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Development of non-woven nanofibers of egg
albumen-poly (vinyl alcohol) blends: influence of
solution properties on morphology of nanofibers

Gundloori Venkata Naga Rathna1, Jyoti Prakash Jog1 and Anil Bhikaji Gaikwad2

Egg albumen (EA), a highly functional globular protein with desirable properties, is the least-explored material for biomaterial

applications, although it is available in abundance. In our studies, we explored the viability of EA and various blends with

biocompatible and non-toxic poly (vinyl alcohol) (PVA) to produce nanofibers for biomedical applications. EA and PVA blends

were prepared in various compositions. Electrospinning was used to fabricate non-woven nanofibers. Solution properties,

such as viscosity and electrical conductivity, were evaluated for various prepared solutions. Solution viscosity increased with

increasing polymer concentration. Solutions with higher contents of EA recorded increased conductivity, which decreased with

increasing PVA content. The influence of solution properties on the morphological appearance of as-spun products was studied

using scanning electron microscopy. Instead of nanofibers, nanoparticles and microparticles of EA were produced at even higher

contents. In contrast, a gradual increase in the addition of PVA content to 8% EA solution resulted in the transformation of

particles from large agglomerates to very fine fibers (E100nm in diameter) because of the influence of polymer content,

viscosity and conductivity. The polymer–polymer interactions in the prepared materials have been validated by Fourier transform

infrared spectroscopy, differential scanning calorimetry, X-ray diffraction and gel electrophoresis.
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INTRODUCTION

Nanofibers1–6 derived from natural or synthetic polymers are gaining
importance in areas such as biomedicine, food science, cosmetics and
pharmaceuticals for novel applications. These polymeric nanofibers
are gaining value because of their intrinsic properties, including high
surface area, flexibility, enhanced hydrophilicity, biocompatibility and
biorecognition.
From the literature,1–6 it is understood that very fine polymer-based

nanofibers can be produced using electrospinning, which is a relatively
simple and versatile technique to achieve smooth, fine nanofibers with
large surface areas. Nanofibers obtained using the electrospinning
technique are considered more oriented and therefore exhibit better
mechanical and thermal properties than do those obtained using other
methods.7–10 Hence, the development of nanofibers based on biopo-
lymers is gaining increasing attention for applications in food,
cosmetics and biomedicine.1,4–6 At present, natural and synthetic
polymer-based electrospun nanofibers1,4–6 are used to fabricate filters,
cosmetic skin masks, nanosensors, military protective clothing, con-
trol drug delivery matrices and wound dressings.
Earlier investigations2,4 have specified that highly functional pro-

teins are the best candidates for developing electrospun nanofibers for

biomedical applications because of their outstanding properties, such
as water solubility, biocompatibility and biodegradability: moreover,
proteins can be tailored as desired by modifying their functional
groups. In addition, proteins are often readily available in abundance
as byproducts of food processing and are economically viable. Gelatin,
fibrin, collagen and elastin are fibrous proteins that, at higher con-
centrations, have the ability to form nanofibers.2,5,11–13 However,
protein alone may not always produce nanofibers with desired
diameters (o100 nm) owing to either a mild or a complete lack of
viscoelastic properties. Conversely, these nanofibers lack sufficiently
strong mechanical, thermal and barrier properties, thereby limiting
the scope of their applications. To some extent, investigations were
performed to develop nanofibers using synthetic and fibrous proteins
so as to improve their properties.14,15 In addition, nanofibers based on
globular proteins such as soy,16 wheat,17,18 zein19 and bovine serum
albumin20 were also studied. Wongsasulak et al.21 have studied the
electrospinning of egg albumen (EA)-polyethylene oxide and clearly
explained the influence of polyethylene oxide in the development of
nanofibers and their physical and thermal properties.
Egg albumen is a water-soluble and highly functional globular

protein.22 It is available in abundance as a byproduct of food
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processing and, hence, is economically viable. The various functional
groups that are present in EA are –SH, –OH, –COOH and –NH2.
The sulfhydryl groups in EA form covalent disulfide (S–S) bonds at
70–80 1C, leading to irreversible gel formation. EA is used in food as a
food matrix23 and in the cosmetics industry as an emulsifier and
thickener.24 However, the use of EA in ‘value-added’ non-food appli-
cations such as drug-delivery matrices, scaffolds for tissue engineering
and as matrices for wound dressing have not been extensively
investigated.
Electrospinning is a complex process wherein the formation of

nanofibers is governed by a number of parameters and solution
properties. Accordingly, it has been interesting to explore the electro-
spinning of globular proteins with poly (vinyl alcohol) (PVA), which is
a thermally and mechanically strong, hydrophilic, flexible, biocompa-
tible and biodegradable, as well as Food and Drug Administration-
approved synthetic polymer. Thus, PVA is being used in food,
biomedical, cosmetic and pharmaceutical applications.25–27 In addi-
tion to these properties, PVA has the ability to form nanofibers.28,29 In
this communication, we report the electrospinning of PVA-EA blends
and their characterization.

