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Abstract: Bone tissue engineering is a rapidly developing, minimally invasive technique for regen-
erating lost bone with the aid of biomaterial scaffolds that mimic the structure and function of the
extracellular matrix (ECM). Recently, scaffolds made of electrospun fibers have aroused interest due
to their similarity to the ECM, and high porosity. Hyaluronic acid (HA) is an abundant component
of the ECM and an attractive material for use in regenerative medicine; however, its processability
by electrospinning is poor, and it must be used in combination with another polymer. Here, we
used electrospinning to fabricate a composite scaffold with a core/shell morphology composed of
polycaprolactone (PCL) polymer and HA and incorporating a short self-assembling peptide. The
peptide includes the arginine-glycine-aspartic acid (RGD) motif and supports cellular attachment
based on molecular recognition. Electron microscopy imaging demonstrated that the fibrous network
of the scaffold resembles the ECM structure. In vitro biocompatibility assays revealed that MC3T3-E1
preosteoblasts adhered well to the scaffold and proliferated, with significant osteogenic differen-
tiation and calcium mineralization. Our work emphasizes the potential of this multi-component
approach by which electrospinning, molecular self-assembly, and molecular recognition motifs are
combined, to generate a leading candidate to serve as a scaffold for bone tissue engineering.

Keywords: bone tissue engineering; electrospinning; self-assembly; short peptide; hyaluronic
acid; scaffolds

1. Introduction

Bone is a metabolically active connective tissue capable of self-regeneration through
the process of bone remodeling. Bone defects may be the result of trauma, neoplasms,
congenital defects, or bone-associated diseases. When the damage is great, large defects
cannot self-repair and, thus, therapeutic intervention is required [1]. In such cases, autolo-
gous bone graft is regarded as the gold-standard of treatment; however, this method has
certain drawbacks, including secondary damage, high donor site morbidity, and limited
availability. Similarly, other intervention options, such as allografts and xenografts, may
be associated with immune-mediated rejection and transmission of diseases [1-3]. Bone
tissue engineering is an alternative approach in which the damaged bone is regenerated
with the aid of a biomaterial scaffold. The objective of tissue engineering is to construct a
bio-artificial scaffold that mimics the ECM structure and function, and therefore supports
cellular adhesion, proliferation, and differentiation, in addition to providing the required
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physical properties [1-4]. Scaffolds that demonstrate high porosity, interconnected pores,
and a large surface area, together with sufficient mechanical and morphological properties
to make them load-bearing, are considered superior [4-6].

In the last two decades, electrospinning has emerged as a leading approach for the
formation of scaffolds suitable for the growth of different tissues. This is mainly because
the polymeric nanofibrous nonwoven meshes produced by electrospinning possess high
porosity and exhibit mechanical and functional properties that resemble those of the
ECM [4,6]. Electrospun scaffolds can be prepared from a variety of polymers, including
biopolymers and synthetic biodegradable and biocompatible polymers, offering a wide
range of mechanical, chemical, and biological properties that can be tailored to the growth
of the tissue [4,7-9]. Electrospinning also allows different polymers to be combined in
the same fiber, thereby producing fibers with versatile architectures, including core/shell
and pie-like structures [10]. Furthermore, electrospinning enables the incorporation of
active molecules, including drugs and growth factors, which can further improve the
compatibility and performance of the scaffold.

Polycaprolactone (PCL) is a synthetic biodegradable polyester that is widely used
in tissue engineering because of its availability, relatively low price, and its ability to be
chemically modified [11,12]. The polymer’s elastic properties and ease of use in composites
make it an excellent candidate for electrospinning fibers. The degradation of PCL is
relatively slow; complete degradation of the ester bonds by lipase enzymes could take up
to two to three years in biological systems. This long half-life makes it a good candidate for
tissue engineering of hard tissues, where healing requires an extended period of time [13,14].
However, synthetic polymers lack many of the properties required for tissue engineering
and specifically, the hydrophobic surfaces and the absence of cellular recognition sites
fail to promote cellular attachment [6,13,15]. This issue may be addressed by the recent
introduction of polymer—polysaccharide composite scaffolds [14,16,17].

Hyaluronic acid (HA) is a large polysaccharide composed of repeating disaccha-
rides units. HA is present in large quantities in the ECM and plays a significant role in
many biological processes, including cell proliferation, molecular signaling, and wound
healing [18,19]. The material has been extensively studied in the field of tissue engineering,
since it has been demonstrated that incorporating HA improves the cellular migration
and proliferation in the scaffolds [16]. However, despite the excellent biocompatibility,
HA has relatively low mechanical strength, and as a polyelectrolyte also has a significant
amount of free charge carriers. These properties make electrospinning pure HA highly
challenging, and thus HA is usually combined with another polymer, e.g., PCL, to prepare
an electrospun scaffold [14,18].

Scaffolds made of HA can also be strengthened by utilizing molecular self-
assembly [18,20,21]. Many biomaterials spontaneously self- assemble through nonco-
valent interactions to produce well-ordered structures [20,22-26]. Short peptides can form
three-dimensional (3D) hydrogels that support cellular attachment and proliferation. One
of these low-molecular-weight hydrogelators, fluorenyl-methoxycarbonyl-diphenylalanine
(FmocFF) peptide, which has been studied extensively [2,18,23-25,27-29], assembles effi-
ciently into an ordered tubular structure and forms a rigid fibrous hydrogel under physio-
logical conditions [2,18,25]. Combining self-assembled short peptides with polysaccharides
has been reported to improve the mechanical properties of 3D hydrogels [18,20-23]. A
recent study reported that co-assembly of HA polymer with the supramolecular hydroge-
lator FmocFF could produce a biocompatible hydrogel with excellent biological properties
and superior mechanical properties emanating from the FmocFF groups [18].

