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ABSTRACT: Soy protein isolate (SPI) and polyethylene oxide (PEO) were dissolved in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and nonwoven nanofiber membranes were
prepared from the solution by electrospinning. PEO functioned as a cospinning polymer
in the process to improve the spinnability of SPI. The ratio of SPI to PEO was varied and the
rest spinning conditions remained unchanged. The morphology of the nanofiber membranes,
SPI and PEO distribution and phase structure in the fiber, crystallization and interaction
between SPI and PEO, thermal properties and wettability of the membranes were studied.
The results showed that the diameter of most of the nanofibers was in the range of 200—300
nm. SPI and PEO showed high compatibility in the fiber and SPI was homogeneously
dispersed at nanoscale. Crystallization of SPI and PEO in the fiber was significantly different
from that of their pure forms. All the nanofiber membranes showed superhydrophilicity.
These nanofiber membranes can find importance in filtration and biomedical applications.
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1. INTRODUCTION

Intensive research on electrospun nanofiber membranes has
been conducted in recent years. These nanofiber membranes
have shown great potentials in applications such as
antimicrobial active packaging, tunable hydrophobicity and
water adhesion, air filtration, tissue scaffolds for tissue
engineering, drug delivery, biosensors, and enzyme immobiliza-
tion, and so on.”~ Many review papers in this field provide in-
depth information about the principles, processing and
applications of electrospinning and electrospun fibers.” !
Electrospinning is a facile and increasingly cost-effective
method to produce nanofibers. Fiber diameter and fiber mat
architectures are tunable by varying the process and material
parameters such as cospinning polymer, solution viscosity and
conductivity, voltage, flow rate, nozzle-collector distance, and
collection methods. Electrospun nanofibers offer many
advantages over traditional fibers including high surface area
to volume ratio, tunable porosity, and ease of manipulating fiber
chemical compositions and structures for desired properties
and functionalities. Many synthetic polymer materials such as
nylon, polyethylene terephthalate (PET), polyethylene glycol
(PEG), and polyacrylonitrile (PAN) have been electrospun into
nanofibers with the diameter in the range of tens of nanometers
to a few micrometers.">”** In recent years, electrospinning of
naturally occurring biopolymers including mostly polysacchar-
ides (cellulose, chitin, chitosan, alginate, dextran, etc.), proteins
(collagen, gelatin, silk, casein, wheat protein, zein, egg albumen,
human and bovine fibrinogen, wool, etc.), DNA, and their
blends with other polymers have been intensively studied
because of their biodegradability, biocompatibility and renew-
ability. Comprehensive reviews about electrospun nanofibers of
the naturally occurring biopolymers has been published by
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Schiffman and Schauer.'>'® Readers are suggested to study
these two reviews for more detailed information in this field.

Soy protein is a low cost plant protein in abundant supply.
Soy protein has been shown to be suitable for biomedical
applications.'” ! Electrospinning of pure soy protein has been
proven difficult. Soy protein does not dissolve in common
organic solvents. Rather, it dissolves in aqueous media with a
pH-value higher or lower than its isoelectric point (about 4—5).
The ionic strength of the media varies its solubility.”>** NaOH
aqueous solutions are the most commonly used solvent for soy
protein electrospinning. A cospinning polymer, e.g., polyvinyl
alcohol (PVA),** PEO,* PAN,* and zein,”” had to be used to
increase the spinnability of the soy protein solutions.

