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Abstract

Bone tissue engineering, as an alternative for common available therapeutic approaches, has been developed to
focus on reconstructing of the missing tissues and restoring their functionality. In this work, three-dimensional (3D)
nanocomposite scaffolds of polycaprolactone-polyethylene glycol-polycaprolactone/gelatin (PCEC/Gel) were prepared
by freeze-drying method. Biocompatible nanohydroxyapatite (nHA), iron oxide nanoparticle (Fe,O,) and halloysite
nanotube (HNT) powders were added to the polymer matrix aiming to combine the osteogenic activity of nHA or Fe,;O,
with high mechanical strength of HNT. The scanning electron microscope (SEM) methods was utilized to characterize
the nanotube morphology of HNT as well as nanoparticles of Fe,;O, and nHA. Prepared scaffolds were characterized
via Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction analysis (XRD), and SEM methods. In addition,
the physical behavior of scaffolds was evaluated to explore the influence of HNT on the physicochemical properties
of composites. Cell viability and attachment were investigated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide) assay and SEM on human dental pulp-derived mesenchymal stem cells (h-DPSCs) in-vitro. Cell
proliferation was observed without any cytotoxicity effect on h-DPSCs for all examined scaffolds. Alizarin red (ARS)
and alkaline phosphatase (ALP) staining were carried out to determine the osteoconductivity of scaffolds. The data
demonstrated that all PCEC/Gel/HNT hydrogel scaffolds supported osteoblast differentiation of hDPSCs with moderate
effects on cell proliferation. Moreover, PCEC/Gel/HNT/nHA with proper mechanical strength showed better biological
activity compared to PCEC/Gel/HNT/Fe,O, and PCEC/Gel/HNT scaffolds. Therefore, this study suggested that with
proper fillers content, PCEC/Gel/HNT nanocomposite hydrogels alone or in a complex with nHA, Fe,O, could be a
suitable candidate for hard tissue regeneration.
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Introduction

Bone damages are triggered by physical trauma, systemic
bone disease, or degeneration. They are challenging prob-
lems in medical fields.! The necessity of overcoming sev-
eral limitations of effective bone tissue repairing has
resulted in emerging new approaches to bone regeneration
strategy which involve the reconstruction of functional and
structural features of bone through the development of
scaffold.? 3D scaffolds are vital platforms for in-situ bone
reconstruction. These platforms are equipped with a combi-
nation of cells, bioactive agents, and other functional com-
ponents to provide the proper microenvironment for cells
adhesion, proliferation, and differentiation.? The hydrogels,
with high biocompatibility and biodegradability, could
mimic the natural extracellular matrix (ECM) that has been
found widespread utility in tissue engineering. However,
the lower physical strength of hydrogels limited their clini-
cal application. Especially the scaffolds that are designed to
be used in bone healing must have enough mechanical
functionality to act as a supportive medium toward applied
loads during newly forming bone tissue.**

An increasing number of hydrogel/polymer hybrid
composites were fabricated to enhance mechanical proper-
ties and osteogenic performance. The amphiphilic PCL-
PEG-PCL copolymer composition with biodegradable
gelatin can enhance hydrogel surface features in cell adhe-
sion, migration, and osteogenesis.®

In addition, various methods and materials have been
utilized to modify the bioactivity of designed scaffolds.

Nano-hydroxyapatite (nHA) bioceramic as the main
substance of human bones, is the inorganic biomaterial
that found wide application in the bone regeneration field.
HA with structural and chemical similarity to bone miner-
als exhibited superior bioactivity and extended osteocon-
ductivity.”® Calcium deficient hydroxyapatite and gelatin
were utilized in the fabrication of an injectable bone filler
to mimic native bone tissue for craniofacial and orthopedic
regeneration.’

However, the addition of pure HA decreases the
mechanical strength of composites which affects their uti-
lization as a long-lasting high-load-bearing implant pros-
thesis. Theretofore, different attempts have been made to
lessen the aforementioned disadvantage.'® The TiO, doped
chitosan/hydroxyapatite scaffold was reinforced via HNT
to be applied as a template intended for directed bone tis-
sue regeneration.'!

