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Figure 1 - SEM images of a) PU membrane and b) PU/cobalt
nitrate composites.

shown in Fig. l1a and 1b. It was observed from
the SEM images that the electrospun membranes
possess bead free fibers. The PU/cobalt nitrate
composite fibrous membrane showed the fiber
diameter of 604 + 155 nm, while the pristine PU
showed diameter of 1159 + 147 nm respectively.
The fiber diameter distribution curve for the
electrospun PU and PU/cobalt nitrate composites
were depicted in Fig. 2a and 2b. The electrospun
PU/cobalt nitrate composite fibrous mats showed
reduced fibers compared to the PU fibers. The
reduction in the fiber diameter of electrospun PU/
cobalt nitrate composite was due to the decrease in
polymer concentration when adding cobalt nitrate
into the polyurethane matrix. Further, EDS spectra
of the electrospun composite were indicated in Fig.
3. EDS spectra of the prepared PU/cobalt nitrate
composites indicated the presence of carbon,
oxygen, cobalt and gold. The average weight
percentage of carbon, oxygen, cobalt and gold in the
electrospun composites were found to be 63.850%,
28.777%, 4.113% and 3.260% as shown in Table I.
Unnithan et al. 2012a prepared electrospun scaffold
based on polyurethane blended with the emu oil for
wound dressing applications. It was observed that
the addition of emu oil into the PU matrix reduced
the fiber diameter and exhibited enhanced fibroblast
cell adhesion and proliferation. Our developed
composites showed reduced fiber diameter than the
pristine PU which might favor the enhanced the
fibroblast adhesion and proliferation for new skin
tissue growth.
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The porosity of the electrospun membranes
was determined through density bottle method. It
was observed that the electrospun PU membranes
showed average porosity of 71%, while the PU/
cobalt nitrate showed average porosity of 67%
respectively. Chakrapani et al. 2012 fabricated
electrospun scaffold based on polycaprolactone
added with collagen fibers. They reported that the
fabricated nanofibrous scaffold showed porosity
in the range of 60% and suggested a potential
candidate for tissue engineering applications. Our
fabricated fibrous scaffold showed porosity with
those reported values and indicating its suitability
for the tissue engineering applications. Further,
the pore size measurements for the electrospun
pure PU and PU/cobalt nitrate fibrous scaffolds
were discussed. The electrospun PU/cobalt nitrate
composite fibrous membrane showed the pore size
of 753 £ 74 nm, while the pristine PU showed size
of 1087 + 63 nm respectively and their pore size
distribution curve for the electrospun PU and PU/
cobalt nitrate composites were depicted in Fig.
4a and 4b. It was reported that the low pore size
might restrict the bacterial growth (Premuzic and
Woodhead 1993) and our pore size of the fabricated
membranes was observed to be reduced which
might be suitable for the skin tissue engineering.

To investigate the possible interactions
between PU with cobalt nitrate, the FTIR spectra of
the fibrous mats were measured as shown in Fig. 5.
In the spectra of PU, a wide band observed at 3328
cm’' represents the stretching mode of NH group
and their vibrations were indicated at 1596 cm™ and
1530 cm™. The dominant peaks observed at 1702
cm ' and 1730 cm™' was attributed to the stretching
mode of the carbonyl group and their vibrations
attributed to alcohol groups were seen at 1220 cm’'
and 1105 cm™'. The other peaks observed at 2938
cm” and 2853 cm” were attributed to stretching
mode of CH group and their vibrations were seen at
1413 cm™ (Kim et al. 2009, Li et al. 2014). In the
spectra of PU/cobalt composite fibrous mats, the
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Figure 2 - Fiber diameter distribution of a) PU membrane and b) PU/cobalt nitrate

composites.
TABLE I
Element composition of the PU/cobalt nitrate composites.
Element Weight %  Weight % ¢  Atomic %

Carbon 63.85 0.92 73.82
Oxygen 28.78 0.90 24.98
Cobalt 4.11 0.40 0.97
Gold 3.26 0.41 0.23

peaks were similar to the pure PU mat, but the peak
intensity was broadened and increased with the
formation of hydrogen bond (Zhou et al. 2011, Pant
etal. 2010). However, the band seen at 3328 cm ™ in
the neat PU fibrous mat assigned to the stretching
of the N-H group was observed to slightly shift to
3326 cm ' in the PU/cobalt nitrate composite mats
indicating the presence of cobalt nitrate in the PU
matrix the form of hydrogen bonding (Tijing et al.
2012).

