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ABSTRACT
A novel fabrication of polymer composite fibers using polycaprolactone (PCL), montmorillonite
nanoclay (MMT-Clay), and nano-hydroxyapatite-clay (HAP MMT-Clay) is reported for bone tissue
engineering applications. Using a pressurized gyration (PG) setup, polycaprolactone (PCL) fibers
incorporated with in situ mineralized HAP MMT-Clay and MMT-Clay were investigated. Using the
novel fabrication method, we were able to successfully manufacture HAP-nanoclay-PCL fibers.
Further, 3D scaffolds made using the prepared fibers were able to enhance bone growth, cell viability,
and proliferation. The results demonstrated that the polymer fiber scaffolds are biocompatible, and
the cells were able to thrive and differentiate on the fiber scaffolds. A significant increase in cell
viability, osteogenic differentiation, ECM formation, and collagen formation was observed with PCL
HAP MMT-Clay fibers scaffolds compared to the behaviors in PCL fibers. Further, the intracellular ALP
levels increased with PCL HAP MMT-Clay fiber scaffold, indicating enhanced osteogenic
differentiation of MSCs. This work shows a promising outlook for the future of manufacturable
composite nanoclay polymer fibers incorporated as scaffolds for bone tissue engineering applications.
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1. INTRODUCTION

While numerous operational techniques such as bone autografts, allografts, and biomaterials
implantation with biocompatible, osteointegrative, and osteoconductive properties are available,
they have significant limitations[1]. Post-surgery, autografts are often accompanied by nerve damage,
infections, morbidity, scarring, and chronic pain[2—4]. Additionally, allografts can potentially cause
disease conductivity, infection and incite immune reactions following the implant rejection.
Researchers have attempted to overcome these complications using natural or synthetic
biomaterials. Moreover, the alternative to traditional bone grafting therapies is using an engineered
scaffold designed to support cell migration, regeneration, and proliferation[5—7]. Cellular growth and
attachment are largely dependent on both the pores' size and density within a scaffold, which,
depending on the materials and applications, must be carefully controlled to specific parameters. One
of the main reasons why porosity is important is that cellular networks rely on interconnected
pathways for nutrient transportation and cell proliferation, imitating the structure of the native
extracellular matrix (ECM) environment[8—12]. Scaffolds are intended to serve as fillers that occupy
bone defects or available space in damaged organs/ tissues. Their resorption activity enables them to
provide a basis for new tissue growth that will replace the scaffolds[13—15]. A multifunctional scaffold
must be produced to modulate the balance between bone resorption and bone regeneration to repair
bone defects[16]. The demand for developing new bioactive scaffolds is growing, promoting the
formation of functional tissues by directing stem cell differentiation. Often critical-sized-bone-defects
or defects that lack the ability to heal spontaneously without medical intervention are at least two
times the diameter of the bone[17]. Such defects require filling with scaffold systems that are also

able to bear load[18]. Putty-type materials are required for filling around the larger scaffolds. The



nanocomposite fiber materials presented here are good candidates for use as packing cement around
scaffolds for large and critical-sized defects and are novel candidates for filling smaller bone defects.

Polymeric fibers have been extensively used to prepare porous polymer scaffolds for tissue
engineering applications in the form of woven and nonwoven fibers[19,20], often for non-union and
non-load-bearing applications. There are several techniques to prepare nanofibers, such as phase
separation[21], template synthesis[22], self-assembly[23], and electrospinning[24,25]. Usually,
spinning techniques are used to prepare nonwoven polymer fibers using polymer solutions or
melt[26,27]. The spinning technique can produce the fibers in the nano- to micrometer range,
resembles the collagen fibers in the extracellular matrix (ECM)[28—30]. These fibers have a high
surface-area-to-volume ratio, a low density, and a high surface volume[31]. Among these techniques,
electrospinning is the most popular technique. Still, it has several drawbacks, such as a low production
rate, utilization of very high voltage, and sensitivity to the polymer solution's dielectric constant.
Those drawbacks demand a novel, cost-effective technique to fabricate nanofibers with a high
production rate[32]. Typically, pressurized gyration generates fibers with the combination of
centrifugal and dynamic fluid flow forces, which act against surface tension. As the pressurized
gyration consists of simultaneous centrifugal spinning and solution blowing, fibers size, diameter,
morphology is greatly influenced by the rotation speed and pressure of the process[32,33]. Polymer
concentration and the evaporation rate of the solvent determine the yield and the quality of the
fibers. This technique has been widely used to prepare nanofibers from various polymers for different

