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The goal of this work is to fabricate a new composite based on polyurethane (PU),
grapefruit (GP) oil, and cobalt nitrate [Co(NOg)o] using an electrospinning technique.
Morphology results revealed the reduction in the fiber diameter of the composites
compared to pristine PU control. The interaction of PU with GP and Co(NOs), was
confirmed by hydrogen bond formation evident in infrared analysis. The fabricated PU/GP
composites depicted a more hydrophobic behavior, while PU/GP/Co(NOs), showed a
hydrophilic behavior than the pristine PU. Atomic force micrographs (AFM) revealed that
the developed composites showed a decrease in the surface roughness (R,) compared to
PU. The addition of GP and Co(NO3), improved the mechanical strength of the pristine PU.
The blood compatibility assays concluded not only the increase in blood clotting levels but
also the less toxic nature of the fabricated composites compared to the pristine PU. Hence,
the newly designed composites possessing outstanding physicochemical and biological
properties may be used as a potential candidate for scaffolding in tissue engineering
applications.

Keywords: PU, Co(NO3)2, grapefruit oil, electrospun scaffold, tissue engineering

INTRODUCTION

Tissue engineering is an emerging technique used for the recovering of the lost functions of the
human tissue. This technique utilizes a natural/synthetic structure named “scaffold,” which plays a
key role in remodeling the damaged human tissue. The scaffold was combined with cell binding sites
and growth factors in order to mimic the native extra cellular matrix (ECM) structure of the human
tissue to support the cell proliferation, migration, and differentiation (Teixeira et al., 2020). The
important characteristics of an ideal scaffold are its non-toxic, non-allergenic, biocompatible, and
biodegradable nature (Zennifer et al., 2021). Recently, a scaffold based on a nanofibrous material was
widely investigated in tissue engineering applications.
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The various methods used for developing the nanofibers are
freeze drying, particle leaching, solvent casting, self-assembly, gas
foaming, electrospinning, phase separation, etc. (Li et al., 2018;
Eltom et al., 2019). Nanofibers developed using some of the above
techniques were found unfit for the wound healing applications
owing to their large diameters and porous structure (Ali et al,
2016). However, the nanofibers based on the electrospinning
technique provide adjustable pore size and surface area-to-
volume ratios, which could have the ability to resemble the
native ECM structure of human tissue (Vasita and Katti 2006;
Liu et al, 2013; Wang et al., 2013). Further, the electrospun
nanofibers also enhance the cell adhesion and proliferation and
support the new tissue formation (Wang et al., 2013).

In tissue engineering applications, the polymeric materials
(both natural and synthetic) were widely used for fabricating
scaffolds. The natural polymers were chitosan, collagen, and silk
fibroin, and synthetic polymers like polyvinyl alcohol (PVA),
polylactide acid (PLA), polyurethane (PU), and poly
(e-caprolactone) (PCL) were widely sought (Cui et al., 2010; Li
etal, 2018). In this study, PU was used to develop nanofibers, and
it was selected because of its desirable characteristics such as
biocompatibility, biodegradability, and good oxidation stability
(Polymer, 2019; Shen et al, 2015). Furthermore, literature
showed that the scaffold based on polyurethane has
widespread tissue engineering applications (Unnithan et al,
2012; Kuo et al., 2014; Tetteh et al., 2014; Subramaniam et al.,
2018). Several modification strategies have been investigated in
order to improve the physicochemical and biological properties
of PU for tissue engineering applications. To state, Singh et al.
(2020) modified PU with graphene oxide (GO) and
hydroxyapatite (Hap) to serve as a scaffold for bone tissue
engineering. The developed PU-GO/Hap composite showed
improved thermal stability, better antimicrobial activity, and
biocompatibility for U20S cell growth. In another study,
Almasian et al. (2020) developed a scaffold based on PU
containing carboxymethyl cellulose (CC) and Malva sylvestris
(MS) extract for wound healing applications. The fabricated PU/
CC/MS composites showed satisfactory antimicrobial effects and
improved the wound healing rate. Another interesting work
from Kim et al. (2014) portrayed the significance of PU
scaffold loaded with propolis for biomedical applications.
Recently, Pant et al. (2015) fabricated a PU scaffold
containing GO for stent coating. The developed PU/GO
composite scaffold showed improved mechanical properties,
hydrophilicity, and enhanced stability suitable for the stent
coating.