EXPERIMENTAL PROCEDURE

Materials
Egg albumen (14–43kDa) and formic acid 85% were procured from Merck

(Mumbai, Maharashtra, India), and PVA of molecular weight B1 25 000Da

was obtained from S.D. Fine Chemicals Ltd (Mumbai, Maharashtra, India).

CBB G-250 (Coomassie brilliant blue), sodium dodecyl sulfate and acrylamide

were procured from Sigma-Aldrich (St Louis, MO, USA).

Methods
Various compositions of EA-PVA blends were prepared by dissolving EA and PVA

polymers in 85 wt% formic acid. The respective polymers and their blends were

dissolved in a water bath at 60–70 1C. The various compositional ratios of EA:PVA

(1:0, 1:0.2, 1:0.5, 1:0.8. 1:1 and 0:1) with the total polymer concentration varying

from 8 to 16 wt% were prepared as listed in Table 1. Dispersions of PVA, a high-

molecular-weight polymer, were left overnight in a water bath at 60–70 1C for

dissolution. For rapid and homogeneous dissolution, dispersions were frequently

vortexed. Before electrospinning, solutions were cooled to room temperature.

Viscosity
Viscosity measurements for all polymer solutions were performed using a

Brookfield DV-II+ Prov, programmable viscometer (Middleboro, MA, USA).

The solution sample (1ml) was taken in a sample cup, and the cone spindle,

CPE 42, was used for measurements at a shear rate of 5.75 s�1. Viscosity

measurements for all of the compositions were conducted in duplicate at 25 1C.

Conductivity
A Mettler Toledo SevenMulti (Mettler Toledo, Columbus, OH, USA) device, a

digital and dual instrument with a provision to measure both pH and

conductivity, was used to measure conductivity of the solutions. Conductivity

measurements for all samples were conducted twice at 25 1C, and the data are

expressed as the mean of the two measurements.

Electrospinning
A 10-ml syringe equipped with a blunt-ended stainless steel hypodermic needle

with a pore diameter of 0.8mm was used as a nozzle. A syringe filled with 8ml

polymer blend solution was mounted on a syringe pump using a controller

(Model 351, SAGE Instruments, Division of Orion Research Development,

Boston, MA, USA) to control the flow rate of the solution. The syringe needle

was connected to a high-voltage generator (GAMMA High RR40-3.75/DDPM,

voltage-regulated DC power supply; Ormond Beach, FL, USA) operated in a

positive DC mode. An aluminum plate set in a closed chamber was used as a

grounded collector for nanofibers. The experiments were performed under the

following conditions: the distance between the tip of the needle and the collector

was 15 cm; the flow rate and the applied voltage were 0.075mlmin and 15 kV,

respectively. All experiments were performed three times under identical condi-

tions and at room temperature and the samples analyzed.

Scanning electron microscopy
The morphological appearance of the electrospun nanofibers was evaluated

using scanning electron microscopy (SEM) (SEM-EDAX, Micro Analysis

System, and Model Phoenix, Cambridge, England, UK). The sample used for

SEM observations was prepared by mounting a small portion of grounded non-

woven nanofibers on the SEM stub. Later, the mounted stub was sputtered with

gold using a Coating Unit E5000 (Polaron Equipment Ltd., Watford, Hertford-

shire, England, UK). The micrographic images of various nanofibers were

scanned at 10K. The average diameters of the particles and fibers were

determined from SEM images.

Fourier transform infrared spectroscopy analysis
The functional characteristics of the electrospun nanofibers of the polymers

were recorded using a Fourier transform infrared spectrometer (Perkin-Elmer,

spectrometer I, Fourier transform infrared spectroscopy (FTIR) diffused reflec-

tance (DRIFT) mode, Boesch, Huenenberg, Switzerland). Spectra recording

were performed in the wavelength range from 4000 to 400 cm�1 with a

resolution of 4 cm�1. Each spectrum was composed of an average of eight scans.