applications, such as drug delivery and tissue engineering[32-35].

Some of the most striking characteristics of nanofibers are their high surface to volume ratio

and high porosity, which makes it a robust and desirable candidate for bone tissue regeneration[36—



38]. With remarkable interconnectivity between fiber pores, they can form highly porous mesh
networks, making them an attractive option for a host of advanced healthcare applications[39-42].
Many therapeutic agents can be individually or simultaneously incorporated with fibers for bone
tissue regeneration. Clay/copolymer nanocomposite films are commonly used in bone regeneration
applications because they provide mechanical support, and the aspect ratio, the degree of
intercalation/exfoliation, and the ionic strength of the clay can be adjusted according to the drug
properties before the addition of the clay to the copolymer matrices. To some extent, their
morphology replicates that of the native extracellular matrix (ECM), which is prolific to faster tissue
regeneration[43,44]. In general, if the physical interaction between the drug and the fibrous scaffold
is optimized to tailor the average pore size of the target drug, higher drug loading efficiency can be
achieved. To achieve a preferred fiber diameter for drug delivery applications, it is important to
optimize the spinning parameters.

Among various polymers, PCL is a semi-crystalline and hydrophobic polymer that has gained
attention in musculoskeletal tissue engineering because of its biocompatibility and superior
mechanical properties[45]. It can be used to produce a wide range of scaffolding materials[46].
However, some of the problems associated with PCL include its slow in vivo degradation rate and lack
of bioactive characteristics[47]. The degradation properties of PCL can be enhanced by integrating
nanoparticles such as hydroxyapatite, silica, magnetic nanoparticles, and clays into polymer
scaffolds[48—-50] or by combining PCL with other rapidly degrading polymers.

In cell-based regeneration therapy, cell-scaffold interaction is very important for the new
tissue formations, as cells require a three-dimensional environment with proper stimuli to form
tissue. After introducing cell-based regeneration therapy in the early 1990s[51], numerous works

have been done to optimize the scaffold's various properties to provide the appropriate environment
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for the cells with adequate biophysical and biochemical stimuli to accelerate the regeneration
process. One of the significant challenges in the field of tissue engineering is to incorporate these
properties into the scaffold. Different inorganic fillers are added to the scaffold to improve cell
adhesion, cell-scaffold interaction and facilitate tissue formation for tissue engineering purposes.
Hydroxyapatite (HAP) nano-clay has a strong resemblance to the mineral bone; it provides adequate
calcification sites while increasing biocompatibility and osteoconductivity of the scaffold[52-55].
Synthetic HAP can form a chemical bond with the host tissue and offers a greater benefit in clinical
applications than most other bone substitutes such as allografts or metallic implants. HAP has been
reported to enhance osteoblast cell attachment and proliferation, which is a highly desired
characteristic for bone defect fillers and to promote bone growth when placed in differentiated bone
cells[56-58]. The addition of HAP to polymeric fibers is crucial for bone tissue engineering. Synthetic
HAP has excellent osteoconductive and osteoinductive abilities and exhibits slow biodegradability and
biocompatibility[59]. The biocompatibility with soft tissue such as skin and muscles makes it ideal for
bone regeneration, bone augmentation, bone-implant coating, and dental implants[18].

