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ABSTRACT

Tissue engineering leads the development of biomaterial scaffolds where its biocompatibility
and bioactivity is often improved after performing physical or chemical surface modification
treatments. Micropatterning, soft lithography, and biofabrication are also approaches that provide
a biomimetic microenvironment but have proven very costly and time-consuming. In this
concern, an appropriate substrate with suitable sites for cell attachment represents a major factor
in cell behavior and biological functions. For this reason, our strategy was to fabricate a standard
fibrous biomaterial with reproducible surface topography, incorporating microbeads and
nanofeatures, and show the positive outcomes of the new substrate reflected on cell functions of
bone cells. The electrospun PCL beads-on-string membranes were obtained adjusting the
spinning solution at different concentrations until continuous beads were formed. Cell adhesion
and proliferation, on the PCL scaffold, were analyzed the subsequent 2 days after initial culture.
Complementary studies of cytoskeleton spreading, and differentiation were analyzed after 7 and
14 days of the initial incubation. The Scanning Electron Microscopy (SEM) images showed
evidence of the formation beads-on-string nanofibers and suggested that as-formed
microstructures worked as attachment sites for osteoblasts. We investigated cell proliferation
using anti-BrdU fluorescence assay and results show a similar proliferation rate of cells cultured
between PCL scaffolds and control. Finally, Phalloidin TRITC and anti-sialoprotein antibody
were used to analyze cell spreading and differentiation after 7 and 14 days, respectively. This
work shows a low-cost fabrication method to produce a biodegradable scaffold with
micro/nanostructured characteristics that favor cell adhesion, proliferation, maturation and

subsequent differentiation of osteoblasts. According to the results, biocompatibility of PCL
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beads-on-string could be comparable to other complex biomaterials and we conclude that our

scaffold is optimal for applications in bone tissue regeneration.

1. INTRODUCTION

The intrinsic hierarchical configuration of the extracellular matrix (ECM), is composed by a
dynamic network of macromolecules that serves as structural support as well as its molecular
components are capable to activate biochemical and biophysical cues that regulate cell
morphology, proliferation, and tissue formation !2. In recent years, new approaches combining
nanotechnology and synthetic biomaterials, have resulted in fabrication of state-of-the-art
scaffolds that closely mimic both the geometry of the matrix 3 and regulatory characteristics of
native-like ECM 4. The high incidence of disorders and conditions related to bone diseases ¢
have motivated the rapid progress of polymeric biomaterials focused on bone tissue regeneration
(BTR). Innovation and new perspectives of BTR have made it a promising field of biomedical
research -8,

Polymeric biomaterials have been extensively studied in the investigation and fabrication
of scaffolds that allow the regeneration of diverse types of tissues including tendons °, ligaments
10" bone !, blood vessels ? etc. TE combines strategically cells, scaffolds and biochemical
factors pursuing the target of replacing or regenerate physiological function of tissues and
organs. Otherwise, the application of nanotechnology has boosted the scaffold research and has
developed novel nanostructured biomaterials for bone tissue regeneration '3. Those
nanostructured bone scaffolds allow resembling the micro and nanoscale environment of self-
assembling collagen fibers, elastic fibers and protein-polysaccharides, mostly found in mammals

ECM and fibrous tissues 415, Two strategies, commonly used, to improve the biocompatibility
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of polymeric scaffolds are the modification of surface properties through
physicochemical/biological methods and the designing of engineered surface topography,
frequently employed for tailoring biomedical applications !¢, In addition to the latter, the
acquired surface characteristics also promote better cell attachment, boost cell proliferation, and
stimulate differentiation of osteoblastic cells '7. The surface modification methods are used to
improve surface properties of polymer scaffolds. These typical treatments include dry plasma '3,
wet chemistry 1°, UV 20, gamma radiation 2!, subsequently involves additional processing steps,
as well as costly and high-tech equipment that could be considered limiting factors. However, to
elucidate the influence of topographical features of scaffolds in osteoblastic functions, our work
provides a feasible, reproducible and low-cost technology with the ability to recreate the similar
micro and nanoscale structures of the bone matrix, and led to enhance the grip between the
growing bone tissue and the scaffold 22-23.