Differential scanning calorimeter
Thermal analysis was performed using a differential scanning calorimeter

(Model Q10 DSC, TA Instrument, New Castle, DE, USA). Overall, 5–6mg of

the sample (polymer/nanofiber mat) was loaded in a differential scanning

calorimetry (DSC) pan, and the pan was sealed by applying pressure. The

sample was equilibrated to �90 1C for 2min and in the first cycle, the sample

was heated to 200 1C at 10 1C per min. In the second cycle, the sample was

quenched to �80 1C at 100 1C per min. In the third cycle, the sample was

heated to 200 1C to 5 1C per min. The same method was followed for all of the

samples. Experiments were repeated twice for reproducibility.

X-ray diffraction
The powder samples of polymers and their nanofibers were characterized using

a Philips 1830 X-ray diffractometer (Philips, Amelo, The Netherlands). X-rays

were generated by a Cu Ka source at a wavelength of 1.54 Å. The samples were

scanned in the 2y range of 3–50 1C to investigate the change in crystal structure

before and after the formation of nanofibers.

Gel electrophoresis
In addition to FTIR, DSC and X-ray diffraction (XRD) analyses, gel-electro-

phoresis studies were also performed to provide additional support to confirm

the interactions between EA and PVA. Tetracell Bio-Rad gel electrophoresis

(Bio-Rad, Hercules, CA, USA) was used for the studies. Samples prepared in

85% formic acid were further diluted with water to attain a concentration of

10mgml�1. All samples were stained with CBB G-250 (Coomassie brilliant blue)

Table 1 Compositions of EA and PVA polymer dispersions, denoted

as ratios of EA and PVA

Serial

no.

Ratio of polymer

composition EA:PVA

Sample

code

Viscosity

(cP)

Conductivity

(mScm�1)

1 1:0 EA-1 6 7.46

2 1:0.2 EA-2 13.2 7.2

3 1:0.5 EA-3 40.8 6.63

4 1:0.8 EA-4 181 6.15

5 1:1 EA-5 394 5.9

6 0:1 PVA-6 183 2.4

7 2:0 EA-7 13.0 8.0

8 2.5:0 EA-8 55.8 8.56

Abbreviations: EA, egg albumen; PVA, poly (vinyl alcohol).
Viscosities and conductivities of polymers and their blends are shown herein.
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and loaded into the respective wells of 12% SDS-PAGE, and the gel was run at a

constant voltage of 150V for 1.5 h.

RESULTS AND DISCUSSION

Preparation of EA-PVA blend solutions
In our investigations, we aimed to produce non-woven nanofibers using
solutions of EA, PVA and their blends. In addition, we evaluated the
effect of solution properties on the morphology of nanofiber formation.
To begin with, we tried to dissolve various blend compositions of EA and
PVA in an aqueous medium as both polymers are water soluble. PVA is
hot water soluble, whereas EA soluble at room temperature but, gels at
high temperature; hence, PVA and EA were dissolved separately, and
solutions were mixed in different ratios at room temperature. However,
upon mixing the solutions, EA coagulated and phase separated from the
solution of PVA (linear polymer) because of its globular structure.
From the literature, it was understood that a volatile solvent was better

than water in achieving nanofibers.2,5 Accordingly, formic acid was
identified as a good organic solvent for various protein polymers
to produce nanofibers because formic acid is more volatile than
water.21,30–35 Furthermore, formic acid is also considered non-toxic and
is used in edible chitosan films.36 The solution viscosity for globular
proteins is reported to be higher in formic acid than in water35 because of
the unfolding and swelling of globular proteins. As a result of unfolding
and swelling of EA in formic acid,31 the interactions between EA and PVA
in the blends would be enhanced, leading to a homogenous solution for
electrospinning. The existence of these interactions was further analyzed
using FTIR, DSC, XRD and gel-electrophoresis techniques.

