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Abstract

The encapsulation of ascorbic acid within chitosan nanoparticles (CHNs), embedded in a fibrous structure of a dexamethasone
(Dex)-loaded PCL scaffold, provides a new plan for osteogenic differentiation of mesenchymal stem cells. This electrospun
PCL fibrous scaffold can release Dex, as bone differentiation initiator, and ascorbic acid, as bone differentiation enhancer, in
an approximately sustained release pattern for about 2 weeks. Ascorbic acid-loaded CHNs were prepared by electrospraying
a mixture of chitosan and ascorbic acid, and Dex-containing PCL fibers were prepared by electrospinning a mixture of PCL
and Dex. The final PCL/chitosan bilayer scaffolds were obtained by the sequential employment of electrospinning and elec-
trospraying methods. Scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR) confirmed
that the CHN's were successfully incorporated into the fibrous PCL matrix. The improved proliferation of hMSCs cultured
on the PCL/chitosan scaffolds was also verified. Osteogenic assays showed an increase in alkaline phosphatase activity and
mineral deposits. The expression of bone-specific genes also confirmed the osteogenic differentiation of cells cultured on
these PCL/chitosan bilayer scaffolds. Dual-drug-loaded PCL/chitosan scaffold enhanced the osteoblast differentiation of
hMSC cells and can be served as a potential scaffold for bone tissue engineering.
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Introduction

Tiny bone defects are usually self-healed; whereas some
serious bone defects resulting from tumor removal, skel-
etal injuries or complete hinge substitution need further
therapeutic techniques. Bone tissue engineering, as a novel
therapeutic method, attempts to eliminate the limitations of
traditional techniques such as autograft and allograft in the
treatment of serious bone defects. A common approach in
bone tissue engineering is in vitro differentiation of stem

P4 Fariba Ganji
fganji@modares.ac.ir

< Mohamadreza Baghaban-Eslaminejad
eslami @royaninstitute.org

Department of Biomedical Engineering, Faculty of Chemical
Engineering, Tarbiat Modares University, Tehran, Iran

Department of Stem Cells and Developmental Biology,
Cell Science Research Center, Royan Institute for Stem Cell
Biology and Technology, ACECR, Tehran, Iran

Department of Biotechnology, Faculty of Chemical
Engineering, Tarbiat Modares University, Tehran, Iran

cells in the presence of some differentiation factors such as
ascorbic acid (Cuaranta-Monroy et al. 2014) and dexametha-
sone (Dex) (Li et al. 2014) for several weeks.

Ascorbic acid plays an important role as an auxiliary fac-
tor in the hydroxylation of proline and lysine residues in
collagen (Langenbach and Handschel et al. 2013; Li and
Wu 2018). Investigations show that the presence of ascorbic
acid increases the expression of genes associated with the
mitosis while the absence of ascorbic acid decreases alkaline
phosphatase expression and inhibits calcium accumulation
(Vater et al. 2011). Usually, 50-500 micro-molar ascorbic
acid solutions are used in bone phenotype induction for
mesenchymal stem cells (MSCs) (Langenbach and Hand-
schel et al. 2013). Dex, as a synthetic glucocorticoid, plays
a principal role in bone differentiation. If Dex is completely
eliminated from the human MSCs culture, differentiation
does not occur. Hamidouche et al. stated that Dex induces
bone differentiation of MSCs by increasing the transcrip-
tion of FHL2, a member of the LIM protein superfamily,
the expression of which induces bone phenotype acquisition
(Hamidouche et al. 2008).

a
* @ Springer


http://orcid.org/0000-0003-0714-5213
http://crossmark.crossref.org/dialog/?doi=10.1007/s40204-021-00153-8&domain=pdf