Another low-molecular-weight hydrogelator, Fmoc-phenylalanine-arginine-glycine-
aspartic acid (FmocFRGD), self-assembles to form a fibrous network [27,28]. The RGD
sequence in FmocFRGD is a motif present in a variety of extracellular matrix proteins and
serves as a molecular recognition sequence that can stimulate the attachment and spreading
of cells like fibroblasts and endothelial cells on various coated substrates [15,30,31]. More-
over, specifically in the field of bone tissue engineering, incorporating the RGD molecular
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recognition sequence in bone implants results in an increase in bone growth, a decrease in
the development of interface fibrous tissue, faster cellular differentiation into osteoblasts,
and a decrease in the time required for osseointegration. Notably, better results were
obtained when RGD was incorporated with natural polymers, such as HA [32]. The in-
teraction between integrins and ECM proteins can be mimicked by using short synthetic
peptides containing the RGD sequence. Hence, in recent years, efforts have focused on
incorporating the RGD sequence into peptide modified biomaterial [28].

Here, we describe a fibrous scaffold fabricated via coaxial electrospinning PCL poly-
mer together with HA, and incorporating the FmocFRGD peptide. We characterized the
electrospun nonwoven meshes of fibers, using electron microscopy, and demonstrated the
ability of the scaffold to mimic the fibrillary structure of the ECM. The addition of HA
and FmocFRGD to the scaffold improved the bioactivity and cell affinity, and facilitated
osteogenic differentiation, as demonstrated by intracellular Alkaline Phosphatase (ALP)
activity and biomineralization.

2. Results and Discussion
2.1. Preparation and Characterization of PCL-Based Electrospun Fibers

A pure PCL electrospun system was selected as the main polymer for the scaffold
developed in this study, since this material has previously been used to prepare scaffolds
for bone tissue regeneration [4,7-9]. Here, we improved the bioactivity of the scaffold
by incorporating the HA polysaccharide and FmocFRGD self-assembling peptide, repre-
senting two additional bioactive components, into the elctrospun fibers. Fibrous scaffolds
were designed and prepared by electrospinning nonwoven nanofiber meshes, as depicted
schematically in Figure 1. Four types of meshes with different compositions were produced:
(a) pure PCL fibers, (b) PCL+ FmocFRGD peptide fibers, (c) HA/PCL core/shell fibers, and
(d) HA+ FmocFRGD peptide/PCL core/shell fibers. In a typical procedure, the compo-
nents were dissolved in the appropriate solvents and dispensed through a single needle, to
obtain single component fibers, or through a coaxial needle in the case of core/shell fibers.
A high voltage was applied between the needle and grounded rotating drum collector, and
the charged polymer solutions were jetted towards the collector. The jet was thinned and
dried throughout the process, to form a nanofiber that was deposited on the rotating drum.
In order to increase the size of the scaffold sheets and to improve the homogeneity of the
scaffold, the dispensing syringe was positioned on a moving stage and was repeatedly
moved back and forth, until the entire solution was spun and the required thickness was
achieved.
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Figure 1. Schematic illustration of the electrospinning system used to fabricate the nanofibrous
scaffolds, and the molecular structures of the different components used.

2.2. Characterization and Surface Properties of the Electrospun Fibers

The morphology of the nonwoven fibrous meshes and the distribution of fiber diameters
were analyzed and characterized by scanning electron microscopy (SEM, Figure 2). The SEM
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micrographs indicate that the meshes are homogeneous and exhibit a 3D porosity. While
the pure PCL fibers exhibit a relatively homogeneous size distribution, with an average
diameter of 0.7 & 0.2 um, the addition of FmocFRGD peptide to the PCL yielded a bimodal
distribution with a smaller population of fibers having an average diameter of 0.5 um and
a larger population of fibers with an average diameter of 1.2 um. A bimodal distribution
was also observed for the HA /PCL core/shell fibers, with one population centered around a
diameter of 0.6 um, and another population of fibers with an average diameter of 1.5 um that
exhibits a broader diameter distribution. The HA + FmocFRGD/PCL core/shell fibers exhibit
a unimodal distribution with a positive skew, with fiber diameters ranging from 100 nm to
2 um. The various fiber distributions can be seen in the high-magnification images of the
different samples (Figure 2, middle).
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Figure 2. SEM micrographs (top), zoom in on the fibers (middle), and fiber diameter distribution
(bottom) for electrospun meshes of (a) polycaprolactone (PCL), (b) PCL + Fmoc-phenylalanine-
arginine-glycine-aspartic acid (FmocFRGD), (c) hyaluronic acid (HA)/PCL core/shell, and (d) HA +
FmocFRGD/PCL core/shell fibers.

The fibrous mesh structure and morphology are similar to the fibrillary nature of the
ECM, which is a crucial characteristic for a scaffold used in tissue engineering because of
the active interaction between the cells and the ECM [4,6,33]. Cells sense the ECM and
react to it under normal physiological conditions. Moreover, under pathological conditions,
the ECM plays a key role in the process of tissue regeneration and repair [34]. The porous
architecture demonstrated by the fibrous scaffold is another important characteristic in
tissue engineering, since the interconnected pores allow cellular ingrowth and diffusion of
nutrients, oxygen, and waste products across the scaffold [4-6,33]. A scaffold composed
of electrospun PCL, HA, and with an RGD motif, ideally resembles the ECM structure
with respect to fibrous protein, glycosaminoglycans, and the proteins that mediate cell
attachments, such as fibronectin, respectively [4,6,30,31].

To further analyze the morphology of the obtained core/shell fibers, trace amounts of
polymeric fluorescent dyes were added to the core and shell solutions, and the scaffolds
were imaged in a confocal microscope. Figure 3 shows the confocal images of the dry HA +
FmocFRGD/PCL core/shell fibers mesh. Despite jetting the components in a core/shell
configuration, the HA + FmocFRGD peptide component (Figure 3a, green) and the PCL
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component (Figure 3b, blue) occupy the entire volume of the fibers, and their overlay
indicates that they mixed during the jetting process (Figure 3c). Upon immersing the
scaffold in water (Figure 3d), the morphology of the fibers changes: The hydrophilic
components (HA + FmocFRGD) extend towards the aqueous solution, and the HA and
RGD groups become exposed at the surface of the fibers, while the PCL becomes the core of
the fiber (Figure 3d). Supplementary Materials Figure S1 demonstrates the confocal images
of HA/PCL core/shell fibers.