Electrospinning of EA-PVA blends
Figures 1a–h show SEM images for the electrospun polymers and
blends of various compositions of EA and PVA. The micrographs of

the various compositions listed in Table 1 were scanned at 10K.
Figures 1a–c show electrosprayed micrograph images for 8, 16 and
20% solutions of pure EA-1, EA-7 and EA-8, respectively. From these
figures, we recognized that EA solutions were electrosprayed instead of
being electrospun. As a result of electrospraying, separate aggregates of
nanoparticles or microparticles were produced. The shape and size of
the particles were irregular and non-uniform, with an average particle
size in the range of 400 nm to 2mm. To determine the feasibility of
pure EA to produce nanofibers, we further increased the EA concen-
tration to 25%, but the solution gelled. The failure of EA to produce
nanofibers is because of its deficient spinnability (viscoelastic prop-
erty). These results were similar to those reported by Wongsasulak
et al.21 However, their EA solutions gelled beyond 5%, unlike the EA
solutions we used, which were stable up to 20%. The observed
difference may be attributed to the difference in EA molecular weights
and the concentration of formic acid.
According to earlier reports, PVA demonstrates the ability to

produce nanofibers because of its viscoeleastic properties.28,29 Thus,
blends of EAwith PVAwere prepared to impart electrospinning ability
to EA. As can be seen from SEM images (Figures 1a–g), blending of
PVA with EA enabled the electrospinning of EA at various composi-
tions as listed in Table 1. Figures 1a–c represent the electrospinning of
EA solutions at various concentrations (8, 16 and 20% by weight). No
fibers could be seen in SEM images, confirming the inability of EA to
be electrospun. Figures 1d–g are micrographic images of the blends
containing increasing amounts of PVA. In Figures 1d–g, it is observed
that nanofiber formation is achieved, with the gradual transformation
of particles to agglomerates to beaded fibers and finally to smooth
fibers, which is attributed to the increasing addition of PVA content in
the blend solution. Thus, the gradual transformation of particles to
nanofibers was noted as the content of PVA increased. The evolution

Figure 1 SEM images of electrospun structures of polymer compositions. (a) EA-1 (8%, 1:0), (b) EA-7 (16%), (c) EA-8 (20%) (d) EA-2 (1:0.2), (e) EA-3

(1:0.5), (f) EA-4 (1:0.8), (g) EA-5 (1:1), (h) pure PVA (8%, 0:1). EA, egg albumen; PVA, poly (vinyl alcohol); SEM, scanning electron microscopy.
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of EA-PVA nanofibers can be explained on the basis of blend
compositions, viscosity and conductivity, which have significant
roles in electrospinning.

Solution properties of polymer compositions and their influence on
morphology of nanofibers
It was well documented36–40 that the process of electrospinning is
affected or controlled by process parameters such as spinning voltage,
solution flow rate, solvent volatility and the distance between the needle
tip and the ground electrode. The structure and morphology of
electrospun fibers are also influenced or regulated by solution proper-
ties, such as polymer content, polymer molecular weight, viscosity,
conductivity, dielectric constant and surface tension.36–40 In electro-
spinning, one of the conditions required for the formation of nanofibers
is that the polymer solution should have an optimum viscosity. Below
the optimal viscosity, electrospraying of a solution occurs; above the
threshold, the polymer is dried. The optimum viscosity varies from
polymer to polymer and can be determined by trial experiments. The
desired viscosity can be obtained either by increasing the molecular
weight of the polymer or by increasing the polymer content in the
blend. During electrospinning, a jet of polymer solution leaves the tip of
the needle, wherein the polymer is stretched and entangled as it travels
toward the collector. This entanglement of the polymer chains prevents
the electrically driven jet from breaking the continuity of fiber forma-
tion. With an increase in viscosity, the entanglements of polymer chains
are increased, which is required to maintain the continuity of the jet
during electrospinning.36–40 Surface tension also has an important role
in nanofiber formation. If surface tension is dominant over viscosity,
fibers containing beads are formed because of the presence of more
solvent molecules and fewer chain entanglements. The formation of
nanofibers is improved if viscosity dominates surface tension, provided
the polymer satisfies the viscoelastic requirement. At higher viscosity,

the amount of polymer chain entanglements is increased, and the
charges on the electrospinning jet allow the polymer solution to stretch
with an even distribution of solvent molecules; hence, smooth and
continuous nanofibers are formed.36–40