66

Progress in Biomaterials (2021) 10:65-76

One of the principal parts of bone tissue engineering is
biodegradable scaffolds. These scaffolds are porous beds
with a structure like that of an extracellular matrix (ECM),
directing the cell growth towards the formation of the
desired tissue (Wismer et al. 2014; Hoshiba and Gong et al.
2018). In the conventional approaches of tissue engineering,
separated and proliferated cells are seeded on scaffolds, and
prior to implantation in the patient body, they undergo their
differentiation period in the cell culture medium contain-
ing stimulant molecules. This differentiation period is about
21 days in the case of bones. Employing such conventional
approaches is not appropriate, especially when the impor-
tance of therapeutic duration becomes more pronounced.
If it is possible to eliminate the in vitro cell culture stage
from the development steps of an engineered tissue, the
therapeutic duration is minimized. However, what makes
the removal of such a stage difficult is the lack of a sufficient
amount of differentiation factors in the human body. One
of the proposed solutions to overcome these problems is
the direct injection of these molecules. Although the direct
injection can provide the required molecules for the differ-
entiation step, fast diffusion and subsequent migration from
the damage location require a continuous injection of an
enormous amount of these factors. To overcome this issue, a
novel approach entitled “releasing scaffolds” was introduced
in tissue engineering (Madry et al. 2013). These scaffolds
accelerate the in vivo tissue formation process and decrease
the amount of drugs and/or stimulant differentiation factors
by their local release in comparison with direct injection.
Drugs and biomolecules could be directly released from the
scaffolds and/or micro/nanoparticles incorporated into the
scaffolds. Micro/nanoparticles are used to transfer drugs
and proteins for a long time. Scaffolds containing stabilized
micro/nanoparticles inhibit/decrease the drug burst release.
Moreover, different biological factors could be released in a
controlled manner while the release kinetics of each factor
can be controlled separately via the individual formulation
of the micro/nanoparticle. Zahiri et al. (2020) fabricated cur-
cumin (Cur) loaded chitosan nanoparticle (CNs) in hybrid
PCL/gelatin fibrous mesh with endometrium stem cells
(EnSCs) to evaluate the in vivo wound healing ability of the
fabricated scaffolds. The electrospun hybrid scaffold seeded
with EnSCs showed desirable biocompatibility with the host
immune system and wound healing ability in a full-thickness
excisional animal model. Compared with the CNs/Cur car-
rier, the release rate of pure Cur from the fiber mat was very
fast, confirming the ability of controlled drug release by the
CNs carrier Zabhiri et al. (2020).

Omidvar et al. (2016) studied the sustained release
of Dex from the PCL nanofiber scaffold for bone differ-
entiation of MSCs. The entrapment of Dex in chitosan
microparticles and its incorporation in PCL fibers lead
to the sustained release of Dex over a period of 14 days.

* @ Springer

The presence of this drug in cell culture results in bone
differentiation induction and cell proliferation enhance-
ment (Costa et al. 2015). Rasti Boroojeni et al. (2019)
studied dexamethasone sodium phosphate (DEXP)-loaded
chitosan nanoparticles embedded in poly-e-caprolacton
(PCL) and gelatin electrospun nanofiber scaffold for the
treatment of the nervous system. The results showed that
nanoparticles embedded in the nanofiber scaffold provided
a more controlled release pattern of the loaded drug. Such
scaffolds with the capability of sustained release of growth
and differentiation factors can be the right candidates for
therapeutic purposes through tissue engineering. More
control on the growth, proliferation, and differentiation
of cells could be achieved by a scaffold with the possi-
bility of releasing two different drugs with two distinct
release profiles. Li et al. (2015) utilized both Dex and
bone morphogenetic protein-2 (BMP-2) in an electrospun
nanofiber scaffold simultaneously for the bone differen-
tiation of MSCs and the resolution of mouse skull major
bone defects. They first loaded BMP-2 into bovine serum
albumin (BSA) nanoparticles and then being loaded into
the electrospun nanofibers to both maintaining the bioac-
tivity of BMP-2 and having a more sustained drug release.
Dex was directly loaded into the nanofibers to have a faster
release profile associated with burst release.

Bilayer electrospinning is a novel approach that has been
recently employed in the fabrication of tissue engineering
scaffolds (Rajzer et al. 2014). Utilization of the preferred
characteristics of each layer and the possibility of separate
loading of drugs and biomolecules in every layer are the
main advantages of these scaffolds. Vakilian et al. (2015)
prepared three-layered PCL containing BSA-loaded chi-
tosan nanoparticles and poly-L lactic acid (PLLA) hybrid
nanofiber (PCL/NP-PLLA) mesh as the scaffold. According
to the BSA release profile, the multi-layered structure of
nanofibers with two barrier layers provided a programmable
release pattern of the loaded protein.