Iron oxide nanoparticles (i.e. Fe,O, NPs) with great bio-
compatibility and exclusive magnetic properties are impor-
tant components with considerable attention for hard tissue
regeneration.'” The Fe,0, nanoparticle (MNP) at diameters
of <20nm can act as a single magnetic domain to provide a
micromagnetic environment without applying the external
magnetic force. Therefore, MNP incorporated in the poly-
meric bio-scaffolds could create micro-magnetic dynamic

force at the interface of scaffold and cell that activate the
cell surface receptors for enhancing cell performance and
improving osteogenic processes of bone formation.'>!4

Several studies have confirmed magnetic field impact on
the stimulation of biocompatible scaffolds in terms of
improving cellular-scaffold interaction and stem cells fate.'®

In this context, magnetic scaffolds were designed
through magnetic guiding of 3D controlled cell seeding.'®
The integration of Fe,O, magnetic nanoparticles in scaf-
folds’ matrix promoted the differentiation and prolifera-
tion of BMSCs (bone mesenchymal stem cells).!” The
fabricated magnetic nanocomposite scaffold acted as a
potential template for autologous bone transplantation in
rabbits in vivo.'® However, despite magnetic nanoparticles
that were approved by the FDA (Food and Drug
Administration), the supplementary oxidative stress and
reactive hydroxyl radical formation throughout the reac-
tion progression of nanoparticles and hydrogen peroxide
(H,0,) in complex lesions limit their application in bone
remodeling." The incorporation of Fe,0, NPs with another
biomaterial in scaffolds could reduce the cytotoxic effect
via optimizing its needed concentration for superior bio-
medical activity.?’ The synthesized multifunctional nano
scaffolds through surface modification of HNT with Fe,O,,
calcium phosphate, and chitosan improved the osteogene-
sis performance of human adipose tissue-derived mesen-
chymal stem cells.?

Based on the aforementioned subject, there is extensive
attention to the distinctive medicinal and biological fea-
tures of halloysite nanotubes (HNTs) that will be signifi-
cant in designing templates for clinical uses.”! HNT as a
natural aluminosilicate (Al,Si,O, (OH) ,-2H,0) is a spe-
cific porous nanotubular inorganic nanofillers. HNTs, as
biocompatible and non-toxic materials, with appropriate
mechanical strength and high surface area, have been
doped in bone regeneration scaffolds to enhance mechani-
cal strength and composite attachment to implanted bone.??
In addition, the unique structure of the inner and outer lay-
ers of hallow tubes, especially the existence of Si in the
form of a silicate group on the outer layer of HNT provides
a special potential for these well-crystallized kaolin clay to
be effective in improving osteoblast differentiation.?

Therefore, we assumed to modify Fe,O, and nHA-
PCEC/Gel scaffolds via incorporating HNT and compare
their physical and biological features with each other and
with pure HNT/PCEC/Gel scaffold at the same concentra-
tion, as well. Mechanical strength, morphology, and osteo-
genic activity of the HNTs incorporated scaffolds were
studied. Prepared nHA/HNT/PCEC/Gel hydrogels exhib-
ited the best mechanical and osteogenic activity of bone
formation. This work highlights HNT bone regeneration
capacity and supports the potential exploitation of all three
HNT/PCEC/Gel scaffolds as a platform for the restoration
of damaged bone in variable types, ages, and other health
factors.
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Material and method

Material

g-Caprolactone, polyethylene glycol with Mw of (6000),
gelation, glutaraldehyde (25% aqueous solution), sodium
hydroxide, and acetic acid were supplied from Merck
Chemical Co. Nanohydroxyapatite powder (with particle
size <70nm) and Magnetite iron oxide nanoparticle (11,
IIT) powder (mostly 20-30nm), dichloromethane stannous
octoate, and dichloromethane were supplied from Sigma-
Aldrich. Halloysite (with a diameter of 30-70 nm and
length of 1-3um) was obtained from natural nano
(Rochester, NY, USA). Fetal bovine serum (FBS), antibi-
otics including DMEM (Modified Eagle’s Medium), peni-
cillin streptomycin, Dulbecco, trypsin-EDTA, and PBS
(phosphate buffered saline) were obtained from Gibco,
Singapore. MTT powder (3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazoliumbromide) were purchased from
Invitrogen (Carlsbad, CA).

Preparation of PCEC copolymer

PCL-PEG-PCL triblock copolymer was synthesized based
on the method described in previous works.?* Briefly, PCI-
PEG-PCL triblock was synthesized through ring-opening
polymerization of €-CL monomer in the presence of PEG.
1g of PEG and 1g of PCL monomers were mixed and
melted up to 80°C in the presence of a nitrogen flow. After
PEG was melted, the temperature of the mixture rose to
130°C. Octoate molten tin catalyst (0/05 wt %) was added
under mild stirring and continued nitrogen gas flow. The
prepared solid polymer was dissolved in dichloromethane,
precipitated into icy diethyl ether, and dried at room tem-
perature overnight.

