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Abstract: The objective of this work is to characterize and investigate the blood compatibility of
polyurethane (PU)/mustard oil composites fabricated using electrospinning technique. The fabricated
scaffold was characterized using scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), atomic force microscopy (AFM), thermogravimetric analysis (TGA) and contact
angle measurements. The activated partial thromboplastin time (APPT), prothrombin time (PT) and
the hemolytic assay were done to investigate the blood compatibility of the developed composites.
The SEM results revealed that the fiber diameter of the composites (761 ± 123 nm) was reduced
compared to pristine PU control. The interaction between PU and mustard oil was confirmed by FTIR
as evident through the shifting of peaks. The fabricated composites depicted hydrophobic behavior
as insinuated by the increase in contact angle measurements. PU/mustard composites displayed
improved crystallinity as confirmed by TGA. Atomic force micrographs suggested that developed
PU/mustard oil composites showed an increase in the surface roughness (Ra) compared to pure PU.
The Ra of pure PU was observed to be 723 nm but for the fabricated PU/mustard oil composite the
Ra was found to be 1298 nm (Ra). The hemolytic index value for pure PU and fabricated composites
was observed to be 2.73% and 1.15% indicating that developed composites showed a non-hemolytic
behavior signifying the safety of the composites with red blood cells. Hence the newly developed
composites with improved physicochemical and blood compatibility properties may be considered
as a potential candidate for fabricating cardiac patches and grafts.

Keywords: polyurethane; mustard oil; composite; cardiac patches; electrospun

1. Introduction

Cardiovascular disease (CVD) has become a leading global threat of the 21st century and is
considered as one of the most common causes of death in the developed countries. The main cause
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for heart failure is the myocardial infarction (MI) which results in impairment of cardiac tissue and
loss of left ventricular function [1]. The impairment of the heart wall muscle is permanent because
the myocardial tissue lacks the significant intrinsic regenerative capability to replace the lost cells.
Therefore, there is a need for standard clinical procedure to restore the damaged myocardium other
than heart transplantation. Due to existing limitations, researchers are forced to identify novel and
more feasible alternatives ways to develop a cardiac construct for treatment and regeneration of the
heart. Cardiac tissue engineering (TE) is an emerging method and considered as an alternate method to
repair the damaged cardiac tissue with the aid of cellular transplantation and biomaterial scaffolds [2].
Several research works have been carried out in vitro and in vivo and the fabricated scaffolds show
great potential towards the remodeling of damaged cardiac tissue. However, the fabricated scaffolds
should possess essential qualities like thromboresistant and anticoagulant nature in order to prevent
the graft failure [3]. The fabricated patch comes in direct contact with red blood cells and it should
not induce any damage to the red blood cells. Thromboresistant properties are assessed by the
measurement of activated partial thromboplastin time (APPT) and prothrombin time (PT) [4]. These
two time points are good indicators of intrinsic and extrinsic pathways, respectively. The hemolytic
percentage may serve as a yardstick for estimating the damage to red blood cells.

Fabrication of fiber based scaffold in cardiac tissue engineering with enhanced extracellular
matrix (ECM) was still challenging in clinical applications for cell adhesion, assembly, and growth.
The electrospun fibrous scaffolds possess many advantages like the high surface area to volume ratios,
controlled fiber diameters and the capacity to add multiple polymers and bioactive ingredients for
attaining suitable mechanical and biodegradation properties. Owing to the above characteristics,
the electrospun nanofibers are widely used in tissue engineering (TE) [5–8]. Electrospinning is
a method used to producing fibers with average diameters in the nanometer range. Electrospinning
as a technique in the medical field had received the attention in the recent decade for producing
nonwoven nanofiber meshes in making scaffolds with controlled microstructure. In electrospinning,
the parameters like properties of the native polymer, the rheological properties of its solution,
the voltage applied and the diameter of the orifice significantly influenced the polymer solution
jet during the fabrication of nanofibers [9–11]. In this research, the polymer used to fabricate nanofibers
was tecoflex EG80A which is a poly-ether based medical grade polyurethane. Polyurethane (PU)
polymer was used in making nanofibers because it possesses good barrier properties and oxygen
permeability which allows cells to proliferate more and makes them suitable for tissue regeneration [9].

The reinforcement used was mustard oil which occurs naturally in a wide range of the seeds, stems,
leaves, and roots of cruciferous plants such as mustard, broccoli, horseradish, cabbage, cauliflower,
kale and turnips. The mustard oil mainly contains allyl isothiocyanate (AIT) which is a non-phenolic
volatile compound that found in crucifereae plants [12]. Mustard oil is classified into two different
varieties with the seeds as their major source. The first type is directly extracted as a fatty vegetable oil
obtained by crushing the seeds whereas the second one is manufactured by grinding the seeds and
allowed to mix it with water and thereby collect the volatile oil by the process of distillation. Mustard
oils were used to control the food spoilage and food borne pathogenic bacteria [13,14]. In this study,
PU and mustard oil composites will be fabricated using one-step electrospinning and investigated for
its physicochemical properties and blood compatibility.