10 pm 10 pm : 10 um

Figure 3. Confocal microscopy images of a dry mesh of HA + FmocFRGD/PCL core/shell fibers. (a)
The PCL component (blue). (b) The HA + FmocFRGD component (green). (c) The overlay of the two
components. (d) The same sample after immersion in water, displaying the transition of the HA +
FmocFRGD (green) to the surface of the fibers, leaving the PCL (blue) at the center of the fibers.

As the next stage, we studied the wettability of the different scaffolds, since wettabil-
ity is an important characteristic for scaffolds in tissue engineering [15,33]. Contact angle
measurements were performed to assess the hydrophobicity of the scaffolds (Figure 4i-1).
In general, all surfaces appeared hydrophobic, probably due to the hydrophobic nature of
the PCL. However, the FmocFRGD + PCL scaffold demonstrated the highest hydropho-
bicity (Supplementary Materials Figure S2). This may be due to the arrangement of the
aromatic amino acids in the scaffold. As expected, the HA /PCL core/shell scaffold exhibits
low hydrophobicity (Supplementary Materials Figure S2), due to the contribution of the
hydrophilic HA. To increase the hydrophilicity, the meshes were treated with oxygen plasma,
which introduces polar functional groups to the surface and is widely used to improve the
hydrophilic nature of materials [15,33,35]. Oxygen plasma treatment was performed for 40 s,
at a low intensity, on the scaffolds, and resulted in a significant increase in the hydrophilic
characteristics (Figure 4e-h). Macroscopically, all the scaffolds appear smooth, with similar
surface properties (Figure 4i-1). The fibers are visible and not ordered. Figure 4m-p presents
the different scaffolds after a 24 h immersion in cell culture media. The size and shape
remained well-preserved; however, when the scaffolds were removed from the medium, the
edges slightly folded.
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Figure 4. Characterization and surface properties of HA, FmocFRGD, and PCL electrospun fibers.
(a—d) Images of a water droplet on (a) PCL, (b) FmocFRGD + PCL, (c) HA/PCL core/shell, and (d)
HA + FmocFRGD/PCL core/shell scaffolds. (e-h) Images of a water droplet after plasma treatment
on (e) PCL, (f) FmocFRGD + PCL, (g) HA/PCL core/shell, and (h) HA + FmocFRGD/PCL core/shell
scaffolds. (i-1) Images of the electrospun scaffolds (i) PCL, (j) FmocFRGD + PCL, (k) HA/PCL
core/shell, and (1) HA + FmocFRGD/PCL core/shell. (m-p) Images of the electrospun scaffolds after
24 h immersion in cell culture media: (m) PCL, (n) FmocFRGD + PCL, (o) HA/PCL core/shell, and
(p) HA + FmocFRGD/PCL core/shell. Scale bar = 7 mm.

2.3. Biocompatibility of the HA + FmocFRGD/PCL Core/Shell Electrospun Fibers

In vitro cell viability experiments were performed, to estimate the potential of the
material to serve as a scaffold in tissue engineering. MC3T3-E1 preosteoblasts cells
were seeded on the different scaffolds, and the cell viability was evaluated with Ala-
mar blue, one, three, and seven days after seeding. Following seven days of incubation, the
HA + FmocFRGD/PCL core/shell samples demonstrated a high biocompatibility of 92%,
while the other scaffolds exhibited a biocompatibility of up to 50% (Figure 5a). Live/dead
staining with fluorescein diacetate, a cell membrane dye that stains live cells green, and
propidium iodine, a DNA dye that stains dead cells red, was carried out three days after
seeding. The scaffolds were visualized by confocal microscopy, to examine the viability of
the attached cells, their ability to spread inside the scaffold, and their shape. The results
revealed that the HA + FmocFRGD/PCL core/shell scaffold were highly populated by
MC3T3-E1 cells with normal morphology (Figure 5b—e). Live/dead staining was per-
formed on the various scaffolds: FmocFRGD + PCL, HA /PCL core/shell and PCL scaffolds
(Supplementary Materials Figures S3-55). Although high numbers of cells were detected
on the FmocFRGD + PCL scaffold, many of the cells were stained with propidium iodine
(Supplementary Materials Figure S3). Lower numbers of cells were seen on the HA /PCL
core/shell and PCL scaffolds, but while the majority of cells on the HA /PCL core/shell
was viable, some of the cells on the PCL scaffold were dead (Supplementary Materials
Figures 54-S5). Moreover, 3D visualization of the HA + FmocFRGD/PCL scaffolds re-
vealed a homogenous distribution of the cells on the scaffold, and their attachment to the
fibers (Figure 5f-g). Figure 5h presents the cellular adhesion to the fibers, as visualized by
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SEM. These observations highlight the contribution of HA and FmocFRGD peptide to the
biocompatibility, and cell-attachment properties of the scaffold.
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Figure 5. MC3T3-E1 cell viability and spreading on HA + FmocFRGD/PCL core/shell electrospun
fibers. (a) Number of viable MC3T3-E1 cells at different time points evaluated by Alamar blue.
(b—e) MCB3T3-E1 cells cultured for three days on an HA + FmocFRGD/PCL core/shell scaffold
and stained with fluorescein diacetate and propidium iodine. (f-g) 3D reconstruction of an HA +
FmocFRGD/PCL core/shell scaffold. (h) SEM image of MC3T3-E1 cells on an HA + FmocFRGD/PCL
core/shell scaffold. Data were analyzed by using two-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001,
and *** p < 0.0001.