In this study, PU was incorporated with grapefruit oil (GP)
and cobalt nitrate [Co(NO3),] in order to enhance their biological
properties. The essential oil (EO) was obtained from the peel of
grapefruit (Citrus Paradisi. L) through solvent-free microwave
extraction and hydro-distillation. Grapefruit oil possesses almost
25 components. The dominant one among them is limonene
(88.6%-91.5%) and some other constituents like [-pinene
(0.8%-1.2%), linalool  (1.1%-0.7%), and o-terpinene
(0.7%-1.0%). Grapefruit EO stimulates body cleansing and
removal of excess fluids (Uysal et al., 2011). GP has been
reported to possess antibacterial and antigenotoxic -effects
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(Cristobal-Luna et al, 2018). The cobalt-incorporated
materials were reported to be a hypoxia-mimicking material,
which helps in activating the angiogenesis-related genes by
artificial stabilization of hypoxia-inducible factor 1 (HIF-1).
Few studies have reported the potential beneficial effects of
cobalt (Co*") ions promoting angiogenesis. For instance, it
was found that subcutaneous injections of cobalt in a rat
kidney model promoted angiogenesis by activation of HIF-1.
Furthermore, in a rat bladder in vivo model, cobalt stimulated the
HIF-1a expression and vascular endothelial growth factor
(VEGEF), which ultimately influences the responses of hypoxia,
cell growth, and angiogenesis (Hoppe et al., 2014). This study
examines a new wound dressing scaffold based on polyurethane
added with grapefruit oil and cobalt nitrate. After the
electrospinning process, their physicochemical and biological
properties were investigated to validate its feasibility.

MATERIALS AND METHODOLOGY

Materials

Tecoflex EG-80A with a molecular weight of 1,000 g/mol was
used to fabricate electrospun scaffold. The grapefruit oil was
obtained from a local market. Cobalt nitrate was procured from
Sigma  Aldrich,  United  Kingdom. The  solvent
dimethylformamide (DMF) was obtained from Merck,
United States. The reagents used in partial thromboplastin
time (APTT) and prothrombin time (PT) assay were obtained
from Thermo Fisher Scientific, Selangor, Malaysia.

Preparation of Composite

To prepare a polymeric solution, PU of 9 wt% was prepared by
dissolving in DMF and stirring overnight. The homogeneous
solution of grapefruit oil (4 w/v%) and cobalt nitrate (4 wt%) was
prepared by dissolving them in DMF and stirring for 1h
minimum. Finally, the composite solution is done by mixing a
prepared homogeneous solution of PU, grapefruit oil, and cobalt
nitrate at a ratio of 8:1 (v/v) and 8:0.5:0.5 (v/v) to make PU/GP
and PU/GP/Co(NOs3),, respectively.

Fabrication of PU and Composite Scaffold
The scaffold of PU, PU/GP, and PU/GP/Co(NOs3), composite
was prepared by the electrospinning technique. In our study, the
scaffold was prepared at a flow rate of 0.2 ml/h with a supply
voltage of 10.5kV. The distance from needle to collector drum
was set as 20 cm.

Field Emission Scanning Electron
Microscopy Micrographs

A field emission scanning electron microscopy (FESEM) unit was
used for the morphology study of the electrospun PU, PU/GP,
and PU/GP/Co(NO;), composites. The blank samples were gold
coated and placed on the sample base of the FESEM. All the
samples were captured and the fiber analyzed using Image]
(National Institutes of Health, Bethesda, MD, United States)
software to calculate the average fiber diameter.
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FIGURE 1 | Field emission scanning electron microscopy (FESEM) images of (A) polyurethane (PU), (B) PU/grapefruit (GP), and (C) PU/GP/cobalt nitrate
[Co(NOg)a].

Fourier Transform Infrared Spectroscopy

Analysis

The evaluation of chemical groups in the electrospun PU, PU/GP,
and PU/GP/Co(NOj3), composites was analyzed with an FTIR
unit. For all samples, the spectrum in the range 600-4,000 cm™"
was scanned and recorded.