2. Materials and Methods

The medical grade tecoflex EG-80A thermoplastic PU polymer was purchased from Lubrizol,
Wickliffe, OH, USA. The solvent for polyurethane was N,N-dimethylformamide (DMF) supplied
by Merck Millipore, Darmstadt, Germany. The commercially available mustard oil (Renga′s
trading, Johor, Malaysia) was obtained locally. The chemicals phosphate buffered saline (PBS) and
sodium chloride physiological saline (0.9% w/v) was obtained from Sigma-Aldrich, Kuala Lumpur,
Malaysia. The reagents utilized in APTT and PT assay such as rabbit brain activated cephaloplastin,
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calcium chloride (0.025 M), and thromboplastin (Factor III) were supplied by Diagnostic Enterprises,
Solan, India.

2.1. Preparation of Composite

The homogeneous solution of the polymer with a concentration of 8% (w/v) was prepared by
dissolving 480 mg of PU in6 ml of DMF by magnetic stirring for 24 h at room temperature. Similarly,
the homogeneous solution of mustard oil was done by mixing 400 µL of mustard oil with 4.6 mL of
DMF to make 8% v/v solution and stirred for 1 h minimum at room temperature. Finally, the prepared
homogeneous solution of PU and mustard oil was mixed slowly at a ratio of 8:2 (v/v) to fabricate
PU/mustard oil composite.

2.2. Fabrication of PU and Composite Scaffold

The electrospinning technique was utilized to fabricate pure PU nanofiber and PU/mustard oil
composite. Initially, the prepared solutions of PU and composite was drawn into the plastic syringe
of 10 mL of 18-G stainless steel needle and attached to the syringe pump (SP20, NFiber). To fabricate
electrospun nanofibers a supply voltage was given by the NFiber high voltage unit. The grounded static
collector drum was used to collect the developed nanofibers covered with aluminum foil. In our study,
the nanofibers were fabricated at a flow rate of 1.0 mL/h with an applied voltage of 10 kV. Since the
PU solution containing mustard oil had reduced viscosity, the flow rate and voltage were changed to
0.50 mL/h and 7 kV respectively, to acquire a steady jet of the polymer solution. For both samples,
the collector distance was placed at 16 cm and maintained constant. The deposited nanofibrous mesh
on the collector drum was carefully isolated and dried at room temperature for 24 h.

2.3. Physicochemical Characterization

2.3.1. Scanning Electron Microscopy (SEM) Micrographs

The SEM unit (Hitachi Tabletop TM3000, Tokyo, Japan) was used to analyze the surface
characteristics of the electrospun PU and the mustard oil composite. Before SEM analysis the samples
were gold coated to attain photomicrographs. Then, Image J (National Institutes of Health, Bethesda,
MD, USA) software was used to calculate the fiber diameter size distribution in the developed
membranes by measuring at least 30 individual fibers randomly. The mean and standard deviation of
the diameter distribution was obtained from Image J software. The thickness of electrospun PU and
the mustard oil composite was found to be 0.45 ± 0.03 and 0.47 ± 0.01 mm respectively.

2.3.2. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) Analysis

The ATR-FTIR unit (Nicolet is 5, Thermo Fischer Scientific, Waltham, MA, USA) was used to
investigate the chemical composition of the electrospun PU and the mustard oil composite. A small
amount of the sample was placed on the sensor surface and the spectra were inspected to investigate
the chemical compositions. In the interim, the IR spectra of mustard oil were obtained by placing a drop
of the sensor surface. The spectra of each sample were measured over the range of 600–4000 cm−1

at 32 scans per minute and averaged at the resolution of 4 cm−1. Zinc Selenium (ZnSe) was used
as an ATR crystal which was fixed with the NICOLET IS5 spectrometer. The spectra were baseline
corrected and normalized using Spekwin 32 software (Society for Applied Spectroscopy, Berchtesgaden,
Germany) to inspect the active group and peaks that present in the fabricated membranes.

2.3.3. Contact Angle Measurements

The VCA Optima contact angle measurement unit (AST Products, Inc., Billerica, MA, USA) was
used to analyze the wettability of electrospun PU and the mustard oil composite. Sample with a size of
1 × 5 cm2 was cut from the fabricated mesh and placed on the surface for calculating the contact angle.
For performing contact angle measurements, the setup of the syringe filled with the water was done
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and then a droplet of size 2 µL was formed at the tip and it was made to fall on the test membrane.
Using a high resolution camera, the image of the static liquid deposition was obtained within few
seconds. The experiment was repeated for three different trails and with the support of computer
integrated software, the manual contact angle was obtained.

