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ABSTRACT

Design of scaffolds with natural substances holds potential in several cardio-

vascular applications. In this study, we have fabricated scaffold using the

electrospinning technique with blends of PU and castor oil. The characterization

was performed using scanning electron microscopy (SEM), Fourier transform

and infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), contact

angle measurement, and atomic force microscopy (AFM). Further the blood

compatibility of prepared composites was calculated using APTT, PT, and

hemolytic assay. SEM analysis of the fabricated scaffolds indicated random

morphology of nanofibers with reduced fiber diameter of about 766 ± 147 nm

compared to pristine PU control. The FTIR confirms the interaction between PU

and castor oil as identified by the formation of hydrogen bond. The developed

composite rendered hydrophobic nature owing to increased contact angle and

also exhibit higher thermal stability as shown by TGA. The AFM analysis

revealed that the surface roughness of the nanocomposites was observed to be

improved compared to control. A delay in the activation of clot was noted in

activated partial thromboplastin time (APTT) and partial thromboplastin time

(PT) assay revealing the anticoagulant nature of the fabricated scaffolds.

Moreover, the hemolytic index of developed composites was found to be low

indicating the safety of the scaffold in protecting the red blood cells from

damage. The present study suggested that newly developed nanocomposite

enabled tailoring of desirable characteristics matching for cardiac tissue

engineering.
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Introduction

Vascular grafts containing biological and synthetic

materials have been explored in cardiovascular

applications. In the process of bypass or replace the

blood vessel, various vascular substitutes were uti-

lized and they resulted in stenosis by disease processes

or trauma [1, 2]. The autografts, allografts, or xeno-

grafts from saphenous veins or radial arteries were the

classical biological grafts used in cardiovascular

applications. Owing to the necessity of a donor site, the

allografts were partial in supply and dimensions.

Despite the allografts and xenografts having some

advantages like long-term patency and reactivity, the

utilization of them in clinical application is limited by

high immunogenic response [1, 3]. In bypassing large-

diameter blood vessels ([6 mm), the synthetic grafts

such as expanded polytetrafluoroethylene (ePTFE) or

Dacron (polyethylene terephthalate fiber), have been

used in replacement [1, 4, 5]. On the other hand, small-

diameter synthetic grafts showed high failure rates

due to thrombosis, stenosis, and occlusion [6–8].

Hence, the fabricated scaffolds should possess the

essential qualities like thromboresistant and antico-

agulant nature in order to prevent the graft failure [9].

The fabricated scaffold 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 and prothrombin time. These

two time points are the good indicators of intrinsic and

extrinsic pathways, respectively. Hemolytic percent-

age may serve as a yard stick for estimating the dam-

age to red blood cells [10].

Tissue-engineered vascular scaffolds make use of

natural or synthetic materials to fabricate small arte-

rial substitutes incorporated with endothelial and

smooth muscle cells [11–13]. However, the tissue-

engineered vascular scaffolds having poor porosity,

the infiltration of cells into the scaffold is a great

challenge in designing and also showed poor

mechanical properties compared with native blood

vessels. Recently, electrospinning technology has

been promulgated as a substitute for fabricating

vascular scaffolds. The electrospinning was used to

control the composition, geometry, and mechanical

properties of vascular scaffolds, and it could fabricate

fibrous matrices with nanoscale dimension which can

be substitute for vascular grafts [1].

Electrospinning technique is most versatile and cost

effective method for fabricating nanofibers based

scaffolds. It involves applying high voltage to polymer

melts which is drawn into nanofibers at the collector

end. The utilization of electrospinning for biomedical

application was performed only in last decade even

though the apparatuswas invented 100 years ago [14].

Polyurethane is one of the commonly used polymer in

the fabrication of tissue-engineered scaffolds and

through electrospinning technique the fabrication of

nanofibers from PU is easy and make them one of the

widely electrospun polymer for medical application.

In this research, the polyurethane used to fabricate the

nanofibers was tecoflex EG80A which is a polyether-

based medical-grade PU. Polyurethane (PU) polymer

was used in making nanofibers because it possesses

good barrier properties and oxygen permeability

which allows cells to proliferate more and suitable for

tissue regeneration [15].

The reinforcement used in this study was castor oil.

