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ABSTRACT: Increased oxidative stress in bone cells is known to negatively
alter favorable bone regeneration. This study aimed to develop a porous
polycaprolactone (PCL) membrane incorporated with 25 wt % Vitamin C
(PCL-Vit C) and compared it to the PCL membrane to control oxidative
stress and enhance biomineralization in vitro. Both membranes were
characterized using SEM-EDS, FTIR spectroscopy, and surface hydro-
philicity. Vitamin C release was quantified colorimetrically. Assessments of
the viability and attachment of human fetal osteoblast (hFOB 1.19) cells
were carried out using XTT assay, SEM, and confocal microscopy,
respectively. ROS generation and wound healing percentage were measured
using flow cytometry and Image] software, respectively. Mineralization
study using Alizarin Red in the presence or absence of osteogenic media was
carried out to measure the calcium content. Alkaline phosphatase assay and
gene expression of osteogenic markers (alkaline phosphatase (ALP), collagen Type I (Coll), runt-related transcription factor 2
(RUNX2), osteocalcin (OCN), and osteopontin (OPN)) were analyzed by real-time PCR. SEM images revealed smooth, fine, bead-
free fibers in both membranes. The FTIR spectrum of pure vitamin C was replaced with peaks at 3436.05 and 2322.83 cm™" in the
PCL-Vit C membrane. Vitamin C release was detected at 15 min and 1 h. The PCL-Vit C membrane was hydrophilic, generated
lower ROS, and showed significantly higher viability than the PCL membrane. Although both PCL and PCL-Vit C membranes
showed similar cellular and cytoskeletal morphology, more cell clusters were evident in the PCL-Vit C membrane. Lower ROS level
in the PCL-Vit C membrane displayed improved cell functionality as evidenced by enhanced cellular differentiation with more
intense alizarin staining and higher calcium content, supported by upregulation of osteogenic markers ALP, Coll, and OPN even in
the absence of osteogenic supplements. The presence of Vitamin C in the PCL-Vit C membrane may have mitigated oxidative stress
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‘oxidative stress may enhance biomineralzation process in
facilitating bone regeneration.

in hFOB 1.19 cells, resulting in enhanced biomineralization facilitating bone regeneration.

1. INTRODUCTION

Large bone defects are often encountered following trauma,
surgical resections of skeletal tumors, or congenital anomaly. A
biocompatible bone scaffold is needed to support the healing
of these critical-size bone defects." These bone defects are
defined as those that will not heal spontaneously within a
patient’s lifetime.” Despite the expected characteristics of bone
scaffolds used, including cyto-compatibility, immuno-compat-
ibility, and biodegradability, the issue of biomaterial-generated
oxidative stress in the implant microenvironment still poses a
challenge that is poorly understood.” Moreover, several
degradable biomaterials that are known to be “biocompatible”
can induce significant oxidative stress and inflammation in the
surrounding tissue during their degradation. Oxidative stress
occurs when the production of reactive oxygen species (ROS),
nitrogen species (RNS), and lipid peroxidation products
surpasses the local antioxidant capacity of cells at the site of
implantation.
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Immunological evidence in wound healing studies indicates
oxidative stress plays critical roles in dictating healing pathways
toward inflammation, fibrosis, healing, or material rejection
which are the major events that may occur during the
implantation of biomaterials. Implanted materials stimulate
oxidant formation, through the constant oxidative attack by
immune cells and through their degradation products.* This
may result in excessive or prolonged oxidant exposure, which
can then lead to chronic inflammation and loss of the
biomaterial’s biocompatibility and function.” There is a need
for a balanced expression of both oxidant production and
elimination at the wound healing site for successful biomaterial
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implantation. Antioxidants delivered by injection or oral intake
are usually not very effective due to rapid clearance,
degradation, or low bioavailability at the biomaterial
implantation site.’ Therefore, frequent and high-dose admin-
istration is required, and consequently side-effects often arise.
Alternatively, a functional antioxidative biomaterial scaffold
that can sustainably and locally suppress oxidative stress may
be designed for wound healing therapy and critical-sized bone
defects. Designing biomaterials that modulate ROS and
reactive nitrogen species (RNS) during the healing period is
therefore a promising strategy to improve their outcomes in
vivo.

Biomaterial design plays a major role in the generation of
oxidants in tissues. The material properties that may induce
and regulate oxidative stress include size and shape of the
biomaterial, surface topography, wettability, mechanical
properties, and material geometry.” However, the incorpo-
ration of an antioxidant into biomaterial would certainly be the
prime strategy in mitigating oxidative stress at the local
implantation site. This strategy includes the addition of
antioxidant enzymes such as superoxide dismutase on to the
surface of biomaterials, such as on polyethylene and polyur-
ethane implants that resulted in a significant reduction of
fibrotic encapsulation compared to nonmodified biomaterials.®
Other investigators used metal chelators for polymers’ and
metal compounds'® in metal-based biomaterials that are able
to regulate levels of oxidative stress. Still some researchers used
more complex techniques of incorporating substances that can
modify the expression of gene coding for antioxidant proteins
or ROS-producing enzymes within the healing implant
environment.'' However, the most common current approach
in oxidative stress defense mechanism is embedding small
antioxidant molecules such as vitamin C, vitamin E, curcumin,
and Trolox into biomaterials.”'* Small antioxidant molecules
are usually the preferred option because they are less specific
than enzymes and they are less likely to lose their activity
during incorporation in the biomaterial.” It is relatively easy to
incorporate these small antioxidant molecules covalently or
otherwise into polymers biomaterials for their release by
diffusion and/or degradation. The choice of the polymer
biomaterial and its final ability to perform an appropriate host
response in a specific application is crucial to biomaterial-
controlled antioxidant activity.

Polycaprolactone (PCL) is a biodegradable semicrystalline
polymer which is widely used as bone tissue engineering
scaffolds and delivery vehicles."” The properties of PCL, such
as biocompatibility,'* excellent mechanical properties, and
economical production routes, make it an ideal choice for
wound healing applications.'” However, the hydrophobicity
and slow biodegradation rate restrain its applications. Large
numbers of techniques have been used to fabricate PCL
micro/nanofibers, such as self-assembly phase separation, wet
spinning, dry spinning, and electrospinning.'® Among these,
electrospinning has been widely used to fabricate nanofibers
and is the most widely used approach to manufacture
controllable highly porous fibrous membranes from certain
viscosity of polymer fluids.'” Several works incorporating
antioxidants into PCL have been attempted with varying
success.'” The biocompatibility of the implant material may
still be questionable if the oxidative stress element is not
adequately addressed. Hence, the aim of this study was to
develop a PCL membrane incorporated with Vit C (PCL-Vit

C) to control oxidative stress and enhance bone mineralization
in vitro.