2.3.4. Thermogravimetric Analysis

The TGA unit (PerkinElmer, Waltham, MA, USA) was used to perform the TGA analysis of
electrospun PU and the mustard oil composite. The experiment was performed under a dry nitrogen
atmosphere in the temperature range 30–1500 ◦C at an ascending rate of 10 ◦C/min by placing a small
piece of sample weighing 3 mg in an aluminum pan. At each temperature point, the remaining weight
residue was recorded and the obtained values were exported in an excel sheet. Then using Origin Pro
8.5 software the TGA curve and the corresponding derivative weight loss curve (DTG) were drawn.

2.3.5. Atomic Force Microscopy

To investigate the surface morphology of the sample the atomic force microscopy (NanoWizard®,
JPK Instruments, Berlin, Germany) was used and the machine integrated JPJSPM software was used
to attain a 3D image of the sample surface. The sample with a size of 1 × 1 cm2 was cut from the
fabricated membrane to evaluate the surface roughness of fabricated samples and placed on the AFM
equipment (Nanowizard, JPK instruments, Berlin, Germany). The AFM analysis was performed in the
normal atmosphere at room temperature in the event of measuring surface roughness. The images
with the scanning size of 20 µm × 20 µm were captured and recorded in the medium mode with
256 × 256 pixels. Three measurements were carried at various positions to measure the average surface
roughness (Ra).

2.4. Hemocompatibility Assessment of the Scaffold Material

2.4.1. Ethical Statement and Collection of Blood Samples

All the experimental procedures incorporated in the treatment of blood were approved by
the Faculty of Biosciences and Medical Engineering, Universiti Teknologi Malaysia with ref no:
UTM.J.45.01/25.10/3Jld.2(3). The blood was collected from healthy adults who were educated about
the risk and benefits of the blood donation. The blood was collected after getting a signature of
consent via venipuncture. The collected blood was anticoagulated with acid-citrate-dextrose (ACD)
(56 mM sodium citrate, 65 mM citric acid, 104 mM dextrose) at a ratio of 9:1 (blood/citrate). Finally,
the platelet poor plasma (PPP) extract was obtained by centrifuging the citrated blood at 3000 rpm for
15 min respectively.

2.4.2. Activated Partial Thromboplastin Time (APTT) Assay

Fabricated PU and the PU/mustard oil scaffold were cut into square samples of dimension
0.5 × 0.5 cm2. The assay was carried out in triplicate, so three square samples were gently washed with
deionised water and introduced into 96-well plates. The samples were soaked in phosphate-buffered
saline (PBS) bath and incubated at 37 ◦C for 30 min before starting the assay. Then 50 µL of the obtained
platelet-poor plasma was introduced on the 96-well plates in which the sample placed and incubated
for 1 min at 37 ◦C. After this, 50 µL of rabbit brain cephaloplastin reagent was mixed and incubated
for 3 min at 37 ◦C followed by addition of 50 µL of calcium chloride (CaCl2). The mixture was stirred
using the needle and the blood clot time was measured using chronometer.

2.4.3. Prothrombin Time (PT) Assay

For PT assay, the fabricated nanofibrous membrane was cut into square samples as described in
the “APTT assay” section, and the test was also performed in triplicate. The samples were washed
with deionized water and incubated in PBS for 30 min at 37 ◦C. It was further incubated in 50 µL of
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platelet-poor plasma at 37 ◦C for 1 min followed by 50 µL of sodium chloride (NaCl)–thromboplastin
reagent (Factor III). The mixture was stirred using the needle and the time required until the blood clot
was measured using a chronometer.

2.4.4. Hemolysis Assay

The hemolysis assay was performed to determine the effect of fabricated membranes on red blood
cells (RBC’s) using citrated whole blood. Firstly, both PU and bio-nanofibrous samples (1 × 1 cm2)
were incubated in physiological saline (0.9% w/v) bath at 37 ◦C for 30 min. Afterwards, the resulting
sample was incubated with a mixture of aliquots of citrated blood and diluted saline at a ratio of
4:5 (v/v %) for 1 h at 37 ◦C. To prepare positive and negative controls the whole blood was diluted
with distilled water (4:5) for complete hemolysis along with physiological saline solution respectively.
After incubation, the mixture was centrifuged at 3000 rpm for 15 min and the release of hemoglobin
was determined by photometric analysis of the supernatant at 545 nm which indicates the RBC damage.
Finally, the percentage of hemolysis or hemolytic index was calculated using the formula [15].

Hemolysis ratio (HR) = (TS − NC)/(PC − NC) × 100

where TS, NC, and PC are measured absorbance values of the test sample, negative control and positive
control at 542 nm, respectively.

2.4.5. Statistical Analysis

All experiments were conducted thrice independently. Unpaired t-test was done to determine
statistical significance. The results obtained from all experiments are expressed as mean ± SD. In the
case of qualitative experiments, a representative of three images is shown.