Fabrication of PCEC/Gel based hybrid scaffold

PCEC/Gel/HNTs, PCEC/Gel/HNT/nHA, and PCEC/Gel/
HNT/Fe,O, were synthesized via the freeze-drying pro-
cess as follows. Initially, the different types of hybrid sus-
pensions were prepared separately in 5 ml dichloromethane
following the definite amount of HNT, nHA and Fe,O,
specified in Table 1. Then, PCEC copolymer (100 mg) was
dissolved in 10ml dichloromethane separately. The pre-
pared copolymer solutions were added to nanopowder sus-
pensions and mixed thoroughly to achieve proper
dispersions. After adding 1% span-80 emulsifier to the
solutions of copolymer, gelatin aqueous solutions (5%
w/v) were added to the dispersed solutions and homoge-
nized (homogenizer: ULTRATURRAX, T25 Basic,
Germany) at 15mV for 6min until the polymeric and
aqueous phases mixed thoroughly. Subsequently glutaral-
dehyde cross-linker (1% v/v) was added dropwise under
stirring for 10 min. The mixtures were then immediately
injected into cooled glass Petri dishes and frozen to —20°C

Table |I. Materials percentage for preparation of porous
hybrid scaffolds (a) PCEC/Gel with 3wt% HNT, (b) PCEC/Gel
with 6wt% HNT (c) PCEC/Gel with 3wt% HNT-3wt% HA,
and (d) PCEC/Gel with 3wt% HNT-3wt% Fe,O,.

No Sample HNT%* nHA%* Fe,O,%*

PCG PCEC/Gel -
PCGH-3 PCEC/Gel/HNT-3 3
PCGH-6 PCEC/Gel/HNT-6 6 - -
PCGHH PCEC/Gel/HNT/nHA 3

3

PCGHF PCEC/Gel/HNT/ Fe,O,

*%Wwt respect to polymer.

overnight. Finally, the frozen samples were lyophilized at
—80°C for 48 h using a Christ freeze dryer ALPHA 1-2/LD
plus to obtain porous scaffolds. To block the remaining of
unreacted glutaraldehyde, scaffolds were immersed in a
glycine aqueous solution (1% w/v) for 1h at 37°C and
rinsed with distilled water three times. Afterward the sam-
ples were freeze-dried again for another 24 h. All samples
(0.75—1 mm height) have been prepared in triplicate.

FT-IR analysis

The chemical characterizations of the prepared PCG, PCGH-
6, PCGHH, and PCGHF hybrid scaffolds were assessed by
FT-IR spectroscopy (Equinox 55 LS 101, Bruker, Germany)
over the wavelength range of 400-4000 cm™'. The Infrared
(IR) spectra of all KBr pressed samples were recorded under
CO, nitrogen gas at room temperature.

SEM and EDX analysis

The morphology of HNT, Fe,O,, nHA nanoparticles were
monitored by scanning electron microscope (SEM) (LEO
1430 VP, Germany). In addition, the surface morphology
and structure of prepared scaffolds were visualized by SEM
at 15kV acceleration voltage. Examined Scaffolds (PCG,
PCGH-6, PCGHH, and PCGHF) were sectioned into thin
slices and vacuum-coated with Au—Pd thin layer by a
Polaron SC7620 sputter coater. The presence and distribu-
tion of used elements on the scaffold’s surface were evalu-
ated using EDX (Energy-dispersive X-ray spectroscopy)
(MIRA3TESCAN). Analyzed specimens were cut into
specified sizes and placed on electron microprobe stubs.

Mechanical test

Mechanical strengths of prepared porous samples were
performed at the load cell of 10N at room temperature
using Zwick tensile testing machine (Germany). The scaf-
folds were cut into 10mm X20mm in size. For the
mechanical test, compressive pressure was performed at
an extension rate of 5mm/min until the examined speci-
mens reached to 80% reduction in height.
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Porosity and density

The liquid displacement method is a reliable test to deter-
mine the porosity and density of prepared samples.
Samples with a known weight (W) were immersed in a
certain volume of EtOH (V) at a scaled cylinder. The vol-
ume of the ethanol after placing scaffolds is V,. The EtOH
soaked scaffold was picked up and the residual volume of
EtOH was recorded as V. Porosity and density of exam-
ined samples were determined based on equations (1) and
(2), respectively.