2. MATERIALS AND METHODS

2.1. Preparation of Porous Electrospun Polycapro-
lactone Membrane with or without Vit C. Porous
polycaprolactone membrane was synthesized using 11 wt %
(80 000 MW, Sigma-Aldrich, St. louis. MO, USA) of PCL
dissolved in a mixture of both chloroform (Sigma-Aldrich, St.
Louis, MO, USA) and dimethyl sulfoxide (DMSO; Sigma-
Aldrich, St. Louis, MO, USA) at a ratio of 9:1. First, the PCL
was dissolved in a chloroform solution, and after complete
dissolution, the DMSO was added to the dissolved PCL and
stirred for 1 h at room temperature before electrospinning. The
prepared mixture was then introduced into the electrospinning
machine (Nanospinner, Inovenso, Istanbul, Turkey). The
nanofibrous membrane was produced using a 21-gauge needle
at a 22 cm needle-to-collector distance, a flow rate of 0.5 mL/
h, and with a drum speed of 220 rotation per minute (RPM).
The nanofibrous membrane was collected on the drum.'” The
temperature of the chamber in which the fibers were collected
was 21—24 °C, and the humidity was 60—65%.”

For the Vitamin-C loaded PCL membrane (PCL-Vit C), the
L-ascorbic acid (Bioworld, OH, USA) was used at 25 wt % in
relation to the PCL.>" The required amount of L-ascorbic acid
(Bioworld, OH, USA) was dissolved in DMSO, then was
added to the PCL dissolved in both chloroform and DMSO.
Later, the nanofibrous membrane was drawn as explained
above.

2.2. Membrane Morphology and Physicochemical
Characterization. 2.2.1. Scanning Electron Microscopy
with Energy-Dispersive X-ray Spectroscopy (SEM-EDS).
SEM-EDS was performed to conduct surface topography and
elemental analysis. A square-shaped membrane of PCL and
PCL-Vit C, measuring 1 X 1 cm, was employed for this
purpose. The membranes were coated with gold using
Quorum technologies SC7620, Tescan VEGA 3 XMU.”* An
Oxford Instruments X-max 50 EDS detector was employed to
identify elements from three random regions across the
membranes.

2.2.2. Fourier-Transform Infrared Spectroscopy (FTIR).
Square-shaped (1 X 1 cm) samples of PCL and PCL-Vit C
membranes were also used for FTIR. Jasco FTIR-6300
(Tokyo, Japan) was employed to obtain FTIR-ATR spectra
of the PCL and PCL-Vit C membrane as well as the raw
materials (pure PCL and Vit C powder). The spectra were
recorded with a resolution of 2 cm™" and 16 scans in the range
region of 4000—400 cm™! at room conditions at a constant
temperature of 25 °C, which corresponds to the CH, group
asymmetric and symmetric axial deformations (v(C—H)).”
Three samples were replicated for each sample type, and
Origin Pro 8.5 software was used for data analysis. The
attenuated total reflection (ATR) sampling mode was
employed for spectra analysis, and baseline correction was
performed.

2.2.3. Vitamin C Release. PCL-Vit C membranes incubated
in 0.5 mL of PBS in a shaker incubator at 37 °C for 0 min, 15
min, 1 h, 6 h, 24 h, 48 h, up to day 7. The concentrations of
ascorbic acid release from PCL-Vit C membrane were
measured using an Ascorbic Acid Assay Kit (ab65656;
Abcam, Cambridge, UK).

2.2.4. Contact Angle Measurement. Square-shaped (1 X 1
cm) samples were used. The water contact angle measurement

https://doi.org/10.1021/acsomega.4c02858
ACS Omega 2024, 9, 31776—-31788


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

was conducted to evaluate the wettability and hydrophilicity of
the PCL and PCL-Vit C membranes. A droplet of distilled
water with a volume of 4 yL was placed on the surface of the
membranes, and the sessile drop technique was performed
using a Rame-hart automated goniometer (model 290-U1).*
The mean contact angle value was determined by taking the
average of three separate measurements at different time
points: 0, 5, 15, and 35 min. The experiment was conducted in
triplicate for a total number of three samples from each group.

3. BIOLOGICAL CHARACTERIZATION BY IN VITRO
EXPERIMENTS

3.1. Cell Culture and Seeding. The human fetal
osteoblast cells (hFOB 1.19) from Addexbio, USA were
cultured in a medium consisting of Dulbecco’s Modified Eagle
Medium/Nutrient mixture F12 (DMEM/-F-12) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin—
streptomycin. The cells were maintained at a temperature of 37
°C in a humid atmosphere of 95% O, and 5% CO, throughout
the experimental period. Upon reaching confluence, the cells
were subcultured with 1x trypsin EDTA solution (59417 C;
Sigma; USA), and the medium was replenished every 2 days.
The PCL and PCL-Vit C membrane were prepared in a size of
1 X 1 cm, sterilized with UV for 30 min, and placed at the
bottom of 12-well plates. Before seeding the cells, the
membranes were incubated in 500 uL of complete culture
media for 2 h in a CO, incubator. The media was aspirated
out, and cells were seeded onto the membranes at a density of
1 X 10° cells per well in maximum volume of SO uL and
incubated at 37 °C with 5% CO, for another 2 h. The culture
was replenished by adding an extra 1 mL of complete culture
media and further incubated for downstream experiments.