In this framework, electrospinning technique arises as the most effective, versatile and
inexpensive tool for fabrication of engineered fibrous scaffold using biopolymers 24?3, Polymeric
nanofibers with controlled morphologies and diameter of fibers, called beads-on-string, are
considered a safe and non-invasive approach to modulate cellular response because their surface
topography could be addressed only adjusting working parameters of electrospinning?-2°,
Further, electrospun nanofibers offer other several advantages for bone tissue regeneration such
as, formation of a highly porous membrane that works as interconnected microchannel network
for mass transport likewise better cell infiltration and possible future neovascularization, a
fibrous micro and nanostructured topography that mimic a 3D in vivo environment that could
influence osteoblasts phenotype, and finally, a high surface-area that provide additional

adsorption sites for bioactive molecules that improve cell attachment 3932,
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During past years, the presence of beads in nanofibers, formed during the electrospinning
process, were considered undesired defects because they reduce the uniformity of nanofibers.
Beaded fibers formed during electrospinning are often considered by-products by researchers
and are avoided optimizing the solution parameters, such as the concentration of the polymer
solution and the viscosity 2% 33. For instance, at a lower polymeric concentration a mixture of
beads and fibers, a beads-on-string like structure, is formed. The surface tension and surface
charge density are also considered main factors contributing on the control of nanofibers
morphology, thus when it overcomes viscosity of the solution, it favors formations of beaded
fibers that exhibit a greater surface area for cell growth?.

Recently, aliphatic polyester-based polymers including polycaprolactone (PCL) 3433, poly (3-
hydroxy valerate) 36, polylactic acid (PLA) 37, polyhydroxy butyrate (PHB) 38, and polyglycolic
acid (PGA) 3 are receiving special attention for use on TE, because of their biodegradability,
predictable degradation rate and biocompatibility. Among of them, PCL is a synthetic polymer
approved for the Food and Drug Administration (FDA) and has been intensively studied to be
implanted in the human body. Currently, PCL is used in TE, medical and surgical applications
such as drug delivery systems, implantable biomaterials, packaging materials, absorbable sutures
and in contraceptive devices 404!, Furthermore, PCL is strongly hydrophobic, possess a semi-
crystalline microstructure which extends its resorption time, desirable mechanical properties, and
degradation by hydrolytic mechanisms in a controller manner under physiological environment
42-43_The latter properties make PCL an ideal biopolymer for long-term implant devices as well
as a good candidate to load-bearing applications, and support tissues with limited capacity to

repair itself such as bone, cartilage, ligaments, and dental structures 44.
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Several studies have reported, separately, the application of beads and nanofibers as scaffolds
that support cell growth 447, Recently, Rinoldi et al. (2018) demonstrated that the topography
and the presence of beads and fibrous structures enhance cell adhesion and proliferation, making
this beaded scaffold suitable for tendon regeneration *®. However, to our knowledge, there have
been no studies that joined efforts to address both approaches together for BTR.

Consequently, in the present work, we produce electrospun beads-on-string scaffolds where
its hierarchical topography produces a positive effect 48-4° that influences the osteoblasts
functions as adhesion, proliferation, and differentiation. Finally, we propose PCL beads-on-string
scaffolds as an alternative approach for bone tissue regeneration.

2. MATERIAL AND METHODS
2.1.  Materials

All reagents used in this work were analytical reagent grade and no additional
purification process was required. Polycaprolactone pellets with an average molecular weight of
80,000, was purchased from Sigma Aldrich (USA). N, N-Dimethylformamide (DMF) was
purchased from Fisher Scientific (USA) and it was used as a solvent for PCL. Human fetal
osteoblastic cells hFOB 1.19 (ATCC® CRL-11372™) were used to examine the effect of beads
on cell behavior.
2.2.  Preparation of PCL beads-on-string scaffolds