HFIP is an organic polar solvent which is capable of
dissolving many polymers (e.g, polyamides, polyketones, etc.)
that are not soluble in common organic solvents. HFIP can also
dissolve biopolymers such as chitin and silk. It was used as the
solvent in electrospinning of the two biopolymers.”*** Using
HFIP as the solvent for soy protein electrospinning is relatively
new. Very recently, Lin compared the effects of aqueous NaOH
solution and HFIP on the properties of electrospun SPI/PEO
nanofibers.* The author found that the nanofibers spun from
HFIP solutions were tougher and resistant to aqueous mediums
without cross-linking. Scaffolds made of these nanofibers have
been tested for fiber diameter and surface quality, mechanical
properties, biocompatibility, in vitro degradation and inter-
actions with human dermal fibroblasts. Potential benefits of
using the SPI/PEO scaffolds as wound healing materials were
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discovered from the results. However, in-depth material
characterizations on these nanofibers were not performed.
SPI has shown great potential as a raw material for
electrospinning. SPI is renewable, economical, and biocompat-
ible. SPI nanofiber membranes have potential applications
ranging from filtration to biomedical products. However,
studies on electrospinning of SPI are still scarce. Many
properties of the SPI nanofiber membranes have not been
explored. Electrospinning of soy protein remains difficult due to
the polyelectrolytic nature of polypeptide molecules. In this
study, soy protein nanofiber membranes were prepared using
electrospinning. HFIP and PEO were used as the solvent and
cospinning polymer, respectively. Properties of the nanofiber
membranes including morphology, phase structure, thermal
properties, crystallization, and wettability were studied. The
results are expected to provide important knowledge of the
electrospun SPI/PEO nanofibers and facilitate the development
of novel SPI nanofiber-based products for broad applications.

2. MATERIALS AND METHODS

Materials. Soy protein isolate (PRO-FAM 974) was provided by
Archer Daniels Midland Company. It mainly consists of protein
(90%), fat (4%), ash (5%), and some carbohydrates (<1%). 1, 1, 1, 3,
3, 3 hexafluoro-2-propanol (HFIP) (Sigma-Aldrich) was used as the
solvent for SPL Polyethylene oxide from Sigma-Aldrich (M, 200 000)
was used as the cospinning polymer.

Procedures and Characterizations. 0.075 g PEO was added into
15 mL HFIP to obtain a 0.5% (w/v) solution. 1.2, 0.75, 0.4S, and 0.15
g of SPI were added to the solution to obtain final SPI:PEO mass
ratios of 16:1, 10:1, 6:1, and 2:1, respectively. All the solutions were
stirred using a magnetic hot plate stirrer (VWR) (40 °C, 400 rpm) for
8 days to achieve complete dissolution.

SPI/PEO nanofibers were prepared using single-needle based
electrospinning. Eight ml of each solution was loaded into a syringe
equipped with a 22-gauge blunt-tipped needle. An aluminum foil
positioned 25 cm apart from the needle was used as the fiber collector.
A DC voltage of 25 kV was applied between the needle and the
collector. A flow rate of 1.5 mL/min was maintained using a digital
syringe pump. For comparison, pure PEO nanofibers were also
prepared using the same spinning conditions.

A JEOL 7600F field-emission scanning electron microscopy
(FESEM) operating at 2.00 kV was used to study membrane
morphology. A small piece of electrospun nanofibe membrane was
cut and attached to an aluminum mount using silver paint. The sample
was then coated with a thin layer carbon using a Cressington 208C
carbon coater. For each sample, 10 images were taken from randomly
selected areas. At least 100 individual fibers were chosen from each
image to measure their diameters using Image] image processing and
analysis software. The obtained values were analyzed for diameter
distribution of the fibers. The energy-dispersive X-ray spectrometer
(EDS) mounted on the FESEM was used to obtain elemental mapping
for the electrospun nanofibers. The magnification of 16000 and
accelerating voltage of 8.0 kV were used for the mapping process.
Three different regions of each membrane were analyzed by the EDS
and elemental contents of these regions were calculated.

A Thermo Fisher Scientific Fourier Transform Infrared Spectrom-
eter (FT-IR) (Model: 4700/5700/6700/8700) was used to obtain
molecular bonding information of the samples. The samples were
dried in an oven, ground with KBr and pressed into discs for the tests.
The spectra were recorded from 400 to 4000 cm™ at 1.928 cm™
resolution. A total of 32 repetitive scans were performed for each
sample.

Wide angle X-ray diffraction patterns were obtained using an X-ray
powder diffractometer (Philips X'Pert MPD) equipped with a
vertically mounted goniometer and a Cu Ka X-ray source. The
diffractometer operated at 45 kV and 40 mA. The scan started from
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2.5° at a rate of 0.05°/s. Nanofiber membranes were directly mounted
on the sample stage without being ground into powder.