3.2. Cell Attachment Studies by SEM and Confocal
Microscopy. For SEM analysis, hFOB 1.19 cells were seeded
onto the PCL and PCL-Vit C membranes and cultured for 7
days in a complete DMEM-F12 medium. Afterward, the cell-
seeded membranes were washed in PBS, fixed in 2.5%
glutaraldehyde for 1 h, and progressively dehydrated in
ethanol. The cell seeded membranes were coated with gold
using Quorum technologies SC7620 to prepare for SEM
imaging using Tescan VEGA 3 XMu.**

For confocal microscopy, cell-seeded membranes were
carefully washed three times with sterile PBS and then
incubated with FITC-phalloidin (green) for detecting F-actin
cytoskeleton, followed by DAPI for the nucleus (using a
mounting medium containing DAPI; Abcam, USA) for S min.
To observe the structure and function of the cytoskeleton after
7 days of cell seeding, the membranes were examined under a
confocal microscope and images were captured (Nikon Eclipse
Ti-S, Nikon Instruments Inc., USA). The fluorescence
intensities of confocal microscopy images detailing cell
attachment and spreading were calculated using Image]
software (NIH, Bethesda, MD). The mean fluorescence
intensity (MFI) was calculated from S randomly selected
images acquired for each sample.

3.3. Cell Viability. The proliferation potential of hFOB
cells grown on PCL and PCL-Vit C membranes was assessed
using the XTT proliferation assay (Roche Diagnostics,
Mannheim, Germany) through both direct and indirect
methods. For the direct method, 5 X 10* cells were seeded
onto the membranes and allowed to grow for 24—72 h in 24-
well plates. The membranes were treated with the XTT
reagent/activator mix and incubated for 4 h. 100 mL of

extracts in duplicates from each well were collected, and
absorbance at 450 nm was measured using the BioTek 800 TS
microplate reader. The mean absorbance values were used to
calculate the percentage cell viability. In the indirect method,
extracts from PCL and PCL-Vit C membranes were prepared
by incubating 1 X 1 cm size membranes in complete culture
media for 24 h in a CO, incubator. The obtained extracts were
directly added to hFOB 1.19 cells seeded on 96-well plates at a
density of 5 X 10* cells per well and grown for a period of 24 h,
48 h, and 72 h. At the end of the incubation period, absorbance
was measured using the same protocol as mentioned above.

3.4. ROS Detection and Measurement. ROS detection
and measurement was done using cellular ROS assay kit
(DCFDA/H2DCFDA - Cellular ROS Assay Kit, Abcam, UK).
Briefly, the cells grown on PCL and PCL-Vit C membranes for
1, 2, and 7 days were harvested and incubated with the ROS
assay reagent. Cells treated with H,0, served as positive
control in the experiment. 2 mL of the ROS assay reagent was
added onto cells suspended in the ROS buffer and further
incubated in a CO, incubator for 1 h. The cells were then
analyzed by flow cytometry using FACS Aria III (Becton
Dickinson, USA).>

3.5. Wound Healing Assay. A wound healing assay was
performed using the PCL and PCL-Vit C membranes culture
extracts as mentioned in the indirect method of cell viability.
Cells grown in complete culture media were washed with PBS,
followed by addition of media containing 2.5% FBS for 24 h.
This method of serum starvation was performed to arrest the
normal metabolic activities of the cells. The cells were seeded
onto the assay well-plates following the manufacturer’s
instructions and incubated, followed by addition of the extracts
of PCL and PCL-Vit C membranes. The culture inserts were
aligned in 24-well plates to obtain a wound field in the same
direction. The inserts were removed to create a 0.9 mm gap
and stained using cell staining dye at 0 h, 6 h, and 24 h, and
migration across the gap was monitored using the wound
healing assay kit (ab242285; Abcam, USA) following the
manufacturer’s instructions with an inverted microscope. The
percentage of residual wound gap following cell migration for
the control and study groups was calculated using Image]
software.”® The experiment was performed in triplicate, and
eight images from each study group were analyzed using
Image] software to calculate the percentage wound gap.

3.6. Mineralization Study. 3.6.1. Alizarin Red Staining.
hFOB 1.19 cells were seeded at a density of 5 X 10* cells on
PCL and PCL-Vit C membranes placed in 24-well plates. Cells
were grown on the membranes in the presence or absence of
osteogenic factors (107 M dexamethasone, 10 mM beta
glycerophosphate) for 14 days. hFOB 1.19 cells seeded with
and without osteogenic factors were used as controls. The cells
were then evaluated for matrix mineralization, using Alizarin
Red S staining to determine calcium deposition by the
osteoblast cells. Briefly, on day 14, the cells and cell-seeded
membranes were washed in PBS, fixed in 4% paraformaldehyde
solution for 15 min at room temperature, and then stained
with 40 mM Alizarin Red S solution for 20 min at room
temperature with gentle rocking. After removing the Alizarin
Red S solution, the samples were washed three times with
deionized water and imaged using an inverted phase-contrast
tissue culture microscope (Olympus, CKX 41, NY, USA).**

To quantify the calcium content, 10% acetic acid (v/v) was
added to the Alizarin Red-stained cells grown on PCL and
PCL-Vit C membranes and incubated at room temperature
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Figure 1. Morphology of PCL and PCL-Vit C membranes developed by electrospinning. SEM images revealed smooth, fine, bead-free structure in
both PCL and PCL-Vit C membranes. SEM micrographs of (a) PCL membrane and (c) PCL-Vit C membranes showing irregularly shaped
heterogeneous interconnected pores, with varying depth and wide size distribution. SEM micrographs of (b) PCL alone and (d) PCL-Vit C
membranes showing varying fiber diameters. Bar graphs represent mean (e) pore size and (f) fiber diameter in PCL (n = 3) and PCL-Vit C
membranes (n = 3). All data represent the mean + SEM of three independent experiments. *p < 0.05; **p < 0.01 are indicated.

with gentle rocking for 30 min. The cells were then scraped out
from the control culture wells, vortexed for 30 s, and incubated
at 85 °C for 10 min, while the cell-seeded membranes were
directly vortexed and incubated at the same temperature.
Afterward, the samples were centrifuged for 15 min at 12,000
rpm, and the supernatant containing the cell lysates was
collected for quantification using a plate reader at an
absorbance of 405 nm. To quantify the total calcium release,
a standard calibration curve for Alizarin dye was prepared.”* All
experiments were performed in triplicate for three independent
samples.