In this study, PCL electrospun bilayer scaffolds contain-
ing chitosan nanoparticles (CHNs) were fabricated for the
first time for the controlled delivery of Dex and ascorbic
acid. Dex initiated bone differentiation of bone marrow
MSCs and ascorbic acid contributed to the completion of
this process. Dex was directly loaded into the PCL fibers
through electrospinning, while ascorbic acid was loaded
into CHNs through electrospraying and then dispersed
within the PCL nanofibers. Sequential employment of elec-
trospinning and electrospraying methods to formulate the
CHN-embedded PCL bilayer scaffolds can be nominated as
another unique feature of this study. The properties of the
PCL/chitosan bilayer scaffolds were characterized by SEM
and tensile strength analysis. The ability of these new scaf-
folds to control human-MSC (hMSCs) adhesion, prolifera-
tion, and bone differentiation was also investigated.
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Materials and methods
Materials

Chitosan with average molecular weight and PCL
(70-90 kDa) were purchased from Sigma Aldrich Com-
pany (USA). Chloroform, dimethylformamide (DMF), and
acetic acid were purchased from Merck Company (Ger-
many). Dexamethasone (Dex) and ascorbic acid (AA) were
prepared by Temad Company (Iran).

Preparation of CHNs

The electrospraying method was used for the preparation
of CHN s due to its good characteristics like being single-
stage, being economic, and having high efficiency of drug
loading. Similar to electrospinning, in the electrospray-
ing technique, electrostatic forces were employed for the
fabrication of particles; however, the difference is that the
lower concentration of polymeric solution led to rupturing
of the charged jet into the charged particles. Therefore,
the nano/microparticles were collected at the collector
surface. To prepare CHNs, 1% (w/v) chitosan solution
was prepared by addition of 0.1 g chitosan to the mixture
of 9-mL distilled water and 1-mL pure acetic acid. The
obtained solution was stirred on a magnetic stirrer at the
rate of 500 rpm for 24 h. To prepare ascorbic acid-loaded
CHNs (AA-CHNSs), 0.05 g ascorbic acid was added to the
above-mentioned solution and stirring process was contin-
ued for a further 30 min. The injection into the electrospin-
ning device (Fanavarn Nanomeghyas ES1000-Iran) was
carried out with the feeding rate of 1.2 mL/h towards the
rotating drum (200 rpm), which was placed in a constant
distance of 6 cm from the needle tip (the internal diameter
of the utilized needle was 0.8 mm). The voltage difference
between the needle tip and drum was held at 13 kV.

To investigate the morphology of the collected parti-
cles on the aluminum foil, circles with 1.5 cm diameter
of aluminum foil were separated and after gold coat-
ing, were evaluated using scanning electron microscopy
(SEM, Phillips XL30—USA) under 30 kV voltage. The

Table 1 Composition of the scaffolds

SEM micrographs were analyzed to measure the size of
the particles using the Image J-software (National Institute
of Health).

Preparation of PCL nanofibers

To prepare the electrospinning solution, 0.96 g PCL was
completely dissolved in an 8-mL solvent (a mixture of chlo-
roform and DMF, with the ratio of 3—1) by 2-h stirring with
300 rpm on a magnetic stirrer. For preparing Dex-containing
PCL (PCL-Dex) fibers, 0.04 g Dex was added to the PCL
solution and the stirring process was continued for 30 min.
The polymeric solutions were poured in 12-mL SUPA
syringe (with 0.8-mm needle). The electrospinning process,
based on our pre-experiments (Omidvar et al. 2016), was
performed at a distance of 17 cm from the tip to collector
and a feeding rate of 1 mL/h through a 21G stainless steel
needle at 350 rpm drum rotating speed. To determine the
optimum voltage for conducting uniform and rupture-free
fibers, voltages of 15, 17, 19, and 21 kV were selected for
optimization of the Dex-free fibers while voltages of 15,
16, and 17 kV were selected for optimization of the PCL-
Dex fibers. Lower voltages were employed for the PCL-Dex
fibers considering the higher electrical conductivity of the
PCL solution in the presence of Dex. The morphology of
the electrospun nanofibers was investigated using a scan-
ning electron microscope (SEM, Phillips XL30—USA). The
average diameter in each case was calculated and reported by
Image-J software from at least 50 randomly selected fibers.
The optimum voltage values were identified through qualita-
tive investigation of SEM micrographs.