Contact Angle Measurements

To study the wetting behavior of electrospun PU, PU/GP, and
PU/GP/Co(NO3), composites, the optima contact angle
measurement unit was used. A small piece of web
(1 x 5cm?) was fixed, and a drop of water from the needle
was placed on the scaffold. An image of the droplet was
captured using a high-resolution camera, and the angle of
the droplet was calculated.

Thermogravimetric Analysis

TGA was performed for electrospun PU, PU/GP, and PU/GP/
Co(NOs3), composites under a Perkin Elmer thermal system. The
experiment was done in nitrogen atmosphere, and the scans were
done in the temperature range of 30°C-1,000°C with a heating
rate of 10°C/min.

Atomic Force Microscopy

The average surface roughness of the developed scaffolds was
estimated from the atomic force microscopy that was used. The
experiment was done in the normal atmosphere at room
temperature. Atomic force micrograph (AFM) images were
taken in size of 20 pum x20pm with 512 %512 pixels,
respectively.

Mechanical Testing

The mechanical strength of electrospun scaffolds was
examined under a uniaxial testing machine. The tensile test
was performed under a gauge length and cross head speed of 20
and 10 mm/min, respectively. From the stress strain plot, the
maximum tensile strength was calculated and expressed in
megapascals.

Blood Compatibility Measurements

The assays such as APTT, PT, and hemolysis were done to
determine the blood compatibility nature of the electrospun
scaffolds. The procedure for each analysis was based on the
protocol as discussed previously in literature (Balaji et al.,
2016).
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FIGURE 2 | FTIR curve of PU, PU/GP, and PU/GP/Co(NOg)..
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Statistical Analysis

All tests were performed in triplicate. One-way analysis of
variance (ANOVA) was carried out, and the mean + SD are
obtained for all cases.

RESULTS

FESEM Analysis

Figure 1 shows the FESEM figures of the prepared electrospun
scaffolds. It was observed that the as-spun nanofibrous scaffolds
displayed a smoother and bead-less morphology with a non-
woven structure. The average fiber diameter for pure PU was
reported to be 1,513 £ 134 nm, while the PU/GP and PU/GP/
Co(NOs3), exhibited an average diameter of 967 + 155 nm and
469 + 157 nm, respectively. Furthermore, an EDS study
confirmed the presence of cobalt in the polyurethane matrix.
The polyurethane matrix showed an 8.1% weight of cobalt in
addition to the carbon and oxygen content.

FTIR Analysis

FTIR spectra of the electrospun scaffolds were used to evaluate
their chemical composition, and the spectra are indicated in
Figure 2. In PU, a peak at 3,318 cm™' denotes NH stretch,
peaks at 2,920 and 2,852 cm™" represent the CH stretch, and
twin peaks seen at 1730 and 1701 cm™" correspond to the CO
group. Peaks at 1,531 and 1,597 cm ™" indicate the vibration of the
NH group; the peak at 1,414 cm™' corresponds to the CH
vibrations; and the peaks at 1,221, 1,105, and 770 cm’
represent the CO group with respect to alcohol (Balaji et al.,
2016). There is no new peak formation for the developed
nanocomposite scaffolds, but the PU peak intensity was
altered (increased) with the addition of GP and Co(NOs3),.
Further CH peak shift was also observed in which the peak at
2,920cm™ in PU was shifted to 2,941 cm™" in PU/GP and
2,937 cm™ in PU/GP/Co(NO3),, respectively (Tijing et al., 2012).
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FIGURE 3 | DTA curve of PU, PU/GP, and PU/GP/Co(NOg),.

Contact Angle Measurements
The static contact angle of pure PU scaffold was found to be

105° + 3° while the PU containing GP and GP/Co(NOs3), showed
a contact angle of 109°+ 1° and 73° £ 1°, respectively.