3.6.2. Alkaline Phosphatase Activity Assay. Alkaline
phosphatase (ALP) assay was performed using a colorimetric
assay kit (ab83369; Abcam, USA) following the manufacturer’s
instructions.”* Briefly, the cell lysates obtained from control
cells and cells seeded on PCL and PCL-Vit C membranes in
osteogenic conditions for 14 days were added to 96-well
culture plates and incubated with pNPP solution for 60 min at
room temperature. A STOP solution was then added to all the
wells, and absorbance was measured at 405 nm. ALP standards
were also prepared simultaneously following the kit instruc-
tions. All experiments were performed in triplicate for three
independent samples.

3.7. Gene Expression of Osteogenic Markers by Real-
Time RT PCR. To assess the osteogenic differentiation
potential of hFOB 1.19 cells on PCL and PCL-Vit C
membranes, the expression levels of mRNA for alkaline
phosphatase (ALP), collagen Type I (Col 1), Runt-related
transcription factor 2 (RUNX-2), osteocalcin (OC), and
osteopontin (OP) were analyzed after a 14-day culture in
osteogenic conditions. Total RNA was extracted from the cells
harvested by trypsinization from both PCL and PCL-Vit C
membranes using the RNeasy kit (Invitrogen, USA), and the
RNA samples were evaluated for quality and concentration

with the NanoDrop ND1000 (Thermo Fisher Scientific, USA).
Subsequently, first-strand cDNA was synthesized using the
HighScript ¢<DNA synthesis kit (Thermo Fisher Scientific,
USA), and the expression levels of osteogenic genes were
determined using SX FIREPOI SYBR Green Mix (Solisbio-
dyne). The reaction was conducted using gene-specific primer
sequences, with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) serving as the internal control for data normal-
ization. hFOB 1.19 cells grown in the absence of osteogenic
medium served as experimental controls. The qPCR
amplification was carried out with an initial denaturation at
95 °C for 10 min, followed by 40 cycles at 95 °C for 30s, 60 °C
for 1 min, and 72 °C for 1 min, using the StepOne
Thermocycler (Applied Biosystems, USA). The results were
quantified using the AACt relative quantification method. All
experiments were performed in triplicate for three independent
samples.

4. STATISTICAL ANALYSIS

Statistical analysis was carried out using GraphPad Prism
software (version 9.1, USA). Data were expressed as mean +
SEM. A two-way analysis of variance (ANOVA) with multiple
comparisons was performed to identify the differences between
the study groups, and an unpaired t test was used whenever
differences between two groups were studied. A p-value of p <
0.0S was statistically significant.

5. RESULTS

5.1. Membrane Morphology and Physicochemical
Characterization. 5.1.1. Scanning Electron Microscopy.
The morphology and microstructure of the PCL and PCL-
Vit C fibers along with their diameter distribution are
presented in Figure 1. SEM images revealed that both the
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Figure 2. FTIR spectra of (a) pure PCL, (b) pure Vit C, and (c) PCL and PCL-Vit C membranes.

membranes exhibited a smooth, fine, bead-free, three-dimen-
sional porous structure organized from heterogeneous
interconnected pores. The nanofibers appeared nonwoven
with random orientation from a structural point of view. Both
PCL and PCL-Vit C membranes, however, showed variation in
pore size and diameter (Figure 1a,b). In the PCL membrane,
the mean diameter of pores is 109.46 + 35.36 nm (Figure le)
and the mean diameter of fibers produced is 759.05 + 10.11
nm (Figure 1f); while in PCL-Vit C, the mean diameter of
pores is 93.29 & 58.16 nm and the mean diameter of fiber is
51525 + 14.07 nm. The pores for both membranes are
irregularly shaped with varying depth and wide size
distribution. The addition of 25 wt % Vitamin C significantly
reduced both the pore size (p < 0.05) and fiber diameter (p <
0.01) of the PCL membrane (Figure le,f).

5.1.2. FTIR Spectroscopy. The FTIR spectrum of pure PCL
is given in Figure 2a. The spectrum showed characteristic
absorption bands at 2938 cm™ (C—H), 1358 cm™ (—CH,
bending) vibration, asymmetric stretching vibration (C—O—
C) at 1240 cm™', and carbonyl stretching vibration at 1724
cm™. The FTIR spectrum of pure Vit C (L-ascorbic acid) is
represented in Figure 2b. The spectrum has stretching
vibration of C—C double bond at 1674 cm™' and enol
hydroxyl at 1322 cm™". The peaks of pure Vit C were not
observed in the FTIR spectra of the PCL-Vit C membrane;
instead, the PCL-Vit C membrane showed more prominent
peaks at 3436.05 and 2322.83 cm ™ which were not seen in the
pure Vit C spectrum (Figure 2c). In addition, prominent peaks
were observed at 1729.35 cm™" (carbonyl stretching), 1294.48
cm™' (C—O and C-C stretching), and 1238.55 cm™
(asymmetric C—O—C stretching) in the PCL-Vit C membrane
(Figure 2c).

The FTIR spectrum of PCL, PCL-Vit C membranes showed
the common absorption bands at 2949 cm™' (asymmetric
—CH, stretching), 2868 cm™' (symmetric —CH, stretching),
1726 cm™" (carbonyl stretching), 1294 cm™ (C—0O and C—C
stretching), 1239 cm™ (asymmetric C—O—C stretching), and
1169 cm™ (symmetric C—O—C stretching).

5.1.3. Vitamin C Release. A standard curve was generated
according to the manufacturer’s instructions using known
concentrations of Vit C for quantifying the release of Vitamin
C from PCL-Vit C membrane (Supplementary Figure 1a). We
observed an initial burst release of Vitamin C from the PCL-
Vit C membrane at 15 min of incubation in PBS. Subsequently,
we noted a rise in Vitamin C levels at 1 h; however, following
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incubations beyond 1 h, we did not detect Vitamin C in the
solution (Supplementary Figure 1b).