Castor oil is a vegetable oil obtained by pressing the

seeds of castor oil plant (Ricinus Communis) [16].

Castor oil is colorless to very pale yellow liquid with

distinct taste and odor once first ingested. The boiling

point of castor oil is 313 �C, and its density is 961 kg/

m3. It contains triglyceride which is approximately

90% of fatty chains are ricinoleates and other com-

ponents were oleate and linoleates [17]. The castor oil

and its derivatives are used in food and preservative,

medicine, manufacturing of soaps, lubricants,

hydraulic and brake fluids, paints, dyes, coatings,

inks, pharmaceuticals, etc. [18]. Moreover, recent

studies suggested that castor oil possess antioxidant

nature [19, 20] which provides supports to cells and

helps in adhesion and proliferation for the regener-

ation of new tissue. Diez-Pascual et al. developed

wound healing bionanocomposites based on castor

oil blended with chitosan and ZnO nanoparticles. It

was found that the castor oil scaffold posed no toxi-

city effect on fibroblast cells and also exhibited faster

wound closure rate compared to gauze control [21].

In another work, Ganji et al. studied the cardiomy-

ocyte cells proliferation in polyurethane/gold

nanocomposite scaffolds blended with castor oil. It

was observed that the castor-incorporated scaffold

showed increased cardiomyocyte cells proliferation

and has favored new tissue growth [22]. In this work,

castor oil is incorporated with pristine PU using a

single-step electrospinning process for scaffold
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fabrication in cardio vascular applications. Further,

physicochemical characterization along with the

blood compatibility of the developed nanocomposite

will be performed to evaluate the suitability of this

scaffold.

Materials and methods

Tecoflex EG-80A medical-grade thermoplastic poly-

urethane (PU) was purchased from LubriZol, USA.

N, N-dimethylformamide (DMF) was supplied by

Merck Millipore, Germany. The commercially avail-

able castor oil was obtained locally. The chemicals,

phosphate-buffered saline (PBS, Biotech Grade) and

sodium chloride physiological saline (0.9% w/v),

were supplied by Sigma-Aldrich, Malaysia. The

reagents utilized in APTT and PT assay such as rabbit

brain activated cephaloplastin, calcium chloride

(0.025 M), and thromboplastin (Factor III) were

obtained from Diagnostic Enterprises, India.

Preparation of nanocomposite

To prepare the polymer solution first 480 mg of PU

beads were dissolved in 6 ml of DMF followed by

magnetic stirring for 24 h at room temperature to

obtain a homogenous solution of concentration 8%

(w/v). Then 400 ll of castor oil was mixed with

4.6 ml of DMF to make 8% v/v solution and stirred

for 1 h minimum to obtain a homogenous solution.

Finally, the PU–castor oil nanocomposite was pre-

pared by slowly adding castor oil solutions in PU at a

ratio of 8:2 under rigorous stirring for 60 min.

Fabrication of PU and nanocomposite
scaffolds

Pure PU nanofiber and PU/castor oil nanocomposite

was fabricated using electrospinning technique. The

prepared solutions of PU and composite was injected

inside the plastic syringe of 10 ml with 18-G stainless

steel needle and attached to the syringe pump (SP20,

NFiber). Then NFiber high-voltage unit was utilized

to supply the voltage for electrospinning apparatus to

make nanofibers. The fine nanofibers were obtained

and collected on a static drum collector covered with

aluminum foil. After several attempts, the PU was

successfully electrospun at a flow rate of 1.0 ml/h

with an applied voltage of 10 kV. Since the addition

of castor oil has reduced the viscosity of the

nanocomposite solution so the flow rate and voltage

were changed to 0.50 ml/h and 7 kV, respectively, to

obtain a steady stream of the polymer solution. The

collector distance was 16 cm which was constantly

maintained for both samples. The deposited nanofi-

brous mesh was detached carefully from the collector

and dried at room temperature for 24 h.

Physicochemical characterization

Scanning electron microscopy (SEM)
micrographs

The morphology of the electrospun PU and the castor

oil nanocomposites fibers were studied using a

Hitachi Tabletop SEM unit (TM3000). The developed

samples were gold-coated before obtaining the pho-

tomicrographs. The diameter size distribution in the

developed membranes was examined using Image J

(National Institutes of Health, Bethesda, MD) soft-

ware by measuring 150 individual fibers randomly in

six micrographs. Then, the mean fiber diameter with

the standard deviation was computed using Image J

software.

Attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR)
analysis

The characteristics of peaks of the electrospun PU

and the castor oil nanocomposite were studied was

analyzed using the ATR-FTIR unit. In order to iden-

tify the IR spectra of PU and castor oil nanocom-

posite, a small amount of the sample was placed on

the sensor surface and the spectra were measured.

Meanwhile, the IR spectra of castor oil were obtained

by placing a drop of the sensor surface. To investigate

the peaks in the spectra each sample were recorded

over the range of 600–4000 cm-1 at 32 scans per

minute and averaged at the resolution of 4 cm-1.The

ATR crystal used was zinc/selenium which was

coupled with the NICOLET IS5 spectrometer. After

recording, the spectra were corrected baseline and

normalized using Spekwin 32 software to identify the

characteristic peaks and differences.
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Contact angle measurement

The contact angle of electrospun PU and the castor oil

nanocomposite was calculated using the VCA

Optima contact angle measurement unit. For contact

angle measurements, the sample of size 1 9 5 cm2

were cut from the mesh for measuring the contact

angle. In this setup, the syringe was loaded with the

water, and then a droplet of size 2 ll was formed at

the tip, and it was carefully placed on the test

membrane. Within few seconds, the static image of

the liquid deposition within was obtained with the

aid of high-resolution video camera. The contact

angle measurements of samples were calculated by

three different trails, and the manual contact angle

was measured through computer integrated

software.

Thermogravimetric analysis

The thermal analysis of electrospun PU and the cas-

tor oil nanocomposite was studied using the Perk-

inElmer TGA 4000 unit. Initially the samples with

3 mg were placed in an aluminium pan, and the

experiment was done under a dry nitrogen atmo-

sphere in the temperature range 30–1500 �C at an

ascending rate of 10 �C/min. Then the remaining

weight of the sample was measured at each temper-

ature point and the obtained experimental values

were exported in an excel sheet. Then, the TGA curve

and the corresponding derivative weight loss curve

(DTG) were drawn using OriginPro 8.5 software.

Atomic force microscopy

Atomic force microscopy was utilized to analyze the

sample surface roughness and also to obtain 3D

image of the sample surface using JPKSPM data

processing software. To perform AFM analysis the

sample of size 1 9 1 cm2 were cut from the mesh

placed on the AFM equipment (Nanowizard, JPK

instruments) and scanned for measuring the surface

roughness. In AFM measurement the samples were

scanned at room temperature in normal atmosphere.

The images were obtained with the scanning size of

20 9 20 lm and were captured in the medium mode

with 256 9 256 pixels. Three measurements were

taken at various positions to measure the average

surface roughness (Ra).

Mechanical testing

The mechanical testing was performed in uniaxial

load test machine (Gotech Testing Machines, AI-3000)

to calculate the tensile strength and young’s modulus

of the pure PU and prepared nanocomposites. The

mechanical test was performed according to the

ASTM D638-98. In this experiment, a short segment

of electrospun scaffold was cut and was clamped at

its cut ends for the axial test. The crosshead speed

was 5 mm/min, and the test was stopped when the

load decreased by 10% after the onset of failure. The

tensile strength and the Young’s modulus (modulus

of elasticity) were calculated using stress–strain curve

at maximum stress.

Hemocompatibility assessment
of the scaffold material

Ethical statement and collection of blood
samples

All the experimental procedures involved in the han-

dling of bloodwere approved by Faculty of Biosciences

and Medical Engineering, Universiti Teknologi Malay-

sia 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 via venipuncture after getting a

signature in the consent form. 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, citra-

ted blood was centrifuged at 3000 rpm for 15 min to

extract platelet poor plasma (PPP).