A QI000 differential scanning calorimeter (DSC) from TA
Instruments was used to examine thermal properties of pure PEO,
raw SPI, and SPI/PEO nanofibers. The samples were sealed in
aluminum pans and scanned from —30 to 300 at 10 °C/min heating
rate. Nitrogen flow was supplied at SO mL/min during the scan.

Thermal stability of the fibers was evaluated using a TA QS00
thermo gravimetric analyzer (TGA). The samples were put in a
platinum holder and scanned from 20 to 700 at 20 °C/min heating
rate. Nitrogen flow was supplied at 60 mL/min during the test.

Wettability of the nanofiber membranes was evaluated using a
contact angle and surface tension instrument (FTA1000 B Class by
First Ten Angstroms, Inc.). A droplet of ethanol with controlled
volume was deposited on the membrane surface. Shape evolution of
the droplet was monitored using a high speed camera operating at 250
frames per second. Analyses of the drop shape and contact angle
measurements were performed using the accompanying software of
the instrument.

3. RESULTS AND DISCUSSION

3.1. Morphology. The micrographs of SPI/PEO nanofibers
with four different SPI:PEO ratios (i.e., 16:1, 10:1, 6:1 and 2:1)
are shown in Figure 1. When the SPI concentration was high
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Figure 1. FESEM images of SPI/PEO nanofiber membranes (a) 16:1;
(b) 10:1; (c) 6:1; (d) 2:1. Scale bar in each image is 1 ym.

(16:1), the fibers demonstrated large diameter, wide diameter
distribution, and irregular structures. Branching of the fibers
was significant (Figure 1a). In-flight splitting/splaying/branch-
ing of polymer jets during spinning have been observed on
many polymer solutions, especially at high polymer concen-
trations.”* > The branching is attributed to uneven distribu-
tion of the charge carried by the jets, which is caused by jet
elongation/bending and solvent evaporation. The jets can
reduce their local surface charge density by ejecting smaller jets
from the surface of the primary jets or by splitting into multiple
smaller jets. SPI exhibits net charge in its solvents due to the
different strength of basicity and acidity of the —NH, and
—COOH groups in SPI molecules. Higher SPI concentration
could potentially lead to more uneven jet surface charge
distribution, which consequently resulted in higher probability
of jet branching. At the lower SPI concentrations (i.e., 10:1, 6:1,
and 2:1), the fibers were more uniform, continuous and smooth
due to improved charge distribution and solution homogeneity

(Figure 1b—d).
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One hundred fibers were randomly selected from 16:1, 10:1,
6:1, and 2:1 nanofibers to calculate their average diameter and
diameter distribution (Figure 2). It is evident from the figure
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Figure 2. Histograms of SPI/PEO nanofiber diameter (a) 16:1;
(b)10:1; (c) 6:1; (d) 2:1.

that the first three fibers showed bimodal diameter distribution
and the distribution transitioned to unimodal distribution with
decreasing SPI concentration. For SPI/PEO 16:1, the primary
fibers were the small branches from the big fibers (Figure 2a),
which exhibited a mean diameter of 195 + 166 nm and
accounted for 97% of the total fiber population. The big fibers
showed a mean diameter of 2740 + 2040 nm and they only
accounted for 3% of the total population (though their volume
ratio was far larger than that of the small branches). For SPI/
PEO 10:1, the mean diameters for the primary (74%
population) and secondary (26% population) fibers were 352
+ 218 and 1782 + 763 nm, respectively. For SPI/PEO 6:1, the
fibers exhibited more uniform diameter distribution: 353 + 199
nm for the primary fibers (15%) and 1033 + 110 nm for the
secondary fibers (1%). Finally, for SPI/PEO 2:1, the fibers
virtually exhibited a unimodal distribution with a mean
diameter of 214 + 89 nm, which was the lowest fiber diameter
and the narrowest diameter distribution among all the fibers.
The trend showed that PEO as the cospinning polymer indeed
improved the spinnability of SPI and the quality of the obtained
fibers.