_(VI_V3) 1
A W
p—Vz_V3 2

Swelling

The swelling study was performed to determine water
absorption percentage. Dry with a certain weight (W) were
immersed in phosphate buffer solution (PBS) for 24, 48, and
72h. After immersion, the swollen samples were taken out
and the excess water from their surface was removed softly
by filter papers, then weighed again (W ). The percentage
of absorbed water was calculated using equilibrium (3):

W, -Ww
Degree of swelling (%) = % 3)
d X

In vitro hDPSCs cell isolation and culturing

To sterilize, composites were impregnated in ethanol
(70%) for 30min and washed with sterilized PBS three
times to remove any EtOH residues. Then, they were sub-
jected to UV spot for 20min. Finally, scaffolds were
soaked in DMEM medium and incubated for 3days at
37°C to eliminate residual PBS.

HDPSCs were seeded in a complete medium (DMEM
comprised FBS (10%), and Penicillin antibiotics (1%) and
incubated at 37°C in 5% CO, atmosphere. As 80%-90%
confluency was obtained, pre-cultured h-DPSC were
detached with the mixtures of trypsin (0.05%) and 1 mM
EDTA. Feasible cells were evaluated by trypan blue assay.
The hDPSCs were cultured on scaffolds in a complete
medium (400 ml for each well). The cell-cultured scaffolds
were incubated again. TCPS contained cells without scaf-
folds were prepared as a control.

To evaluate differentiation performance, the osteogenic
medium contained a DMEM medium with FBS (10%) and

antibiotics (1%), dexamethasone (100nM), ascorbic acid
(50 ug/ml), and B-glycerol phosphate (10mM) was
replaced by complete culture medium after 24 h. The oste-
ogenic media was renewed every 3 days.

MTT Test for cell proliferation analysis

To evaluate the viability and proliferation of hDPSCs (pas-
sage 4) in TCPs, MTT assay was applied to PCG, PCGH-
6, PCGHH, and PCGHF membrane. Cells, with a seeding
density of 103 X 5 per well were cultured on pre-sterilized
scaffolds for 3, 7, and 14 days. At each time point, 500 pl of
MTT solution with pH=7.4 was added to each well and
incubated in the dark at 37°C in 5% CO2 atmosphere for
4h. Then the purple-colored formazan was dissolved in
200 pl dimethyl sulfoxide (DMSO), and its optical density
was determined via a microplate ELISA reader (Multiskan
MK3, Thermo Electron Corporation, USA) at 570 nm. The
cells seeded on TCPS were considered as a negative con-
trol. Studies were repeated in triplicate.

Cell morphology and attachment

The morphologies and adhesion of the cells cultured on
scaffolds were processed and observed by SEM imaging.
After14 days, Incubated scaffolds were immersed in PBS
three times. Then, samples were fixed using glutaralde-
hyde (5%) at 37°C for 1 h, dehydrated in a series of gradi-
ent ethanol/water solutions (50%, 70%, 90%, and 100%),
and air-dried at room temperature for 24 h gradient.

Alizarin red staining

ARS is a spectrophotometric determination of mineralized
calcium. ARS assay was performed to assess the osteo-
genic activity of hDPSCs cultured on scaffolds after
21days. The seeded scaffolds were rinsed with PBS twice
and fixed with ice-cold MeOH for 1h. Then, scaffolds
were incubated in alizarin red S solution for 15min in a
dark place at room temperature. After washing with deion-
ized water, the seeded scaffold was soaked in cetylpyri-
dinium chloride (10% w/v) for 15 min to solubilize reacted
ARS. Alizarin Red S stain concentrations were quantified
viameasuring the absorbance at 570 nm on the Victor3TMV
reader (PerkinElmer).

Alkaline phosphatase staining

ALP activity of hDPSCs was estimated on day 21 of osteo-
genic induction. After washing with PBS (pH=7.4), the
hDPSCs were lysed via the addition of lysis buffer (0.5 ml)
containing 0.1% Triton X-10 to each well and centrifuged
at 12,000rpm for 20min at 4°C. The supernatant from
cells destruction was incubated with p-nitrophenyl phos-
phate solution for 30min. The reaction was stopped by
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Figure I. FT-IR spectrum of PCEC, PCEC/Gel, PCEC/Gel/
HNT, PCEC/Gel/HNT/nHA, and PCEC/Gel/HNT/Fe,O,,

adding 600ml of NaOH (2M). Quantification of ALP
activity was controlled spectrophotometric via an auto-
matic microplate reader at the wavelength of 405 nm.