3. Results and Discussion

Figure 1A,B indicates the SEM image of prepared polyurethane/mustard oil composites and pure
PU. The surface morphology of fabricated composites showed the fine dispersion of nanofibers with
randomly oriented in the matrix. The morphology study showed that the polymer PU has fibers with
mean diameter and standard deviation of 916 nm ± 216 nm and for developed composites, the fiber
diameter was found to be 761 ± 123 nm respectively. The statistical analysis of those fiber diameters
indicated significant differences (p < 0.05) in their mean value. The fiber diameter distribution curves
of pure PU and fabricated PU/mustard oil composites were shown in Figure 1C,D. It was observed
that the prepared PU/mustard oil composites showed reduced fiber diameter compared to pure PU.
Balaji et al. prepared scaffold based on polyurethane added with honey and papaya and investigated
the hemocompatibility of developed scaffold. It was observed that the developed scaffold showed
decreased fiber diameter and our obtained results were observed to be similar to their observations [15].
The fiber diameter of 600–1200 nm resulted in the highest proliferation of fibroblast cells compared
with other diametric ranges as reported by Kumbhar et al. and also they observed within these
ranges of diameters an increased collagen III expression [16]. Hence, it is surmised that our fabricated
scaffolds may be beneficial in promoting the fibroblast cell growth. Mengyan et al. developed poly
(lactic-co-glycolic acid, PLGA) scaffold blended with gelatine and elastin components for soft tissue
engineering. The fabricated PLGA-gelatine-elastin fibers were homogeneous and also found to be
reduced diameter compared to pure PLGA. It was found that the developed membrane was more
compatible to H9C2 rat cardiac myoblast cells attachment and proliferation which favors the tissue
growth [17]. Our composites displayed a similar reduction pattern in the diameter which may be
compatible with the growth of cardiac cells.

The results of FTIR analysis of prepared samples, mustard oil and pure PU are represented in
Figure 2. FTIR spectra of PU samples showed a broad peak at 3323 cm−1, which indicates the presence
of hydroxyl (NH) stretching of aliphatic primary amine and the NH vibrations were indicated by
the peak 1597 and 1531 cm−1. The bands at 2939 and 2853 cm−1 were attributed to carbonyl (CH)
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stretching and the peak at 1413 cm−1 represents the presence of vibrations of CH stretching respectively.
The characteristic band at 1730 and 1703 cm−1 was identified as a twin peak indicating the presence
of carboxylic (C=O) stretching. The presence of sharp peaks at 1221, 1104, 770 cm−1 denotes the
C–O stretching corresponding to alcohol groups [18,19]. Similarly, in mustard oil infrared (IR) spectrum,
the results showed a sharp absorption band frequency at 2922 cm−1 and 2852 cm−1 indicating the CH
stretching and the other characteristic band at 1744 cm−1 was attributed to C–O stretching respectively.
The vibrations of CH stretching and C–O corresponding to alcohol was denoted by the characteristic
band of 1463 cm−1 and 1175 cm−1 respectively. From IR spectrum of PU/mustard oil composites,
the results clearly showed that the absorption bands of PU were found to be decreased with the
formation of hydrogen bonding [20]. The evidence for the interaction between PU and mustard oil
was showed by a slight shifting of CH stretching band at 2939 cm−1 in pure PU to 2929 cm−1 in
PU/mustard oil mats and concluded the presence of mustard oil in the polyurethane matrix [21].
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The results of contact angle measurements of PU/mustard oil composites and pure PU was shown
in Table 1. In our study, the contact angle measurement of PU/mustard oil sample was found to be
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117◦ and for pure PU it was found to be 86◦ which clearly proves that the addition of mustard-oil
into the polymer matrix induced the hydrophobicity in the prepared samples. It has been reported
by Ceylan et al. and Cui et al. that the smaller fiber diameter could also result in increase in water
contact angle which was observed in this work [22,23]. Yin et al. developed electrospun vascular graft
based on collagen/chitosan/poly(L-lactic acid-co-ε-caprolactone), P(LLA-CL). In this study, the contact
angle of P(LLA-CL) was found to be 136.1 ± 1.3 and for the P(LLA-CL) blended collagen and chitosan
scaffolds were found to be 110.5± 0.9. Moreover, it was observed that the P(LLA-CL) blended collagen
and chitosan scaffolds showed enhanced endothelial cell adhesion and cell proliferation compared
to pure P(LLA-CL) [24]. In another study, Xiang et al. developed an electrospun tubular scaffold
using pNSR32 (recombinant spider silk protein), polycaprolactone (PCL) and gelatin. It was observed
that the contact angle of PCL was found to be 109.9 ± 8.6 while for PCL blended pNSR32 scaffold
displayed an increased value of 114.3 ± 5.9. Moreover, the PCL blended pNSR32 scaffold showed
more cell viability and proliferation compared to pure PCL [25]. In our study, the contact angle of
fabricated composites was observed to be within these reported values and it might be suitable for the
cardiovascular cellular growth.

Table 1. Contact angle measurements of Polyurethane and Polyurethane/mustard oil composites.