5.1.4. Contact Angle Measurement. The contact angle
measurements of PCL and PCL-Vit C membranes are given in
Table 1. The PCL Vit-C membrane was observed to be

Table 1. Contact Angle Measurement of the PCL and PCL-
Vit C Membranes”

PCL PCL-Vit C
Time Point Mean Angle Time Point Mean Angle
0 min 132.50° + 0.61 0 min 126.01° + 0.29
S min 130.43° + 0.74 S min 121.36° + 0.61
15 min 126.66° + 1.57 15 min 92.13° + 0.53*
35 min 119.10° + 1.39 35 min 85.06° + 0.73%*

“The data is representative of three independent experiments (n = 3).
*p < 0.05 and **p < 0.01 are indicated.

hydrophilic compared to PCL membrane. As time progressed,
the contact angle of PCL-Vit C membrane was observed to be
declining compared to PCL membrane. By 15 min of
incubation, the contact angle of PCL-Vit C membrane reduced
significantly (p < 0.05; 92.13° + 0.53) compared to PCL
membrane (126.66° + 1.57). By 35 min, in the PCL-Vit C
membrane, the contact angle was further reduced significantly
(p < 0.01; 85.06° + 0.73) while in the PCL membrane
(119.10° + 1.39), the contact angle was 119.10° at the same
time point (Figure 3a,b). For a surface to be hydrophilic, the
angle should be <90°; therefore, the PCL-Vit C membrane was
found to be more hydrophilic than the PCL membrane.

5.2. Biological Characterization of the PCL and PCL-
Vit C Membranes In Vitro. 5.2.1. Cell Attachment and
Spreading by SEM and Confocal Microscopy. SEM and
confocal microscopy images of cell-seeded PCL and PCL-Vit
C membranes after 7 days of culture confirmed hFOB 1.19 cell
attachment in both membranes (Figure 4). Clustered areas of
cell attachment were more evident in PCL-Vit C membrane
(Figure 4d—f) than in PCL membrane as confirmed by
staining for the cytoskeletal marker, actin (Figure 4a—c). Cells
were uniformly scattered, covering a larger area in PCL-Vit C
membranes (Figure 4e) than in PCL membrane (Figure 4b).
The cells seeded on PCL-Vit C membranes also displayed a
multipolar polygonal shape with multiple long, tapering
cytoplasmic processes/filapodial extensions, indicating a func-
tionally active phenotype. In contrast, the cellular protrusions
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Figure 3. Contact angle images of a droplet of water on the surface of PCL and PCL-Vit C membranes. Representative images of contact angle
measurements after exposing the surface of the (a) PCL and (b) PCL-Vit C membranes for 35 min are shown.
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Figure 4. Cell attachment and spreading of hFOB 1.19 cells seeded onto the PCL and PCL-Vit C nanofibrous membranes. SEM analysis of hFOB
1.19 cells seeded on (a and b) PCL and (d and e) PCL-Vit C membranes. Cell attachment in (a and c) low magnification (scale bar = 300 ym) and
(b and e) high magnification (scale bar = S0 ym) is shown. Confocal laser scanning micrographs of hFOB 1.19 cells seeded on (c) PCL and (f)
PCL-Vit C nanofibrous membranes. Cells were stained with FITC-phalloidin (green) for F-actin cytoskeleton and DAPI for nucleus (blue). Cell
clusters were more evident in PCL-Vit C membrane. Scale bar = 100 um. (g) Mean fluorescence intensity (MFI) of hFOB 1.19 cells following
adherence and spreading on PCL and PCL- Vit C membranes. * p < 0.0S is indicated.
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Figure 5. Cell viability by XTT assay after 24, 48 and 72 h of direct and indirect (extraction) culture of hFOB 1.19 cells on (a) PCL and (b) PCL-
Vit C membranes. Bar graphs represent mean + SEM percentage viability of cells. All data represent the mean + SEM of three independent
experiments. *p < 0.05 and **p < 0.01 are indicated.
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Figure 6. Flow cytometry analysis of ROS release in hFOB 1.19 cells grown on PCL and PCL-Vit C membranes at days 1, 2, and 7 in culture. (a)
Representative flow cytometry histograms showing Alexa fluorophore 488 positive (right peak, ROS positive) and negative cells (left peak, ROS
negative). (b) The histogram represents the mean fluorescent intensity (MFI) at indicated time points. All data represent the mean + SEM of three

independent experiments. ***p < 0.001, ****p < 0.0001 are indicated.
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Figure 7. Wound healing assay. Representative images of wound scratch assay of hFOB 1.19 cells grown in (a) control 2.5% FBS containing culture
medium, (b) extracts from PCL and (c) PCL-Vit C membranes at 24 h of culture. (d) Percentage (%) wound gap in the hFOB 1.19 cells treated
with control 2.5% FBS containing culture medium, extracts from PCL, and PCL-Vit C membranes at 0, 6, and 24 h. All data represent the mean +

SEM of three independent experiments.

of hFOB 1.19 cells on the pure PCL membranes were poorly
developed.

Confocal micrographs of the stained nuclei and actin
cytoskeletons of hFOB 1.19 cells cultured on PCL and PCL-
Vit C membranes further confirm the cell adhesion
morphology of cells on both membranes. After 7 days of
incubation, the actin cytoskeletons were well-developed in cells
grown on PCL-Vit C (Figure 4c) compared with those on the
PCL (Figure 4f) membranes. Cells in the PCL-Vit C
membranes were able to penetrate to the interior deeper
than the PCL membrane and the number of cells displaying
green fluorescence for actin cytoskeleton attached to the PCL
nanofiber in each plane was less compared with PCL-Vit C
membrane. The presence of intact nanofibrils and porous
microstructure in the PCL-Vit C membranes offered optimal
cell attachment sites that favor the establishment of cell—
matrix and cell—cell interactions through their extended
filopodia. Quantification of mean fluorescence intensity
(MFI) obtained from confocal microscopy images further
confirmed that cellular attachment and spreading in the PCL-
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Vit C membrane was significantly (p < 0.05) higher than that
in the PCL membrane (Figure 4g).

5.2.2. Viability Assay. XTT assay was performed to assess
the cell viability at different time points by both direct and
indirect (extraction method) as shown in Figure S. The cells
grown on the PCL-Vit C membranes exhibited significantly (p
< 0.05) higher viability than the PCL membrane in the direct
contact method (Figure Sb). The data demonstrate the efficacy
of Vit C in promoting the attachment and proliferation of
hFOB 1.19 cells. This finding aligns with the observations from
SEM and confocal microscopy studies which show that the
surfaces of PCL-Vit C membranes are evenly spread with
hFOB 1.19 cells.