Activated partial thromboplastin time
(APTT) assay

PU and the PU/castor oil scaffolds were cut into

square samples of dimension 0.5 9 0.5 cm2. For each

scaffold, assay was performed in triplicate, and three

square samples were introduced into 96-well plates

and gently washed with deionized water. The sam-

ples were incubated in PBS at 37 �C for 30 min before

starting the assay. First, 50 ll of obtained PPP was

placed on the sample and incubated for 1 min at

37 �C, and then 50 ll of rabbit brain cephaloplastin
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reagent was added and incubated for 3 min at 37 �C.
Finally, the reaction mixture was activated by adding

50 ll of CaCl2 and gently stirred with a sterile steel

needle. The time taken for the formation of the white

fibrous clot was noted using a chronometer.

Prothrombin time (PT) assay

Fabricated membrane was cut into square samples as

described in the previous subdivision and this test

was also performed in triplicate. Samples were

washed with deionized water and incubated in PBS

for 30 min at 37 �C. To begin the assay, 50 ll of PPP
was added to the sample at 37 �C for 1 min, followed

by addition of 50 ll of NaCl–thromboplastin reagent

(Factor III) and gently mixed with a sterile steel

needle until clot formation. The time taken for the

clot formation is noted as PT.

Hemolysis assay

Hemolysis assay was performed in Thermoset Sci-

entific MultiskanTM FC (Waltham, MA, USA) to

investigate the effect of fabricated membranes with

red blood cells. For this both PU and the fabricated

samples (1 9 1 cm2) were soaked in physiological

saline (0.9% w/v) at 37 �C for 30 min. Next they were

exposed with a mixture of aliquots of citrated blood

and diluted saline (4:5) for 1 h at 37 �C. For consti-

tuting positive and negative control, the whole blood

was mixed with distilled water (4:5) (complete

hemolysis) and also with physiological saline solu-

tion, respectively. The exposed samples were

retrieved and the mixtures were centrifuged at

3000 rpm for 15 min. The supernatant was aspirated

and the absorbance of each sample was recorded at

542 nm which represents red blood cell (RBC) dam-

age. The percentage of hemolysis or hemolytic index

was calculated using the formula, [23]

Hemolysis ratio HRð Þ ¼ TS�NCð Þ= PC�NCð Þ
� 100

where TS, NC, and PC are measured absorbance

values of the test sample, negative control, and pos-

itive control at 542 nm, respectively.

Statistical analysis

All experiments were conducted thrice indepen-

dently. Unpaired t test was done to determine

statistical significance. The results obtained from all

experiments are expressed as mean ± SD. In case of

qualitative experiments, a representative of three

images is shown.

Results and discussion

Biomaterials market share is expected to reach USD

149.17 Billion by 2021 according to recent reports of

Markets and Markets. Among these, cardiovascular

biomaterials will be occupying the largest share of the

biomaterials market in 2016. Hence, there is a good

demand for materials for cardiovascular applications.

However, the usage of materials in the cardiovascular

application (CA) is limited by important characteris-

tics like thrombogenecity and blood compatibility.

Similarly, for the material to be used in CA requires

proper strength and elasticity. The highlight of this

research is the fabricated PU/castor oil composite

presents excellent blood compatibility compared to

the naı̈ve polymer. Castor oil used in this study can

be obtained easily without much difficulty at a trivial

cost. Further, tensile strength of the composite

developed matches with the mechanical properties of

the material used in vascular graft application. The

various results of physicochemical and blood com-

patibility for the fabricated nanocomposites along

with pristine PU is discussed below.

The morphology of prepared nanocomposites and

pure PU was indicated in SEM image as shown in

Fig. 1a and b. The morphology study has revealed

that the fibers were finely dispersed and randomly

oriented in the matrix. From the SEM image, the

polymer PU showed the mean diameter with stan-

dard deviation of 1180 ± 106 nm. On the other hand,

the prepared PU/castor oil composites showed

reduced fiber diameter with mean diameter and

standard deviation of 766 ± 147 nm. The fiber

diameters distribution curve of pure PU and

PU/castor oil composites were shown in Fig. 2a and

b. The fiber reduction may be due to increase in

conductivity of solution mix during incorporation of

castor oil into the pure polymer matrix. Similar

results were reported in the research work of poly-

urethane scaffolds loaded with honey and papaya by

Balaji et al. [23]. Kumbhar et al. reported that the fiber

diameter of 600–1200 nm was able to support the

highest proliferation of fibroblast cells compared with

other diametric ranges. They also found that
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composite of the above said diameter increased the