Other trace elements, such as sodium, magnesium, and silicon, are also used in the scaffold
with HAP to improve bioactivity, cell attachment, cell differentiation, bone formation, and
mineralization[60—63]. Sodium montmorillonite (Na-MMT) clay is the most commonly used layered
silicate for the preparation of polymer-clay nanocomposites for its high surface-to-volume ratio and
high aspect ratio at low filler content (> 5%), which helps to establish better interaction with the
polymer matrix and to enhance the mechanical properties[64-66]. The nanometer thickness of the
MMT layer provides a high aspect ratio that can also help obtain a cellular response that favors tissue
formation as nanoscale features facilitate cell adhesion and increase the biodegradability of the

scaffolds [66—68].



Mesenchymal stem cells (MSCs) have been considered as the cell source for tissue-
engineering applications due to their ease of isolation, ability to proliferate in an undifferentiated
state[69], capability of differentiating into different cell lineages including bone[70,71], ligament[72],
adipose[73], cartilage[74,75], and muscle[76]. MSCs have been seeded on the porous scaffold and
implanted on the animal model to repair bone defects [77,78] directly in several studies. The co-
culture of osteoblast cells with MSCs induce the osteogenic differentiation of MSCs[18]. Osteoblast
cells enhance the osteogenic differentiation by a direct cell-to-cell interaction[79,80] and are critically
involved in bone remodeling[81].

In this study, we investigate the feasibility of fiber-based nanoclay scaffolds for bone tissue
engineering applications. We observed the effect of HAP-Clay in polymeric fibers scaffold in terms of
cell viability, cell proliferation, osteogenesis, mineral depositions, and collagen fiber formations,
which are the essential elements of bone regeneration.

2. MATERIALS AND METHODS
2.1 Materials for fibers
2.1.1 Moadification of MMT clay

The detailed procedure for the modification of Na-MMT clay is described elsewhere[82—-85].
Briefly, 5-aminovaleric acid solution was added to preheated (60°C) MMT suspension, and the
mixture solution was kept for stirring. After one hour, the obtained slurry was centrifuged and washed
to remove chloride ions followed by drying at 70°C, grinding, and sieving to obtain a fine powder. Na-
MMT clay (SWy-2) was procured from Clay Minerals Society. The 5-aminovaleric acid was obtained
from Sigma-Aldrich.

2.1.2 Preparation of in situ HAP clay



We have followed the procedure described in previous studies [82—85] to prepare in situ HAP
clay. Briefly, the organically modified MMT clay powder was dissolved into Na;HPO4 solution by
stirring at room temperature (25 °C) for 2 hours. Further, the CaCl, solution was added, and this
suspension was stirred vigorously for 8 hours (pH 7.4). The precipitate obtained settled in 12 hours,
was centrifuged and dried (70°C). Subsequently, it was ground and sieved to obtain a fine powder.
The compounds Na;HPO4 and CaCl, were purchased from J.T. Baker.

2.1.3 Preparation of Polymer and Clay Solution

Polycaprolactone (PCL, My, 800 00 g mol?) was purchased from Sigma-Aldrich (Poole, UK).
Multiple polycaprolactone (PCL) solutions were prepared at different concentrations. As a result of
preliminary testing, it was found that 15 w/v% PCL in chloroform produced the optimal fiber yield.
Therefore, 15 w/v% PCL in chloroform was prepared and served as a control sample. Different HAP
MMT-Clay and MMT-Clays concentrations (2 w/w % and 5 w/w %) were loaded into PCL polymer
solution followed by stirring for 24 h using magnetic stirrers to obtain a homogeneous solution.
2.1.4 Pressurized gyration

