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ABSTRACT: In this article, we report the development of graphene oxide (GO) reinforced electrospun poly(carbonate urethane)

(PCU) nanocomposite membranes intended for biomedical applications. In this study, we aimed to improve the mechanical proper-

ties of PCU fibroporous electrospun membranes through fiber alignment and GO incorporation. Membranes with 1, 1.5, and 3%

loadings of GO were evaluated for their morphology, mechanical properties, crystallinity, biocompatibility, and hemocompatibility.

The mechanical properties were assessed under both static and dynamic conditions to explore the tensile characteristics and visco-

elastic properties. The results show that GO presented a good dispersion and exfoliation in the PCU matrix, contributing to an

increase in the mechanical performance. The static mechanical properties indicated a 55% increase in the tensile strength, a 127%

increase in toughness for 1.5 wt % GO loading and the achievement of a maximum strength reinforcement efficiency value at the

same loading. Crystallinity changes in membranes were examined by X-ray diffraction analysis. In vitro cytotoxicity tests with L-929

fibroblast cells and percentage hemolysis tests with fresh venous blood displayed the membranes to be cytocompatible with acceptable

levels of hemolytic characteristics. Accordingly, these results highlight the potential of this mechanically improved composite mem-

brane’s application in the biomedical field. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41809.
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INTRODUCTION

Polymer nanocomposites have recently displayed considerable

interest because of their cost-effective processability, light weight

and tunable physicomechanical properties.1 The field of poly-

meric nanocomposites has evolved significantly over the last

decade. Graphene (G) and G-based materials have attracted

intensive research interest because of their inherent properties,

such as their excellent mechanical strength, high electrical con-

ductivity, and outstanding thermal resistance.2 Deriving from

the different composition, size and morphology, versatile and

unique properties are expected when they are combined with

specific polymers.3 Melt compounding/extrusion techniques are

the most common methods for making polymer-based compo-

sites. However, the importance of the solution exfoliation of

graphene oxide (GO) has demonstrated the processability of

these candidates into polymer nanocomposites, transparent con-

ducting films, and drug-delivery vehicles.3 To date, much of the

solution processing of GO has been carried out by simple soni-

cation in water.4 The preparation of large-scale GO dispersions

in organic solvents is also highly desirable and may further

broaden the scope of applications and facilitate the practical use

of G-based materials. Park et al.5 reported the achievement of

colloidal suspensions of highly reduced graphene oxide (rGO)

in various organic solvents by the dilution of a colloidal suspen-

sion of rGO platelets in dimethylformamide (DMF):water (9:1)

and also with solvents, such as DMF, N-methyl pyrrolidone,

ethanol, acetonitrile and dimethyl sulfoxide.

Segmented polyurethanes (PUs) have been used in the biomedi-

cal field for over 5 decades. The versatility of this polymeric

family is due to its useful properties, such as its good mechani-

cal strength, ease of handling and hemocompatibility.6 However,

biomedical applications including implantation in humans, cur-

rently appear limited because of their adverse effects, such as

hydrolytic, oxidative and enzymatic degradation as the body
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environment is rather an aggressive medium.7 Poly (carbonate

urethane)s (PCUs) represent a new class of biostable PUs with

superior biocompatibility, physical properties and biostability.8

They are used in a wide range of biomedical applications such

as heart valves,9 membranes10 and vascular prosthesis.11 The

incorporation of G or rGO into PUs is still being explored for

improving the various properties of PUs. Kim et al.12 compared

carbon sheets exfoliated from graphite oxide via chemical modi-

fications with isocyanate-treated GO and thermal exfoliation

[thermally reduced graphene oxide (TRG)]. Incorporation of as

low as 0.5 wt % TRG produced electrically conductive thermo-

plastic PU, whereas 3 wt % isocyanate-treated GO led to a 10-

fold increase in the tensile stiffness.