collagen III expression [24]. Hence, our reported fiber

diameter values are found to be within this range and

may be suitable for supporting the proliferation of

fibroblast cells. Osamu et al. fabricated vascular graft

using degradable polycaprolactone (PCL) scaffold

and suggested that the smaller fiber diameters pos-

sess high specific area and porosity, which favors

enhanced cell attachment and cell proliferation. Their

fabricated PCL scaffold showed reduced fiber diam-

eters and resulted in enhanced number of cell–cell

contacts for the regeneration of new tissue growth

[25]. Our scaffold fiber diameters showed similar

pattern which may favor the enhance cell–cell con-

tacts and proliferation suitable for vascular graft

applications.

The functional groups of prepared scaffolds and

pure PU were shown in FTIR spectra as in Fig. 3. The

peak at 3323 cm-1 denotes the NH stretching of an

aliphatic primary amine and peaks at 1597 and

1531 cm-1 assisted to vibrations of NH group. The

peaks at 2939 and 2854 cm-1 shows the CH2

stretching and the vibrations of CH was observed at

the peak 1413 cm-1. The C=O stretching of carboxylic

groups was identified by twin peak at 1730 and

1703 cm-1 and the sharp peaks found at 1221, 1104

and 770 cm-1 indicates the C–O stretching corre-

sponding to alcohol groups [26, 27]. The FTIR spectra

of castor oil showed a sharp absorption band fre-

quency at 2923 and 2853 cm-1 indicating the aro-

matic and aliphatic CH stretching, respectively. The

C–O stretching was identified by peak at 1744 cm-1.

In PU/castor oil hybrid composites spectra, there

were no addition bands present but they showed

decreased intensity by the formation of hydrogen

bond. In PU/castor oil hybrid composites spectra,

there were no addition bands present but they

showed decreased intensity by the formation of

hydrogen bond. It was reported that the formation of

inter-hydrogen bonds between two different

Figure 1 SEM images of a polyurethane membrane, b PU/castor oil composites.

Figure 2 a Fiber diameter

distributions of a pure PU,

b PU/castor oil composites.
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macromolecules were found to stronger than those

formed between the molecules of the same polymer

[28]. In our developed PU/castor oil nanocomposites,

the formation of stronger inter-hydrogen bonds were

due to interaction between the CH and CO functional

groups in castor oil and PU, respectively. The strong

interaction between PU and castor oil is also showed

by slight shifting of CH stretching in pure PU from

2939 to 2929 cm-1 and CO stretch from 1730 to

1740 cm-1 in PU/castor oil mats and concluded the

presence of castor oil in polyurethane matrix through

FTIR analysis [29].

The contact angle measurements of prepared

composites PU/castor oil and pure PU are shown

below in Table 1. From results obtained, the mean

contact angle of PU is found to be 86� whereas the

prepared nanocomposites showed contact angle of

106�. It shows that the prepared nanocomposites

render hydrophobic surface when the water contact

angle exceeded 90�. The contact angle images of

prepared PU/castor oil membrane and pure PU are

shown in Fig. 4a and b. Some authors Ceylan et al.

and Cui et al. [30, 31] have reported that that the

small fiber diameter generally increases the water

contact angle. Our SEM results showed smaller fiber

diameter in prepared composites that favors the lar-

ger contact angle.

TGA analysis of prepared composite and pure PU

samples is shown in Fig. 5a and b. It was observed

that the thermal stability of the PU/castor oil hybrids

was found to be higher than that of the pure PU. For

pure PU, the initial thermal decomposition was

found to be 273 �C while for fabricated nanocom-

posites the onset degradation was found to be 308 �C.
Moreover, at 950 �C, the residual weight percentage

of the pure PU and prepared nanocomposites was

found to be 0.08 and 3.81% indicating the better

thermal stability behavior of the composite scaffold.

The improved thermal stability could be attributed to

the incorporation of castor oil constituents into the

pure polymer matrix. The derivative weight loss for

pure PU and prepared nanocomposites was found to

occur at three stages as shown in Fig. 6a and b.