Pressurized gyration is a simple technique for mass production of fibers and fibrous structures
with controllable fiber size and fiber size distribution with high yield. The setup consists of an
aluminum cylindrical vessel (60 mm diameter, 35 mm height) with a total of 24 orifices on the wall of
the vessel. Each orifice is 0.5 mm in diameter. The vessel top is connected to a DC motor that
generates a maximum speed of 36 000 rpm, and the bottom is connected to a constant nitrogen gas
stream (Nz) that generates pressure between 0.1 — 0.3 MPa. The fibers produced by this technique
depend on the rotational speed of the vessel, air pressure, and the concentration of the polymer
solution. The polymer solution is placed into the vessel before spinning. High speed and high-pressure

cause fibers to erupt, elongate, and thin. As the fibers thin, the solvent evaporates from the fiber
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strand. In this study, we report the creation of PCL fibers incorporated with HAP MMT nanoclays. The
maximum rotation speed was used as it increases the centrifugal force, and as such, the fibers leave
at greater kinetic energy and thinness. When increasing pressure, in general, fibers are manufactured
thinner due to the gas pressure providing a greater elongation power. However, increased pressure
(gas flow) can also increase evaporation, leading to thicker fibers due to increased polymer
concentration and higher solution viscosity.
2.1.5 Preparation of fiber scaffold

The polymer composite fibers samples from the pressurized gyration method were received
from Edirisinghe-lab, Mechanical Engineering, UCL. A 3D cylindrical scaffold of dimension 3 mm
(height) X 10 mm (diameter) was prepared by pressing 0.065g of fibers (Scheme 1), and subsequently,

these were used them for cell culture experiments.
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Scheme 1. Schematic diagram illustrating the pressurized gyration set up and 3 key phases and 3D
scaffold preparation from polymer composite fibers generated by pressurized gyration.
2.2 Cell culture experiments

3D scaffold samples were kept in UV for 45 mins for sterilization. After that, the sample was
immersed in 100 % ethanol for 24 h. Then, samples were washed with PBS and kept in the cell culture
media for 24 hours before using them for cell culture experiments. Initially, 5 X 10* osteoblast cells

and 5 X 10* MSCs were seeded on each scaffold.



2.2.1 Cell line and culture medium

The human osteoblast cell line (hFOB 1.19) was obtained from ATCC and maintained in a
media consist of 90% HyQ Dulbecco’s Modified Eagle medium DMEM-12(1:1) from Hyclone, 10%
FBS from ATCC, and 0.6% G418 solution (antibiotic) from JR scientific. Human bone marrow
Mesenchymal stem cells (MSCs) were obtained from Lonza and maintained in MSCGM™ Bulletkit™
medium. The Bulletkit™ medium was prepared by adding MSCGM™ SingleQuots™ (Lonza) to
MSCBM™ (Lonza). All the cells were maintained at 37°C and 5% CO2 in a completely humidified
incubator.
2.3 Fiber characterization
2.3.1 Surface morphology of fibers
The surface morphology of the nanoclays containing PCL fibers was studied using scanning electron
microscopy (SEM) using a Hitachi HN0OO4, which operated at an accelerating voltage of 5kV. Before
analysis, samples were pre-coated with gold sputter using Quorum Q1500R ES for 90 seconds. For
diameter, an average of 100 fiber strand readings was measured at random using ImagelJ software.
The average fiber diameter was created and plotted on histograms using OriginPro (Origin Lab
Corporation, Northampton, MA, USA).
2.3.2 WST-1 assay

WST-1 assay was performed in scaffolds seeded with MSCs and human osteoblast cells (1:1).
WST-1 (Roche, IN) assay was used to perform cell viability as per the manufacturer’s protocol. Briefly,
cells were cultured on scaffolds for 7, 14, and 21 days. Following this, cell-seeded scaffolds were
removed from the culture medium, washed with PBS, and then placed in a new 48-well plate with a
solution comprising 450 ml of DMEM and 50 ml of WST-1 reagent per well before incubating for 4 h

in standard humidified condition. After 4 h, scaffolds were removed from the 48-well plates. The
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intensity of yellow color, which directly represents the number of live cells (slightly red-colored
solution turns yellow as metabolically active cells cleave the tetrazolium salts of WST-1 reagent to
formazan), was read at 450 nm using a microplate spectrophotometer (Bio-Rad, Benchmark Plus).
2.3.3 Alkaline phosphate assay