The smooth fiber surfaces shown in Figures 1b, ¢ and d
imply that no obvious phase separation between SPI and PEO
occurred during the electrospinning process. Good compati-
bility seemed to exist between the two phases. To confirm this,
we used EDS to perform elemental analysis and elemental
mapping on the fibers. Nitrogen atoms were unique to soy
protein molecules in the fiber and were used to determine the
distribution of SPI. The nanofibers with SPI/PEO ratios of 10:1
and 2:1were tested for SPI distribution and their nitrogen
elemental mapping graphs are shown in Figure 3. Nitrogen was
represented with red color in the graph. The 10:1 nanofibers
demonstrate homogeneous dispersion of SPI (Figure 3a).

3.2. Crystalline Structure. Figure 4 shows the X-ray
diffraction patterns of the nanofibers and their raw materials.
Pure PEO powder exhibits two diffraction peaks at 19.2 and
23.3°, representing (120) and (112) planes, respectively.*’
However, PEO nanofibers only showed the diffraction peak at
19.2°, indicating that the spinning process affected the growth
of PEO crystals. The new crystalline structure was presumably
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Figure 3. Elemental mapping of nitrogen by EDS. (a) SPI/PEO 10:1;
(b) SPI/PEO 2:1;(c) neat PEO nanofibers.
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Figure 4. XRD diffraction patterns of (a) pure PEO powder, (b) pure
PEO nanofiber membrane, (c) raw SPI powder, SPI/PEO nanofiber
membranes with SPI: PEO ratios of (d) 10:1, (e) 6:1, and (f) 2:1. (g)
Diffraction pattern of the aluminum foil used for nanofiber collection.
It shows that the peak at ca. 17° of curves b, d, e, and f was from the
aluminum foil substrate.

associated with small diameter of the nanofibers. PEO powder
has a monoclinic crystalline structure with its (120) planes
parallel to the PEO chain direction and (112) planes
intersecting the chain direction. The small diameter of the
nanofibers limited the size of (112) planes and therefore
reduced or even eliminated their diffractions. Deitzel et al. also
reported reduced (112) diffraction of electrospun PEO
nanofibers. Strong diffraction of SPI powder occurred at 9.2
and 19.3°, which were in agreement with other reports.>*>°
Crystallization of PEO and SPI in SPI/PEO nanofibers was
different from that in their pure forms. The diffraction peaks of
SPI at both 9.2 and 19.3° were greatly depressed in the SPI/
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PEO nanofibers, implying that the original protein micro-
structures were largely destructed by the solvent and these
structures were not recovered in the nanofibers. Neither of the
PEO diffraction peaks appeared in the diffraction patterns of
the nanofibers, indicating that the PEO in the nanofibers was
dominantly amorphous. The depression or complete disappear-
ance of the diffraction peaks in composites was also reported by
other researchers. Wang et al. reported a gradually disappearing
peak associated with alginate in alginate/soy protein
composites.>* Su et al. discovered that the intensity of the
diffraction peaks of PVA and SPI decreased significantly at 20
wt % PVA contents in PVA/SPI blends.>® The depression of
material crystallization in a composite is commonly explained
by the interference from other components of the composite.
The regular folding of polymer chains during crystallization can
be interrupted by another species of polymer chains when the
two types of chains are miscible and interact closely. Quick
solvent evaporation in electrospinning was another reason
contributing to the amorphous structure of the nanofibers. SPI
and PEO were unable to fully crystallize before the nanofibers
solidified.