However, the number of stages remains identical for

Figure 3 FTIR analysis of

pure PU, castor oil and

PU/castor oil composites.
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both samples, but their onset and end temperatures

were found to be different. For PU, first weight loss is

from 273 to 308 �C, the second loss is from 308 to

367 �C, and the third loss from 367 to 453 �C, while

for the developed PU/castor oil nanocomposites the

first weight loss starts from 308 �C and ends at

325 �C, the second loss from 325 to 378 �C and the

third loss from 377 to 485 �C, respectively. Hence, the

results of derivative weigh loss indicate the presence

of castor oil in the polymer matrix. Gautam et al.

developed PCL scaffold blended with gelatin using

electrospinning technique for tissue engineering

applications. In this study, it was reported that the

PCL-blended scaffold showed enhanced thermal

stability due to the incorporation of gelatin in the

PCL matrix. Since the developed nanocomposites

showed enhanced thermal stability, and this might be

suitable for tissue engineering applications [32].

Atomic force microscopic measurements of fabri-

cated composite patch and pure PU are shown in

Fig. 7a and b. The surface roughness of the pristine

PU was found to be 713 nm and for the prepared

composite scaffold the surface roughness was found

to 1241 nm (Ra), respectively. The incorporated cas-

tor oil constituents had increased the surface rough-

ness of polyurethane composites. Mazeyar

Parvinzadeh et al. [33] reported the surface properties

of polyethylene terephthalate (PET)/clay nanocom-

posites and had been reported that the addition of

clay into polyethylene into PET has improved the

surface roughness which is similar to our findings.

Results of tensile testing of pure PU and PU/castor

oil nanocomposites are shown Fig. 8a and b. The

mechanical testing plays a vital role in influencing

cellular morphology, proliferation and differentiation.

Table 1 Contact angle

measurement of PU and

PU/castor oil composites

S. no Sample Average contact angle in degrees

1 Pure polyurethane 86 ± 1.91

2 Polyurethane/castor oil composites 106 ± 1.34*

* Mean differences were significant compared with pure PU (p\ 0.05)

Figure 4 Contact angle images of a pure polyurethane, b polyurethane/castor oil composites.

Figure 5 TGA analysis of a pure polyurethane,

b polyurethane/castor oil composites.
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The tensile strength of the electrospun PU scaffolds

blended with castor oil was found to be higher than

that of the pristine PU. The ultimate tensile strength for

preparednanocompositeswas 5.13 ± 0.84 MPa,while

for control it was found to be 4.49 ± 1.46 MPa. More-

over, the elastic modulus for the prepared nanocom-

posites was observed to be 141 MPa, and for the pure

PU, it was found to be 95 MPa which was 48%

enhancement compared to pure PU. Further, the

results have clearly indicated that the castor oil incor-

poration into the scaffold has improved the tensile

properties of the electrospun PU scaffolds. Our

obtained results of prepared nanocomposites were

compared with tensile strength values of human

native blood vessel, aortic valve and cardiac patches.

Hasan et al. reported uniaxial tensile strength value of

3–4 MPa for human saphenous vein in the circumfer-

ential direction, whereas for native coronary arteries,

tensile strength was reported to be 1.80 MPa [34, 35].

Further, Hasan et al. [36] found the tensile strength

value of native aortic valve as 2.6 MPa. Fujimoto et al.

[37] prepared cardiac patches based on biodegradable

microporous polyester urethane urea (PEUU) for car-

diac remodeling and reported that the prepared pat-

ches exhibited tensile strength of 0.78 MPa with

elongation percentage of 157%. In our study, our cal-

culated tensile strength valueswere in agreementwith

the reported values of the above studies thereby

making it an interesting candidate for cardiovascular

applications.

Figure 6 a Weight residue

percentages of a pure PU,

b PU/castor oil composites.

Figure 7 AFM analysis of a pure polyurethane, b PU/castor oil composites.
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In this work, the APT and PT was employed to

investigate the blood clotting and anticoagulant

properties of pure PU and PU/castor oil composites.