Statistical analysis

Samples were prepared in triplicate (in size of 1 X1X1cm).
All results were reported as the mean = standard deviation
(SD). The experimental data were studied using T-test and
ANOVA assay. In statistical analyses, GraphPad Prism
(GraphPad Software Inc, USA, version 7.03), Origin Pro
(version 2022 V9.9.0.225) and P < 0.05 was regarded as a
statistical significance level.

Results

Physical-chemical characterization

The FT-IR spectrum of different scaffolds is demonstrated
in Figure 1. At the infrared spectra of PCEC copolymer, the
absorption peak at 1177 and 1243cm™! was attributed to
C-0O—-C stretching vibration and asymmetric C—O—C
stretching vibration of PEG. The C—O and C—C stretching
vibration was appeared at 1368 cm™! and the peaks of C=0

stretching were shown at 1730cm™". The absorption bands
of symmetric CH, stretching and asymmetric CH, stretch-
ing were appeared at 2867 and 2948 cm™'. The absorption of
Terminal ~OH group was shown at 3446 cm™. In the spectra
of PCEC/gel, the bands appeared at 2868.60 and
2928.56¢cm ! indicating the C-H stretching of PEG, PCL,
and Gel. Bands at 1079.34 and 1731.89cm™! are related to
the etheric groups (C-O-C) of PEG and esteric carbonyl
groups of PCL, respectively. =O stretching-hydrogen bond-
ing joined with COO of amide-I that represented at
1638.60cm™! and the N-H groups bending vibration and
C-N groups stretching vibrations of amide-II that appeared
at 1540.11 cm™! are the distinctive absorption bands of Gel.
In addition, the C-N band of amide-II and III appeared at
1242.48cm™!. Bands that existed at ranges of 1463.68 to
1371.25cm™ correspond to the methyl groups bending
vibrations. The characteristic peak of N-H and COOH
groups in the Gel is represented at 3441.78 cm™'. As repre-
sented in the spectra of PCEC/gel/HNT, doubled bonds at
3697.07 and 3621.97 cm™! can be attributed to the stretching
vibrations of the inner surface and inner hydroxyl groups of
HNT, that are appeared in similar areas of PCEC/gel/HNT/
nHA and PCEC/gel/HNT/Fe,O, spectra. In PCEC/gel/
HNT/nHA FT-IR spectrum, the peaks at 567.11cm cm™!
correspond to the stretching vibration of phosphate groups
in nHA, where the characteristic absorption peaks of
Fe-O-Fe are shown at 593.84cm™' of PCGHF spectrum.
These results confirmed that HNT, nHA, and Fe,O, were
immobilized in a polymeric network of the hydrogel.

The morphology of HNT, Fe,O,, nHA nanoparticles
were provided in Figure 2. Figure 3(a)) represented the
prepared PCG, PCGH-6, PCGHF and PCGHH scaffolds.
In addition, the morphology and the difference among the
microstructure of prepared scaffolds were visualized via
SEM. As can be seen in Figure 3(b)), all the four resulting
scaffolds exhibited porous morphology with intercon-
nected pores. In addition to random dispersion, hydrogels
containing nanofillers seemed to have smaller pores sizes.
The EDX pattern of prepared hydrogel composites dis-
played in Figure 3(c)) confirmed the presence of nanofill-
ers and their distribution on the surface of various prepared
composites. The successful incorporation of different nan-
oparticles inside the multi-component composites were
proved using EDX assay methods. The elements of Al and
Si (0.24% and 0.37%) are brought by HNT of PCGH-6
that are absent in PCG (reference) diagram. Ca (0.48%)
and P (0.13) are confirmed the presence of nHA in PCGHH,
and 0.27% Fe belongs to Fe,O, nanoparticles in PCCHF.