Preparation and characterization of PCL/chitosan
scaffolds

Firstly, 2.4 mL of the Dex-containing PCL solution was elec-
trospun to form the first PCL-Dex layer on the rotating drum
at the optimum condition, i.e., 16 kV voltage. Then, 6 mL
of the ascorbic acid-containing chitosan solution was elec-
trosprayed at the optimum condition to form and distribute
AA-CHNSs on the first PCL-Dex layer. Finally, the second
PCL-Dex layer was electrospun from 2.4 mL of the Dex-
containing PCL solution, exactly the same as the first layer.

Scaffold no Scaffold’s layer arrangement No. of scaffold Scaffold description
layers
1 PCL 1 One PCL layer
2 PCL-Dex/CHNs/PCL-Dex 2 CHNs embedded between tow Dex-loaded PCL layers
3 PCL/AA-CHNs/PCL 2 Ascorbic-loaded CHNs embedded between two PCL layers
4 PCL-Dex/AA-CHNs/PCL-Dex 2 Ascorbic-loaded CHNs embedded between two Dex-loaded PCL layers
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To investigate the effect of the presence of CHNs between
the PCL fibers four scaffolds with different structure were
prepared as described in Table 1.

To illustrate the presence and distribution of CHNs
on and among the PCL fibers, SEM analysis (SEM, Phil-
lips XL30—USA, at a working distance of 8.5-10.5 mm
and voltage of 25.0 kV) and FTIR spectra (Perkin Elmer
Spectrometer Frontier-America, with KBr pellets in the
400-4000 cm™' range, with a resolution of 1 cm™') were
recorded.

In vitro release studies

Prepared scaffolds were weighed and soaked in 5 mL of
phosphate buffer saline (PBS) in triplicate. The samples
were incubated at 37 °C shaking at 80 rpm for 2 weeks.
At the predetermined times, 1 mL of the released solution
was collected and replaced with fresh PBS. The cumula-
tive amounts of Dex and AA released from fibers were
determined by UV analysis at 235 and 274 nm, respectively
(Spectrophotometer UV-160A, Shimadzu, Japan). All meas-
urements were performed triplicate; data are reported as
means + SD.

Cell studies
Cell proliferation and culture on scaffolds

Human bone marrow stem cells were separated from the
patients’ bone marrows, who volunteered for stem cell trans-
plantation according to the Ethics Committee of the Royan
Institute (Tehran, Iran). Cells from the third to fourth pas-
sage were used for further examination. The hMSCs were
seeded on the prepared scaffold and punched as discs of
1.5 cm diameter at a number of 2 x 10° cell/scaffold.

Proliferation and viability assessment of hMSCs

The viability of cells cultured on the scaffolds and their
proliferation was assessed by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay after 1, 7, and
14 days. The MTT method is principally based on the ability
of living cells to the reduction of tetrazolium compound into
a purple formazan solution. For this purpose, the culture
medium on the fibrous scaffolds was first removed and then
replaced by a 500-pl fresh culture medium. Thereafter, a
100-ul MTT solution was added to every well. The samples
were held in an incubator for 2 h (at the temperature of 37 °C
and air atmosphere with 5% CO,). Subsequently, the upper
medium was discharged and the produced formazan crys-
tals were dissolved by dimethyl sulfoxide (DMSO). Then,
the optical absorption of the obtained purple solution was
measured by spectrophotometry (1=570 nm).
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Morphology and distribution of cells on scaffolds

SEM analysis was carried out to investigate the morphol-
ogy and distribution of the cultured hMSCs on the scaf-
folds. At the 7th day of cell culture, the samples were fixed
in 2.5% glutaraldehyde solution in refrigerator (4 °C).
Then, the samples were dehydrated with increasing the
ethanol concentration (30, 50, 70, 80, 90, and 100%).
Thereafter, the samples were coated with nanometric layer
of gold and then evaluated by SEM.