3D fiber scaffolds seeded with MSCs and human osteoblast cells (1:1) were incubated at 37°C,
5% CO; under humidified conditions for 7, 14, 21 days. These samples were washed with PBS after
incubation, transferred to unused wells of 48-well plates, and 850mL Triton X-100 (1 v/v %solution)
was added to each well containing the samples. Cell lysates (250mL) obtained after subjecting the
immersed samples to two freeze-thaw cycles (27°C to 37°C) were transferred to new 48-well plates
and incubated with p-nitrophenyl phosphate (250mL) at room temperature for 60 min. 3N NaOH
(70mL) was further added to the wells, and absorbance readings will be taken at 405 nm using a
microplate spectrophotometer (Bio-Rad, Benchmark Plus).
2.3.4 Alizarin red S staining

3D fiber scaffolds seeded with MSCs and human osteoblast cells were incubated at 37°C, 5%
CO; under humidified conditions for 7, 14 and 21 days and were then washed with PBS before fixing
with 4% paraformaldehyde for 15 min. PBS was used to wash the fixed samples. Further 2% Alizarin
Red S (ARS) staining solution of 50 uL was dropped on the washed scaffold and kept for 150 s. After
150 s, the scaffold was washed using PBS many times to remove the unbound stain and dried at room
temperature for imaging. Images were captured using an inverted microscope at 20x magnification.
For quantification, stained samples were immersed into 700 pL of 10% acetic acid solution and
incubated at room temperature for 5 min to solubilize the stain, and absorbance of the released
Alizarin Red S stain was measured at 405 nm.

2.3.5 Immunocytochemistry assay
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3D fiber scaffolds seeded with MSCs and human osteoblast cells were incubated at 37°C, 5%
CO; under humidified conditions for 21 days. Cell-seeded scaffolds were washed in PBS and fixed in
4% paraformaldehyde (PFA) for 30 min, followed by permeabilizing with 0.2% TritonX-100 in PBS for
5 min. Further, the samples were blocked with 0.2% fish skin gelatin (FSG) for 45 min, followed by
incubation with the primary antibody overnight at 4 °C. Collagen | (Abcam) antibody was diluted in a
blocking buffer (0.2% FSG in PBS with 0.02% Tween20) at a dilution of 1:100. Finally, Alexa Flour
488/647 conjugated secondary antibodies corresponding specifically to the origin of the used primary
antibody was added at 1:250 dilution and incubated for 45 min at 25 °C. The nuclei were
counterstained with DAPI. The stained samples were observed under a confocal microscope (Zeiss
Axio Observer Z1 LSM 700)
2.3.6 Scanning Electron Microscopy (SEM) and SEM-EDS (Energy Dispersive Spectroscopy)

3D fiber scaffolds seeded with MSCs and human osteoblast cells were incubated at 37°C, 5%
CO; under humidified conditions for 21 days. The samples were washed with PBS, fixed using
glutaraldehyde (2.5%), subsequently dehydrated using ethanol series (10% v/v, 30% v/v,50% v/v, 70%
v/v, and 100%), and then dried with hexamethyldisilazane. SEM imaging was then performed on the
dried samples after coating them with gold and mounting them on the SEM sample stubs. SEM-EDS
experiments were also performed on these scaffolds.
2.4 Statistical Analysis

Two-way ANOVA, followed by Tukey’s post hoc multiple comparison test, was used for
statistical analysis. Data were considered significantly different when the probability values obtained
were< 0.05 (P< 0.05). Quantitative data were expressed as a mean + standard deviation. Triplicate

samples were used for performing all the experiments.
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3. RESULTS AND DISCUSSION
3.1 Microstructures of the polymer fibers
The PCL solutions were spun consecutively at 36 000 rpm at different pressures (no applied
pressure, i.e., no gas flow and therefore gyration only, 0.1 MPa,0.2 MPa, 0.3 MPa) and also varying
the concentration of MMT-Clay and HAP MMT-Clay (2 w/w % and 5 w/w %) to identify the effects of
pressure and concentration on the microstructure of the fibers. The PCL fiber microstructures are