Mechanical analysis

The mechanical strength and stiffness of 3D scaffolds are of
great importance for their promising usage in bone tissue
reconstruction.?> The stiffness of the membrane affects cell
proliferation, adhesion, and differentiation. Since seeding
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Figure 2. The SEM images of nanoparticles of (a) HNT (Scale bar: 500 nm), (b) Fe;O, (scale bar: 200nm) and (c) nHA (Scale bar:
500 nm).
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Figure 3. A. The prepared composite hydrogel scaffolds (a) PCEC/gelatin, (b) PCGH-6, (c) PCGHH and (d) PCGHF. B. The SEM
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cell on the scaffold with different tensile properties could
adjust their interior force through the modulating of signal-
ing pathways.?® For example, research was reported that the
matrix with high mechanical properties simulated MSCs to
differentiate into osteoblasts while cells differentiate into
nerves on the low stiffness network.?” Besides, the mechani-
cal properties of the scaffolds wrapped around the restoring
bone must be of a similar magnitude to withstand physiolog-
ical loading force during implantation and healing.'?
However, the implanted scaffold should keep strength at a
special level to gradually degrade in a body along with the
new bone generation. Of the results obtained from the stress—
strain diagram in Figure 4, the stress-strain of reinforced
scaffolds was improved conspicuously than the control sam-
ple (PCG composite). The mechanical properties of poly-
meric hydrogel containing nanofillers are higher as stiffer
particles provide the rigidity for PCG scaffolds.?® Especially
one-dimensional HNTs with remarkable surface-to-volume
ratio and tubular shape structure optimized load transmission
from the PCG network to the nanotube through generating a
physical network that improves its performance in bone

regeneration, as well.?® It could be seen that with the inclu-
sion of the rigid HNT particles (3% and 6% wt) to PCG
hybrid hydrogel the mechanical strength was enhanced sig-
nificantly. Besides, compared to the sample comprising HNT
3%, co-addiction of HNT with nHA or Fe,O, in PCGHH and
PCGHEF scaffolds showed a small reduction in scaffolds’
strength (Table 2). As evident in the curves, tensile strength
of PCGHF scaffolds were higher (0.93%) than PCGHH
(0.91%) that revealed the superior stiffness impact of Fe,O,
than HA in composite scaffolds. However, increasing HNT
content up to 6% wt, weakened the tensile strength of the
scaffold compared to 3% slightly (from 0.96% to 0.73%),
which was still higher than the control. Appling HNT in
higher concentration causes non-homogenate dispersion of
HNT and aggregated particles creation in the polymer matrix
which is the likely reason for lesser stiffness.?

Porosity and density

Porosity and densities are important factors to examine
the usefulness of scaffolds for bone tissue restoration
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Table 2. Mechanical properties of the scaffolds.

Scaffold Tensile strength (MPa) Young module (MPa)
PCG 0.42+0.01 0.67 =0.55

PCGH-3 0.96 +0.6 53*+0.92

PCGH-6 0.73+0.29 4.7 +£0.03

PCGHH 091 x0.11 53*0.18

PCGHF 0.93+0.74 5.1+03

Values are mean * standard (n=3).

and cells growth.?® Porosity and density should be in a
balanced state for designing scaffolds with appropriate
mechanical and biological features. The porous struc-
tural system with suitable pore interconnectivity facili-
ties ECM production, cells migration, and cell viability.
Porosity supports diffusion and exchange of nutrients,
oxygen, and cellular metabolites for proper osteogenesis
and new tissue formation, which could be affected
through the freeze-drying process.3*! Besides, density
is related to the pore volume and pore distribution of
scaffolds. High porosity decreases the mechanical
strength of scaffolds.?? Therefore, it is essential to fabri-
cate scaffolds with great porosity and high specific sur-
face area without reducing their strength.! The porosity
of PCG scaffolds, created via freeze-drying, was 74.5%
(Figure 5(a)). The addition of HNT with a high surface-
to-volume ratio showed a stronger effect on the porosity
of the scaffold that decreased the porosity, especially at
6 wt% in comparison to PCGHH or PCGHF. Previous
Studies reported that halloysite nanotubes promoted the

stiffness of hydrogel scaffolds via decreasing the pore
size.’* The porosity of the nano-membranes containing
HNT 3% mixed with different co-filler (Fe,O, and nHA)
was nearly the same, about 70% which was lower than
PCG scaffold. In parallel, the density enhanced by the
increasing of the nano-fillers (HNT, nHA, and Fe,0,)
content increased (Figure 5).

Swelling

The swelling capacity of the hydrogel is vital for material
exchanging during the progression of tissue reconstruction.>*
However, the higher degree of hydrophilicity may cause
excess swelling that damages the structure and strength of
the composite.® Therefore moderate swelling of the scaf-
folds is required for bone tissue repair.’® The result of the
hydrophilicity test after 24, 48, and 72 h is exhibited in Figure
5(b). As compared to PCEC/GEL composite scaffold, the
addition of HNT increased the water uptake which might be
related to the high surface area of applied nanotubes.
However, the incorporation of Fe,O, and HA decreased the
water absorption capacity of scaffolds. Since the hydropho-
bic MNP and HA nanoparticles may form a physical barrier
layer by occupying a space of porous hydrogels, which
would increase the rigidity of the polymeric network and
limit the water uptake of hydrophilic gelatin segments.*’-*8