Investigation of alkaline phosphates activity of cells

For investigation of alkaline phosphatase activity of the
cultured hMSCs in the days 7 and 14, the cells on the
constructs were rinsed with PBS solution and sonicated
within 250-ul assay buffer. The substrate solution (0.2 mL
of p-nitrophenyl phosphate (pNPP), Biovision) was mixed
with 0.2 mL of the cell lysate. After preserving for 1 h
at room temperature, the spectrophotometry analysis was
carried out at 405-nm wavelength to measure the absorp-
tion amount of the samples. In this method, alkaline phos-
phatase enzyme catalyzes the transformation of color-less
para-nitrophenyl phosphate into yellowish para nitrophe-
nyl; hence, by measuring the adsorption of the formed
nitrophenyl, the alkaline phosphatase activity value can
be identified. Alkaline phosphatase activity was normal-
ized based on the total proteins existing in the samples.
The total proteins in the samples were also identified by
the BCA method.

Real-time (RT-PCR) for gene expression analysis

Osteogenic differentiation was measured by the expression
of bone-related genes such as osteopontin (OPN), collagen
type I (COL I) and RUNX2 in the day 14. In brief, total
RNA was isolated with the RNeasy MicroKit (Qiagen). The
reverse-transcription reaction was performed with 2 mg
total RNA using random hexamer as a primer and Rever-
tAid M-MuLV Reverse Transcriptase kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions.
Moreover, cDNA was amplified by specific COLI (for-
ward: 5" ATGCCTGGTGAACGTGGT?3/, reverse: 5' AGG
AGAGCCATCAGCACCT3'), OPN (forward:5' GCCGAG
GTGATAGTGTGGTT3', reverse: 5' TGAGGTGATGTC
CTCGTCTG3'), RUNX2 (forward: 5" ATGACACTGCCA
CCTCTGA3Z', reverse: 5' ATGAAATGCTTGGGAACTGC
3") and GAPDH (forward: 5"CTCATTTCCTGGTATGAC
AACGA3, reverse: 5" CTTCCTCTTGTGCTCTTGCT3')
primers and Power SYBRVR Green PCR Master Mix in
ABI (Applied Biosystems). Gene expression levels were
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determined by the 2=“A¢D method with glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) as reference.
Statistical analysis

Experimental data are represented as mean standard devia-
tion) mean + SD). The statistical differences among each
set were investigated by ¢ test analysis and statistical sig-
nificance was presented as P <0.05. Each experiment was
repeated three times.

Results and discussion
Characterization of CHNs

CHNss with and without ascorbic acid were prepared using
the electrospray method. Based on Fig. 1, both CHNs and
AA-CHNs were obtained successfully with an almost
spherical shape. Interestingly, they were obtained in two
different sizes. The greater particles that were less in num-
ber are called “primary droplets” and the finer particles
that were numerous in number are known as “satellite
droplets” (Hartman et al. 2000). Both the primary and

AccV SpofMagn Det W§ ——— 20pm
200kV 8.0 1000x SE 1334

satellite particles represented a uniform distribution. The
reason for the formation of two types of particles with
two distinct sizes in the electrospraying method was well
described by Hong et al. (2008) and Hartman et al. (1997).
They showed that after rupturing of the stable cone jet, due
to reciprocal electrical interactions between charged par-
ticles and electrostatic inertia effects, the fast separation
of primary and satellite droplets will occur. Hence, after
the formation of the particles, two distinguished spraying
regions were observed: the internal core of the cone jet
that was the precursor of the primary microparticles and
the external parts of the cone that was the precursor of
the satellite and finer microparticles. For CHNs, the pri-
mary microparticles, which formed about 15% of all the
microparticles, had an average diameter of 1.12 +0.09 um,
whereas the satellite microparticles, which formed about
85% of all the microparticles, had an average diameter of
285 +7 nm (Table 2). For AA-CHNS, the primary micro-
particles, which constituted about 20% of all the droplets,
had an average diameter of 1.20 +0.1 pm, while the sat-
ellite microparticles, which constituted about 80% of all
the microparticles, had an average diameter of 273 +£5 nm
(Table 2). All the subset groups had distorted, rough, and
nearly spherical surfaces.