characterized using scanning electron microscopy (SEM). (Fig. 1).
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Fig. 1. SEM images of 15 w/v% PCL/ chloroform incorporated with: a.i) 2 w/w % MMT-Clay (0.3MPa),
b.i) 5 w/w % MMT-Clay (0.3MPa), c.i) 5 w/w % MMT-Clay (no applied pressure), d.i) 2 w/w % HAP
MMT-Clay (0.3MPa), e.i) 5 w/w % HAP MMT-Clay (0.3MPa), f.i) 5 w/w % HAP MMT-Clay (0 MPa), g.i)
PCL/ chloroform (no applied pressure), and a.ii, b.ii, c.ii, d.ii, e.ii, f.ii, g.ii) respective fiber diameter

distributions-all spun at 36,000 rpm.
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The fiber size also increased with an increase in the nano-clay concentration. Interestingly, the
formation of pores within fibers was observed to increase at higher HAP and MMT loading. The SEM
images emphasized the alignment of PCL/ MMT and PCL/ HAP fibers. The morphology reveals the
non-uniformity of fiber diameter across the fiber surface. PCL MMT-Clay fibers are observed as dark
regions within the fiber strands, and PCL HAP MMT-Clay fibers are detected as blocks attached to the
fiber pores. We also observe that the increase in the concentration of MMT-Clay (Fig. 1 a,b,c) results
in an increase of the diameter of the fiber from 1.07 um + 452 nm to 3.21 um + 2.57 um and increases
the roughness of the fibers. It was also found that the increase in gas pressure significantly affects
fiber diameter. In pressurize gyration, a gradient in the pressure results in accelerating the polymer
solution out from the orifices. Therefore, an increase in gas pressure causes jet elongation resulting
in fiber thinning; hence at higher gas pressures, usually thinner fibers are achieved. For the same
concentration (5 w/w %) of the MMT-Clay (Fig. 1 b,c), with the reduction of pressure from 0.3 MPa
to pressureless, the diameter of the fibers increases from 2.01 um £ 1.38 um to 3.21 um £ 2.57.
Similar effects of pressure and concentration were observed with HAP MMT-Clay. With the increase
in the concentration from 2% to 5%; an increase in the diameter of the fibers from 1.34 um £ 767 nm
to 3.24 um + 3.68 um (Fig. 1 d,e,f) is observed, resulting in the formation of thick HAP-Clay blocks
embedded in the submicron fibrous structure and decrease in the pressure from 0.3 MPa to
pressureless, at the same concentration (5%) increases the diameter of the fibers from 2.95 um + 1.85
um to 3.24 um + 3.68 um(Fig. 1 e,f).

3.2 Cell Viability

The WST-1 assay was performed to evaluate cell viability and proliferation of both MSCs and

osteoblasts on the scaffolds to evaluate the biocompatibility of synthesized polymer fiber scaffolds

over 21 days. The cell viability measured using the absorbance at 450 nm is proportional to the
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amount of dehydrogenase activity in the cells[86]. Fig. 2 represents the cell viability of different fiber
scaffolds seeded with MSCs and osteoblasts for 7 days, 14 days, and 21 days. We observed an increase
in cell viability over time for all the three different scaffold systems. As compared to the control group
(PCL fiber scaffolds), no significant increase in the cell viability was observed with PCL MMT-Clay fiber

scaffolds at day 7 and day 14; however, at day 21 a significant increase was observed with PCL MMT-

Clay fiber scaffolds.
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Compared to the control group (PCL fiber scaffolds), a significant increase in the cell viability

was observed with PCL HAP MMT-Clay fiber over 21 days. We also compared PCL HAP MMT-Clay fiber
scaffolds with scaffolds PCL MMT-Clay fiber scaffolds and observed a significant increase in cell
viability over 21 days. Collectively, the addition of HAP-Clay in the PCL fibers immensely enhanced the
cell viability of the scaffolds.
3.3 Osteogenic Differentiation