S. No Sample Average contact angle in degrees

1 Pure Polyurethane 86 ± 1.91
2 Polyurethane/mustard oil composites 117 ± 1.83 *

Note: * mean differences were significant compared with pure PU (p < 0.05).

The thermal degradation behavior of prepared composites and pure PU was calculated using
TGA analysis. The thermal analysis was used to analyze the integrity and also durability of the
prepared composites [26] and the electrical properties have a role in determining the cell adhesion
and proliferation [27]. The results obtained from TGA showed that the onset degradation temperature
of PU and PU/mustard oil composites was found to be 273 and 290 ◦C respectively, as shown in
Figure 3A,B. The highest degradation behavior pattern of PU/mustard oil may be due to incorporated
constituents of mustard oil in the PU nanofibers. Further, in this study, we calculated the percentage
residual weight loss of PU and the prepared composites at 900 ◦C which was found to be 1.91%
and 5.36% as shown in Figure 3C,D which clearly indicates the significant improvement in thermal
stability of the prepared composite samples. Yan et al. studied the thermal and electrical properties
of polystyrene-graphene nanofibers via electrospinning technique. It was found that the addition of
graphene nanoparticles into the polymer matrix increased the thermal stability of polystyrene and our
analyzed results were observed to be similar to their findings [28].

The surface roughness of the PU surface and PU/mustard oil composites that derived from
AFM was shown in Figure 4A,B. Atomic force micrographs suggested that developed PU/mustard
oil composites showed an increase in the surface roughness (Ra) compared to pure PU. The Ra of
pure PU was observed to be 723 nm but for the fabricated PU/mustard oil composite, the Ra was
found to be 1298 nm (Ra). The inferred surface roughness was due to the presence of mustard oil
constituents in the polymer matrix. Parvinzadeh et al. studied the surface properties of polyethylene
terephthalate (PET)/clay composites and observed that the addition of clay into PET improved the
surface roughness. It was reported that the increase in surface roughness was due to changes in the
particle-particle and particle-PET chain interactions [29]. The successful blending of mustard oil into
the pure PU matrix resulted in the interactions between the mustard oil particles and PU chain which
may result in the enhanced surface roughness.

Blood clotting and anticoagulant properties of pure PU and PU/mustard oil were investigated
using the APT and PT assay. To investigate the extrinsic coagulation pathway, the PT assay was used,
and for intrinsic coagulation pathway, the APTT was used. The APTT values of developed hybrid
PU/mustard oil composites showed prolonged blood clotting time of about 205 ± 5 s compared to
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pure PU membrane where the blood clotting time was found to be about 157 ± 5.55 s, as indicated
in Figure 5. The increase in values of blood clotting time clearly shows that the composite has better
surface compared to pure PU and also enhances the anticoagulant nature of PU composite by delaying
the intrinsic pathway. Also, in the PT measurement assay, the PU/mustard oil composites showed
enhanced blood clotting time of about 49 ± 2 s while that for pure PU was observed to be 38 ± 1 s,
as indicated in Figure 5. The increase in blood clotting time of PU/mustard oil composites was
due to several factors. Increased surface roughness may be one of the contributors, as observed in
the AFM analysis. Milleret et al. optimized fiber diameter in developing scaffolds by using two
types of polymers, namely degarapol and poly (lactic-co-glycolic acid) (PLGA), and reported that
smaller fiber diameter showed a delay in blood clotting. The research paper also concluded that
the smaller fiber diameter will be conducive to blood compatibility which seems to be similar to the
observed findings [30]. Moreover, the delay in blood clotting may be due to the addition of mustard
oil constituents into PU matrix. Hemolysis assay is a very simple and more reliable way to analyze the
safety of the hybrid fabricated patch against red blood cells. The hemolytic percentage was computed
by recording the absorbance of obtained supernatant after blood reacts with the composite patch at
542 nm. From the measurement of the hemolytic assay, it was found that the absorbance value of
PU was found to be high compared to PU/mustard oil composites, indicating lysis of erythrocytes
by pristine PU. According to ASTMF756-00(2000) standard, it was concluded that the smaller the
hemolysis value, the better would be the safety of red blood cells. In agreement with the above
standard, it has been described that when the hemolytic value is above 2%, the material is considered
to be hemolytic and if the index value less than 2% then it was considered to be non-hemolytic [31].
The hemolytic percentage of fabricated composite material was found to be 0.76% while for pure PU the
index was observed to be 2.73%, as shown in Figure 6. Hence, in our fabricated patches, the hemolytic
index is within the permissible limits which were below 1% and it could be considered as a highly
non-hemolytic material. Ruiming et al. investigated the blood compatibility of the bio-inspired small
vascular graft using polyurethane. It was found that the topography was observed to be hydrophobic
with the contact angle of 132◦ ± 3.5◦, possessing better blood compatibility [32]. Our fabricated
composites were hydrophobic with better blood compatibility, which may be suitable for fabricating
small vascular grafts.
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4. Conclusions