The PT was used to investigate the extrinsic pathway

and the APTT was used to investigate the intrinsic

pathway, respectively. In this present study, the

APTT results revealed that the developed hybrid

PU/castor oil composites showed prolonged blood

clotting time compared to pure PU membrane. For

hybrid scaffolds, the values of APTT were found to

181 ± 2.65 s, while for PU membrane the APTT was

observed to be 157 ± 5.55 s as shown in Fig. 9a. The

APTT value of fabricated composites clearly shows

delayed clotting time suggesting nanocomposite

surface better than PU for enhancement in anticoag-

ulant nature. Similarly, in PT assay, the measurement

of PT value in fabricated hybrid composites was

about 47 ± 1.0 s which was found to be delayed

compared to PU (38.3 ± 1.15 s) as indicated in

Fig. 9b. Next, hemolytic assay was done to analyze

the safety of the hybrid fabricated scaffold against red

blood cells. Hemolysis is very simple and more to

reliable method measure blood compatibility of

materials. Hemolytic percentage was done by

recording the absorbance of obtained supernatant

after blood reacts with the composite patch at

542 nm. The measurement of hemolytic assay

showed that the absorbance value of PU was found

higher compared to PU/castor oil composites indi-

cating lysis of erythrocytes by pristine PU. It was

suggested that smaller the hemolysis value, the better

would be blood compatibility of the biomaterial.

According to ASTMF756-00 (2000) standard, the

hemolytic value above 2% was considered as

hemolytic and the value less than 2% was considered

as non-hemolytic materials [38]. The fabricated

nanocomposite scaffold material displayed a hemo-

lytic percentage of 1.15% indicating non-hemolytic

material, while for pure PU the index was observed

to 2.7% as shown in Fig. 10. Huang et al. reported

that the blood compatibility of a material is influ-

enced by multiple surface characteristics rather than

a single factor. The factors influencing the blood

compatibility were surface roughness, surface

energy, surface tension, surface wettability, and fiber

diameters [39]. Ai et al. investigated the surface

characteristics and blood compatibility of poly

(vinylidene fluoride) (PVDF)/poly(methyl

methacrylate) (PMMA) membranes. It was reported

that the PVDF/PMMA membranes showed

enhanced blood compatibility compared to pure

PVDF owing to increase in surface roughness [40]. In

another study, Milleret et al. [41] used two polymers

namely degarapol and poly(lactic-co-glycolic acid)

(PLGA) in developing scaffold with different fiber

diameter and found that smaller fiber diameter

showed delay in blood clotting indicating better

blood compatibility. Chen et al. [42] investigated the

blood compatibility of Ti (Ta?5)O2 thin films and had

reported that the smaller blood/film interfacial ten-

sion were partially responsible for the enhancement

of the blood compatibility. In another study, Chen

et al. prepared carbon/TiO2 nanocomposite and

investigated its blood compatibility. The fabricated

nanocomposites exhibited improved anticoagulant

function and better blood compatibility due to the

hydrophobic nature of the TiO2 nanowire arrays [43].

Hence, it was difficult to predict which parameters

Figure 8 Tensile strength of a pure polyurethane, b PU/castor oil composites.
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have strong impact on the blood compatibility. The

fabricated PU/mustard oil composites showed

smaller fiber diameter, hydrophobic nature, and also

increased surface roughness which might have con-

tributed to enhanced blood compatibility.

Conclusions

In this work, the preparation, characterization and

blood compatibility of new electrospun nanocom-

posites based on PU and castor oil were presented.

The new designed scaffolds were fabricated using

electrospinning technique. The fabricated composites

showed smaller fiber diameter in the range of

705 ± 167 nm, respectively. The FTIR confirms the

interaction between PU and castor oil indicated by

decrease in intensity of composite scaffolds with the

formation of hydrogen bond. The contact angle of

polyurethane composites was found to be increased

due to castor oil incorporation and also thermal sta-

bility was enhanced as spotted in TGA. The surface

roughness of PU/castor oil composites was found

better and enhanced compared to pure PU. From

APTT and PT assay, it was observed that the newly

electrospun scaffolds showed delayed activation of

blood clot compared to control due to enhanced

surface properties. Moreover, compared to pure PU,

the electrospun nanocomposites displayed low

hemolytic index value indicating the enhanced safety

with red blood cells. Hence, the newly fabricated

polyurethane scaffold incorporated with castor oil

having desirable characteristics such as better

physicochemical and blood compatibility which

could be applied for future vascular graft

applications.
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