In contrast to the direct method, in the extraction method
viability assay, there was no significant variation in cell viability
among PCL and PCL-Vit C membranes (Figure S5a),
suggesting that the extraction medium of both the membrane
fibers had no cytotoxicity on meniscus of cells after culturing
up to 72 h (Figure Sa). However, a significant increase in cell
viability was observed at 72 h of culture in cells grown in PCL-
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Figure 8. Extracellular matrix mineralization in hFOB cells grown in PCL and PCL-Vit-C membranes (a) Microscopic images showing calcification
nodules (arrows) at day 14 in the presence (+) and absence (—) of osteogenesis supplements. Scale bar = 100 ym for all panels. (b) Quantification
of alizarin Red S-stained mineralized nodules showing calcium release at day 14 in culture. (c) Quantification of alkaline phosphatase activity (ALP
U/mL) at day 14 in culture. All data represent the mean + SEM of three independent experiments. *p < 0.05, **p < 0.01 are indicated.

Vit C membrane extract compared to the PCL membrane at
24 h (Figure Sa; p < 0.01).

5.2.3. ROS Estimation. Cells grown on PCL membrane
exhibited a highly significant decrease (p < 0.0001) in ROS
generation at days 1, 2, and 7 of hFOB culture in comparison
to the H,O,-treated positive controls (Figure 6). Similarly,
cells grown on the PCL-Vit C membrane also exhibited a
significant decrease in ROS generation at days 1 (p < 0.001), 2
(p < 0.001), and 7 (p < 0.0001) of hFOB culture in
comparison to the H,O, treated positive controls (Figure S).
PCL-Vit C membrane-grown cells showed a significant decline
in ROS production at days 1 (p < 0.001) and 2 (p < 0.001)
compared to PCL group. However, by day 7 the difference
between the two membrane groups became negligible.

5.2.4. Wound Healing Assay. As shown in Figure 7, wound
migration of the hFOB 1.19 monolayer cell culture showed a
similar pattern among the control cells treated with 2.5% FBS-
containing culture medium (Figure 7a), extracts from PCL
(Figure 7b), and PCL-Vit C membranes (Figure 7c) at the 24
h time point. Figure 7d demonstrates a comparative graph of
the effect of extracts from PCL and PCL-Vit C membranes on
closing the wound gap at 0, 6, and 24 h. At 6 h, cells treated
with PCL and PCL-Vit C membrane extracts achieved a
wound closure of 50.79 =+ 7.34% and 52.16 + 10.27%,
respectively. At the same time point, control cells achieved a
wound closure of 60.55 + 12.52%; nevertheless, the difference
was not statistically significant (p > 0.0S) in comparison to
both the membrane groups. Likewise, at 24 h, the percentage
wound closure among the control, PCL, and PCL-Vit C
membrane extracts treated cells was reduced to 24.21 + 5.31%,
28.46 + 6.03%, and 22.01 + 1.61%, respectively (Figure 7).
Although a difference in percentage wound closure was
observed in the PCL and PCL-Vit C membrane groups
compared to control cells, the difference did not achieve
statistical significance at any time points.

5.2.5. PCL-Vit C Membrane Enhanced Osteoblast
Mineralization. Alizarin Red S staining displayed bright
orange nodules in membranes supplemented with osteogenic
media (+) compared to those without any supplements (—)
(Figure 8a). A more intense staining was observed in the PCL-
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Vit C membrane on day 14 of culture than PCL at the same
time point. It is important to note that PCL-Vit C membrane
favored enhanced differentiation of hFOB cells compared to
PCL membrane even in the absence of osteogenic supplements
(Figure 8a). Quantification of Alizarin Red staining intensity
further supported these observations. Significantly (p < 0.001)
enhanced Ca®** ions release was observed in PCL-Vit C
membrane in the presence (+) and absence (—) of osteogenic
supplements (Figure 8b).

Likewise, an enhanced ALP activity was observed in hFOB
1.19 cells grown in PCL-Vit C membranes by day 14 (Figure
8c). ALP activity of hFOB 1.19 cells seeded on the PCL-Vit C
membrane was significantly higher (p < 0.0S) compared to
those on the PCL membrane (Figure 8c).

5.2.6. PCL Vit-C Enhanced Osteogenic Marker Expression.
Expression of the osteogenic markers such as alkaline
phosphatase (ALP), collagen type I (Col 1), runt-related
transcription factor 2 (Runx2), osteopontin (OP), and
osteocalcin (OC) in hFOB 1.19 cells cultured on the PCL
membrane and PCL-Vit C membrane for 14 days were
analyzed by quantitative real-time PCR (Figure 9). Expression
of early osteogenic markers, ALP and Col 1, were significantly
upregulated in hFOB 1.19 cells cultured on the PCL-Vit C
membrane than in hFOB 1.19 cells grown on the PCL
membrane (p < 0.001). It was also observed that the
expression for the early osteogenic transcription marker
Runx2 was higher in the PCL membrane compared to the
PCL-Vit C membrane by day 14 (Figure 9). There was no
significant difference in gene expression for OC among the two
membranes. However, by day 14, cells grown on PCL-Vit C
membrane exhibited a significantly upregulated expression for
OP compared to those on the PCL membrane (p < 0.0S;
Figure 9).

6. DISCUSSION

Implantation of a biomaterial into host tissue will undoubtedly
generate ROS that when produced in small amounts are
essential for cellular physiological signal transduction processes
while the condition becomes detrimental when the ROS level
exceeds the local antioxidant capacity. Since Williams (2008)"
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Figure 9. Realtime PCR analysis for expression of osteogenic markers
in hFOB cells grown on PCL and PCL-Vit C membranes for 14 days.
Histograms representing the relative changes (fold change) in the
levels of expression of alkaline phosphatase (ALP), collagen type 1
(Col 1), Runt-related transcription factor 2 (Runx2), osteocalcin
(OC), and osteopontin (OP) in hFOB cells. All results represent the
mean + SEM of three independent experiments. *p < 0.05 and ****p
< 0.001 are indicated.

promoted the concepts of biocompatibility that dictate the
mutually acceptable coexistence of biomaterials and tissues to
perform a specific function without causing an unacceptable
degree of harm to the host, a large number of strategies have
been developed to mitigate uncontrolled inflammatory
responses secondary to oxidative stress generated at the site
of biomaterial implantation which may jeopardize the favorable
healing pathway leading to failure." Generally, endogenous
ROS scavenging systems cannot protect the body against the
effects of ROS overproduction. Traditional clinical therapy
using systemic steroids or anti-inflammatory drugs is no doubt
clinically effective but can cause side effects that affect multiple
organs and threaten the general health of the host.”” A more
direct method of delivering antioxidants released from the
biomaterial to the peri-implant microenvironment may be
plausible, clinically safer, efficient, and more economical. 8