A polymer solution of 14% w/v was prepared by dissolving PCL pellets in DMF solvent.
For a complete dispersion, the PCL/DMF solution was magnetically stirred at 110°C for ~2
hours. Horizontal electrospinning setup and a rotating drum collector was used in this work. As
the first step of the electrospinning process, 3mL of the polymer solution was placed into a

disposable syringe and dispensed through a metallic 22-gauge needle. In this study, PCL/DMF
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solution was infused at a constant rate (0.4mL/h) and regulated by a basic syringe pump (NE-300
Just Infusion™). Finally, The PCL/DMF solution was electrospun applying a high DC voltage
(Gamma High Voltage Research, Florida, USA) in the range of 10KV to 20KV. The randomly-
oriented beaded nanofibers were deposited on the rotating collector until they form the desired
membrane. The electrospinning procedure was performed at room temperature of 75°F + 5 and at
a humidity of 86 % + 5. A fixed distance of 10 cm was placed between the steel needle and the
rotating collector. After the electrospinning process, the membranes were soaked in nanopure
water for 3 days, then soaked overnight with 70% ethanol followed by UV radiation before cell
culture. In addition, the design matrix of the experiment was shown in Supporting Information

Table S1 and SEM results were shown in Figure S1.

2.3.  Characterization of electrospun beads-on-string membranes

Characterization of beads-on-string membranes was performed using physical and
chemical surface analysis techniques
2.3.1. Scanning Electron Microscopy (SEM)

Morphology and diameter of the beaded nanofibers were investigated and characterized
by scanning electron microscopy (SEM) (JEOL JSM-7500F and JEOL 6480LV, high vacuum
mode, 20 kV). To improve the imaging of samples analyzed by SEM, each sample was mounted
on an aluminum stage and then was sputtered with 10 nm of gold prior to SEM imaging. We
selected a region of a PCL membrane to obtain an average diameter of beads and nanofibers

using ImagelJ, a software developed at NIH.
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2.3.2. Atomic Force Microscopy (AFM)

Morphological characterization of PCL nanofibers was visualized by an atomic force
AFM Bruker multimode 8. The topography of nanofibers was visualized by Tapping Mode in
ambient conditions. Silicon AFM probe with a spring constant of 40 N/m was used to scan the
fiber surface at a resonance frequency of 400KHz. Then, analysis of the AFM images was
conducted to using Nanoscope Analysis software.
2.3.3. X-Ray Diffraction (XRD)

A Rigaku SmartLab X-Ray diffractometer was used for diffraction measurements of the
PCL membranes. X-Ray spectrum was performed using a Cu radiation with recommended
operating conditions of 40KV and a 44mA. It uses a goniometer with scattering angles (20) that
varied from 10° to 40° at a scan speed of 3.0°/min.
2.3.4. Fourier-transform infrared spectroscopy (FTIR)

An attenuated total reflectance Fourier-transform infrared spectrometer (Bruker Tensor
27) was used to determine the functional groups present in the PCL pellets and the electrospun
PCL beaded membranes. Air was used as a blank control over the same wavenumber range
where the samples were analyzed. All spectra were obtained between 4000 and 500 cm™! and the
number of scans was fixed to 64 with a resolution of 4 cm!.
2.3.5. Mechanical properties

CT3 Texture Analyzer (Brookfield Engineering, USA) was used to conduct uniaxial
tensile testing of PCL membranes at ambient conditions. Samples were sectioned into
rectangular strips measuring 14 mm in width and 16 mm in length and 0.4 mm of thickness.

Specimens were loaded to failure at a strain rate of 0.5 mm/s. The measurements and analysis of
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the strain-stress curve were performed using OriginPro 9.0 software. The linear section of the
graph was used to determine the modulus of elasticity of the PCL scaffold. At the limit of the
elastic region, the yield strength was found and finally, in the plastic region, the ultimate tensile
strength (UTS), the fracture point and elongation at break of the biomaterial were obtained. Each
measurement was analyzed in triplicate.
2.4.  Characterization of surface biocompatibility