Electrospinning of polymers is a versatile technique for the

preparation of ultrafine, continuous submicrometer and/or

nanofibers. In the biomedical field, the technique of electrospin-

ning is used for several applications, including filtration and

protective materials, electrical and optical applications, sensors,

nanofiber-reinforced composites and so on.12 Recently, many

research groups have reported the incorporation of GO into

polymers by electrospinning to obtain a fibroporous membrane.

Fibroporous polymeric composite membranes from polymers

such as poly(vinyl alcohol)13 and poly(e-caprolactone)14 pre-

pared by electrospinning have shown superior mechanical, ther-

mal and biological properties. Although a lot of references

appeared on electrospun nanocomposites, not much research

work has been done on electrospun GO-incorporated PCU

membranes.

The purpose of this study was to understand the effects of

GO incorporation onto the PCU electrospun membrane’s

physicomechanical properties and thus to explore the poten-

tial of this modified membrane for biomedical applications.

The membrane was subjected to morphological and thermo-

mechanical analysis to evaluate the dispersion of GO and the

viscoelastic nature of the membrane. The biological reaction

to the culture of the fibroblast cells on the membrane and

hemolytic property for blood-contact applications was also

assessed.

EXPERIMENTAL

Materials

PCU, with the trade name of Carbothane manufactured by

Lubrizol Corp., was used in this study. PCU was dissolved in

mixture of DMF and tetrahydrofuran (THF; 50/50 v/v) at a

total concentration of 12% (w/v %) for electrospinning. Graph-

ite flakes was procured from Sigma-Aldrich. DMF, THF, H2SO4,

H3PO4, KMnO4, HCl and 30% H2O2 were purchased from

Merck (India). A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide (MTT; a tetrazolium salt) assay kit was pur-

chased from Hi Media (India). Deionized water was used

throughout this study.

Methods

Electrospinning of PCU (Carbothane). A syringe with a PCU

solution was loaded onto the electrospinning unit. The syringe

was capped with a 21-gauge blunt-end needle (spinneret), and a

positive potential was connected at the needle end with a power

supply (C high voltage), whereas the negative potential was con-

nected to the target. A stationary plate and a rotating mandrel

at 2500 rpm kept at a distance of 16 cm were used as targets to

obtain poly(carbonate urethane) random fibers (PCURF) and

poly(carbonate urethane) aligned fibers (PCUAF), respectively.

The PCU solution was delivered to the charged spinneret by the

syringe pump at a flow rate of 1 mL/h and electrospun at 8–10

kV potential. The process was carried out at ambient tempera-

ture (28 6 2�C).

Synthesis of GO and the Electrospinning of the

Nanocomposite. GO was prepared via an improved Hummers

method given by Marcano et al.15 The composite solutions were

prepared by tip sonication of GO at weight percentages of 1 wt

% (PCU/1% GO), 1.5 wt % (PCU/1.5% GO), and 3 wt %

(PCU/3% GO) of PCU. Sonication was done for 45 min to

exfoliate and disperse the solutions in DMF and THF (1:1) mix-

tures followed by the overnight stirring with PCU pellets. Elec-

trospinning was done onto a rotating mandrel under similar

conditions but at various voltages of 14–15, 16–17, and 17–19

kV for 1, 1.5, and 3% GO loadings, respectively. The electro-

spun sheets were retrieved from the mandrel and air-dried to

remove any residual solvent.

Morphological Analysis [Scanning Electron Microscopy

(SEM)]. SEM (Hitachi model S-2400) was used to study the

morphology and average diameter of the fibers. Sample prepara-

tion was done by the sputtering of thin, flat sections of the

materials with gold–palladium. The reported data on the aver-

age fiber diameter are the means of 25 measurements at differ-

ent areas with Image J software.

Mechanical Analysis. The sheets were cut along the direction of

fiber alignment into dumbbell specimens for tensile testing and

rectangular pieces for dynamic mechanical analysis (DMA) test-

ing. Tensile testing was performed with an Instron 3345 model

equipped with a load cell of 100 N, following ASTM D 638.