In this work, a scaffold based on PU and mustard oil was successfully prepared by a one step
electrospinning technique. It was observed that the developed composites had smaller fiber diameter
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in the range of less than 1000 nm. The FTIR spectrums showed an interaction between PU and mustard
oil by the formation of a hydrogen bond. The experimental results of contact angle have shown
that composites rendered the hydrophobic surface and also exhibited higher thermal stability due
to the existence of mustard oil constituents. The introduction of mustard oil into polymer matrix
has favored the change in surface morphology with enhanced surface roughness, as evident by
AFM analysis. The APTT and PT assay revealed the delay in blood clotting time of the fabricated
composites. Further, the hemolytic index value of PU/mustard oil composites were observed to very
low compared to pristine control, indicating the enhanced safety of the fabricated material with RBC.
Hence, the newly developed nanofibrous membrane based on PU/mustard oil components with
enhanced physicochemical structure and blood compatibility might be used as the alternative to the
substrate scaffold for damaged blood tissue vessels.

Acknowledgments: This work was supported by the Ministry of Higher Education Malaysia with the Grant
No. Q.J130000.2545.14H59.

Author Contributions: Saravana Kumar Jaganathan conceived and designed the experiments, performed the
experiments, analyzed the data, contributed reagents/materials/analysis tools, prepared figures and/or tables,
reviewed drafts of the paper. Mohan Prasath Mani assisted in doing the experiments, analyzed the data,
wrote the paper, prepared figures and/or tables. Ahmad Fauzi Ismail and Manikandan Ayyar contributed
reagents/materials/analysis tools, reviewed drafts of the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Baig, M.K.; Mahon, N.; McKenna, W.J.; Caforio, A.L.P.; Bonow, R.O.; Francis, G.S.; Gheorghiade, M.
The pathophysiology of advanced heart failure. Am. Heart J. 1998, 135, S216–S230. [CrossRef]

2. Vunjak-Novakovic, G.; Tandon, N.; Godier, A.; Maidhof, R.; Marsano, A.; Martens, T.P.; Radisic, M.
Challenges in cardiac tissue engineering. Tissue Eng. Part B Rev. 2009, 16, 169–187. [CrossRef] [PubMed]

3. Patterson, J.T.; Gilliland, T.; Maxfield, M.W.; Church, S.; Naito, Y.; Shinoka, T.; Breuer, C.K. Tissue-engineered
vascular grafts for use in the treatment of congenital heart disease: From the bench to the clinic and back
again. Regen. Med. 2012, 7, 409–419. [CrossRef] [PubMed]

4. Amarnath, L.P.; Srinivas, A.; Ramamurthi, A. In vitro hemocompatibility testing of UV-modified hyaluronan
hydrogels. Biomaterials 2006, 27, 1416–1424. [CrossRef] [PubMed]

5. Prabhakaran, M.P.; Venugopal, J.; Ramakrishna, S. Electrospun nanostructured scaffolds for bone tissue
engineering. Acta Biomater. 2009, 5, 2884–2893. [CrossRef] [PubMed]

6. Ngiam, M.; Liao, S.; Patil, A.J.; Cheng, Z.; Chan, C.K.; Ramakrishna, S. The fabrication of nano-hydroxyapatite
on PLGA and PLGA/collagen nanofibrous composite scaffolds and their effects in osteoblastic behavior for
bone tissue engineering. Bone 2009, 45, 4–16. [CrossRef] [PubMed]

7. Ma, K.; Chan, C.K.; Liao, S.; Hwang, W.Y.K.; Feng, Q.; Ramakrishna, S. Electrospun nanofiber scaffolds for
rapid and rich capture of bone marrow-derived hematopoietic stem cells. Biomaterials 2008, 29, 2096–2103.
[CrossRef] [PubMed]

8. Ma, Z.; He, W.; Yong, T.; Ramakrishna, S. Grafting of gelatin on electrospun poly(caprolactone) nanofibers to
improve endothelial cell spreading and proliferation and to control cell orientation. Tissue Eng. 2005, 11,
1149–1158. [CrossRef] [PubMed]

9. Katti, D.S.; Robinson, K.W.; Ko, F.K. Bioresorbable nanofiber-based systems for wound healing and drug
delivery: Optimization of fabrication parameters. J. Biomed. Res. 2004, 70, 286–296. [CrossRef] [PubMed]

10. Reneker, D.H.; Yarin, A.L.; Fong, H.; Koombhongse, S. Bending instability of electrically charged liquid jets
of polymer solutions in electrospinning. J. Appl. Phys. 2000, 87, 4531–4547. [CrossRef]

11. Yarin, A.L.; Koombhongse, S.; Reneker, D.H. Taylor cone and jetting from liquid droplets in electrospinning
of nanofibers. J. Appl. Phys. 2001, 90, 4836–4846. [CrossRef]