3.3. Thermal Properties. DSC and TGA tests were
performed to study the crystallization and thermal properties of
the nanofibers. DSC thermograms of pure PEO powder, PEO
nanofibers, SPI powder, and 10:1 and 6:1 SPI/PEO nanofibers
are shown in Figure 5. Pure PEO powder exhibited a sharp
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Figure S. DSC thermograms of (a) pure PEO powder, (b) PEO
nanofiber membrane, (c) raw SPI powder, (d) SPI/PEO 10:1, and (e)
SPI/PEO 6:1 nanofiber membranes. The inset compares the melting
peaks of the PEO powder and the PEO nanofiber membrane.

melting peak at 68.4 °C with an enthalpy of 192.9 J/g. By
contrast, the melting curve of PEO nanofibers includes a peak
and two shoulders on each side (inset in Figure $), indicating
multiple populations of crystalline fractions. The melting peak
of the nanofibers was at the same temperature as that of the
powder. Both peaks were attributed to the melting of
unoriented spherulites consisting of folded chain lamellae.
The low-temperature shoulder was due to the melting of
defect-ridden spherulites. These spherulites occurred in the
nanofibers because of fast evaporation of the solvent. The high-
temperature shoulder was presumed to be attributed to the
melting of oriented crystals. The extensional flow during
electrospinning aligned polymer chains in the fiber direction.
These extended chains formed crystals that showed higher
melting point than ordinary spherulites.*® The enthalpy of
fusion of the nanofibers (172.3 J/g) was lower than that of the
powder, indicating lower crystallinity of the nanofibers due to
quick evaporation of the solvent.
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Below 200 °C raw SPI powder showed a weak (68.3 °C) and
a strong (127.2 °C) endothermic transition. Scilingo et al. also
reported two endothermic transitions (76.0 and 91.5 °C) for
SPI and attributed them to denaturation of 7S (conglycinin)
and 118 (glycinin) fractions of soy protein, respectively.’” SPI
contains a range of protein fractions (e.g, 2S, 75, 115, and 15S)
with molecular weight ranging from 8 to 600 kDa. 7S and 11§
are the two major components.”® We postulate that the
endothermic transitions occurring at 68.3 and 127.2 °C in this
study were caused by the denaturation of 7S and 118 proteins,
respectively. The different denaturation temperatures observed
in this study were due to different DSC test methods. In
Scilingo’s study SPI suspension in water was tested whereas SPI
dry powder was tested in this work. Water as a hydrophilic
solvent interacts with the proteins and facilitates their
denaturation (i.e., decreases their denaturation temperatures).>”
The weak transition of 7S observed in this study could imply
that the denaturation of 7S was insignificant when the moisture
level of the protein was low. It was also possible that the
content of 7S was low in the SPI sample because of the way it
was produced.*® At present we are not clear about the exact
origins of the thermal transitions at higher temperatures (about
220 and 260 °C). They may be attributed to the denaturation
of higher molecular weight soy proteins, or more likely to the
thermal decomposition of some fractions of the proteins as will
be demonstrated in TGA curves.

No PEO melting can be observed from the DSC curves of
the SPI/PEO nanofiber membrane (Figures 5). In a polymer
blend system, this often means that the components of the
blend are miscible with each other. The good miscibility
between SPI and PEO was also demonstrated by the SEM/
EDS and XRD results discussed earlier. The presence of PEO
in the nanofibers also caused other effects on the thermal
behavior of SPI. The most obvious one was that the
denaturation of 11S was shifted to a lower temperature for
the 6:1 nanofibers (Figure S). When the temperature was above
its melting point, PEO could act as a polymeric solvent in the
nanofibers and facilitated the denaturation of 11S, in a similar
way as water did. For the weak transitions of the SPI powder
(e.g, 7S and the ones at 220 and 260 °C), the presence of PEO
in the nanofibers alleviated the intensities of these transitions,
possibly due to a dilution effect.

TGA curves and their first derivatives (DTG) for pure PEO,
SPI powder and SPI/PEO nanofiber membranes are shown in
Figures 6 and 7, respectively. The pure PEO was stable below
200 °C, followed by a two-stage decomposition which was
evident in Figure 7. It decomposed completely at 412 °C. The

1004 —— Pure PEO
- - -Raw SPI
so{ | TN SPI/PEO 10:1
;\; 100°C  200°C —— SPI/PEO 6:1
= 60
S
3 401
=
201
04 412°C
100 200 300 400 500 600 700

Temperature (°C)

Figure 6. TGA curves of pure PEO powder, raw SPI powder, SPI/
PEO 10:1, and SPI/PEO 6:1 nanofiber membranes.
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Figure 7. DTG curves of pure PEO powder, raw SPI powder, SPI/
PEO 10:1, and SPI/PEO 6:1 nanofiber membranes.