Thermal Analysis

Figure 3 depicts the DTA curves of electrospun PU, PU/GP, and
PU/GP/Co(NOs3),. From the DTA curve, the PU showed the
initial degradation temperature at 284°C, while that temperature
was increased to 290°C in electrospun PU/GP and decreased to
173°C in PU/GP/Co(NOs),. Furthermore, DTG for the
electrospun scaffolds is shown in Figure 4, and it was inferred
that all electrospun scaffolds displayed three weight loss peaks. In
PU weight loss curve, the first loss was seen from 222°C to 360°C,
the second loss from 360°C to 517°C, and the third loss from
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FIGURE 4 | DTG curve of PU, PU/GP, and PU/GP/Co(NOQs)..
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FIGURE 6 | Tensile curves of PU, PU/GP, and PU/GP/Co(NO3),.

FIGURE 5 | Atomic force micrograph (AFM) images of (A) PU, (B) PU/GP, and (C) PU/GP/Co(NOg),.

517°C to 727°C. In the PU/GP curve, the first loss was seen from
224°C to 372°C, the second loss from 372°C to 553°C, and the
third loss from 553°C to 783°C, respectively. While in the PU/GP/
Co(NO;), weight loss curve, the first loss was seen from 96°C to
354°C, the second loss from 354°C to 497°C, and the third loss
from 497°C to 703°C, respectively.

AFM Analysis

AFM was performed to analyze the change in the surface roughness
of the polyurethane scaffold while adding GP and Co(NO3),, and the
representative 3D images are shown in Figure 5. The pristine PU
showed an average roughness (R,) of 854 + 32 nm, while the PU
containing GP and GP/Co(NOs3), displayed an average roughness of
682 + 227 nm and 430 + 198 nm, respectively.

Tensile Measurements
Figure 6 depicts the tensile curves of PU with the addition of GP
and Co(NOs3),. The average tensile strength of PU was 6.16 MPa,

while incorporating GP and Co(NO3),, it was increased to 9.36
and 16.28 MPa, respectively. Furthermore, Table 1 presents the
average results of elastic modulus, yield strength, and elongation
at break for the electrospun scaffolds.

Blood Compatibility Measurements

Blood clotting assays, namely, APTT and PT, were used to
measure anticoagulant nature of electrospun PU, GP, and GP/
Co(NOs3),, and the results are presented in Figure 7A, B. The
developed PU/GP and PU/GP/Co(NO3), showed an APTT time
of 195+2s and 189 +4s, while for PU, it was found to be
176 £2s. Similarly, the developed PU/GP and PU/GP/
Co(NQO3), showed a PT time of 110+1s and 107*1s,
respectively, while for PU, it was found to be 94 £2s. The
prolonged blood clotting time was due to the presence of GP
and Co(NO3),. Furthermore, a hemolytic assay was also done to
measure the toxicity of fabricated scaffolds with the red blood
cells (RBCs). The index of the pristine PU was found to be 2.83%,
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TABLE 1 | Average results of elastic modulus,
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yield strength, and elongation at break for the electrospun scaffolds.

Name Elastic modulus (MPa) Yield strength (N) Elongation at break (%)
PU 517 12.479 61.89
PU/grapefruit oil 7.60 10.107 79.66
PU/grapefruit oil/cobalt nitrate 10.57 9.524 92.06
* * * *
A 200 — B C < 3
e
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= = c 2
(2 2 [
@ 100 @ 2
E E 504 a
[ [ L 14
50 >
o
£
]
o : 04 T od
PU PU/GP PU/GP/Co(NO3s), PU PU/GP PU/GP/Co(NOs); PU PU/GP PU/GP/Co(NOs):
* mean differences were significant compared with pure PU (p<0.05)
FIGURE 7 | (A) partial thromboplastin time (APTT), (B) prothrombin time (PT), and (C) hemolytic index of PU, PU/GP, and PU/GP/Co(NQg),.

and for PU/GP and PU/GP/Co(NOs3), nanocomposite mat, it was
calculated to be 1.52% and 1.73%, respectively, as shown in
Figure 7C.