Standard dumbbell-shaped specimens were cut with an ISO

527-2 type 5A die and tested at 25 6 2�C at a crosshead speed

of 100.0 mm/min, with sample thicknesses that varied from 0.2

to 0.3 mm (sample size n 5 5). The stress and strain calculation

was done manually from the load and extension data that we

acquired. The tensile strength was taken from the highest stress

value achieved, whereas the toughness was the area under the

stress–strain curve.

DMA was done in tensile mode with a Tritec 2000B DMA

instrument (Triton Technology, Ltd., United Kingdom) on a

rectangular sample of 4-mm width, 20-mm length and 0.2-mm

thickness. A frequency of 1 Hz with an amplitude of dynamic

deformation of 50 lm was applied in the temperature-ramp

experiments. Thermal cycling was monitored within 2100 to

60�C at a heating rate of 1�C/min.

Statistical Analysis. The tensile strength data for the three

classes, that is, PCURF, PCUAF, and PCU/GO, membranes were

analyzed statistically with an analysis of variance one-way test,

and p values were obtained to weigh the significance of the

experiment designed. Significance was assigned at p values of

less than 0.05.
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Strength-Reinforcing Efficiency (e). The e value of the GO

nanoplatelets was evaluated in the thermoplastic PCU fibropo-

rous matrix. It was carried out with the rule of mixtures [eq.

(1)]:16

Yc ¼ eYf u 1Ym 12uð Þ (1)

where Yc, Yf, and Ym are the mechanical properties (tensile

strengths) of the composite, filler and matrix, respectively, and

u is the volume fraction. This parameter represents the effi-

ciency of the filler as a reinforcing phase and is a good measure

for comparing composite systems having similar fillers.

Exfoliation and Intercalation Analysis with X-ray diffraction

(XRD). XRD data were collected with a Bruker D8 Advance dif-

fractometer with Cu Ka radiation at a scan speed of 4�/min

over 5–50�. The GO sample was analyzed in powder form,

whereas for electrospun PCU and PCU/GO composite mem-

branes, a 20-mm diameter disc were used.

In Vitro Cytotoxicity Test. An in vitro cytotoxicity test was per-

formed with a direct contact method as per ISO 10993-5. The

material was sterilized by dipping in ethanol for an hour fol-

lowed by phosphate buffer saline (PBS) washing and overnight

drying. It was further UV-treated for 10 min just before the

experiment. The culture medium from the L-929 mouse fibro-

blast cells monolayer was replaced with fresh medium. The test

samples, negative controls and positive controls in triplicate

were placed on the cells. After incubation at 37 6 1�C for 24–

26 h, the cell monolayer was examined microscopically for

response around the test samples. The reactivity was graded on

the basis of the zone of lysis, vacuolization, detachment, and

membrane disintegration.

The MTT assay was performed to measure the metabolic activity

of cells to reduce yellow-colored MTT to purple-colored forma-

zan. The material extract was prepared by the incubation of disc-

shaped test material with a diameter of 3 mm in high-glucose

Dulbecco’s modified eagle’s medium culture medium supple-

mented with 10% fetal bovine serum, 13 antibiotic–antimycotic

solution, and 0.37% sodium bicarbonate at 37 6 1�C for

24 6 2 h. The extract (100%) was diluted to 50% (1:1) and 25%

(1:4) with culture medium. Cells cultured in normal medium

without any extract was considered as a cell control. The control

and test sample extracts were added to a subconfluent monolayer

of L-929 cells in triplicate and incubated at 37 6 1�C for

24 6 2 h. Later, a stock MTT solution (20 lL of 5 mg/mL PBS)

was added to the extract and control medium; incubated with

protection from light for 4 h. After 4 h of incubation, 200 lL of

dimethyl sulfoxide was added to the wells and the plates were

put in an orbital shaker (GeNei, SLM-INC-OS-250, India) to dis-

solve the formazan crystals. The plate was quantified by the mea-

surement of the absorbance at 570 nm with an ultraviolet–visible

microplate reader and the percentage viability of the cells was cal-

culated. The reported data were the means and standard devia-

tions (SDs) of three parallel runs for each sample.