In this study, the PCL-Vit C membrane seeded with hFOB
1.19 cells was designed as a tissue construct for bone tissue
engineering with the main purpose of eliminating oxidative
stress for enhancing biomineralization in vitro. Vit C was
incorporated physically into the PCL membrane matrix. The
synthesized PCL membrane showed porous nanofibrous
morphology in the range of 109.46 + 35.36 nm, which is
favorable for osteoblast cell attachment. Incorporation of Vit C
into the membrane matrix systems may allow easy release of
the antioxidant to the cell culture environment via hydrolysis.
SEM study showed the pores of PCL-Vit C membrane
appeared obliterated with reduction in the diameter of fibers
and this could be attributed to the increasing viscosity and
decreasing conductivity of the spinning mixture with the
addition of vitamin C. This finding agrees with a study done by
Alipour et al. (2022)*’ who observed a reduction in the
diameter of fibers from 1.24 + 0.6 to 0.88 + 0.4 pum with
increasing incorporation of Vit C from 0 to 15 wt %.

The synthesized PCL and PCL-Vit C membranes in this
study were validated using FTIR. The common peaks at 2938,
1358, 1240, and 1724 cm™" in pure PCL are expected to match
closely with the PCL membrane spectra, indicating the
characteristic PCL structure is maintained. The PCL
membrane may exhibit additional peaks or variations in peak
intensity due to the membrane form or additives. The PCL-Vit

C membrane lacks the distinct peaks of pure Vit C at 1674 and
1322 cm™!, suggesting either interaction between PCL and Vit
C components or masking of Vit C characteristic peaks by the
dominant PCL structure or due to the low concentration of Vit
C incorporated in the membrane. Another reason for the weak
peak could also be due to the simultaneous alignment of the
Vit C peak with the PCL peaks as mentioned in the study done
by Alipour et al. (2022).> The presence of new peaks
(3436.05 and 2322.83 cm™) or shifted peaks (e.g., 1729.35,
1294.48, and 1238.55 cm™") may suggest chemical interactions
between PCL and Vit C, possibly through hydrogen bonding
or other intermolecular forces, altering the chemical structure
or conformation. On the other hand and based on previous
literature,” the common peaks with high intensity in both
PCL and PCL-Vit C membranes (e.g., carbonyl stretching at
1726 cm™") confirm the preservation of the PCL backbone
structure.

The Vitamin C release studies performed in the current
study showed an initial burst of Vitamin C from the PCL-Vit C
membrane after 15 min and 1 h of incubation in PBS, followed
by no further release. This pattern is in line with our
expectations from the FTIR spectra of the PCL-Vit C
membrane. The rapid initial release may have resulted from
surface desorption or the presence of loosely bound vitamin C
in PCL-Vit C membrane. We hypothesize that the stable
integration of Vitamin C within the nanofibrous matrix is
plausibly the cause for the absence of further release after 1 h.

While PCL membrane surfaces are generally hydrophobic,
interestingly, incorporation of Vit C into the membrane
reduced the water contact angle of the material and generated
a more hydrophilic surface. This finding is in accordance with
previous studies which have added Vit C into several types of
scaffolds and confirmed the presence of the hydrophilic
property of the biomaterial surface.’® A hydrophilic surface
encourages protein adsorption and cell adhesion at the cell—
tissue interface, which is a critical immediate event in
implantation of biomaterials.

The PCL membrane has been reported in many studies to
produce a variable influence on the degree of ROS generation
upon uptake by cells. Many workers claimed that PCL
membrane surface topography, wettability, protein adsorption
characteristics, and surface charges play an additional influence
in ROS production.”’ In the present study, the exposure of
hFOB 1.19 cells to PCL and PCL-Vit C membrane-induced
stress is expected to generate intracellular ROS, which is
crucial for normal cellular signaling and metabolism. However,
the cells’” inflammatory pathway may be stimulated when the
level of ROS generation is overwhelmed and exceeds its
physiological need. The results in this study showed a
statistically significant rise in the level of ROS production in
the PCL membrane in comparison to the PCL-Vit C
membrane.

Our results suggest that incorporating Vit C into the PCL
membrane can help mitigate ROS generation and maintain a
more balanced redox environment within the cells. This
reduction in ROS levels can contribute to improved cell
survival and the overall success of tissue engineering strategies.
These results agree with a study done by Ueno et al. (2011),
who demonstrated oxidative stress induced by H,O,
significantly reduced the viability of osteoblast, its rate of
proliferation, differentiation, and mineralization in vitro.** In a
recent study by our group, AlHarthi et al. (2022)
demonstrated that exposure of human osteoblast cells
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(HOB) to titanium dioxide microparticles generated oxidative
stress, which leads to release of proinflammatory cytokines
MCP-1 and IL-8 which was measured after 24 h. The HOB
cells were then treated with antioxidant Vit C and
demonstrated a significant reduction in the generation of
ROS and control of chemokines production in the HOB
culture conditions.*

The biological evaluation of the PCL-Vit C membrane
involved viability studies using hFOB 1.19 cells that
demonstrated its superior biocompatibility compared to cells
seeded on the PCL membrane, suggesting the influence of Vit
C in eliminating oxidative stress generated by the biomaterial.
The hFOB 1.19 cells on the PCL-Vit C membrane were
morphologically healthy, showing good attachment and spread
on the fibrillar membrane. Furthermore, comparison of the
ROS assay between PCL membrane and PCL-Vit C showed a
significantly lower generation of ROS in the PCL-Vit C group,
which was even lower than the positive control by day 7.

It is known that cell culture incubated at ambient O, levels
(95%) contribute to oxidative stress in both primary cells and
immortalized cells.’* In addition, the pro-oxidant nature of the
cell culture medium and decreased availability of antioxidants,
combined with higher-than-normal physiological oxygen
tension would result in net increase in ROS in the hFOB
1.19 cell culture under the present experimental conditions. In
fact, immortalized cells cultured under high oxygen tension
might show higher inflammatory response and redox
imbalance.>* In this study, the addition of H,O, has further
simulated a higher oxidative stress condition in the hFOB 1.19
culture. The ability of PCL-Vit C in downregulating ROS
suggests its efficiency in releasing and delivering antioxidants
from the PCL matrix to the oxidants generated in the hFOB
1.19 cells in particular and to the cell culture medium
environment in general.