Characterization of surface biocompatibility was performed using in vitro cell culture and
immunocytochemistry assays.
2.4.1. InVitro Cell Culture

hFOB 1.19 (ATCC® CRL-11372™) cell line was cultured as described in Vega-Figueroa
et.al (2017) 9. Briefly, cells have a doubling time of 36 hours and were subcultured when
confluency reached approximately 70% to 80%. In case of cells were not confluent, the culture
medium was changed to replenish nutrients. The recommended passage number for this cell line
is 4 and were used for the adhesion, proliferation and differentiation assays.
2.4.2. Cell Proliferation

hFOB cells were seeded on PCL scaffolds and glass coverslips (control) placed in 24-
well ultralow attachment surface tissue culture plate at a density of 5.0 x10* cells/well. Then, the
cells were placed in the incubator at least 48 hours before the incorporation of BrdU. Culture
media of each well was replaced with 10 uM of bromodeoxyuridine labeling solution (BrdU,
Sigma-Aldrich, USA) and incubated for at least 6 hours. Subsequently, a chemical fixation of
cells was performed with 4% paraformaldehyde (PFA) for 15 min. After fixation, cells were
gently washed three times with Phosphate-Buffered Saline (PBS)(1mL/well), for 5 min each.

Cells were permeabilized with 0.1% Triton-100X for 15 min and then carefully rinsed with PBS.
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For complete removal of all the permeabilization solution, this rinsing process was repeated three
times with ImL of PBS. Later, cells were incubated with 0.05N HCI for 1 hour. After rinsing
with PBS for 5 minutes, the cells were blocked with goat serum (2%, Sigma-Aldrich, USA) for
1h at room temperature to prevent or minimize the non-specific binding of the primary antibody
on the substrate surface. Samples were incubated with the monoclonal anti-BrdU mouse
antibody (1:5, GE Healthcare) overnight at 4°C. Next, samples were rinsed with PBS (3x) and
incubated with the polyclonal secondary antibody Alexa Fluor 594 AffiniPure Goat Anti-Mouse
(1:250, Jackson Immuno Research) for 1 hour. Lastly, after washing the samples with PBS (3x),
were mounted on coverslips as described in Vega-Figueroa et.al.>
2.4.3. Morphological Study of hFOB Cells by SEM

We used scanning electron microscopy (SEM) to assess the cell morphology and
confluence of hFOB cells grown (5.0 x10* cells/well) on PCL beads-on-string scaffolds and glass
coverslips (control). At 48 hours, 7 and 14 days of cell growth, osteoblastic cells fixed by 4%
glutaraldehyde (Sigma-Aldrich, USA) were stored at 4°C overnight. The next day, the
glutaraldehyde solution was removed, and fixed cells were rinsed thoroughly (3x) in PBS with
intervals of 10 min per rinse. Following this step, dehydration of samples was performed using
graded ethanol (10-100%) for 10 min each. Subsequently, the samples were dried in a series of
hexamethyldisilane (HMDS) (Sigma-Aldrich, USA)/100% ethanol solutions of different ratios
for 10 min each: 1:3 HDMS/EtOH100%, 1:1 HDMS/EtOH100% and 3:1 HDMS/EtOH100%.
Lastly, cells were washed with 100% HDMS and this process was repeated three times for 10
min each. Next, samples were immersed in 2 mL of pure HMDS, which was left to evaporate
overnight. The samples were then mounted on 12.2 mm aluminum mount holder (Ted Pella, Inc.)

with adhesive carbon tape and coated with gold (approx. 15 nm). Finally, all the specimens were

10
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imaged using JEOL 6480LV and JEOL JSM-7500F scanning electron microscope under high

vacuum mode operating at a voltage of 20 kV.

2.4.4. Cell Morphology and differentiation using Phalloidin and Bone Sialoprotein

In order to evaluate the osteoblast differentiation, bone sialoprotein expression was studied at
7 and 14 days of cell growth on the PCL beads-on-string membrane. 4% paraformaldehyde in
PBS is a standard solution used for fixation of cells. After 15 min of fixation at ambient
conditions, cells were rinsed three times with PBS and subsequently permeabilized with Triton-
100X (0.1% in PBS). After 15 min of permeabilization, cells were rinsed again with PBS. Non-
specific sites were blocked by adding 2% goat serum for 1 h. The cells were incubated with anti-
bone sialoprotein antibody (1:100, Abcam) and stored at 4°C overnight. Next day, after three, 10
min washes with PBS, cells were incubated with Phalloidin TRITC (1:250, Sigma Aldrich)
mixed for 1 hour with the polyclonal secondary antibody, Alexa Fluor 488 AffiniPure Goat Anti-
Rabbit IgG (H+L) (1:250, Jackson Immuno Research). Subsequently, the samples were washed
again three times with PBS for 10 min before being mounted on 24 x 60 mm coverslips with
ProLong Diamond Antifade reagent containing 4’, 6-diamidino-2-phenylindole (DAPI) and
stored at room temperature in the dark. Samples were observed and analyzed using a Nikon
Eclipse Ni fluorescence microscope with a Nikon DS-Q12 digital camera.
2.4.5 Statistical Analysis

Cell nuclei were counted using CellProfiler software. A software GraphPad Prism 7.0 was
used to analyze all subsequent data. Unpaired t-test was used to determine statistical
significance, where *** p <0.001; * p < 0.033. Data are presented as mean + standard deviation.