2.4. Osteogenesis of HA + FmocFRGD/PCL Core/Shell Electrospun Fibers

Cell differentiation was assessed, to examine the capability of HA + FmocFRGD/PCL
core/shell fibers to induce differentiation of MC3T3-E1 preosteoblast cells into mature
osteoblasts cells. ALP activity is crucial for bone mineralization; hence, ALP is a useful
biochemical marker for bone formation [36,37]. MC3T3-E1 preosteoblast cells were seeded
on the various fibrous scaffolds and cultured for 16 days. After this time, the ALP substrate,
4-methylumbelliferyl phosphate (4-MUP), was added to the cells, to evaluate the intracel-
lular ALP activity. Figure 6a shows higher ALP activity in the differentiated cells seeded
on the HA + FmocFRGD/PCL core/shell fibers, compared to cells seeded on scaffolds
without HA or FmocFRGD peptide, indicating the osteogenic potential of including HA
FmocFRGD. Mature osteoblast cells secrete extracellular calcium during mineralization,
which can be identified by Alizarin red staining [38]. Figure 6b demonstrates the increased
intensity of the red stain in the differentiated cells growing on HA + FmocFRGD/PCL
core/shell fibers, in comparison to the scaffolds without HA or FmocFRGD peptide. These
results demonstrate the effect of HA and FmocFRGD on cellular differentiation and the
ability of these fibers to support biomineralization. Figure 6c,d presents the mineral
bone nodule formation, as seen by Alizarin red staining in the differentiated cells on
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the HA + FmocFRGD/PCL core/shell fibers, in comparison to the low bio-mineralization
on the PCL scaffold. Taken together, the viability and differentiation of MC3T3-E1 pre-
osteoblasts on the HA + FmocFRGD/PCL core/shell scaffolds, as evidenced by high ALP
activity and Alizarin red staining, confirm the important contribution of the combination
of HA and FmocFRGD peptide, and demonstrate the potential of these scaffolds for use in
bone tissue regeneration.
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Figure 6. Osteogenesis on HA + FmocFRGD/PCL core/shell electrospun fibers. (a) Quantification
of Alkaline Phosphatase (ALP) activity of MC3T3-E1 cells, 16 days after seeding with osteogenic
differentiation media. (b) Quantification of calcification by Alizarin red (AR) staining, 16 days
after seeding in osteogenic differentiation media. (¢, d) Optic microscope images of MC3T3-E1
preosteoblast cells stained with Alizarin red. (c) MC3T3-E1 cells 16 days after seeding on PCL fibers.
(d) MC3T3-E1 cells 16 days after seeding on HA + FmocFRGD/PCL core/shell fibers. Data were
analyzed by using a one-way ANOVA. * p < 0.05, ** p < 0.01 and *** p < 0.001.

3. Materials and Methods
3.1. Materials

Lyophilized FmocFRGD was purchased from GL Biochem (Shanghai, China). High-
molecular-weight hyaluronic acid (3 x 10° Da) was purchased from BTG-Ferring, Kiryat
Malachy, Israel. Alamar blue was purchased from Enco (Petah Tikva, Israel). Minimum
Essential Medium Eagle («-MEM) was purchased from Rhenium (Modi'in-Maccabim-
Re’ut, Israel). Fetal calf serum, penicillin, and streptomycin were purchased from Biological
Industries Beit Haemek (Beit Haemek, Israel). Polycaprolactone (average Mn 80,000)
Fluorescein 5(6)-isothiocyanate (FITC), Fluorescein diacetate, poly (2,5-dihexyloxy-1,4-
phenylenevinylene), propidium iodide, Alizarin red, and 4-Methylumbelliferyl phosphate
(4-MUP) were purchased from Sigma-Aldrich (Rehovot, Israel). MC3T3-E1 preosteoblast
cells were purchased from ATCC (Manassas, VA, USA).

3.2. Methods
3.2.1. Preparation of the Scaffolds

The electrospinning setup contained two syringe pumps (New Era Pump Systems,
Inc., Farmingdale, NY, USA), a power supply (DC voltage source, Gamma High Voltage
Research, Ormond Beach, FL 32174, USA), a moving stage, and a rotating drum collector.
In a typical procedure, a polymer solution is dispensed through a syringe at a controlled
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rate dictated by the syringe pump, while applying a high voltage between the syringe
needle and a conductive collector.

Non-woven meshes were formed by positioning the dispensing syringe on a moving
stage and repeatedly moving the syringes back and forth at a velocity of 0.1 cm/s, until the
entire solution was spun and a nonwoven mesh with a thickness of 40 um was attained.
The fibers were collected on a grounded rotating drum at a tip-to-ground distance of
7 cm and at a drum rotation speed of 80 rpm. The total area of the electrospun meshes
were 13 cm x 30 cm (390 cm?). The electrospinning was performed at ambient conditions
(average temperature of 22 °C and average relative humidity of 60%).

For the electrospinning of PCL fibers, 0.225 g of PCL was dissolved in 1.5 mL of
hexafluoroisopropanol (HFIP) (15% (w/v)), to obtain a clear homogeneous solution. The
solution was dispensed at a rate of 0.450 mL/h, through a syringe with a 25-gauge needle,
under a driving voltage of 7 kV.

For the electrospinning of PCL FmocFRGD fibers, FmocFRGD was first dissolved in
HFIP, at a concentration of 50 mg/mL. Next, the stock solution was added to the solution
of the PCL in HFIP, described above. The solutions were mixed to form a final composition
of 15% (w/v) of PCL and 0.125% (w/v) of FmocFRGD. Fresh stock solution was prepared
for each experiment, and the final combined solution was used immediately. The 1.5 mL
solution was dispensed at a rate of 0.450 mL/h, through a syringe with a 25-gauge needle,
under a driving voltage of 7 kV.