Hemolysis Assay. The hemolytic character of the material was

assessed by means of an in vitro hemolysis test. Fresh venous

blood was collected from a volunteer in anticoagulant citrate

phosphate dextrose adenine (CPD-A) tubes and care was taken

to prevent mechanical hemolysis. Total hemoglobin (Hb) was

analyzed with a hematology analyzer (Sysmex-K4500). Disc-

shape test material of 4 mm diameter in triplicate was

immersed in PBS for 5 min before exposure to blood. The sam-

ples were kept in a polystyrene plate; 2 mL of blood was added

to each well, and a well without any sample was treated as a ref-

erence (REF). A volume of 1 mL of blood was taken immedi-

ately for initial analysis and the remaining 1 mL of blood was

incubated with a sample for 30 min under agitation at

70 6 5 rpm at 35 6 2�C.

The blood samples were centrifuged at 4000 rpm for 15 min;

the platelet poor plasma was carefully removed and diluted

1:30 in 0.1% Na2CO3. The free hemoglobin (fHb) liberated into

the plasma after exposure to samples was measured with a UV

spectrophotometer (Shimadzu UV-1800) as per eq. (2):17

fHb ¼ 1:65A41520:93A38020:73A450 (2)

where A415, A380, and A450 are the absorbances at 415, 380, and

450 nm wavelengths, respectively. The percentage hemolysis was

calculated with the formula (fHb/Total Hb) 3 100. The hemo-

lysis was thus calculated, and the results are expressed as the

mean plus or minus SD (n 5 3).

RESULTS AND DISCUSSION

Morphological Analysis by SEM

Electrospun fibers are generally collected as nonwoven or ran-

domly arranged structures because of the whipping instability of

the electrospun jet. A high-speed rotating drum has been recog-

nized as the simplest procedure for obtaining highly aligned

microfibers/nanofibers.18 In our system, highly aligned fibropo-

rous membranes of PCU and PCU/GO were obtained at

2500 rpm. Figure 1(a,b) shows the SEM images of the PCURF

and PCUAF electrospun at 8–10 kV with respective fiber diame-

ters of about 939 6 195 and 598 6 58 nm. This thinning effect

was observed in electrospinning systems, where a rotating target

with a high surface velocity was used.19 Figure 1(c-e) shows the

aligned PCU/GO membranes with various concentrations of GO.

A 1% GO displayed an average fiber diameter of 390 6 96 nm,

and as the concentration of GO was increased from 1 to 3%, the

fiber diameter increased to 444 6 102 nm. There was a decrease

in the fiber diameter from 598 6 58 nm for PCUAF to

390 6 96 nm after the incorporation of 1% GO; this may have

been due to the increased voltage of electrospinning needed to

adjust the increased viscosity of the solution. Subsequently, as

the concentration of GO increased, the viscosity of the spinning

solution also increased and so increased the fiber diameter.20

Tensile Properties

The mechanical properties, in terms of the tensile strength and

toughness, are summarized in Table I. The tensile strength of

the PCURF membrane was about 11.6 MPa, whereas that of the

PCUAF membrane was 23.04 MPa. This increase in the tensile

strength may have been due to the reduction in the fiber diame-

ter, which led to a closer packing of fibers in the membranes.

The effects of the introduction of 1, 1.5, and 3 wt % GO on the

tensile properties of PCUAF were analyzed. Table I provides the

tensile properties of the membrane and the stress–strain curve

is given in Figure 2. At particular strain values, the
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strengthening of the membrane was observed; this may have

been due to the strain-induced crystallization of the polymer

membrane and resulted in strain hardening. This phenomenon

was observed to become more prominent as the fibers became

aligned in PCUAF and also by GO incorporation in the com-

posite membranes.21 After the incorporation of 1% GO, the

tensile strength increased from 23.04 to 28.6 MPa; this was fur-

ther increased to 35.6 MPa with the incorporation of 1.5% GO.