3. RESULTS AND DISCUSSION

11

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Bio Materials

3.1.  Characterization of the PCL beads-on-string membrane scaffolds
3.1.1. Morphological analysis of fibers by SEM and AFM

Randomly oriented PCL beaded nanofibers were prepared through electrospinning
technique at 14% w/v concentration (Figure 1A). In our results, SEM micrographs showed the
formation of membranes with microstructures and random-oriented fibers at the nanoscale. The
average diameter of beads and nanofibers were found to be 6.52 + 1.24 microns and 703.25 +
131.42 nm, respectively (Figure 1B). The accomplished scaffold then was used as a scaffold for
osteoblastic cells. Representation of cell-seeding on PCL beads-on-string scaffolds is shown in

Figure 1C.

A)

Electrospinning PCL beaded membrane

M =

o grodery b T =
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|

i 5 6 7T 8 & f0 11 1 & human Fetal osteoblastic Cells

Beads diameter (microns)

Figure 1. Preparation of PCL scaffolds with nano and micro features. A) Schematic for
electrospinning system that shows the main components of the experiment: Power supply, syringe
pump and rotating collector. Photo image of the obtained PCL beaded membrane B) SEM
Micrograph and diameter distribution of the PCL beads and nanofibers C) Schematic representation
of cell culture of hFOB 1.19 cells on PCL beaded nanofibers.
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SEM and AFM 3D image show the morphology and topography, respectively of a group

of nanofibers as well as further analysis shows that the fiber diameter is around 795 nm (Figure

oNOYTULT D WN =

2, Supporting Information Figure S2). These results confirm our membrane provide micro-
10 beads and nano-fibers that could work as cell scaffold, due to its similar hierarchical

micro/nanostructured interface found on natural ECM.

Figure 2. Physical characterization of PCL beads-on-string scaffolds.
SEM micrographs show the morphology of the electrospun PCL beads-on-
string membrane at different magnifications 500x and 2000x. AFM images
of individual electrospun PCL nanofiber. 3D representation of a single
nanofiber with an average diameter of nanofiber around 681 £+ 75 nm.

49 3.1.3. FTIR Analysis
5o Fourier transform infrared spectroscopy (FTIR) was used to identify the chemical

54 composition of the PCL membranes. The FTIR spectra show in Supporting Information
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Figure S3A peaks bands that allow identifying the functional groups present on PCL pellets and
electrospun PCL membranes. The spectrum of PCL displays two characteristics peaks at 2943
cm! and 2866 cm’!, corresponding to the asymmetric and symmetric stretching vibrational mode
of CH,, respectively. Moreover, an intense and sharp peak at 1722 cm™!, indicates the presence of
a carbonyl group, that correspond to the C=O stretching vibration’!. Additionally, some
transmittance peaks between 1500 cm'! and 500 cm'! were also identified as typical peaks
present on PCL and are visible around 1293 cm! corresponding to C-O and C-C stretching, at
1239 cm! related to asymmetric C-O-C stretching and around 1163 cm™!' corresponding to
symmetric C-O-C stretching. Interpretation of the obtained FTIR spectra of the raw material and
electrospun PCL membranes are found in agreement with previous publications>>-.
3.1.2. XRD Analysis

X-Ray diffraction analysis was carried out to explore crystallinity of the electrospun PCL
membrane. PCL has been broadly used in tissue engineering’®>’ due to it's low in vivo
degradation rate that is determined by the degree of crystallinity of the polymer #* 33
Supporting Information Figure S2B shows X-ray diffraction patterns of electrospun PCL
membrane and exhibit two characteristics diffraction peaks % 360 at the Bragg angle 21.2° and
at 23.5°, corresponding to the crystal lattice plane (100) and (200), respectively>> ¢!, Finally, the
presence of the strong sharp peak confirmed that PCL is a semi-crystalline polymer and also

indicates that preserves its structure after the electrospinning process.