For the electrospinning of HA /PCL core/shell fibers, commercial HA (1% (w/v)) was
diluted with distilled water, to provide a 1.0 mL solution with a concentration of 0.5%
(w/v), while the PCL solution was prepared by dissolving 0.400 g of PCL in 2.0 mL of HFIP
(20% (w/v)). The two solutions were dispensed simultaneously through a coaxial needle
composed of a 25-gauge core needle and a 14-gauge shell needle. HA was dispensed at
a rate of 0.450 mL/h, while PCL was dispensed at a rate of 0.900 mL/h, under a driving
voltage of 19 kV.

For electrospinning HA + FmocFRGD/PCL core/shell fibers, the FmocFRGD was first
dissolved in DMSO, at a concentration of 100 mg/mL. Next, the FmocFRGD stock solution
in DMSO was mixed with the diluted HA solution in distilled water, to give a 1.0 mL
solution of 0.125% (w/v) FmocFRGD and 0.5% (w/v) HA in 98.75:1.25 v /v water:DMSQO
mixture. The mixture was vortexed until fully mixed. Fresh stock solution was prepared
for each experiment, and the final combined solution was used immediately. The PCL
solution was prepared by dissolving 0.400 g of PCL in 2.0 mL of HFIP (20% (w/v)). The two
solutions were dispensed simultaneously through a coaxial needle composed of a 25-gauge
core needle and a 14-gauge shell needle of. the HA was dispensed at a rate of 0.450 mL/h,
while the PCL was dispensed at a rate of 0.900 mL/h, under a driving voltage of 17 kV.

3.2.2. High-Resolution Scanning Electron Microscopy

High-resolution scanning electron microscopy was performed in a Zeiss Gemini 300 field-
emission scanning electron microscope (FESEM)), in a high vacuum mode, at a work distance
(WD) ~ 5 mm and voltage of 1-3 kV, without coating of the samples. The size distributions of
the fibers were obtained from the SEM micrographs by measuring the diameters of ~200 fibers
from each sample, using the Image] Image processing software [39].

3.2.3. Water Contact Angle Measurements

The water contact angle of the fiber meshes was measured, using the Ramé-Hart
goniometer with the Drop Image Advance analysis software, at room temperature. A
drop of DDW (2 uL) was deposited on the scaffolds, and the average contact angle was
calculated from 20 measurements on each surface.

3.2.4. Cell Viability Assay

Murine MC3T3-E1 preosteoblast cells were cultured in «-MEM supplemented with
bovine serum and 100 UmL ™! penicillin and 100 UmL~! streptomycin, in a Petri dish, and
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incubated at 37 °C, in a humidified atmosphere containing 5% CO,. The fibrous scaffolds
were cut into 7 x 7 mm?, placed I sn 96-well cell repellent plates, and sterilized by UV
for 30 min. Cells were seeded on the fibers at a density of 5 x 10° cells/well and left at
37 °C, in a humidified atmosphere containing 5% CO,. Cell viability was assessed by using
the Alamar blue assay at 1, 3, and 7 days after seeding. The medium was removed from
the wells at each time point, and a solution of 10 uL of Alamar blue and 90 uL of «-MEM
medium was added to each well, followed by 4 h of incubation. After the incubation
period, absorbance of each well was measured, using a Tecan Spark plate reader at 570 nm
wavelength (reduced) and 600 nm (oxidized). The percentage of reduced Alamar blue was
calculated from the equation provided by the materials manufacturer.

3.2.5. Live/Dead Assay

Qualitative assessment of cell viability on the scaffold was performed by using the
live/dead staining kit. Fibrous scaffolds were cut into 7 x 7 mm?, put in 96-well plates,
and UV sterilized for 30 min. MC3T3-E1 cells were then seeded on the fibers, at a density of
1.2 x 10* cells/well, and were incubated for 72 h. Live/dead staining solution containing
fluorescein diacetate (6.6 pg/mL) and propidium iodide (5 pg/mL) was used to label the
live and dead cells in green and red, respectively. The medium was removed from the wells,
and 50 pL of the staining solution was added to each well. The cells were immediately
imaged, using a Leica SP8 X Confocal Microscope.

3.2.6. Alkaline Phosphatase (ALP) Activity

To determine the intracellular ALP activity, the fibrous scaffolds were cutinto 7 x 7 mm
and placed in 96-well plates, followed by 30 min of UV sterilization. MC3T3-E1 preosteoblasts
cells were seeded at a density of 5 x 10° cells/well. After 2 days of incubation, the medium
was replaced with differentiation medium, which was changed every 2 days, for a period
of 14 days. After 14 days, the fibers were treated with 100 pL of ALP substrate solution
containing 4-Methylumbelliferyl phosphate (4-MUP) and incubated for 30 min, in the dark.
Finally, absorbance was measured at 405 nm.

2

3.2.7. Alizarin Red Staining

Alizarin red staining assays were performed in order to evaluate the extent of matrix
calcification. The fibrous scaffolds were cut into 7 x 7 mm? and placed in 96-well plates,
followed by 30 min UV sterilization. MC3T3-E1 preosteoblasts cells were seeded at a
density of 5 x 103 cells/well. After 2 days of incubation, the medium was replaced with
differentiation medium, which was changed every 2 days, for a period of 14 days. After
14 days, cells were washed with PBS and fixed for 30 min with 70% ethanol. Following cell
fixation, cells were exposed to Alizarin red solution for 30 min. After washing off the excess
dye, optical light images were taken from each well, using a Nikon Eclipse Ts2 Microscope.
The Alizarin red stain was dissolved in a solution of methanol and acetic acid (2:1), and the
absorbance was measured at 405 nm, to quantitate the result.

3.2.8. Statistical Analysis

Statistical analysis was performed by using GraphPad Prism Software (GraphPad Soft-
ware, Inc., San Diego, CA, USA). Data for each assay were analyzed with one-way analysis of
variance (ANOVA) or two-way ANOVA. Statistical significance was set at & = 0.05.