In our studies, the processing parameters were fixed to study the
influences of solution properties on the morphology of formed
nanofibers.
The viscosity measurements of all polymers and blend solutions

were recorded using a spindle CPE 42 at a shear rate of 5.75 s�1 at
25 1C. The solution conductivity of various polymers and blends was
recorded using a conductivity electrode at 25 1C. According to earlier
findings,21 and as explained above, our studies also revealed increases
in viscosity and conductivity (viscosity is inversely proportional to
surface tension) with increased pure EA content from 8 to 25%; thus,
we expected nanofiber formation (Table 1). However, our experiments
proved that pure EA protein was unable to produce nanofibers; even
though the protein had sufficient polymer concentration, viscosity,
conductivity and surface tension, it lacked viscoelastic properties. The
viscosities of various blend compositions prepared by blending 8% of
EA with an increased ratio of PVA in the blend composition were
investigated. The results are expressed in a tabular form (Table 1) and
in a graphical form (Figure 2). The contour in Figure 2 represents
changes in viscosity as a function of the EA-to-PVA ratio. There was a
significant increase in viscosity from 6 to 13.2, 40.8, 181 and 394 cP
with an increase in PVA content from 1.6 to 8%, which indicatedB2-,
6-, 30- and 65-fold increases in viscosity over 8% EA (EA-1). The
difference in viscosity with the addition of PVA could be attributed to
the increased interactions and entanglements between polymer chains
as a result of increased concentration of PVA.17,21,40

The influence of viscosity on the gradual changes in the morphol-
ogy of nanofibers in EA with various concentrations of PVA can be
observed in Figures 1d–g. The results clearly indicate that an increase

Figure 1 Continued.

Non-woven nanofibers of EA-PVA
GVN Rathna et al

657

Polymer Journal



in viscosity due to the addition of 1.6% of PVA to an 8% EA solution
in the blend composition enabled a transformation from nanoparticles
and microparticles of EA (Figure 1a) to large agglomerates with
connecting fibers (Figure 1d). Moreover, a further increase in viscosity
with the addition of 4, 6.4 or 8% PVA to an 8% EA solution causes the
agglomerates to form fibers containing beads (Figure 1e) and to form
very fine nanofibers that were B100 nm in diameter (Figures 1f and
g). The above findings indicate that an increased addition of PVA, a
viscoelastic polymer, to the blend composition caused an increase in
viscosity with an apparent reduction in surface tension, owing to the
strong molecular interactions (polymer solvent) and chain entangle-
ments (polymer–polymer) that occurred between PVA and EA. Con-
sequently, during electrospinning, the electrically driven jet was
prevented from breaking the continuous formation of fibers and
thus produced fine nanofibers. Pure 8% PVA-6 recorded a viscosity
of 183 cP, which was 30 times higher than for EA-1 (6 cP) at the same
content. At a viscosity of 183 cP, pure PVA-6 produced nanofibers with
large bulbs instead of smooth fibers, whereas a blend of EA-PVA (EA-
4), with a viscosity of 181 cP, produced smooth nanofibers that were
100 nm in diameter. The reason for this ambiguity is explained in the
subsequent paragraph.
Table 1 and Figure 3 illustrate the electrical conductivity of EA, PVA

and the blends of EA-PVA. In Figure 3, it can be observed that the
conductivity of the 8% EA solution gradually decreased from 7.46 to
7.2, 6.63, 6.15 and 5.9mS cm�1 with EA:PVA ratios of 1:0, 1:0.2, 1:0.5
and 1:0.8, respectively. The decrease in conductivity with increase in
PVA content to EA in the solution could be attributed to the decrease
in the number of charged species in the formic acid solution. In
general, during electrospinning, the solution is stretched because of
the repulsion between the charges located on the surface. The
electrospinning jet carries more charges if the conductivity of the
solution is high, which increases the stretching of the solution. As a
result, smooth nanofibers are formed. By and large, solutions of
natural polymers carry more ions than do synthetic polymers because
of their high functionality. Hence, in our studies, the pure EA solution
recorded the highest conductivity because of its high functionality,
which increased with an increase in EA content. The 8, 16 and 20%
pure EA solutions recorded conductivities of 7.46, 8.0 and
8.56mS cm�1, respectively (Table 1). Nevertheless, in Figures 1a–c, it
can be observed that the presence of a large number of ions with an
increase in the content of EA did not benefit nanofiber production as