DISCUSSION

SEM investigation depicted that the addition of GP and Co(NO3),
decreased the fiber diameter of the pristine PU. Balaji et al. (2016)
electrospun a scaffold based on polyurethane added with honey and
papaya. It was shown that the honey and papaya incorporation
resulted in the PU fiber diameter. They concluded that this behavior
was owing to the bioactive molecules existing in the honey and
papaya. Furthermore, they also concluded that this might be due to
the changes in the viscosity solution on adding honey and papaya to
the PU. Hence, in our study, the reduction in the PU fiber diameter
was because of bioactive molecules present in GP. Bioactive
molecules might interact with polymeric solution resulting in a
change in viscosity of PU solution favoring smaller diameter in
composite scaffolds. Lakshman et al. (2010) fabricated a scaffold
utilizing a polyurethane scaffold blended with silver nanoparticles
using an electrospinning technique. It has been reported that the
presence of silver in the PU displayed reduced fiber diameter
compared to the control. The reason for this behavior was
owing to the increase in the conductivity of the PU solution
while adding silver nanoparticles. Hence, in our study, the
reduction in the PU fiber diameter was because of both
bioactive molecules present in GP and an increase in the
conductivity of PU/cobalt nitrate solution. Smaller fiber
diameters are reported to have more specific surface area leading
to enhanced protein adhesion and cell attachment (Chen et al,
2007). Jaganathan and Mani (2018) fabricated a wound dressing