Osteogenic differentiation of MSCs was assessed using the alkaline phosphatase (ALP) assay.
Fig. 3a represents the ALP activity of fiber scaffolds seeded with MSCs and osteoblasts for 7 days, 14
days, and 21 days. Initially, we observed an increase in ALP activity over 14 days for all the three
scaffold systems. This was followed by a gradual decline in ALP activity for all the samples. Compared
to the control group (PCL fiber scaffolds), no significant increase in the ALP activity was observed with

PCL MMT-Clay fiber scaffolds and PCL HAP MMT-Clay fiber scaffolds at day 7; however, at day 14 a
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Absorbance

significant increase was observed with both PCL MMT-Clay fiber scaffolds and PCL HAP MMT-Clay
fiber scaffolds. We also compared PCL HAP MMT-Clay fiber scaffolds with scaffolds PCL MMT-Clay
fiber scaffolds; at day 7 no significant increase in ALP activity was observed; however, a significant
increase with PCL HAP MMT-Clay fiber scaffolds was seen at day 14. A comparison of the ALP activity
ALP activity on the PCL HAP MMT Clay fiber scaffolds seeded with only MSCs (5 X 10* MSCs were
seeded on each scaffold) as compared to the co=culture with osteoblasts is shown in Fig. 3b. As seen,
we observe a significant increase in ALP activity with MSCs till day 14, followed by a decrease in the
ALP activity. On day 7, the ALP activity in the osteoblast-MSC co-culture has contributions from both
MSCs and osteoblasts. However, on day 14 and day 21, a significant portion of the ALP activity arises

from the osteogenic differentiation of MSCs.
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The initial increase in the ALP activity till 14 days indicates that, initially, the rate of differentiation of
MSCs into osteoblast phenotype was higher. The decrease in ALP activity indicates the fewer number
of MSCs differentiated into osteoblast phenotype. It has been reported that the ALP activity of MSCs
decreases during osteogenic differentiation[87]. A similar ALP activity of MSCs is reported in literature
over the same time period [88]. Results indicate that HAP-Clay in the PCL fibers very significantly

enhanced the ALP activity of the scaffolds.
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3.4 Bone mineralization

The Alizarin red S (ARS) staining was performed to check the formation of the mineralized
extracellular matrix (ECM) on the polymeric fiber scaffolds (Fig. 4). The red color formation with
Alizarin red S indicates the deposition of the inorganic matrix by cells cultured on scaffolds. Prior
studies have shown calcium deposition increases over time in PCL/ in situ HAP clay scaffold seeded
with MSCs over 23 days[89]. As seen in Fig. 4, ARS staining showed dispersed and limited calcium
deposition at 7 days, while enhanced calcium deposition was observed at 21 days (Fig. 4a), which was
further confirmed by quantification of the released ARS (Fig. 4b).

Over time, calcium deposition increases in all the fiber scaffold systems. Compared to the
control group (PCL fiber scaffolds), no significant increase in the calcium deposition was observed
with PCL MMT-Clay fiber scaffolds and PCL HAP MMT-Clay fiber scaffolds at day 7.
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Fig. 4. Alizarin Red S staining (a) and quantification absorbance assay (b) of scaffolds seeded with
MSCs and osteoblast cells.

However, at day 14 and day 21, a significant increase with both PCL MMT-Clay fiber scaffolds
and PCL HAP MMT-Clay fiber scaffolds was observed. A significant increase in the mineral deposition
was observed with PCL HAP MMT-Clay fiber scaffolds compared to PCL MMT-Clay fiber scaffolds.
Hence, the addition of HAP-Clay in the PCL fibers enhanced the mineral deposition of the scaffolds.

3.5 Collagen and collagen fibril formation
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Immunocytochemistry assay was performed to evaluate the formation of collagen. The
appearance of green color indicates the formation of the collagen by primary- secondary antigen-
antibody interaction. A prior study [18] reported that collagen's well-defined fibril structure is
observed at 11 days for PCL/in situ HAP clay scaffolds seeded with MSCs and osteoblast cells coated
with bone morphogenic proteins. Fig. 5. shows confocal microscope images of PCL fibers scaffold, PCL
MMT-Clay fibers scaffold, PCL HAPMMT-Clay fibers scaffold seeded with MSCs and osteoblasts at day

21.