4. Conclusions

In this paper, we described a scaffold designed for bone tissue engineering applica-
tions, made of electrospun fibers composed of PCL, together with an FmocFRGD peptide
incorporated into HA. The objective was to add the favorable biocompatibility and cellular
attachment properties of HA and the RGD moiety, respectively, to a PCL-based scaffold.
The resultant fibrous scaffold morphologically resembles the fibrillar structure of the ECM
and exhibits a high degree of biocompatibility. In addition, the fibrous scaffold facilitated
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osteogenic differentiation, as evidenced by intracellular ALP activity and biomineralization.
These results suggest that the HA + FmocFRGD/PCL core/shell composite scaffold has
potential use in bone tissue regeneration.

Supplementary Materials: The following are available online, at https:/ /www.mdpi.com/1422-006
7/22/5/2425/s1. Figure S1: Confocal micrograph of the HA /PCL core/shell fibers scaffold. (a) The
PCL component, (b) the HA component, and (c) overlay of the components. Figure S2: Live/dead
assay of MC3T3-E1 cells on FmocFRGD + PCL fibers. MC3T3-E1 cells cultured for three days
and stained with fluorescein diacetate and propidium iodine: (a) brightfield image, (b) fluorescein
diacetate stain, (c) propidium iodine stain, and (d) merged image. Figure S3: Live/dead assay of
MC3T3-E1 cells on HA /PCL core/shell fibers. MC3T3-E1 cells cultured for three days and stained
with fluorescein diacetate and propidium iodine: (a) brightfield image, (b) fluorescein diacetate stain,
(c) propidium iodine stain, and (d) merged image. Figure S4: Live/dead assay of MC3T3-E1 cells
on PCL fibers. MC3T3-E1 cells cultured for three days and stained with fluorescein diacetate and
propidium iodine: (a) brightfield image, (b) fluorescein diacetate stain, (c) propidium iodine stain,
and (d) merged image. Figure S5: Water contact angle measurements of PCL, FmocFRGD + PCL,
HA /PCL core/shell, and HA + FmocFRGD/PCL core/shell scaffolds before plasma treatment.

Author Contributions: D.R,, I.A., A.S., and L.A.-A. conceived of and designed the project; D.R. and
LA. performed the experiments. D.R.,, LA, A.S,, L.A.-A.,, M.H.-S,, and S.R.-G. analyzed the data. All
the authors discussed the results and wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This project received funding from the European Research Council (ERC), under the
European Union’s Horizon 2020 research and innovation program (grant agreement no. 948102)
(L.A.-A.), as well as from the ISRAEL SCIENCE FOUNDATION (grant no. 1732/17) (L.A.-A.), the
RDECOM-Atlantic, and the US Army Research Office, under Grant Number W911NF-18-1-0321
(A.S.). The views and conclusions contained in this document are those of the authors and should not
be interpreted as representing the official policies, either expressed or implied, of the US. Government.
The US Government is authorized to reproduce and distribute reprints for government purposes,
notwithstanding any copyright notation herein.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: A.S. acknowledges the generous support from the Azrieli Foundation. The
authors acknowledge the Chaoul Center for Nanoscale Systems of Tel Aviv University for the use of
instruments and staff assistance. We thank the members of the Adler-Abramovich and Sitt groups
for the helpful discussions and especially to Adi Barazani.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.  Li, Y; Liu, C. Nanomaterial-based bone regeneration. Nanoscale 2017, 9, 4862-4874. [CrossRef] [PubMed]

2. Ghosh, M.; Halperin-Sternfeld, M.; Grinberg, I.; Adler-Abramovich, L. Injectable Alginate-Peptide Composite Hydrogel as a
Scaffold for Bone Tissue Regeneration. Nanomaterials 2019, 9, 497. [CrossRef] [PubMed]

3. Qu, H;Fu, H.; Han, Z; Sun, Y. Biomaterials for bone tissue engineering scaffolds: A review. RSC Adv. 2019, 9, 26252-26262.
[CrossRef]

4. Udomluck, N.; Koh, W.-G.; Lim, D.-].; Park, H. Recent Developments in Nanofiber Fabrication and Modification for Bone Tissue
Engineering. Int. J. Mol. Sci. 2019, 21, 99. [CrossRef] [PubMed]

5. Bose, S.; Roy, M.; Bandyopadhyay, A. Recent advances in bone tissue engineering scaffolds. Trends Biotechnol. 2012, 30, 546-554.
[CrossRef] [PubMed]

6. Holzwarth, ].M.; Ma, P.X. Biomimetic nanofibrous scaffolds for bone tissue engineering. Biomaterials 2011, 32, 9622-9629.
[CrossRef]

7. Bhattarai, D.P,; Aguilar, L.E.; Park, C.H.; Kim, C.S. A Review on Properties of Natural and Synthetic Based Electrospun Fibrous
Materials for Bone Tissue Engineering. Membranes 2018, 8, 62. [CrossRef] [PubMed]


https://www.mdpi.com/1422-0067/22/5/2425/s1
https://www.mdpi.com/1422-0067/22/5/2425/s1
http://doi.org/10.1039/C7NR00835J
http://www.ncbi.nlm.nih.gov/pubmed/28358401
http://doi.org/10.3390/nano9040497
http://www.ncbi.nlm.nih.gov/pubmed/30939729
http://doi.org/10.1039/C9RA05214C
http://doi.org/10.3390/ijms21010099
http://www.ncbi.nlm.nih.gov/pubmed/31877799
http://doi.org/10.1016/j.tibtech.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22939815
http://doi.org/10.1016/j.biomaterials.2011.09.009
http://doi.org/10.3390/membranes8030062
http://www.ncbi.nlm.nih.gov/pubmed/30110968

Int. . Mol. Sci. 2021, 22, 2425 12 0f 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Shin, S.-H.; Purevdorj, O.; Castano, O.; Planell, J.A.; Kim, H.-W. A short review: Recent advances in electrospinning for bone
tissue regeneration. J. Tissue Eng. 2012, 3. [CrossRef]

Rezvani, Z.; Venugopal, ].R.; Urbanska, A.M.; Mills, D.K.; Ramakrishna, S.; Mozafari, M. A bird’s eye view on the use of
elec-trospun nanofibrous scaffolds for bone tissue engineering: Current state-of-the-art, emerging directions and future trends.
Na-nomedicine Nanotechnology. Biol. Med. 2016, 12, 2181-2200.