EA lacked viscoelasticity. On the other hand, as a synthetic and less
functional polymer, the pure 8% PVA solution recorded the lowest
conductivity (2.4mS cm�1). This polymeric solution, in spite of its
low conductivity, still produced nanofibers, owing to its high viscoe-
lasticity (Figure 1h). Nonetheless, the so-formed nanofibers contained
a significant number of large beads because of deficient conductivity
or viscosity at that concentration. These large beads disappeared and
fine fibers were produced when blended with an 8% EA solution (EA-
5, 1:1). As explained above, with the addition of EA, the conductivity
of PVA increased from 30 to 80% (2.4–5.9mS cm�1). Owing to the
50% increase in the conductivity, the repulsion between charges
increased, allowing for increased stretching in the polymer solution;
thus, smooth fibers were formed. A similar effect was observed for the
blend EA-4 (1:0.8). However, the blends EA-3 and EA-2 lacked the
desired viscosity and conductivity for the formation of smooth fibers;
hence, agglomerates and beaded fibers were obtained. Studies based
on EA-PVA blends revealed that to form nanofibers, it is essential for
the polymer solutions to have the desired viscosity and conductivity,
both of which differ from polymer to polymer.

FTIR analysis
Figures 4a and b represent the FTIR spectra for the pure EA-1 and
PVA-6 nanofibers and nanofibers of blends of different compositions
of EA and PVA (EA-2, EA-3, EA-4 and EA-5). The spectra of pure
EA-1 showed peaks at 3286 and 3070 cm�1 due to –NH stretching of
the secondary amide, –C¼O stretching at 1658 cm�1 (amide-I) and –
NH bending at 1542 cm�1 (amide II), –CH stretching at 2962 cm�1

and a weak peak at 2869 cm�1 due to –SH stretching present in EA. A
peak due to plane wagging was observed at 704 cm�1. The FTIR
(Figure 4a) spectra of PVA-6 nanofibers showed a broad peak at
3159 cm�1, indicating –OH stretching and a prominent and signifi-
cant peak at 2922 cm�1 due to the backbone of –CH stretching of PVA
and a strong peak at 1717 due to –C¼O. The spectra of the blends of
the EA-PVA nanofibers (EA-2, EA-3, EA-4 and EA-5) showed all of the
peaks because of the presence of EA and PVA, except for a few changes
due to hydrogen interactions between the polymers. A single and
broad peak appeared at 3286 cm�1 due to the merging of the
characteristic peaks of –OH and –NH of PVA and EA, respectively,
indicating interactions between the polymers. The broadness of the
peaks increased with an increase in PVA content in the blend
composition. As shown in Figure 4b, the broadness of the peak
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increased with an increase in the PVA content in the blend composi-
tion due to enhanced intermolecular hydrogen interactions between
the EA and PVA polymers. In addition, in the blend, because of
polymeric hydrogen interactions, a single peak attributed to –CH
stretching appeared at 2936 cm�1. The –C¼O peak in the EA-1 shifted
from 1658 to 1657 cm�1 in EA-2 blends, and the –C¼O peak of EA-2
shifted further (1700 cm�1) and merged with the –C¼O peak of PVA
as the PVA content in the blend increased (Figure 4b) because of the
hydrogen bond interactions between –OH and –C¼O. As noted in
Figures 4a and b, the –C¼O peak, which is sharp and prominent in
EA-1, merged with the –C¼O peak of PVA; hence, a broad band is
seen in EA-3 with a slight shift in the peak. With the increase in the
PVA content of the blend, the two characteristic peaks merged and the
result was one broad peak. As reported,41 this is caused by the
intermolecular interactions between the two polymers in the blend,
and it resulted in an amorphous polymer. This interpretation is also
supported by DSC and XRD studies.

Differential scanning calorimetric studies
Similar to the findings of others,42 in our studies, the EA that
possessed poor physical properties was blended with PVA at various
ratios to improve physical properties. DSC is one of the common

methods used to verify phase separation or polymer–polymer mis-
cibility in any of the blends. Typically, changes in the glass transition
temperature of blends versus individual homopolymers are deter-
mined. When one of the components is crystalline, the melting point
depression of the polymer may also be used as evidence of the
interactions between polymers. Figure 5 shows the changes that
occurred before and after blending the polymers. Owing to its semi-
crystallinity, pure PVA recorded a Tg and Tm of 70.5 and 185.1 1C,
respectively, whereas nanofibers formed from PVA recorded a Tg and
Tm of 71.9 and 176.9 1C, respectively. The depression in the melting
temperature indicated a suppression of the degree of crystallinity of
the PVA nanofibers, caused by the constrained orientation of mole-
cular chains during electrospinning. This was also evident from the
XRD results shown in Figure 6 as the intensity of the crystalline peak
decreased. On the other hand, nanofibers of the EA-5 blend registered
a new Tg (52.9 1C) without Tm, indicating miscibility due to enhanced
interactions between PVA and EA and the loss of crystallinity. It is
worth noting that the nanofibers of EA-polyethylene oxide showed an

Figure 5 DSC thermographs of pure polymers and nanofibers of pure

polymers (PVA and EA) and blend EA-5. DSC, differential scanning

calorimetry; EA, egg albumen; PVA, poly (vinyl alcohol).