. ¢ » 3 }
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Fig.1 SEM micrographs of a CHNs and b AA-CHNSs, (magnification X 1000, scale bar 20 um)

Table 2 Characteristics of chitosan nanoparticles

Sample Starting Solution Obtained nanoparticles
Chitosan solution Ascorbic acid solution  Satellite droplets Primary droplets Geometry
concentration (mg/ Concentration (mg/ml) - -
ml) Number of  Mean particles Number of  Mean particles
particles (%) diameter (nm)  particles (%) diameter (um)
CHNs 100 - 85 285+7 15 1.12+0.09 Nearly spherical
AA-CHNs 100 50 80 2735 20 1.20+0.1 Nearly spherical
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Characterization of PCL fibers

The effect of the applied voltages on the diameter of the
resulting PCL fibers is presented in Fig. 2. The process was
optimized towards smaller and more homogeneous fiber
diameters. As the voltage increased from 15 to 21 kV, the
diameter of the electrospun PCL fibers increased (Fig. 2).
This is due to the increased electrostatic force, driving the
solution from the needle tip towards the rotating drum,;
increasing this force tended to increase the mass of the solu-
tion discharged from the needle tip (Wutticharoenmongkol
et al. 2006). Figure 2a shows that the PCL fibers obtained
at conditions of 15 kV were not sufficiently uniform and
had some ruptures and fractures. The PCL fibers obtained at
17 kV had a uniform distribution of diameter, and no fractur-
ing or rupturing was observed in their structure (Fig. 2b).
When the voltage increased to 19 kV, it was found that the
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PCL fibers were strongly non-uniform and some of them
were ruptured (Fig. 2¢). This discontinuity may be due to the
instability of the established polymeric cone at the needle tip
at the voltages higher than the optimum value (Sill and Von
Recum et al. 2008). At the voltage of 21 kV, the non-uniform
distribution of large fibers was clearly observed (Fig. 2d).

Therefore, the voltage of 17 kV was selected as the opti-
mum voltage for electrospinning of the drug-free PCL scaf-
folds. The average diameter of the PCL fibers in Fig. 2b was
measured as about 320 +4 nm.

The effect of the voltages applied to the diameter of the
resulting PCL-Dex fibers is represented in Fig. 3. The pro-
cess was again optimized towards smaller and more homo-
geneous fiber diameters. Figure 3 shows that the diameter
of the electrospun PCL-Dex fibers increased as the voltage
increased from 15 to 17 kV. At the voltage of 15 kV, a lack
of sufficient electrical energy for the synthesis of a stable

AccV Spot Magn Det W

"*20‘,0kv 40 8000x SE 1

Fig.2 SEM micrographs for PCL nanofibers electrospun at the voltage of a 15 kV, b 17 kV, ¢ 19 kV, and d 21 kV, (magnification X 8000, scale

bar 2 pm)
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Fig.3 SEM micrographs for PCL-Dex nanofibers electrospun at the voltage of a 15 kV, b 16 kV, and ¢ 17 kV, (magnification X 4000, scale bar

5 um)

fiber led to developing a non-uniform and shapeless PCL-
Dex fiber (Fig. 3a). The PCL-Dex fibers obtained at 16 kV
had harmony in their shape with a uniform distribution of
diameter, and no fracturing or rupturing was observed in
their structure (Fig. 3b). At the voltage of 17 kV, in addi-
tion to the instability of the polymeric cone and rupturing
of the fibers, the non-uniform distribution of the PCL-Dex
fibers was also observed (Fig. 3c). Therefore, the voltage of
16 kV was presented as the optimum voltage to electrospin
the PCL-Dex fibers. In this voltage, the average diameter of
the fibers was measured as 370 + 6 nm (Fig. 3b).

Characterization of PCL/chitosan scaffolds
The microstructure of the PCL/chitosan bilayer scaffolds

was observed by SEM, illustrating the random distribution
of AA-CHNs among the two PCL-Dex electrospun fibrous

layers (Fig. 4). Evidently, the CHNs were well distrib-
uted and adhered to the PCL-Dex nanofibers, without any
change in their spherical structure or any increase in the
PCL nanofiber diameters. The electrospinning of the second
layer of the PCL-Dex nanofibers enhanced the adhesion and
entrapment of these nanoparticles. Employing this approach
may also reduce the probability of separation, segregation,
and departure of drug-containing CHNs from these con-
structs during cell culture and release periods.