Further evidence of PCL-Vit C enhancing cell growth
capacity in this study was observed when the hFOB 1.19 cells
were subjected to wound healing scratch assay. Our findings
initially showed that at the 6 h period, there were minimal
differences between the migratory rate of hFOB 1.19 in PCL
and PCL-Vit C membranes compared to control cells, as
demonstrated by the wide gap between the edges of the scratch
wound margin in both test and control groups. However, by 24
h, the hFOB 1.19 cells at the wound edge in PCL-Vit C
showed active polarization and migration into the wound space
compared to the PCL membrane, demonstrating its two-
dimensional cell migration ability in closing the gap. The
presence of Vit C could have mitigated the generation of
reactive oxygen species in the wound microenvironment
secondary to scratch injury and triggered signaling pathways
associated with cell proliferation and migration.

The oxidative stress and endogenous antioxidant signaling
pathways are still poorly understood. While vitamin C is a
known potent antioxidant that is able to mitigate oxidative
stress in cancer cells’® and heavy metal exposure,”’ its
antioxidative mechanisms in bone tissue is still controversial.
However, a vitamin C-supplemented diet in Abalone has
shown improvement in antioxidant capacity through Nrf2/
Keapl signaling.”® Nuclear factor erythroid 2-related factor 2
(Nrf2) is a transcription factor expressed in many cell types,
including osteoblasts, osteocytes, and osteoclasts. Nrf2 has
been considered a master regulator of cytoprotective genes
against oxidative stress, playing a key transcription role in
regulating the expression of genes involved in the antioxidant

and anti-inflammatory responses.’” The key pathway of cellular
resistance to oxidative stress was found to be Nrf2/Keapl
(kelch-like ECH-associated protein 1),"” and many antioxidant
enzymes regulated by the Nrf2/Keapl pathway can remove
reactive oxygen species, resists oxidative damage from the
external environment and also enhances the endogenous
antioxidant capacity of the body.”" This pathway has shown
significance in bone homeostasis, particularly in RANKL-
induced osteoclastogenesis, where intracellular ROS levels are
heightened. Previous studies showed potential effects of
natural compounds such as 4-methylcatechol (4-MC), oroxylin
A (0A), and notopterol (NOT) in regulating osteoclasto-
genesis and bone resorption by modulating oxidative stress and
inflammation through Nrf2 activation.””™** Since Rana et al.
reported that Nrf2-deficient osteoblasts also tend to lose their
ability to differentiate and mineralize,”” we hypothesize that
Vitamin C incorporated PCL membranes may attenuate
oxidative stress and inflammation via a similar ROS/Nrf2/
Keapl signaling axis in bone tissue.

Our current work demonstrates that both PCL and PCL-Vit
C membranes can act as bone bioscaffolds to support the
biomineralization process, with formation of calcium phos-
phate crystals within the extracellular matrix. Our results
showed that the quantity of mineralization nodules in PCL-Vit
C was higher than those in the PCL membrane even in the
absence of osteogenic medium. Furthermore, besides address-
ing the free radicals produced by hFOB 1.19 cells, the PCL-Vit
C membrane can provide a localized source of Vit C in the
tissue culture condition, promoting collagen production and
subsequent mineralization in accordance with previous studies
by Hadzir et al. (2014).%

Our biomineralization results were further supported by
quantitative real-time RT PCR analysis to identify the gene
expression of osteogenic markers on day 14, such as alkaline
phosphatase (ALP), osteocalcin (OCN), osteopontin (OPN),
collagen type 1 (COLI1), and RUNX2 in hFOB cells. High
expressions of ALP and collagen type I were observed on day
14 in the PCL-Vit C group supporting extracellular matrix
formation while OCN and OPN were equally expressed in
both PCL-Vit C and PCL membrane-only, demonstrating
mineralization activity in both groups. Expression of tran-
scription factor RUNX2 was expectedly found to be low by day
14 in PCL-Vit C seeded osteoblast cells.

Although many authors have used other forms of
antioxidants such as N-acetylcysteine, vitamin E, xanthan
gum, and alginate,46 Vit C has been selected in this study as
the antioxidant molecule for direct ROS scavenging process
due to its widely therapeutic use in chronic inflammatory
diseases,” its long stay as a wound healing remedy,** and its
recently identified role in mitigating the damaging inflamma-
tory response in ischemia-reperfusion injury in bone.*’
Furthermore, Vit C can quickly diffuse into target cells and
tissues to perform its therapeutic functions since it is smaller
than other antioxidants.”® Besides its antioxidant capacity,
other favorable characteristics of the PCL membrane itself
used in this study, including its numerous porosity,
interconnectivity, and hydrophilic surface properties, could
have contributed to the conducive biomimetic microenviron-
ment for hFOB 1.19 cell growth, attachment, proliferation,
differentiation, and mineralization of the extracellular matrix.
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7. CONCLUSIONS

Managing wound healing approaches by incorporating drugs
directly at implantation sites is one of the current strategies in
regenerative medicine. This study has suggested the possibility
of developing a biocompatible PCL-Vit C based tissue
construct for bone tissue engineering that may respond to
oxidative stress in the implantation microenvironment. Its
antioxidative material property will prevent the propagation of
uncontrolled inflammation and support the biomineralization
process, facilitating tissue-material incorporation.

While oxidative stress inhibits osteoblastic differentiation
and promotes apoptosis and the antioxidant Vit C activates
osteoblastogenesis and inhibits osteoclastogenesis, there are
still challenges ahead that are not well-understood. The
concentration at which ROS is biologically relevant is yet to
be deteremined, as is its association with the “biocompatibility”
of PCL in performing a specific function. It is currently difficult
to quantify and deliver antioxidant concentrations that are
relevant and in particular that respond to variations of
oxidative stress levels at the biomaterial implant site. The
future may hold promise in developing ROS-scavenging bone
scaffolds that help mitigate oxidative stress injury in the
implantation cellular microenvironment and accelerate bone-
tissue regeneration, expanding the horizon of biocompatibility
of biomaterials.
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