However, at 3% GO, there was a reduction in the tensile

strength; this indicated that a 1.5% loading could have been the

optimum filler loading. With the increase in tensile strength,

the toughness also increased from 6.1 to 13.89 MPa; this may

have been due to strain hardening, wherein the orientation of

the polymer molecules and the filler content forced the stress to

distribute over a greater surface area.22

The improvement in the tensile properties may have been due

to the fact that the applied load was transmitted from the

matrix to the GO platelets at the interface in the GO-reinforced

composites. Thus, the aligned composite fibers showed an effi-

cient load-carrying capacity because of the better interface

between the polymer and nanoplatelets.

The mechanical strength experiment design for randomness,

alignment, and further incorporation of 1, 1.5, and 3% GO

were of statistical significance (n 5 5, p< 0.05); this indicated

that the alignment of fibers and GO reinforcement obviously

contributed to the improvement of the tensile strength.

Reinforcing Efficiency of the GO Nanoplatelets. The reinforc-

ing efficiency calculation, although a simple technique, provides

an insightful comparison of the filler–polymer interphase.23 Var-

ious methods were designed to incorporate G or GO-based fill-

ers in PU-based thermoplastic elastomers. Yousefi et al.24

compared e values for various incorporation techniques for the

PU matrices, and the latex blending technique showed superior

e values.

e was calculated for the electrospun composite membranes on

similar lines (Table I). The reported e value was 112 3 1024

(with the latex blending method) for 3 wt % GO loading,24

whereas we obtained a value of 142 3 1024 with the electro-

spun method at a lower loading (1.5 wt %). These results con-

firm that electrospinning technique gave a much better

strength-reinforcing efficacy for this elastomeric matrix.

Figure 1. SEM micrographs of the PCU electrospun membranes (DMF/THF mixed solvent at 1 mL/h): (a) PCURF (8–10 kV), (b) PCUAF (8–10 kV),

(c) PCU/1% GO (14–15 kV), (d) PCU/1.5% GO (16–17 kV) and (e) PCU/3% GO (17–19 kV).

Table I. Average Fiber Diameters, Tensile Properties, and e of the PCU and Composite Electrospun Membranes

Sample Average fiber diameter (nm) Tensile strength (MPa) Toughness (MPa) e (31024)

PCURF 939 6 195 11.67 6 0.73 11.03 6 0.4 —

PCUAF 597 6 58 23.04 6 0.94 6.1 6 0.7 —

PCU/1% GO 390 6 96 28.6 6 1.3 9.94 6 0.8 95.45729

PCU/1.5% GO 409 6 107 35.6 6 1.1 13.89 6 0.9 142.8614

PCU/3% GO 444 6 102 30.6 6 1.2 8.5 6 1.08 44.23385
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DMA

DMA was carried out to study the thermomechanical properties

of the composite electrospun membranes. Figure 3 shows the

variation of tan d with increasing temperature. The height of

the tan d peak is related to the amount of amorphous material

present and the balance between the elastic and viscous phases

of the materials.25 The narrow tan d peak, that is, the glass-

transition temperature (Tg), for PCURF appeared at 27.8�C,

whereas it widened and shifted for PCUAF to 21�C. This may

have been due to fiber alignment and the closer packing of the

nanofibers, which led to stiffer membranes. In the case of

PCUs, as the filler content increased, the peak height of the tan

d curve decreased, and this restricted the degree of molecular

mobility, and the peak widened because of the crystallinity.26 As

shown in Figure 3, the peak height of the composite nanofi-

brous membrane also decreased; this may have indicated an

increase in GO’s interaction with the harder segment in the

PCU system. Several groups, such as hydroxyl, carboxyl, car-

bonyl, and epoxy groups, on the GO surface made this interface

more interactive, and the gap between the layers allowed better

intercalation with the polymer. The addition of GO thus led to

a decrease in the tan d peak maxima value with no significant

shift in its peak position for PCU/1% GO and PCU/1.5% GO;

this indicated lower damping characteristics.

