought on by PCL-NC composite’s reduced hydrophobicity.
The inclusion of nanoclay might make it easier for water to
adsorb, preparing PCL chains for hydrolysis [71].
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Cell Compatibility

One of the most fundamental challenges in tissue engi-
neering is cell compatibility of biomaterials [79]. As
a result, the MTT test was used to determine the bio-
compatibility of each scaffold. The cell viability of each
3D printed sample after 1, 3, and 7 days of incubation
is illustrated in Fig. 8. After the third day, all scaffolds
showed a cell viability rate of at least 100%, indicating
the scaffolds’ high biocompatibility [80]. As can be seen,
the sample without NHA incorporation had the highest
cell viability rate (99.27 +0.91%) on the first and third
days. In addition, the S1 and S3 samples illustrated sig-
nificantly lower cell viability than the control group and
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Fig.9
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Day 1
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Day 7

20 ym
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the S4 sample on the first day (P < 0.05). After one week,
all scaffolds showed a significant increase in cell viability
rate compared to the control group (P < 0.05) and the
highest MG-63 viability was attributed to the scaffolds
with high NC concentrations (S3 and S4). Our findings
are consistent with prior studies using NC, which deter-
mined that this mineral can improve cell compatibility of
scaffolds and allow them to proliferate and differentiate
in its presence without any side effects [81-84]. It's worth
noting that NHA is also mentioned as a very effective
nanoparticle in cell proliferation when added to PCL-
GEL scaffolds [2, 46], and the employment of this nano-
particle in combination with NC has formed a suitable
structure for better cell proliferation.
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SEM images of the cell-seeded scaffolds after days 1 and 7, demonstrating the MG-63 cells morphology and adherence at various scale
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Fig. 10 DAPI stained MG-63 cells on the S1 to S4 scaffolds on days 1 and 7 were observed in the obtained confocal images at different scale

bars
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Cell Attachment

The MG-63 cells' adherence to the composite scaffolds was
evaluated by SEM images after 1 and 7 days post-seeding
in Fig. 9. The results clearly demonstrated that the cul-
tured cells are well adhered on the scaffolds and exhibited
a spread-out morphology and structures that extended to the
scaffolds in the form of pseudopodia. Additionally, it seemed
that cells attached to the scaffolds more as the NC concentra-
tion was increased. DAPI staining images of cultured MG-63
cells on 3D printed scaffolds after 1 and 7 days are illustrated
in Fig. 10. DAPI is a fluorescent nucleic acid dye which
binds to DNA very tightly, and it is commonly used in chro-
mosome staining [85]. The arrangement of cell nuclei was
apparent on each composite scaffolds after DAPI staining.
According to the results, each scaffold had a considerable
rise in cell number compared to the control group after one
week, which is also consistent with the MTT results. Moreo-
ver, the cells' uniform distribution and high density on the
scaffolds can clearly be seen at day 7. Previous studies have
indicated that NHA enhances the surface area and roughness
of the scaffolds’ surfaces, which improves cell adherence to
scaffolds in addition to its important function in the primary
adsorption of bone adhesive proteins [46, 86]. Another study
has revealed that increasing NC has a beneficial impact on
cell adhesion and proliferation [87]. The montmorillonite
NC, same as NHA, has the ability to provide multiple active
sites for the adsorption of adhesive proteins such as vitronec-
tin or fibronectin to facilitate the diffusion of bone cell actin
filaments on the fabricated scaffolds [73, 88]. Furthermore,
it increases the number of bone cells that attach to the scaf-
folds by making their surfaces rough [54]. The enhanced
concentration of divalent ions (Ca** or Mg**) along NC
surfaces may also be responsible for better cell adhesion,
since the divalent cations facilitate cell-ECM interactions
through transmembrane receptors called integrins [73, 89].

Conclusion

In the present investigation, PCL-GEL composite scaffolds
containing various concentrations of NHA and NC were
fabricated using 3D printing technology, and the physico-
chemical and cellular properties were assessed in vitro. The
SEM micro-images of the fabricated nanocomposite scaf-
folds revealed interconnected pores with acceptable size
and a suitable porosity percentage. The hydrophilicity of
the scaffolds was effectively improved as the concentration
of the NC enhanced. The 3D printed PCL-GEL/NHA scaf-
folds with the addition of NC showed potential for use in
bone tissue engineering as well, according to the appropriate
mechanical, bioactivity and biodegradability properties. Due

@ Springer

to the bioactive nature of these compounds, in vitro culturing
of MG-63 cells revealed higher proliferation and viability
on the NHA and NC contained scaffolds. Taking together,
it suggests that the PCL-GEL/NHA-NC scaffold might be
able to regenerate the bone defects, which obviously further
studies are required to assess the clinical validity.
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