SPI powder lost approximate 6% weight at 100 °C mainly due
to moisture evaporation. It was relatively stable between 100
and 200 °C and exhibited a maximum decomposition rate at
305 °C. Its weight continued to drop until the temperature
reached the maximum temperature (700 °C). According to a
prior research,*' the decomposition occurring blew ~400 °C
was mainly attributed to the breakage of the peptide bonds. S—
S, O—N, and O—O linkages started to sever at higher
temperatures and the decomposition continued until only
ashes were left. For the SPI/PEO nanofibers, low temperature
weight loss (<100 °C) was due to moisture and residual solvent
evaporation. The samples showed two peaks between 200 and
420 °C in DTG, a combined result from the decomposition of
SPI and PEO (Figure 7). However, the two peaks were not a
direct superposition of the peaks of the pure SPI and PEO. For
instance, the decomposition temperature of SPI seemed to be
decreased in the nanofibers, an indication of the influences
from the PEO phase.

The decomposition rate of the SPI/PEO nanofibers was also
higher than that of the SPI powder after 344 °C (Figure 6).
The reason could be 2-fold. First the SPI in the nanofibers had
lost most of its folded structure as revealed by XRD. This loss
made SPI more vulnerable to thermal decomposition. Second
the degradation of PEO opened pores in the nanofibers. The
porous structure facilitated heat and mass transfer and therefore
accelerated SPI decomposition.

3.4. FT-IR. FT-IR spectra were obtained to determine the
potential interactions between SPI and PEO (Figure 8). PEO
powder showed a characteristic triplet (1148, 1110, and 1062
cm™) with a maximum at 1110 cm™, which was associated
with C—O—C vibration.*” This triplet depends strongly on the
crystallinity of PEO and the intermolecular interactions (e.g,
hydrogen bonding) between C—O—C and other groups in a
PEO containing blend. C—O—C is a proton acceptor and may
form hydrogen bonding with proton donors such as OH, NH
and NH, groups in soy protein molecules.* It was evident that
on the spectra of 10:1 and 6:1 SPI/PEO nanofibers the triplet
completely disappeared. The disappearance could be attributed
to the lack of PEO crystalline structures in the nanofibers
(which had been confirmed by the results from the XRD and
DSC tests) due to the strong interactions between SPI and
PEO and the enhanced miscibility between the two phases.**
SPI powder showed absorptions at 1590 cm™ (C=O
stretching, amide I), 1450 cm™ (N—H bending, amide II),
and 1160 cm™' (combination of N—H bending and C—N
stretching, amide IIT). Amide II absorption was shifted to a
higher wavenumber in the SPI/PEO nanofibers and amide III
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Figure 8. FT-IR spectra of the pure PEO powder, raw SPI powder,
and nanofiber membranes with 10:1 and 6:1 SPI/PEQO ratios.

absorption disappeared from the spectra, both of which could
be attributed to the hydrogen bonding between N—H and C—
O-C.

3.5. Wettability. Wettability of a solid material is mainly
determined by its surface chemical composition and surface
topography. Conventionally, the degree of wettability is
classified into several levels by using the contact angle € of
the material surface. For a surface with 25° < 8 < 90° the
material is considered to exhibit high wettability. For 90° < @ <
150°, the material possesses low wettability. The material is
considered superhydrophilic if its contact angle is lower than
25°, whereas the material is superhydrophobic if the angle is
larger than 150°.% The wettability of the SPI/PEO nanofiber
membranes were tested by depositing an ethanol droplet on the
membrane surfaces and following its edge profile. It should be
emphasized that the method of analyzing the shape of a test
droplet placed on a surface is best suited for the measurement
of the contact angles of solid nonabsorptive surfaces. Although
the nanofiber membranes were absorptive materials, this
method was still used in this study to demonstrate the rate of
spreading and absorption of the droplet on the nanofiber
membranes. The values of “contact angle” measured below
indicated the degree of liquid spreading and absorption on the
membrane surfaces.