MTT assay

MTT assay was used to estimate the cell viability and cyto-
compatibility of prepared scaffolds toward hDPSCs.!'
Figure 6 shows the OD value of seeded cells after 3, 7, and
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14 days, in which hDPSCs were cultured on the TCPS as
control. At the end of 14 days, osteoblastic cellular prolif-
erated on all of the nano scaffolds over time. This indicates
that the prepared composites are non-toxic to cultured
cells. However, the cell proliferation of scaffolds contain-
ing HNT 6% decreased slightly compared to neat PCG
scaffolds. In addition, it was recognized that by increasing
the concentration of inorganic HNT from 3% to 6%, the
growth of cells showed a little reduction. This claims that
cell viability is affected by HNT concentration. Besides,
by comparing the polymeric hydrogels, the addition of
nHA and Fe,O, improved the obtained absorbance.
Remarkably, the highest cell proliferation is observed for
the sample comprising nHA 3% after 3, 7, and 14 days.

Cell morphology and attachment

The morphology and in vitro adhesion of cultured cells
were monitored by SEM after 14 days (Figure 7). Cells dis-
persed and attached randomly over the porous scaffolds
confirmed the non-toxicity and biocompatibility of scaf-
folds. It was found that the incorporation of HNT enhanced
the surface volume of scaffolds and increased their rough-
ness relative to the pure PCG providing superior interaction
between hydrogels and cells. In addition, the incorporation
of magnetic Fe;O, and nHA could promote cells attach-
ment and disturb. As expected, it seems that nHA deposited
composites displayed better cell adhesion and activity.

Alizarin red staining

The mineralized calcium nodules are the late-stage mark-
ers of the osteogenically differentiation process. The cell
mineralization causes calcium depositions that are detailed
via Alizarin red staining at their maximum concentration
after 2-3 weeks of culturing.3**° The extracellular calcium
amount of the differentiated human-DPSCs was visualized
after 21days of seeding (Figure 8(a)). Cells cultured in
nano scaffolds containing HNT, Fe,0,, and nHA nanopar-
ticles demonstrated a greater intensity of ARS activity in
comparison to control (regular growth media, DMEM) and
PCG scaffold, as shown in Figure 8(b). These results
emphasized the positive effect of HNT support and its
composition with Fe,O, or nHA nanoparticles on the pro-
motion of calcium mineralization. Growing cells on the
PCGH-6 scaffolds displayed a slightly higher level of ARS
activity than those on the PCGHF scaffolds. Note that the
highest absorbance was detected in cells treated with
PCGHH composition that proved superior osteogenesis
activity of nHA immobilized-HNT scaffolds.

Alkaline phosphatase

Phosphate deposition, similar to calcium concentration, is
also important for the osteogenesis of cells. Alkaline phos-
phatase, a membrane metalloenzyme is significant for esti-
mating the level of mineralization and maturation of the
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ECM during the bone regeneration progression.'!'#! ALP
activity as an osteogenic marker in the early stage of stem
cell differentiation was assessed after 21 days of cell cul-
ture. According to the results depicted in Figure 8, the ALP
expression of cells on the composite is higher than that on
the PCG and DMEM. This higher activity can be related to
the presence of HNT along with nHA and Fe,O,, where
ALP secretion was slightly higher in PCGH-6 in compari-
son to PCGHF. Furthermore, the ALP activity on scaffolds
containing nHA and HNT is greatest. This confirmed the
positive effects of HNT and nHA nanoparticles on enhanc-
ing the hDPSCs osteogenic differentiation.

Discussion

The present study was carried out to design biocompatible
3D scaffolds based on PCEC/Gel with the incorporation of
HNT as a supportive nanofiller. The lyophilized scaffolds
were examined using h-DPSCs for bone tissue engineer-
ing. The multicomponent hydrogels were prepared from
PCEC/Gel and halloysite nanoclay (3%) in composition
with HNT (3%), nHA (3%), or Fe;O, (3%). In the fabrica-
tion of the hydrogel-based on HNT, the weight ratio of 3%
was selected for HNT as an optimal value due to its supe-
rior mechanical strength and good bioactivity. Hence com-
posite implant with poor mechanical strength could not
support new bone formation in damaged sites.*?