FTIR spectra recorded for CHNs, AA-CHNs, PCL,
PCL-Dex and a bilayer PCL/chitosan scaffold are pre-
sented in Fig. 5. FTIR spectra of the PCL/chitosan scaf-
fold showed the presence of individual polymers in the
bilayer scaffold after electrospinning. The bands appearing
at 1660 cm™! and 1190 cm™! of the PCL/chitosan scaf-
fold spectra could be assigned to the C =0 stretching of
amide I and asymmetric C—O-C stretching of chitosan,
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Fig.4 SEM micrographs showing the distribution of AA-CHNSs on electrospun PCL-Dex nanofibers, (magnification X 5000, scale bar 5 um)
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Fig.5 FTIR spectra for PCL, CHNs, PCL+CHNs, AA/CHNs and
PCL-Dex scaffolds

respectively. In addition, the 2915 and 2967 cm™! adsorp-
tion bands in the PCL/chitosan spectra were intensified in
comparison with the PCL spectra. This intensification may
be due to the addition of 2924 and 2947 cm™~! adsorption
bands of chitosan. The results of FTIR studies confirmed
that CHNs were successfully incorporated into the fibrous
PCL matrix.

Upon comparing the CHNs and AA-CHNs FTIR, the
formation of AA-CHNs can be proven by the appearance of
absorption bands of C=0 of AA at 1761 cm™". In addition,
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a higher reading of OH in 3520 cm™! in AA-CHNs FTIR can
be attributed to extra OH groups of AA.

The PCL-DEX FTIR spectrum had no important fluctua-
tions compared to the PCL FTIR due to low dexamethasone
content (4.1% by wt). Higher reading of OH in 3225 cm™! in
PCL-Dex FTIR can be attributed to extra OH groups of Dex.

In vitro release study

The release profile of Dex from PCL scaffolds was fol-
lowed for 20 days and the results are illustrated in Fig. 6.
The release profile of Dex exhibited a burst of about 30%
in 12 h, then maintained a slow-release rate (57% up to day
13), and finally reached a saturated point from day 13. The
burst release of Dex from PCL-Dex fibers can be attributed
to the distribution pattern of Dex within the fibers. There
is a short diffusional path for those amounts of loaded Dex
located on the surface, causing a burst release of the drug
within a short period. On the other hand, the high solubility
of the drug in the release media (about 25 mg/mL) could be
the logical stimulator for this fast release.

As it can be seen, Dex release was slowly continued for
13 days and finally stopped after day 13. Since PCL is a
semi-crystalline polymer, this phenomenon can be attributed
to the entrapment of Dex within crystalline regions. Part
of the loaded Dex located on the surface or in the amor-
phous regions of the polymeric fibers can easily penetrate
the medium within the pores. However, the crystalline
regions prevent the absorption of water into the fibers, and
the remaining drug becomes entrapped within the fibers.
Thus, the residual drugs are trapped in the polymer and can
only be released after the degradation of the entire structure.

The release profile of AA from CHN nanoparticles was
also followed for 20 days and the results are displayed in
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Fig.7 MTT analysis results of nanofibrous scaffolds at 1st, 7th, and
14th days after cell culture

Fig. 6. The release profile of AA exhibited a small burst
of about 25% on the first day and then maintained a slow-
release rate (from day 1 to day 13) and reached a saturated
point on day 13. In the case of release from the surface of
nanoparticles, surface-absorbed AA immediately dissolves
when it comes into contact with the release medium, which
leads to a burst of AA.

Cell studies of PCL/chitosan scaffolds

To investigate the interaction between hMSCs and the pre-
pared scaffolds, MTT analysis was performed for the cul-
tured cell on all nanofibrous scaffolds in 7 and 14 days. The
results of their proliferative activity are presented in Fig. 7.
Cell activities and the number of living cells in all the four
groups of scaffolds increased 7 and 14 days after culturing.

they even facilitated the growth and activity of the cells.

The morphology and distribution of the cultured hMSCs
on all the nanofibrous scaffolds were studied on day 7 by the
use of SEM micrographs (Fig. 8). Based on the micrographs,
the adhesion and distribution of the cells were greater on
the scaffolds containing CHNs (i.e., scaffolds No. 2, 3 and
4) than on the scaffolds without CHNSs (i.e., scaffold No. 1).
This may be attributed to the increase of hydrophilicity of
the scaffolds, and therefore, to the easier penetration of water
into the PCL/chitosan scaffolds and more adhesion tendency
of the cells to the PCL/chitosan scaffolds, as compared to
the PCL scaffolds. The presence of hydrophilic groups in
the chitosan chain resulted in hydrogen bond formation with
water and improved the hydrophilicity of the PCL/chitosan
scaffolds. Meanwhile, the PCL scaffolds without CHNSs
showed a higher hydrophobicity because of the presence
of —CH, groups in the PCL fibers.