The evolution of the edge profiles on three different
nanofiber membrane surfaces is given in Figure 9. It was
evident that the ethanol droplets spread and got absorbed by
the nanofiber membranes at different rates. The 10:1 nanofiber
membrane showed the shortest spreading time before the
droplet became completely flat.

(a)
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Figure 9. Images of an ethanol droplet on (a) SPI/PEO 2:1, (b) SPI/
PEO 6:1, (c) SPI/PEO 10:1.
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The “contact angles” for different nanofiber membranes were
measured from the images of the ethanol droplets. The angles
were plotted as a function of time in Figure 10. The initial

25,
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Figure 10. Evolution of the “contact angle” of ethanol droplets on (a)
SPI/PEO 2:1; (b) SPI/PEO 6:1; and (c) SPI/PEO 10:1 nanofiber
membranes.

“contact angles” for SPI/PEO 2:1, 6:1, and 10:1 was 38.29,
30.29, and 33.55°, respectively. The initial angles were similar
to each other despite the different chemical compositions and
morphologies among the membranes. The measurable ultimate
“contact angles” for all the membranes were lower than 10°, an
indication of superhydrophilic property by the conventional
definition. The time periods required to achieve the ultimate
angle were shorter than one second, indicating fast ethanol
spreading and absorption.

Developed to calculate the contact angle of a rough surface
(ie., apparent contact angle), the Wenzel’s model can be used
to understand the high spreading and absorption rate of the
nanofiber membranes. The contact angle of a rough surface is
defined by the following equation:*®

cos @% = rcos 0

where 0% is the apparent contact angle at equilibrium state; r is
the roughness ratio, which is the ratio of the true area to the
apparent area of the surface (always larger than 1 for a rough
surface); 0 is the Young’s contact angle for the ideal surface of
the same material. According to this equation, surface
roughness plays an important role in wettability. For a
hydrophilic material with a contact angel in the range of 0° <
0 < 90°, because r is larger than 1, cos 8* is then larger than cos
6, and thus 6* is smaller than . As a result, the surface
becomes more hydrophilic when its roughness increases.
However, for a hydrophobic material with a contact angel in
the range of 90° < @ < 180°, cos 6* is smaller than cos 6, and so
0% is larger than 6. This results in more hydrophobic surface.
These two opposite effects of roughness on surface wettability
have been demonstrated on electrospun nanofiber membranes
by Yang et al.*’ Besides surface roughness, surface chemical
composition is another important factor. Polar groups on the
surface increase the interactions between the surface and polar
liquids and thus increase surface wettability. Therefore, both
surface roughness and chemical composition can be used to
control surface wettability of a material. In the case of the SPI/
PEO membranes, SPI contained numerous polar groups from
various amino acids, which made it inherently hydrophilic. The
nanoporous structure of the membranes caused a very large
roughness ratio. These two reasons jointly led to the high
wettability of the nanofiber membranes under consideration.
The superhydrophilicity of the membranes can be very useful
for biomedical applications such as wound dressing. Wound
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exudates can be absorbed efficiently and the wound healing
process can be accelerated when such nanofiber membranes are
used. If necessary, water resistance of these membranes can be
improved by applying cross-linking agents (e.g., glutaraldehyde,

citric acid, etc.) through sample immersion or vapor treatments.

4. CONCLUSIONS

In this research, nanofiber membranes with soy protein as the
major ingredient were produced using electrospinning. PEO
was used as a cospinning polymer to improve the spinning
stability and fiber quality. SPI:PEO ratio was varied and its
effects on fiber quality, crystallization, thermal property, and
wettability of the membranes were investigated. Quality
nanofibers with a SPI:PEO ratio up to 10 could be achieved.
SPI and PEO were found to be miscible with each other in the
nanofibers based on the results of phase structure, crystal-
lization, chemical group interactions, and thermal properties of
the fibers. All the SPI/PEO nanofiber membranes showed
superhydrophilicity, a desirable property for many applications.
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