The contact angle measurements of the pure
PU and PU/cobalt nitrate composite mats were
measured. Contact angle measurements determine
the wettability of surface materials. From the
results obtained, the neat PU fibrous mat exhibited
hydrophobic behavior with a contact angle of 100°
+ 1, while the addition cobalt nitrate, the composite
fibrous mats exhibited hydrophilic behavior with
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a contact angle of 82°+ 2. Hence, the addition
of cobalt nitrate improved the wettability of the
PU membranes. This was due to the presence of
OH groups in the fabricated composites which
were evident in FTIR analysis as identified by
the broadening of a peak at 3328 cm”. Kim et
al. 2014 prepared polyurethane scaffold blended
with propolis for the biomedical applications. It
was observed that the addition of propolis into the
polyurethane improved the hydrophilic nature of
the PU membrane and also exhibited improved
fibroblast adhesion and proliferation. In our
developed composites, the addition of the cobalt
nitrate improved the hydrophilic nature of the PU
membrane which might be suitable for the wound
healing application.

The mechanical properties of the electrospun
PU and PU/cobalt nitrate fibrous scaffolds were
determined through a uniaxial testing machine
and the obtained stress—strain curves were shown
in Fig. 6a and 6b. It is observed that the tensile
strength of pristine PU was found to 7.12 MPa,
while for the PU/cobalt nitrate composites the
tensile strength was increased to 19.50 MPa.
The obtained results clearly indicated that the
addition of cobalt nitrate improved the mechanical
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Figure 3 - EDS spectra of the PU/cobalt nitrate composites.
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Figure 4 - Pore size distribution of a) PU membrane and b) PU/cobalt nitrate composites.

strength of the PU membrane significantly. It was
interesting to compare our results with the metallic
salt impregnated polymer matrix composites. In one
of the works performed by Li et al. 2017 investigated
PU/PVA membrane added with silver nitrate. It was
observed that the addition of silver nitrate into the PU/
PVA membrane resulted in the enhancement of the
tensile strength which correlates with our findings.
The thermal behavior of the electrospun PU and
PU/cobalt nitrate fibers were determined through
thermogravimetric analysis and the obtained results
were shown in Fig. 7. It was observed that the
electrospun PU membrane exhibited initial onset
degradation occurs at 276°C, while in the case
of PU/cobalt nitrate fibrous mat, the initial onset
thermal degradation was decreased to 168°C which
indicating lower thermal stability compared the pure
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PU membrane. The initial degradation temperature
at 168°C occurred in the PU/cobalt nitrate fibers
membranes was owing to moisture evaporation
(Abdelrazek Khalil et al. 2013). Moreover, at 1000°C,
remaining weight percentage for the PU membrane
was observed to 0.47%, while the electrospun PU/
cobalt nitrate fibers exhibited weight percentage
of 2.75% which was higher compared to the pure
PU indicating the existence of cobalt nitrate in PU
matrix. However, the obtained experiment weight
residue of the PU/cobalt nitrate does not correlate
with the theoretical weight residue of 11%. One of
the reasons for the low weight residue exhibited in
the experiments results may be due to the evaporation
of water molecules present in the PU/cobalt nitrate
as stated previously. Also, the early decomposition
of cobalt nitrate may be contributing to this anomaly
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Figure 5 - IR spectrum of PU membrane and PU/cobalt nitrate composites.

(a)

Load (N)
o

0 T T T y T |
0 20 40 60 80 100 120

Strain (%)

(b)

301 = PUICobalt nitrate|

o ——

0 T T T T T T
[} 50 100 150 200 250 300

Strain (%)

Figure 6 - Mechanical testing of a) PU membrane and b) PU/cobalt nitrate composites.

(Cerkez et al. 2018). Pant et al. 2017 prepared PU
scaffold incorporated with the silver modified
graphene oxide for biomedical applications. It was
observed that the PU scaffold incorporated with
graphene oxide showed enhanced weight residue
percentage than the pristine PU. In our study, the
developed composites showed enhanced residue
weight percent compared to the pristine PU which
can be attributed to the presence of the cobalt nitrate
in the PU matrix. The results of derivative weight loss
curve for the electrospun PU and PU/cobalt nitrate
membranes were shown in Fig. 8. From the results
obtained it was observed that pure PU showed three
weight loss in which two major weight loss and one
minor loss. The first major weight loss seen at 223°C
to 348°C and second weight loss occurs at 348°C to
446°C respectively. The third minor weight loss was
seen at small peak seen at 557°C to 684°C. In the
case of electrospun PU/cobalt nitrate fibers, it was
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Figure 7 - TGA analysis of PU membrane and PU/cobalt
nitrate composites.

observed four weight loss in which first occurs from
112°C to 218°C, the second from 218°C to 307°C,
the third loss from 307°C to 468°C and the final loss
occurs at 468°C to 684°C. The occurrence of the first
and second loss was due to moisture vaporization.
Further, it was noted that the first weight loss peak
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Figure 8 - Weight residue percentage of PU membrane and
PU/cobalt nitrate composites.

of PU was observed to disappear in the PU/cobalt
nitrate indicated low weight loss compared to the PU
membrane.