3.1.4. Mechanical Properties
Mechanical properties of PCL scaffolds are an important characteristic because the

material should mimic the function of native ECM and comparable mechanical properties are

14
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desired. In this concern, PCL beaded membranes must provide support and structural stability for
the growth of new cells and future regenerated tissue. The mechanical response under uniaxial
stress of PCL membranes strips is shown in Figure 3A. PCL specimens were tested under dry
conditions at a speed of 0.5 mm/s in a tensile mode and withstand stresses of up to 0.54+0.07
MPa (UTS). The stress-strain curve for PCL membranes shows an elastic region with Young’s
modulus of 2.294+0.13 MPa and a fracture point of 0.52+0.08MPa. The elongation at break of
150.65+31.00 represents a high elastic material, consistently with the properties of PCL. The
elasticity modulus obtained might vary from other reported values due to the different
morphology of single fibers as most of the literature had not to report values of beaded-fibers.
We speculate that beads behave in a similar way that agglomerates and can act as stress raisers,
that avoid the distribution of stress®?. It finally reflects in a detriment of some of the mechanical

properties of the beads-on-string membrane in comparison to the regularly reported non-beaded

A) 0.7
0.6 1
0.5
5 0.4
<
® 0.3
<
» 02 Figure 3. Mechanical testing of
) PCL membrane A) Stress-strain
0.1 PCL membrane curve of electrospun PCL beads-on-
string membrane B) Table 1.
0.0 : i : : : : : Tensile properties of electrospun
0 20 40 60 80 100 120 140 160 PCL beads-on-string membrane.
Strain (%)
B) Table 1.

Young’s Yield Strength Ultimate tensile Fracture point Elongation at
modulus (MPa) (MPa) strength (MPa) (MPa) break (%)

2.29+0.13 0.22+0.08 0.54 £ 0.07 0.52+0.08 150.65+ 31.00
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fibers. However, the PCL beaded membrane remains a high elasticity modulus and topographical
characteristics to be considered a promissory scaffold.
3.2. Response of hFOB cells to micro and nanotopography
3.2.1. Cell adhesion and morphology

We have designed beaded PCL membranes with increased surface area, which can
provide suitable anchorage points for cell adhesion. The prepared membranes show beaded
nanofibers that are interconnected while providing void spaces that would allow cell growth.
After membrane fabrication, hFOB cells were pipetted and seeded on each beaded membranes as
can be noted from Figure 4 and Supporting Information Figure S4 filopodia were extended
from the osteoblast surface on to the surface of beads and used as anchorage points. On the other
hand, SEM micrographs reveal the formation of mineralization nodules on the outer periphery of
the cell surface was observed after 2, 7 and 14 days of cell culture while showing an extended,
flattened cell morphology (Figure 5). As further evidence on the suitability of the beads-on-
string membranes to allow proper cell maturation, labeling of the actin cytoskeleton with

Phalloidin-TRITC was performed.

Figure 4. SEM micrographs of the hFOB cells attached to the PCL beads-on-string scaffold
membrane. Interaction between cell filopodia (white arrows) and the beaded substrate can be
appreciated, as well as the presence of mineralization nodules on the top of the cell’s
membrane. These SEM images were taken after 2 days of culture.

16
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The results of these experiments reveal elongated and polygonal cell morphology that
extends throughout the beaded substrate (Figure 5). It should be noted that this process of cell
adhesion is an important event that determines early on other important cell activities such as
proliferation and subsequent differentiation 9. Likewise, cell-cell contact and confluence are
fundamentally important for osteoblast development as it provides cells with direct signaling
stimulation that can further direct the process of cell maturation and differentiation
%4(Supporting Information Figure S5). Material surface topography and morphology has been
known to affect the overall properties of cellular adhesion 968, A study by Faia-Torres et al.
demonstrated the effects of surface roughness in promoting osteogenic markers for hBM-
mesenchymal stem cells (MSCs) by growing them on PCL roughness gradient membranes. The
researchers found that regarding cytoskeletal morphology, matrix mineralization and the degree
of alkaline phosphatase (ALP) and type I collagen expression was enhanced by increased surface
roughness . To this extent, osteoblast cell morphology and spreading on the beaded scaffolds

were also observed at different time intervals (7 and 14 days).