12. Nielsen, P.V.; Rios, R. Inhibition of fungal growth on bread by volatile components from spices and herbs,
and the possible application in active packaging, with special emphasis on mustard essential oil. Int. J.
Food Microbiol. 2000, 60, 219–229. [CrossRef]

13. Burt, S. Essential oils: Their antibacterial properties and potential applications in foods—A review. Int. J.
Food Microbiol. 2004, 94, 223–253. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0002-8703(98)70252-2
http://dx.doi.org/10.1089/ten.teb.2009.0352
http://www.ncbi.nlm.nih.gov/pubmed/19698068
http://dx.doi.org/10.2217/rme.12.12
http://www.ncbi.nlm.nih.gov/pubmed/22594331
http://dx.doi.org/10.1016/j.biomaterials.2005.08.008
http://www.ncbi.nlm.nih.gov/pubmed/16143386
http://dx.doi.org/10.1016/j.actbio.2009.05.007
http://www.ncbi.nlm.nih.gov/pubmed/19447211
http://dx.doi.org/10.1016/j.bone.2009.03.674
http://www.ncbi.nlm.nih.gov/pubmed/19358900
http://dx.doi.org/10.1016/j.biomaterials.2008.01.024
http://www.ncbi.nlm.nih.gov/pubmed/18289666
http://dx.doi.org/10.1089/ten.2005.11.1149
http://www.ncbi.nlm.nih.gov/pubmed/16144451
http://dx.doi.org/10.1002/jbm.b.30041
http://www.ncbi.nlm.nih.gov/pubmed/15264311
http://dx.doi.org/10.1063/1.373532
http://dx.doi.org/10.1063/1.1408260
http://dx.doi.org/10.1016/S0168-1605(00)00343-3
http://dx.doi.org/10.1016/j.ijfoodmicro.2004.03.022
http://www.ncbi.nlm.nih.gov/pubmed/15246235


Polymers 2017, 9, 163 11 of 11

14. Turgis, M.; Han, J.; Caillet, S.; Lacroix, M. Antimicrobial activity of mustard essential oil against Escherichia coli
O157:H7 and Salmonella typhi. Food Control 2009, 20, 1073–1079. [CrossRef]

15. Balaji, A.; Jaganathan, S.K.; Ismail, A.F.; Rajasekar, R. Fabrication and hemocompatibility assessment of
novel polyurethane-based bio-nanofibrous dressing loaded with honey and Carica papaya extract for the
management of burn injuries. Int. J. Nanomed. 2016, 11, 4339–4355.

16. Kumbar, S.G.; Nukavarapu, S.P.; James, R.; Nair, L.S.; Laurencin, C.T. Electrospun poly(lactic acid-co-glycolic
acid) scaffolds for skin tissue engineering. Biomaterials 2008, 29, 4100–4107. [CrossRef] [PubMed]

17. Li, M.; Mondrinos, M.J.; Chen, X.; Gandhi, M.R.; Ko, F.K.; Lelkes, P.I. Co-electrospun
poly(lactide-co-glycolide), gelatin, and elastin blends for tissue engineering scaffolds. J. Biomed. Mater. Res.
2006. [CrossRef] [PubMed]

18. Kim, S.E.; Heo, D.N.; Lee, J.B.; Kim, J.R.; Park, S.H.; Jeon, S.H.; Kwon, I.K. Electrospun gelatin/polyurethane
blended nanofibers for wound healing. Biomed. Mater. 2009, 4, 044106. [CrossRef] [PubMed]

19. Li, J.; Prabhakaran, M.P.; Qin, X.; Ramakrishna, S. Guiding the orientation of smooth muscle cells on random
and aligned polyurethane/collagen nanofibers. J. Biomater. Appl. 2014, 29, 364–377.

20. Unnithan, A.R.; Tirupathi, P.B.; Gnanasekaran, G.; Seenivasan, K.; Barakat, N.A.M.; Chab, Y.-S.; Jung, C.-H.;
Shanmugam, A. Emu oil-based electrospun nanofibrous scaffolds for wound skin tissue engineering.
Colloids Surf. A Physicochem. Eng. Asp. 2012, 415, 454–460. [CrossRef]

21. Tijing, L.D.; Ruelo, M.T.G.; Amarjargal, A.; Pant, H.R.; Park, C.-H.; Kim, D.W.; Kim, C.S. Antibacterial
and superhydrophilic electrospun polyurethane composite fibers containing tourmaline nanoparticles.
Chem. Eng. J. 2012, 197, 41–48. [CrossRef]

22. Cui, W.; Li, X.; Zhou, S.; Weng, J. Degradation patterns andsurface wettability of electrospun fibrous mats.
Polym. Degrad. Stab. 2008, 93, 731–738. [CrossRef]

23. Ceylan, M. Superhydrophobic Behavior of Electrospun Nanofibers with Variable Additives. 2009. Available
online: http://hdl.handle.net/10057/2535 (accessed on 12 December 2009).