Figure 4 (a) FTIR spectra (4000–400 cm�1) of electrospun nanofibers for

EA-1, PVA-6 and blend of EA-PVA, that is EA-3. (b) The merging and

broadness of the carbonyl peak and amide I peaks of PVA and EA,
respectively, due to polymer–polymer interactions. EA, egg albumen; FTIR,

Fourier transform infrared spectroscopy; PVA, poly (vinyl alcohol).

Figure 6 XRD patterns of pure polymers and nanofibers of pure polymers

(PVA and EA) and blend EA-5. EA, egg albumen; PVA, poly (vinyl alcohol);

XRD, X-ray diffraction.
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increase in Tm with respect to those of polyethylene oxide, which is
unlike EA-PVA systems.

XRD studies
The XRD technique has been extensively used to determine the
crystallinity in polymer blends. XRD patterns were recorded, as
shown in Figure 6, to understand changes in the crystallinity of
pure polymers, nanofibers of pure polymers and blends. As a semi-
crystalline polymer, PVA exhibited a typical peak43 at 2y¼19.711,
whereas no crystalline peak was recorded for pure EA, indicating that
it is amorphous. As explained above, EA did not produce any
nanofibers; however, the nanofibers of PVA recorded a low-intensity
peak at 2y¼21.851 because during electrospinning, the flow-induced
molecular orientation of molecular chains of the polymer is con-
strained, resulting in the loss of crystallinity. Meanwhile, the nanofiber
produced from the blend EA-5 recorded a very broad peak, indicating
the loss of crystallinity due to interactions between the polymer chains
of PVA, with EA leading to further restriction of chain mobility.

Gel electrophoresis
In addition to FTIR, DSC and XRD studies, gel-electrophoresis studies
were also conducted to support the existence of hydrogen ion
interactions between polymers. Figure 7 shows an SDS-PAGE for
various polymers and protein markers. Each well was loaded with
gelatin, EA-PVA blend, EA, PVA or protein marker. It was observed
that gelatin, EA and the protein marker produced multiple bands
representing proteins of various molecular weights. In general, SDS-
PAGE is used to determine the presence of various molecular weights
in proteins (poly peptides); however, as a non-protein, PVA was not
stained by CBB G-250; hence, a band representing the molecular
weight of PVA was not seen. In contrast to pure EA, the blend of EA-
PVA (EA-5, 1:1) recorded a smear, with some part of it being retained
in the well instead of separating into bands; this was likely due to
suspected hydrogen ion interactions between EA and PVA, which led
to chain entanglements. As a result of chain entanglements, the blend
became bulky, thereby inhibiting band separation.

Fourier transform infrared spectroscopy, DSC, XRD and gel-
electrophoresis studies have enabled us to confirm the inter-
actions between natural and synthetic polymers that enhance the
compatibility between polymers. As a result, blends of EA will
definitely show improved mechanical and thermal properties essential
for biomedical applications.

CONCLUSIONS

In summary, we have shown that pure EA, up to a 20% concentration,
could not be electrospun to produce nanofibers because of a lack of
viscoelasticity. Blending EA with PVA resulted in enhanced solution
properties, which were attributed to the interactions between EA and
PVA. Increasing the PVA content in the blend enabled a continuous
change in both viscosity and conductivity. As a result, the surface
morphology of electrospun mats transformed from that of agglomerates
to that of beaded fibers to that of smooth nanofibers. The studies also
confirmed that specific polymer content was required to achieve the
preferred viscosity and conductivity. The molecular interactions between
EA and PVA in the blends were enhanced, leading to a homogenous
solution for electrospinning. The existence of these interactions was
confirmed using FTIR, DSC, XRD and gel-electrophoresis techniques.
Finally, the biocompatible nanofibers mats of EA-PVA polymer

blends may have potential biomedical applications such as in tissue
engineering, scaffolds, drug delivery and implants. Studies on these
applications are in progress.
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