scaffold based on polyurethane added with copper sulfate. The PU
fiber diameter was reduced with the addition of copper sulfate,
which correlates with our findings. Furthermore, the smaller fibers
resulted in the improved adhesion and proliferation of fibroblast
cells than the pristine PU. Hence, our electrospun nanocomposites
that displayed a smaller fiber diameter might be suitable for wound
dressing applications. FTIR analysis showed an increase in peak
intensity with the addition of GP and Co(NO;),, which was because
of the strong hydrogen bond formation (Unnithan et al., 2012). The
formation of hydrogen bond was because of the linking of molecules
(NH, CH, and CO) present in PU, GP, and Co(NOj3),. The peak
shift and hydrogen bond formation depict the interaction of
molecules present in the GP and Co(NOs), within PU matrix.
In contact angle measurements, the addition of the GP into the
polyurethane matrix had improved its hydrophobicity to an extent,
and the change in wettability is due to the constituents present in the
GP. Furthermore, the addition of Co(NOs), improved the
wettability of the pristine PU. Since the cobalt nitrate contains
hydrated water molecules in its structure, this would have inevitably
favored the hydrophilic nature of polyurethane. Furthermore, the
obtained contact angle results correlate with the FTIR observation,
which indicated the formation of broad band of hydroxyl groups at
3318cm ™ in the spectra of PU/GP/Co(NO3),. The increased
wettability will enhance the quality of the scaffold in tissue
engineering application as this will enable the better distribution
in the scaffold during seeding of cells (Yassin et al, 2016).
Jaganathan and Mani (2019) electrospun a wound dressing
scaffold utilizing polyurethane incorporated with zinc particles.
The electrospun PU/zinc nitrate showed a hydrophilic behavior,
which correlates with our observation. Furthermore, it displayed
enhanced fibroblast cell adhesion than the pristine PU. In this study,
the addition of Co(NOs3), converts the PU to have a hydrophilic
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behavior, which might be suitable for wound dressing applications.
TGA was performed at a high temperature in order to predict the
scaffold thermal stability, interaction of added constituents, and
integrity (Samouillan et al., 2011; Bhugul and Choudhari, 2013;
Hassiba et al., 2017). The thermal stability was increased with the
reinforcement of GP and decreased while adding cobalt nitrate.
Manikandan et al. (2017) electrospun a scaffold based on
polyurethane added with murivennai oil nanofibers. The PU/
murivennai scaffold showed enhanced thermal behavior, which
correlates with the observation of PU/grapefruit oil scaffold. The
cobalt nitrate salt contains volatile components (H,O), which have
been evaporated on heating, causing a decrease in the thermal
stability of PU/grapefruit oil/cobalt nitrate scaffold (Koohkan et al,,
2018). Nirmala et al. (2013) reported the decrease in the thermal
stability of the PU with the addition of copper oxide and attributed
this behavior to the cations of copper (add reference). Hence, in our
study, the cobalt cations might also have a putative role in
decreasing the thermal stability. In DTG analysis, the onset and
close peaks in the PU/GP and PU/GP/Co(NO3), were different
from the pristine polyurethane. This once again corroborates that
the added material was integrated into the polyurethane matrix.
AFM results clearly depicted that the surface of PE/GP and PE/GP/
Co(NO;), was smoother. The change in the roughness behavior
was due to the molecules present in GP and Co(NO;),. The
decrease in the surface roughness might be because of bioactive
constituents present in the GP oil. The roughness was reduced
further on adding Co(NO3), to PU/GP, which might be due to the
interaction of bioactive components in the GP oil with the
molecules of the Co(NOs), respectively. Kim et al. (2016)
reported a surface roughness analysis in electrospun scaffold
utilizing PCL with different diameters. It has been reported that
scaffolds with smaller diameter showed smoother surfaces
compared to the larger fiber diameter scaffold. Hence, the
smoother surfaces of the developed nanocomposite might be
because of their smaller fiber diameter of the composite
scaffolds. Huag et al. (2009) prepared microporous
poly(hydroxybutyric acid) membranes and studied the effect of
roughness on osteoblast and fibroblast cell attachment. It has been
reported that the membranes with flat surfaces displayed higher
fibroblast cell attachment. Hence, both our electrospun composites
with smoother surfaces might play an important role in the growth
of new tissues. The addition of GP and Co(NOs3), enhanced the
tensile strength of the pristine PU as revealed in the tensile
measurements. Mani et al. (2019) fabricated a scaffold utilizing
polyurethane added with magnesium oxide and neem oil. It has
been reported that the incorporation of magnesium oxide and neem
oil resulted in the enhancement of the tensile strength and
concluded that this behavior was because of their smaller fiber
diameter. Furthermore, Unnithan et al. (2012) reported that their
composite based on polyurethane added with emu oil showed
improved tensile strength compared to the pure PU and
concluded that this might be because of the hydrogen bond
formation between PU and emu oil. The above works favor our
hypothesis that the addition of GP oil and cobalt nitrate increased
the tensile strength. From the FTIR, the formation of hydrogen
bond in our prepared nanocomposites was evident, favoring the
increase in mechanical strength. The results of coagulation assays
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depicted the increase in anticoagulant nature of the electrospun PU/
GP and PU/GP/Co(NOs3), than the PU scaffold. Furthermore, the
fabricated nanocomposite scaffolds showed less toxic to the red
blood cells than the pristine PU. Hence, the fabricated composite
behaves as a non-hemolytic material according to ASTMF756-00
(2000) (Balaji et al., 2016). The electrospun PU/GP scaffold showed
better blood compatibility compared to the pure polyurethane,
which may be due to its hydrophobic nature. However, the
blood clotting time was slightly reduced while blending
Co(NO;), to the PU/GP, and this might be because of change
in polar and apolar region (Szycher, 1991). However, their
anticoagulation times were higher than the pristine PU. Blood
compatibility is a complex phenomenon, and it is influenced by
several surface parameters (wettability, fiber diameter, and surface
roughness) according to recent research (Huang et al., 2003). Zhou
and Yi (1999) developed PU composite membranes added with
liquid crystal. The fabricated nanocomposite displayed a
hydrophobic nature and enhanced blood clotting time compared
to PU. Milleret et al. (2012) used DegraPol and poly lactic-co-
glycolic acid (PLGA) polymers for making a scaffold with different
fiber diameters. The scaffold with a smaller fiber diameter showed
delayed blood clotting. From these literature, it has been observed
that the scaffolds with smaller fiber diameter and hydrophobic
behavior are conducive for enhanced blood compatibility. The
increased blood compatibility of PU/grapefruit oil and PU/
grapefruit oil/cobalt nitrate may be attributed to the above
surface parameters.

CONCLUSION

A novel combination of electrospun composite comprising GP
and Co(NO;), was successfully fabricated through
electrospinning. The developed composites PU/GP and PU/
GP/Co(NO3), exhibited superior physicochemical and blood-
compatible properties. Hence, PU/GP and PU/GP/Co(NO3),
composites may serve as potential candidates for scaffolding in
tissue engineering applications. However, further testing in both
preclinical and clinical setting may anchor the potency of the
fabricated composite. A thorough antibacterial investigation and
cellular biocompatibility studies of the fabricated membranes
should be evaluated to further promote the candidacy of the
scaffolds in tissue engineering applications.
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