For PCU/3% GO, there was a decrease in the peak maxima

height and also a negative shift in the tan d peak position to

10.8�C. This may have been due to a lesser matrix by volume to

dissipate the vibrational energy and to the further agglomera-

tion of GO nanoplatelets.

The variation in the storage modulus (E0) with temperature is

given in Figure 4. The E0 values of all of the membranes

decreased with increasing temperature. We noticed that E0

increased with fiber alignment, and the further incorporation of

GO as filler led to higher values prominently in the glassy state

below Tg. We observed that in the glassy region, the modulus

values gradually increased, whereas in the rubbery region, there

was not much change. In the glassy region, the components

were in a frozen state; this rendered it immobile, and hence, a

high modulus was found. In case of the rubbery state as the

temperature increased, the molecular components were in a

highly mobile state and thus, showed no significant change in

the modulus.27

E0 showed its highest modulus for PCU/1.5% GO and signifi-

cantly fell to its lowest value for PCU/3% GO composite as per

the data provided at 250�C in Table II. The incorporation of

1% GO and 1.5% GO increased the value of E0; this may have

Figure 2. Stress–strain curves for the PCU and PCU/GO composite elec-

trospun membranes. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 3. Temperature dependence of tan d for the PCU and PCU/GO

composite electrospun membranes. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Temperature dependence of E0 for the (a) PCU/1.5% GO, (b)

PCU/1% GO, (c) PCUAF, (d) PCURF and (e) PCU/3% GO electrospun

membranes. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table II. DMA Data, Including Tg Values, E0, Values at 250�C, and Peak

E00 Values, for the PCU and Composite Electrospun Membranes

Sample
Tg from tan d peak
maxima (�C)

E0 at 250�C
(3102 MPa)

Peak E00

(MPa)

PCURF 27.8 1.70607 14.2

PCUAF 21.0 2.54461 18.7

PCU/1% GO 19.0 3.69318 18.5

PCU/1.5% GO 20.1 4.49695 27.4

PCU/3% GO 10.8 1.12034 5.7
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been due to an increase in the capacity of the polymer matrix

to support mechanical constraints with recoverable deformation.

In particular, the composite stiffness increased substantially

because of the stronger intermolecular interaction. The addition

of GO thus allowed greater stress transfer at the interface and

hence raised E0. To comply with biomedical applications, E0 was

also measured at 37�C for 1.5% loading and was found to be

10 GPa, whereas for PCURF, it was 0.6 GPa. This indicated the

superior E0 capability of the PCU/1.5% GO membrane.

The loss modulus (E00) is a measure of the energy dissipated as

heat per cycle under the deformation experienced in a visco-

elastic material. As shown in Figure 5, a narrowing of the peak

was observed in E00 of the composite membranes PCU/1% GO

and PCU/1.5% GO. This may have been an indication of a very

good interphase between the filler and matrix that acted as if

they were in the same physical state. The broadening of the

peak may have been due to more free volume available at 3%

loading.25 The E00 peak value increased with GO nanoplatelet

addition; at a 1.5% loading, E00 was found to be the highest,

whereas the 3% loading drastically reduced the modulus value

and was found to be lowest in the group of the electrospun

membranes under study.

XRD

XRD is an efficient analytical technique for characterizing the

intercalation and exfoliation in composites composed of poly-

mer and layered materials.28 The sharp peak at 2h of 10.4� for

GO indicated the effective oxidation of graphite with a inter-

planar spacings (d) value of 8.4Å and resulted in an increase in

the interlayer distance between the G planes.