17

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Bio Materials Page 18 of 29

Figure 5. Scanning electron
micrograph ~ of  osteoblast
cultured on PCL beaded-
membrane at different time
intervals. Cells show proper
adhesion and extended
morphology as well good
interconnectivity  along  the
beaded surface. The presence of
mineralization particles can be
well appreciated throughout the
different time's intervals but is
particularly noticeable at the 14
days mark. Scale bar = 10 pm.

14 days

3.2.2 Cell proliferation

In the interest of studying how the beaded nanofibers affect the proliferation, osteoblast
cells cultured on the scaffolds for 48 hours were subsequently incubated with supplemented
medium containing bromodeoxyuridine (BrdU) for an additional 6 hours. This thymidine analog
is incorporated into DNA during cell division and serves as a method for analyzing relative
proliferation levels. Likewise, DAPI, which binds to the minor groove of DNA, was used as a
counterstain to mark cell nuclei (Figure. 6a). As can be observed from Figure 6b, the
percentage of cells that incorporated BrdU show no statistical differences between cultures on
the beaded and the control groups. Such results allow us to assess that the presence of beaded

fibers is not detrimental nor significantly affect cell proliferation.

18
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45 Figure 6. A) Fluorescent images showing hFOB cell proliferation on beaded
scaffolds and control after 48 hours of cell culture. B) Statistical t-test analysis
of BrdU-positive cells on control and beaded PCL substrate. Each bar
represents the mean percentage of BrdU-positive nuclei + S.D. counted in at
least 2 visual fields at 40X. Scale bar = 50 um

59 19
60 ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Bio Materials

3.2.3 Cell Differentiation

On the other hand, hFOB cells differentiation results in the formation of mature cells that
express proteins that supports the mineralization of the ECM. One of the most relevant of these
expressed proteins is that of bone sialoprotein (BSP). According to Gordon et al., BSP is
expressed in abundance by osteoblast cells, which shows to have a key role in the development
of the mineralized tissue and help influence the process of differentiation . In this regard, we
have studied the expression of BSP at 7 and 14 days of cell growth. As shown in Figure 7, there
is an abundant presence of cells expressing the matrix protein as well as the formation of cell
aggregates at 7 days of culture. Nevertheless, at 14 days the cells shown to be even more
prominent with an equal degree of BSP expression and good distribution throughout the material
substrate. In all, these results allow us to confirm that beaded fibers provide good surface

topography for cell proliferation and growth.

20
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A) DAPI DAPI + Phalloidin DAPI + B.Sialoprotein

7 days
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Figure 7. A) Fluorescent images
showing hFOB cells labeled with
DAPI, Phalloidin (red) and bone
sialoprotein (green) on the PCL
beads-on-string membrane scaffolds
after 7 and 14 days of cell growth B)
Statistical t-test analysis of DAPI-
positive cells on control and beaded
PCL substrate. Mean hFOB nuclei +
S.E. is represented by each bar
counted in at least 2 visual fields at
: 20X. Scale bar = 100 um

600+ | 1

400+

200+

Cell Nuclei per Visual Field

4. CONCLUSIONS

In summary, beads-on-string scaffolds were successfully prepared by adjusting and
optimizing the electrospinning parameters in a systematic process. This work demonstrates the
positive influence of beads-on-string, micro, and nanotopography, on the regulation of cell

functions. SEM characterization confirmed the formation of microbeads and nanofibers on the
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scaffolds and also showed how beads worked as anchorage points for osteoblasts filopodia. Since
at the first 2 days, cells attached on scaffold had low proliferation, after 7 and 14 days of culture,
osteoblasts achieve enough confluence and maturation to secrete bone sialoprotein, a significant
glycoprotein expressed in mineralized tissues. Our results indicate that PCL beads-on-string
scaffolds are a promising scaffold for bone tissue regeneration because it promotes osteoblast

adhesion, subsequently proliferation, and differentiation.
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