Bhaskar, S.; Hitt, J.; Lahann, J.; Chang, S.-W.L. Multicompartmental Microcylinders. Angew. Chem. 2009, 121, 4659-4663.
[CrossRef]

Yoshimoto, H.; Shin, Y.; Terai, H.; Vacanti, J. A biodegradable nanofiber scaffold by electrospinning and its potential for bone
tissue engineering. Biomaterials 2003, 24, 2077-2082. [CrossRef]

Zaiss, S.; Brown, T.D.; Reichert, J.C.; Berner, A. Poly(e-caprolactone) Scaffolds Fabricated by Melt Electrospinning for Bone Tissue
Engineering. Materials 2016, 9, 232. [CrossRef]

Malikmammadov, E.; Tanir, T.E.; Kiziltay, A.; Hasirci, V.; Hasirci, N. PCL and PCL-based materials in biomedical applications.
J. Biomater. Sci. Polym. Ed. 2018, 29, 863-893. [CrossRef] [PubMed]

Khatami, S.M.; Parivar, K.; Sohi, A.N.; Soleimani, M.; Hanaee-Ahvaz, H. Acetylated hyaluronic acid effectively enhances
chondrogenic differentiation of mesenchymal stem cells seeded on electrospun PCL scaffolds. Tissue Cell 2020, 65, 101363.
[CrossRef] [PubMed]

Tallawi, M.; Rosellini, E.; Barbani, N.; Cascone, M.G.; Rai, R.; Saint-Pierre, G.; Boccaccini, A.R. Strategies for the chemical and
biological functionalization of scaffolds for cardiac tissue engineering: A review. J. R. Soc. Interface 2015, 12, 20150254. [CrossRef]
[PubMed]

Shin, Y.C.; Shin, D.; Lee, EJ.; Lee, ] H.; Kim, J.E.; Song, S.H.; Hwang, D.; Lee, ].].; Kim, B.; Lim, D. Hyaluronic Acid / PLGA Core /
Shell Fiber Matrices Loaded with EGCG Beneficial to Diabetic Wound Healing. Adv. Healthc. Mater. 2016, 5, 3035-3045. [CrossRef]
Liu, W,; Xi, G.; Yang, X.; Hao, X.; Wang, M.; Feng, Y.; Chen, H.; Shi, C. Poly(lactide-co-glycolide) grafted hyaluronic acid-based
electrospun fibrous hemostatic fragments as a sustainable anti-infection and immunoregulation material. J. Mater. Chem. B 2019,
7,4997-5010. [CrossRef]

Aviv, M.; Halperin-Sternfeld, M.; Grigoriants, I.; Buzhansky, L.; Mironi-Harpaz, I.; Seliktar, D.; Einav, S.; Nevo, Z,;
Adler-Abramovich, L. Improving the Mechanical Rigidity of Hyaluronic Acid by Integration of a Supramolecular Peptide Matrix.
ACS Appl. Mater. Interfaces 2018, 10, 41883-41891. [CrossRef]

Burdick, J.A.; Prestwich, G.D. Hyaluronic acid hydrogels for biomedical applications. Adv. Mater. 2011, 23, H41-H56. [CrossRef]
Capito, RM.; Azevedo, H.S.; Velichko, Y.S.; Mata, A.; Stupp, S.I. Self-Assembly of Large and Small Molecules into Hierarchically
Ordered Sacs and Membranes. Science 2008, 319, 1812-1816. [CrossRef]

Mendes, A.C.; Smith, K.H.; Tejeda-Montes, E.; Engel, E.; Reis, R.L.; Azevedo, H.S.; Mata, A. Co-Assembled and Microfabricated
Bioactive Membranes. Adv. Funct. Mater. 2013, 23, 430—438. [CrossRef]

Halperin-Sternfeld, M.; Ghosh, M.; Sevostianov, R.; Grigoriants, I.; Adler-Abramovich, L. Molecular co-assembly as a strategy for
synergistic improvement of the mechanical properties of hydrogels. Chem. Commun. 2017, 53, 9586-9589. [CrossRef]

Gazit, E. Self-assembled peptide nanostructures: The design of molecular building blocks and their technological utilization.
Chem. Soc. Rev. 2007, 36, 1263-1269. [CrossRef]

Adler-Abramovich, L.; Gazit, E. The physical properties of supramolecular peptide assemblies: From building block association
to technological applications. Chem. Soc. Rev. 2014, 43, 6881-6893. [CrossRef] [PubMed]

Mabhler, A.; Reches, M.; Rechter, M.; Cohen, S.; Gazit, E. Rigid, self-assembled hydrogel composed of a modified aromatic
di-peptide. Adv. Mater. 2006, 18, 1365-1370. [CrossRef]

Fichman, G.; Gazit, E. Self-assembly of short peptides to form hydrogels: Design of building blocks, physical properties and
technological applications. Acta Biomater. 2014, 10, 1671-1682. [CrossRef]

Orbach, R.; Mironi-harpaz, I.; Adler-abramovich, L.; Mossou, E.; Mitchell, E.P,; Forsyth, V.T.; Gazit, E.; Seliktar, D. The rheo-logical
and structural properties of Fmoc-peptide-based hydrogels: The effect of aromatic molecular architecture on self- as-sembly and
physical characteristics. Langmuir 2015, 28, 2015-2022. [CrossRef] [PubMed]

Orbach, R.; Adler-Abramovich, L.; Zigerson, S.; Mironi-Harpaz, I.; Seliktar, D.; Gazit, E. Self-Assembled Fmoc-Peptides as a
Platform for the Formation of Nanostructures and Hydrogels. Biomacromolecules 2009, 10, 2646-2651. [CrossRef]