Characteristic XRD spectra of the membranes are shown in

Figure 6. The spectrum of PCUAF showed sharper peaks in

comparison to the broader ones of PCURF; this may have been

due to the improved molecular alignment. The peaks at 13.94,

20.21 and 23.49�confirmed the presence of crystallinity due to

aliphatic polyol in the carbothane. The broad peak at 13� was

assigned to the internal structure of polycarbonate chains,

namely, to the average distance of the carbonate groups,

whereas the other peaks correspond to the crystalline domain.29

The intercalation of GO with the polymer was shown by the

appearance of a shifted peak at 14.2� and a new peak at 17.03�

in 1.5%PCU/GO. In the case of the PCU/3% GO composite

membrane, the characteristic GO peak also appeared; this may

have been due to some amount of aggregation because of the

increased content of the filler.

In Vitro Cytotoxicity

The process of electrospinning uses organic solvents that are

toxic. Thus, it was a prerequisite for conducting in vitro cyto-

compatibility tests of these membranes before any biomedical

applications.

Figure 5. Temperature dependence of E00 for the PCU and GO composite

electrospun membranes. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 6. XRD pattern of the (a) GO, (b) PCURF, (c) PCUAF, (d) PCU/

1% GO, (e) PCU/1.5% GO and (f) PCU/3% GO electrospun membranes.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. Cell morphology after a direct contact test: (a) negative control, (b) positive control and (c) PCU/GO composite electrospun membrane.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4180941809 (6 of 8)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


The fibroporous composite membranes were exposed directly to

L-929 mouse fibroblast cells (Figure 7) for direct-contact tests,

and the cells retained their spindle-shaped morphology and

showed complete cytocompatibility.

An MTT assay was used to quantify the percentage cell viability

of the electrospun membranes. Figure 8 shows the comparative

cell viability percentage for each of the electrospun polymer and

the polymer composite matrix. Previous works on PCURF have

reported it to be cytocompatible,30 and similar results have fol-

lowed for PCUAF with good cell viability, whereas minimum

cell viability was observed for PCU/3% GO composite mem-

brane. Thus, electrospun composite membranes with improved

mechanical properties showed a cytocompatible nature.

Hemolysis Assay

A hemolysis assay indicates the percentage hemolysis or quanti-

fies the disruption to the membrane of red blood cells during

the period of blood contact with implanted material. The dis-

ruption of a red blood cell membrane can cause its content to

be released into the blood stream and this is not desired in the

case of an implantable biomaterial. Figure 9 shows the hemoly-

sis percentage for all of the electrospun polymeric and compos-

ite membranes. The results obtained supported the fact that the

hemolysis percentage for the fibroporous membranes developed

fell within an acceptable range31 of less than 5%, as per the rec-

ommendation provided in ISO 10993-4; this indicated antihe-

molysis characteristics among all of the PCU and PCU/GO

membranes.

CONCLUSIONS

Mechanically robust aligned hybrid fibers consisting of GO

nanoplatelets embedded in a PCU matrix were prepared. SEM

micrographs revealed a fibrous morphology with no bead for-

mation; this indicated the good dispersion of GO in the PCU/

GO composite. Tensile studies indicated the phenomenon of

strain hardening and the electrospinning technique that we used

was found to be better than the other fabrication techniques for

the PU/GO composites. When compared to PCURF, PCUAF

showed an improvement in the tensile strength by 97%. The

tensile properties indicated a 55% increase in the tensile

strength and a 127% increase in the toughness value for PCU/

1.5% GO. However, for the PCU/3% GO membrane, there were

decreases in the tensile strength and toughness; this indicated

that 1.5% was the optimum concentration in this study. The

DMA studies also indicated a similar trend, with a 30�C shift in

Tg and better damping and E0 characteristics for PCUAF and

PCU/1.5% GO, whereas PCU/3% GO showed a decline in these

properties. XRD analysis displayed improved crystallinity for

PCU/1.5% GO when compared to the PCU/3% GO composite

membranes. The composite membranes also displayed the cyto-

compatible nature of the L-929 fibroblast cells with permissible

hemolytic characteristics for blood-contact applications. Further

biological studies of this fibroporous composite membrane are

required to access its efficacy for various potential biomedical

applications.
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