24. Yin, A.; Zhang, K.; McClure, M.J.; Huang, C.; Wu, J.; Fang, J.; Mo, X.; Bowlin, G.L.; Al-Deyab, S.S.;
El-Newehy, M. Electrospinning collagen/chitosan/poly(L-lactic acid-co-ε-caprolactone) to form a vascular
graft: Mechanical and biological characterization. J. Biomed. Mater. Res. Part A 2013, 101, 1292–1301.
[CrossRef] [PubMed]

25. Xiang, P.; Li, M.; Zhang, C.Y.; Chen, D.L.; Zhou, Z.H. Cytocompatibility of electrospun nanofiber tubular
scaffolds for small diameter tissue engineering blood vessels. Int. J. Biol. Macromol. 2011, 49, 281–288.
[CrossRef] [PubMed]

26. Samouillan, V.; Delaunay, F.; Dandurand, J.; Merbahi, N.; Gardou, J.P.; Yousfi, M.; Gandaglia, A.; Spina, M.;
Lacabanne, C. The use of thermal techniques for the characterization and selection of natural biomaterials.
J. Funct. Biomater. 2011, 2, 230–248. [CrossRef] [PubMed]

27. Harrison, B.S.; Atala, A. Carbon nanotube applications for tissue engineering. Biomaterials 2007, 28, 344–353.
[CrossRef] [PubMed]

28. Li, Y.; Porwal, H.; Huang, Z.; Zhang, H.; Bilotti, E.; Peijs, T. Enhanced thermal and electrical properties of
polystyrene-graphene nanofibers via electrospinning. J. Nanomater. 2016, 2016, 4624976. [CrossRef]

29. Parvinzadeh, M.; Moradian, S.; Rashidi, A.; Yazdanshenas, M.-E. Effect of the addition of modified nanoclays
on the surface properties of the resultant polyethylene terephthalate/clay composites. Polym. Plast.
Technol. Eng. 2010, 49, 874–884. [CrossRef]

30. Vincent, M.; Thomas, H.; Heike, H.; Viola, V.; Daniel, E. Influence of fiber diameter and surface roughness of
electrospun vasculargrafts on blood activation. Acta Biomater. 2012, 8, 4349–4356.

31. Fazley, M.; Elahi, G.G.; Lu, W. Hemocompatibility of surface modified silk fibroin materials: A review.
Rev. Adv. Mater. Sci. 2014, 38, 148–159.

32. Liu, R.; Qin, Y.; Wang, H.; Zhao, Y.; Hu, Z.; Wang, S. The in vivo blood compatibility of bio-inspired small
diameter vascular graft: Effect of submicron longitudinally aligned topography. Cardiovasc. Disord. 2013, 13,
79. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.foodcont.2009.02.001
http://dx.doi.org/10.1016/j.biomaterials.2008.06.028
http://www.ncbi.nlm.nih.gov/pubmed/18639927
http://dx.doi.org/10.1002/jbm.a.30833
http://www.ncbi.nlm.nih.gov/pubmed/16948146
http://dx.doi.org/10.1088/1748-6041/4/4/044106
http://www.ncbi.nlm.nih.gov/pubmed/19671952
http://dx.doi.org/10.1016/j.colsurfa.2012.09.029
http://dx.doi.org/10.1016/j.cej.2012.05.005
http://dx.doi.org/10.1016/j.polymdegradstab.2007.12.002
http://hdl.handle.net/10057/2535
http://dx.doi.org/10.1002/jbm.a.34434
http://www.ncbi.nlm.nih.gov/pubmed/23065755
http://dx.doi.org/10.1016/j.ijbiomac.2011.05.004
http://www.ncbi.nlm.nih.gov/pubmed/21600916
http://dx.doi.org/10.3390/jfb2030230
http://www.ncbi.nlm.nih.gov/pubmed/24956305
http://dx.doi.org/10.1016/j.biomaterials.2006.07.044
http://www.ncbi.nlm.nih.gov/pubmed/16934866
http://dx.doi.org/10.1155/2016/4624976
http://dx.doi.org/10.1080/03602551003664628
http://dx.doi.org/10.1186/1471-2261-13-79
http://www.ncbi.nlm.nih.gov/pubmed/24083888
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparation of Composite 
	Fabrication of PU and Composite Scaffold 
	Physicochemical Characterization 
	Scanning Electron Microscopy (SEM) Micrographs 
	Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) Analysis 
	Contact Angle Measurements 
	Thermogravimetric Analysis 
	Atomic Force Microscopy 

	Hemocompatibility Assessment of the Scaffold Material 
	Ethical Statement and Collection of Blood Samples 
	Activated Partial Thromboplastin Time (APTT) Assay 
	Prothrombin Time (PT) Assay 
	Hemolysis Assay 
	Statistical Analysis 


	Results and Discussion 
	Conclusions 