Jayawarna, V,; Ali, M.; Jowitt, T A.; Miller, A.F; Saiani, A.; Gough, J.E.; Ulijn, R.V. Nanostructured Hydrogels for Three-
Dimensional Cell Culture Through Self-Assembly of Fluorenylmethoxycarbonyl-Dipeptides. Adv. Mater. 2006, 18, 611-614.
[CrossRef]

Ruoslahti, E. RGD and other recognition sequences for integrins. Annu. Rev. Cell Dev. Biol. 1996, 12, 697-715. [CrossRef]
[PubMed]

Jeschke, B.; Meyer, J.; Jonczyk, A.; Kessler, H.; Adamietz, P.; Meenen, N.M.; Kantlehner, M.; Goepfert, C.; Nies, B. RGD-peptides
for tissue engineering of articular cartilage. Biomaterials 2002, 23, 3455-3463. [CrossRef]

Alipour, M.; Mahmoudji, R.; Bardania, H.; Baneshi, M. Recent progress in biomedical applications of RGD-based ligand: From
precise cancer theranostics to biomaterial engineering: A systematic review. J. Biomed. Mater. Res. A 2020, 108, 839-850. [CrossRef]
Berton, F; Porrelli, D.; Di Lenarda, R.; Turco, G. A Critical Review on the Production of Electrospun Nanofibres for Guided Bone
Regeneration in Oral Surgery. Nanomaterials 2019, 10, 16. [CrossRef] [PubMed]

Kumar, V.; Abbas, A.; Aster, ]. Robbins Basic Pathology, 10th ed.; Elsevier: Philadelphia, PA, USA, 2018; pp. 87-93.


http://doi.org/10.1177/2041731412443530
http://doi.org/10.1002/ange.200806241
http://doi.org/10.1016/S0142-9612(02)00635-X
http://doi.org/10.3390/ma9040232
http://doi.org/10.1080/09205063.2017.1394711
http://www.ncbi.nlm.nih.gov/pubmed/29053081
http://doi.org/10.1016/j.tice.2020.101363
http://www.ncbi.nlm.nih.gov/pubmed/32746987
http://doi.org/10.1098/rsif.2015.0254
http://www.ncbi.nlm.nih.gov/pubmed/26109634
http://doi.org/10.1002/adhm.201600658
http://doi.org/10.1039/C9TB00659A
http://doi.org/10.1021/acsami.8b08423
http://doi.org/10.1002/adma.201003963
http://doi.org/10.1126/science.1154586
http://doi.org/10.1002/adfm.201201065
http://doi.org/10.1039/C7CC04187J
http://doi.org/10.1039/b605536m
http://doi.org/10.1039/C4CS00164H
http://www.ncbi.nlm.nih.gov/pubmed/25099656
http://doi.org/10.1002/adma.200501765
http://doi.org/10.1016/j.actbio.2013.08.013
http://doi.org/10.1021/la204426q
http://www.ncbi.nlm.nih.gov/pubmed/22220968
http://doi.org/10.1021/bm900584m
http://doi.org/10.1002/adma.200501522
http://doi.org/10.1146/annurev.cellbio.12.1.697
http://www.ncbi.nlm.nih.gov/pubmed/8970741
http://doi.org/10.1016/S0142-9612(02)00052-2
http://doi.org/10.1002/jbm.a.36862
http://doi.org/10.3390/nano10010016
http://www.ncbi.nlm.nih.gov/pubmed/31861582

Int. . Mol. Sci. 2021, 22, 2425 13 0f 13

35.

36.

37.
38.

39.

Tan, S.H.; Nguyen, N.; Chua, C. Oxygen plasma treatment for reducing hydrophobicity of a sealed polydimethylsiloxane
mi-crochannel. Biomicrofluidics 2010, 4, 1-8. [CrossRef] [PubMed]

Atkins, G.; Findlay, D.; Anderson, P.; Morris, H. Target Genes: Bone Proteins. In Vitamin D, 3rd ed.; Feldman, D., Pike, W.,
Adams, J., Eds.; Academic Press: London, UK, 2011; Volume 25, pp. 411-424.

Watts, N.B. Clinical Utility of Biochemical Markers of Bone Remodeling. Clin. Chem. 1999, 8, 1359-1368. [CrossRef]

Paul, H.; Reginato, A.]J.; Schumacher, H.R. Alizarin red s staining as a screening test to detect calcium compounds in synovial
fluid. Arthritis Rheum. 1983, 26, 191-200. [CrossRef] [PubMed]

Rueden, C.T.; Schindelin, J.; Hiner, M.C.; Dezonia, B.E.; Walter, A.E.; Arena, E.T.; Eliceiri, K.W. Image]2: Image] for the next
generation of scientific image data. BMC Bioinform. 2017, 18, 529. [CrossRef] [PubMed]


http://doi.org/10.1063/1.3466882
http://www.ncbi.nlm.nih.gov/pubmed/21045926
http://doi.org/10.1093/clinchem/45.8.1359
http://doi.org/10.1002/art.1780260211
http://www.ncbi.nlm.nih.gov/pubmed/6186260
http://doi.org/10.1186/s12859-017-1934-z
http://www.ncbi.nlm.nih.gov/pubmed/29187165

	Introduction 
	Results and Discussion 
	Preparation and Characterization of PCL-Based Electrospun Fibers 
	Characterization and Surface Properties of the Electrospun Fibers 
	Biocompatibility of the HA + FmocFRGD/PCL Core/Shell Electrospun Fibers 
	Osteogenesis of HA + FmocFRGD/PCL Core/Shell Electrospun Fibers 

	Materials and Methods 
	Materials 
	Methods 
	Preparation of the Scaffolds 
	High-Resolution Scanning Electron Microscopy 
	Water Contact Angle Measurements 
	Cell Viability Assay 
	Live/Dead Assay 
	Alkaline Phosphatase (ALP) Activity 
	Alizarin Red Staining 
	Statistical Analysis 


	Conclusions 
	References