The measured surface roughness of the
electrospun PU and PU/cobalt nitrate composite
were shown in Fig. 9a and 9b. From results obtained,
it was revealed that the surface roughness of the
pristine PU was found to be increased with the
addition of the cobalt nitrate. The average surface
roughness of pristine PU was found to 216 + 14
nm and for the electrospun composite membrane,
the average surface roughness was observed
to be 270 = 10 nm (Ra) respectively. Sharifi et
al. 2016 investigated the adhesion of fibroblast
cells in the surface modified polycaprolactone
nanofibrous membrane. It was observed that the
plasma modified PCL (10, 40 and 70 min) showed
enhanced surface roughness of 205, 225, and
243 nm. Further, the membranes with increased
surface roughness favored the enhanced fibroblast
adhesion and proliferation. In our study, the surface
roughness of our developed composites falls within
these reported values which might be conducive for
the enhanced fibroblast adhesion.

The blood compatibility assessments for the
pure PU and PU/cobalt nitrate fibers were carried
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out using APTT and PT to determine the intrinsic
and extrinsic pathways of the blood clotting. From
the APTT and PT results, it was observed that the
blood clotting time of PU/cobalt nitrate composites
was observed to be higher than the pure PU. The
electrospun PU/cobalt nitrate composites exhibited
blood clotting time of 174 + 4 s, while for pure
PU membrane, the blood clotting was found to be
148 + 4 s as measured via APTT assay as shown
in Fig. S10 - Supplementary Material. Similarly,
for PT assay, the electrospun PU/cobalt nitrate
composites exhibited blood clotting time of 108
+ 3 and for pure PU membrane, it was observed
to be 85 £ 3 s as indicated in Fig. S11. Further,
the hemolytic percentage was measured for
electrospun PU and PU/cobalt nitrate composite to
investigate their safety with red blood cells. From
hemolytic assay, the index of electrospun PU/
cobalt nitrate composites was observed to be lower
than the pure PU. The prepared PU/cobalt nitrate
composite exhibited a hemolytic percentage of
only 1.73% while for pure PU membrane the index
was observed to be 2.56% as shown in Fig. S12.
According to ASTMF756-00(2000) standard, if
the hemolysis index was above 2%, the developed
material is hemolytic and the percentage below
2%, the material is non-hemolytic material. Our
developed PU/cobalt nitrate composites showed
a hemolytic percentage of 1.73% which was
observed to be below 2% and hence it behaves
like non-hemolytic material (Balaji et al. 2016). It
was reported that the rougher surfaces exhibiting
less thrombogenic nature than the smooth surfaces
(Baily et al. 1999). Further, Vincent et al. 2012
suggested that the blood compatibility was greatly
influenced by the small fiber diameters which favor
the prolonged blood clotting time. In our study, the
developed PU/cobalt nitrate composites showed
improved surface roughness and smaller fiber
diameter than the PU membrane which might have
influenced the improved blood compatibility.
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Figure 9 - AFM images of a) PU membrane and b) PU/cobalt nitrate composites.

The proliferation of HDF cells on pure PU and
PU/cobalt nitrate fibers were evaluated through
MTS assay after 3 days cell culture. PU composite
membranes showed enhanced cell proliferation
rates than the PU membranes. The cell viability
of the pure PU was found to be 132 + 4% and the
electrospun PU/cobalt nitrate fibers showed cell
viability of 146 + 2% respectively as presented in
Fig. S13. The presence of cobalt nitrate enhanced
the HDF cell adhesion and proliferation. It was
reported that the more cell will adhere and spread
on the membrane with hydrophilic nature (Wei et
al. 2007). Hence, our developed composites with
hydrophilic nature enhanced HDF cell adhesion
and proliferation.

CONCLUSION

In this work, the PU wound dressing incorporated
with cobalt nitrate was successfully fabricated
using electrospinning technique. SEM morphology
revealed that the developed PU and blended
composites exhibited bead free fibers. The
developed composites exhibited reduced fiber and
pore diameter than the pristine PU. The electrospun
membranes showed sufficient porosity needed for
the new tissue formation. The interaction of cobalt
nitrate with PU matrix was evident by the hydrogen
bond formation and enhanced residue percentage as
observed in FTIR and TGA analysis respectively.
The contact angle results indicated the improved
wettability of the prepared composites than the
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pure PU. The incorporation of cobalt nitrate into
the PU matrix enhanced the surface roughness and
mechanical strength evident in the AFM and tensile
analysis. The blood compatibility assays revealed
the anticoagulant nature of the prepared composites
by displaying prolonged blood clotting time than
the PU control. Further, the developed composite
exhibited less toxicity nature revealed in the
hemolysis and cytotoxicity studies. It was observed
that the PU wound dressing added with cobalt nitrate
fibers exhibited enhanced physicochemical and
better blood compatibility parameters which may

serve as a potential candidate for wound dressings.
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