Fig. 5. Confocal microscope image of a) PCL fiber, b) PCL MMT-Clay fiber, c) PCL HAP MMT-Clay fiber
scaffolds seeded with MSCs & osteoblasts at day 21. Nuclei were stained with DAPI (blue). Anti-rabbit
Col-1 primary antibody was used with goat anti-rabbit IgG (H + L) AF 488 (green) secondary antibody.
We observe the least collagen formation in scaffolds with PCL fibers and the highest with PCL HAP
MMT-Clay fibers. Thus it appears that HAP-Clay particles actively induce collagen formation.
3.6 Scanning Electron Microscopy (SEM) studies

To investigate the morphology of cells at the different fiber scaffolds, SEM imaging was
performed. Fig. 6 shows the SEM images of a) PCL fibers, b) PCL MMT-Clay fibers, c) PCL HAP MMT-
Clay fiber scaffolds seeded with MSCs and osteoblasts at day 21. As seen, a flattened morphology of
the cells was observed in the surface of the fibers indicated with red circles/ellipses; More cells were

observed with PCL HAP MMT-Clay fiber scaffolds.
17



Fig. 6. SEM micrographs of a) PCL fiber, b) PCL MMT-Clay fiber, c) PCL HAP MMT-Clay fiber scaffolds
seeded with MSCs and osteoblasts at day 21 (red circles/ellipses represent flattened cells on the
surface of the fibers).
3.7 Elemental composition of nanocomposite fibers

As determined by EDS, fiber samples indicate elemental constituents of carbon, sodium,
silicon, chloride, gold, and calcium. The source of the sodium and chloride in the spectrum is the
entrapped NaCl in the fibers from the cell culture medium, and the source of the gold is the coating.
The elemental spectrum of the PCL MMT-Clay fibers is shown in Fig. 7a. The presence of Si in this
spectrum indicates the dispersion of the clay particles (montmorillonite) in the fibers. The elemental
spectrum of the PCL HAP MMT-Clay fibers is shown in Fig.7b. The presence of Si and Ca in this
spectrum indicates the dispersion of the HAP-clay particles in the fibers. The results indicate the

formation of composites of PCL with

a) HAP MMT-Clay through the pressurized

c

L gyration method.
o Na

1 2 3 4 s & Fig. 7. Elemental spectra of a) PCL
MMT-Clay fiber, b) PCL HAP MMT-Clay
fiber, yellow boxes shown in left-hand

Au side images represent the spots from

keV

18



which localized elemental data were obtained during SEM-EDS experiments.
4. CONCLUSIONS

This comprehensive investigation demonstrates novel methods for the fabrication of HAP
nanoclay PCL composite fibers for bone tissue regeneration applications. Using a pressurized gyration
setup, we fabricated PCL fibers incorporated with nano HAP MMT-Clay and nano MMT-Clay at 2
w/w% and 5 w/w%. The results demonstrated that the polymer fiber scaffolds as prepared are
biocompatible; cells were able to thrive and differentiate on the fiber scaffolds.

Calcium deposition and collagen formation, the main components of ECM formation, were
also observed. The addition of HAP-Clay was found to enhance the cell viability and proliferation of
cells on PCL fiber scaffolds. Further, the intracellular ALP levels increased with PCL HAP MMT-Clay
fiber scaffold, indicating enhancement of the osteogenic differentiation of MSCs.
Immunocytochemistry was also performed to evaluate the formation of the collagen in the PCL fiber
scaffolds. PCL HAP MMT-Clay fibers scaffold showed enhanced collagen formation as opposed to
control, PCL fiber scaffolds. Compressed pellets of the nanoclay HAP polymer fibers fabricated here
have potential applications as fillers for non-union bone defects and their use as ‘cement’ for non-
union scaffold preparations for bone tissue regeneration.
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