The differentiation of hMSCs seeded on all four scaf-
folds was also investigated by monitoring the ALP activ-
ity. The secretion of ALP (Fig. 9) was investigated by the
pNPP assay on days 7 and 14. The ALP activity was directly
related to the formation of mineralized substances on the
scaffold substrate. The highest level of this activity occurred
in the bone regeneration process. This object was considered
as a suitable criterion for identifying the bone differentiation
of MSCs. A comparison of the ALP activity of all the four
experimental groups on days 7 and 14 revealed that scaffold
No. 1, which did not contain any ascorbic acid and Dex, had
the lowest ALP activity. Moreover, no ALP activity increase
was observed on day 14 for this scaffold.

It was also observed that scaffold No. 3, which was free of
Dex and only contained ascorbic acid, showed no clear and
distinguished ALP activity. Ascorbic acid was associated
with two other important molecules, i.e., Dex and b-glycerol
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phosphate, which were added to the bone differentiation cul-
ture medium. Regarding the ALP activity of scaffold No. 3,
the role of ascorbic acid in the inception and initiation of the
bone differentiation process was very weak. Ascorbic acid’s
presence could not cause the differentiation of hMSCs into
the bone cells, and it seems that the presence of Dex as the
initiator of differentiation was vital. Dex, as a synthesized
glucocorticoid, plays a principal role in the differentiation
of hMSCs into the bone (Coelho et al. 2000; Ghali et al.
2015); if Dex is completely eliminated from the cell culture
medium, no differentiation occurs (Herbertson and Aubin
et al. 1995; Porter et al. 2003).

It was also observed that the ALP activity of the cultured
cells on scaffolds No. 2 and 4 on day 14 had consumable
increment in comparison with the day 7. This ALP activity
increase, caused by the continuous release and presence of
Dex from these scaffolds, can be regarded as the main role
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of this drug in the differentiation of hMCSCs into bone cells.
Considering the higher ALP activity of the cells on scaf-
fold No. 4 containing both Dex and ascorbic acid, it can be
deduced that ascorbic acid, in the presence of Dex and after
the initiation of the differentiation process by Dex, can also
proceed and enhance bone differentiation in such a way that
the ALP activity in this group is 80% higher than that in the
scaffold No. 2.

To determine the osteogenic differentiation of MSCs on
the scaffolds, the gene expression of RunX2, OPN and COLI
was examined on day 14. The relative gene expression was
normalized in contrast to the GAPDH as the house-keeping
gene and compared to the cells cultured on scaffold No. 1
(the PCL scaffold as the negative control). Figure 10 shows
that the expression of OPN and RunX2 in scaffold No. 4
was significantly higher than that in the other groups. In
this study, the up-regulation in OPN and RunX2 expres-
sion for MSCs cultured on the scaffolds releasing Dex and
ascorbic acid demonstrated that the sustained release of Dex
and ascorbic acid can facilitate the differentiation of h(MSCs
into osteoblasts. The results indicated that the expression of
COLI was higher in all the groups than in the control group.
Ascorbic acid acted as a co-factor for hydroxylation proline
and lysine residue in the collagens.

Conclusion

CHN-embedded PCL bilayer scaffolds were prepared with
the capability of controlled release of Dex and ascorbic
acid as two bone induction factors. For this purpose, ascor-
bic acid-containing CHNs prepared by the electrospray-
ing method were distributed among two Dex-containing
PCL electrospun fibrous layers. The introduction of CHNs
improved the mechanical properties and bioavailability of
the PCL scaffolds. The cell viability experiment confirmed
the nontoxicity of the PCL/chitosan scaffolds. The in vitro
biological evaluation showed that our PCL/chitosan scaf-
fold enhanced the osteoblast differentiation of hMSC cells,
making it a potential scaffold for bone tissue engineering.
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