In addition, materials, which are applied in scaffold prep-
aration, have an important impact on cellular activity. So we
designed three multi-component scaffolds to combine the
superior mechanical strength with higher biological response
in a single system, aiming to enhance cell activity and accel-
erate osteogenesis. Besides, as per previous reports, HNT at
a concentration in a range of 5%—7% exhibited better bio-
logical activity despite its probable lower mechanical sup-
port.** Thus, we decided to study PCGH-6 performance and

compare it with PCGHH or PCGHF composite scaffolds to
examine their difference in physical strength, cellular viabil-
ity, and osteoconductivity.

Mechanical studies demonstrated that PCGH-6scaf-
fold had lower tensile strength compared to nHA and
Fe,0,, which may be attributed to the agglomeration of
HNT in higher concentrations. MTT assay on h-DPSCs in
vitro revealed that all fabricated nanocomposites were
cytocompatible with a reasonable influence on cell prolif-
eration. Especially, the maximum cell proliferation is
obtained for the sample comprising HNT/nHA where the
PCGH-6 sample had slightly lower OD in comparison to
PCGHH and PCGHEF, as agglomerates of HNTs can affect
nutrients transportation and cell growth.**> Similarly the
reports revealed that the addition of HNT at high concen-
tration (6.0 wt%) in PCL/Gel scaffold decreased cell pro-
liferation rate without inducing cells apoptosis. 34647

In this study, ALP and ARS staining assays were carried
out after cell culturing for 21 days. Based on the results,
PCGHEF scaffold promoted cell osteogenic function com-
pared to PCG scaffold. The previous work exhibited that
cach Fe,O, nanoparticle became a single magnetism
domain which promoted osteogenesis via the formation of
a magnetic micro-environment, stimulating cellular sign-
aling pathways, and reducing intracellular H,0,.*® For
example, the incorporation of Fe,O, MNPs in bone poly-
L-lactide/polyglycolic acid scaffolds stimulated tissue for-
mation in vivo.*>*° However, the studies showed that the
existence of Fe,O, nanoparticles in high volume (>100 pg/
ml) declined cell proliferation and differentiation.® To
overcome disadvantages, we used Fe,O, nanoparticles in
combination with HNT to increase mechanical and bio-
logical performance at a lower amount of Fe,0,.

Interestingly, the scaffold comprising HNT 6% demon-
strated higher osteogenic differentiation compared to
PCGHF. It may indicate that HNT, at higher concentrations,
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Figure 7. SEM micrographs of hDPSCs growing on (a) PCG, (b) PCGH-6, (c) PCGHF, and (d) PCGHH scaffolds (scale bar: 20 um).

could remarkably upregulate hDPSCs osteoconductivity
than being cytocompatible at lower concentrations. The
existence of silica on the external surface of the halloysite
increases the content of the Si element. This increment
advances the bioactivity and osteoconductivity of HNT in
vitro and in vivo via inducing collagen type I secretion.*’
PCGHH, with significant cytocompatibility, showed a
higher promotion of osteogenic differentiation because it con-
tains nHA ceramic, which is well known for its excellent bio-
logical activity. Chemical and structural similarity of nHA to
natural bone has been reported widely in the past decade 47.
However, nHA showed poor mechanical strength, especially

at the lower concentration, and it reduced applicability in
long-term high-load-bearing implants.”*® Nevertheless, the
PCGHH scaffold displayed relatively good compressive
strength due to the presence of HNT (Figure 3). In conclu-
sion, we used HNT together with Fe,O, and nHA assuming to
reduce their needed volume as long as improving physical
strength and maintaining or even enhancing osteogenesis.
Inclusively, all three designed platforms can meet the accept-
able physiological and biological performance which exhibits
the possibility of applying each scaffold in bone repairing
based on variability in type, age, position, or other health fac-
tors of damaged bone.
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Conclusions

3D porous scaffolds with proper physicochemical, mechan-
ical, and biological properties are developed based on
PCEC/Gel/HNT alone or in composition with HA and
magnetic nanoparticles. In this work, the osteogenic activ-
ity of nHA and Fe,O, were combined with the mechanical
and osteogenesis performance of HNTs to design suitable
potent implants for tissue regeneration. The incorporation

of HNT (3%) into PCEC/Gel scaffolds increased the
mechanical performance. Freeze-dried HNT hydrogel scaf-
fold showed supported osteoinductivity of hDPSCs in the
nHA/HNT, HNT/HNT, and Fe,O,/HNT scaffolds at the
weight ratio of (1:1). Results indicated that newly designed
PCEC/Gel/HNT scaffolds can be introduced as promising
multi-component hydrogels scaffolds with superior bio-
logical and mechanical functionalities for bone tissue
redevelopment.
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