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The ability to develop nanofibers containing whey proteins presents a unique opportunity to exploit the
inherent benefits of whey protein with that of the desirable attributes of nanofibers. In this study,
aqueous whey protein solutions, both whey protein isolate (WPI) and one of its major components beta-
lactoglobulin (BLG), are electrospun into nanofibers in conjunction with a spinnable polymer, poly(-
ethylene oxide) (PEO). WP:PEO solution composition as high as 3:1 and with average fiber diameters
ranging from 312 to 690 nm are produced depending on polymer composition and concentration. WP/
PEO solutions are also successfully electrospun at acidic pH (2 � pH � 3), which could improve shelf life.
FTIR analysis of WP/PEO fiber mat indicates some variation in WP secondary structure with varying WPI
concentration (as WPI increases, % a-helix increases and b-turn decreases) and pH (as pH decreases from
neutral (7.5) to acidic (2), % b-sheet decreases and a-helix increases). XPS also confirms the presence of
WP on the surface of the blend fibers, augmenting the FTIR analysis. Interestingly, WP/PEO composite
nanofibers maintain its fibrous morphology at temperatures as high as 100 �C, above the 60 �C PEO
melting point. In addition, the mats swell in water and retain a fibrous quality which makes them
desirable for application in regenerative medicine. Finally, we incorporate a small hydrophobic molecule
Rhodamine B (RhB) as a model flavonoid into WP/PEO nanofiber mats. The BLG:PEO nanofibers quali-
tatively exhibit improved fiber quality and RhB distribution compared to PEO nanofibers; however, no
effect on the release profile is observed.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Whey proteins, one of two milk protein groups along with the
caseins, have been found to be a valuable dietary supplement and a
functional food enhancer. Whey proteins are used in food design
due to the variety of functionalities including: binding of water and
flavor, gelation, emulsification and foaming (Chandan, 2006;
Chandan & Shah, 2006). Furthermore, whey proteins are being
evaluated and recognized for their antimicrobial, antiviral, and
anticarcinogenic effects (Chatterton, Smithers, Roupas, & Brodkorb,
2006; Ha & Zemel, 2003; Madureira, Pereira, Gomes, Pintado, &
Malcata, 2007). The predominant whey proteins, b-lactoglobulin
(BLG) and a-lactalbumin (ALA), are globular proteins with an iso-
electric point of approximately 5.2 and 4.3, respectively (Eissa &
Khan, 2005). The most abundant bovine milk protein, native BLG
has 162 amino acid residues, eight anti-parallel b-sheets, one a-
helix chain and a molecular weight of 18 kDa (Jung, Savin, Pouzot,
All rights reserved.
Schmitt, & Mezzenga, 2008); while ALA has 123 amino acid resi-
dues, a secondary structure consisting of a-helix (w31%), 310-helix
(w21%) and a small contribution of b-strands (w6%) (Alting et al.,
2004), and a molecular weight of 14 kDa (Eissa & Khan, 2005).

A significant fraction of whey protein research has focused on
gelation and gel characteristics (Bertrand & Turgeon, 2007;
Daubert, Hudson, Foegeding, & Prabhasankar, 2006; Eissa, Bisram,
& Khan, 2004; Eissa & Khan, 2006; Errington & Foegeding, 1998)
because these gels can provide food products with unique func-
tional performance and favorable textural properties. Recently,
structures made from milk proteins such as whey have been
recognized as an important tool in vehicles for the delivery of
bioactives and pharmaceuticals (Livney, 2010; MaHam, Tang, Wu,
Wang, & Lin, 2009; Satpathy & Rosenberg, 2003). Nanofibers, in
particular, are considered promising for drug delivery due to their
high specific surface area leading to efficient drug release (Cui,
Zhou, & Chang, 2010; Ignatious & Sun, 2006; Ignatious, Sun, Lee,
& Baldoni, 2010; Srikar, Yarin, Megarides, Bazilevsky, & Kelley,
2008). Nanofiber structures of whey protein may be especially
well suited for such applications.
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Electrospinning is a simple process used to produce nanofibers,
in some cases smaller than 100 nm in diameter (Frenot &
Chronakis, 2003). Equipment for two electrospinning methods,
melt and solution electrospinning, have been thoroughly discussed
in the literature (Frenot & Chronakis, 2003). Solution electro-
spinning utilizes polymer dissolved in solvent that is pumped at a
controlled flow rate from a syringe to which a high voltage is
applied. Electrostatic forces between the positively charged syringe
needle and a grounded collector plate pull solution away from the
syringe tip into a Taylor cone formation and to the collector. As the
solution is pulled away from the syringe, the solvent evaporates,
leaving the polymer drawn into fibers and collected as a fiber mat
(Andrady, 2008; Huang, Zhang, Kotaki, & Ramakrishna, 2003; Li &
Xia, 2004; Saquing, Manasco, & Khan, 2009). Solution electro-
spinning allows for encapsulation of insoluble particles within a
nanofiber mat and the incorporation of soluble drugs in a uniform
fashion (Frenot & Chronakis, 2003). Nanofiber systems also can
serve as wound healing dressings (Katti, Robinson, Ko, & Laurencin,
2004) or as a scaffold for tissue engineering (Boudriot, Dersch,
Greiner, & Wendorff, 2006; Li, Laurencin, Caterson, Tuan, & Ko,
2002). Other nanofiber designs include modifying the nanofiber
surface with nanoparticles (Saquing et al., 2009) bioactive peptides
and proteins (Choi & Yoo, 2007; Sun, Shankar, Börner, Ghosh, &
Spontak, 2007) and immobilizing enzymes (Jia et al., 2002). Elec-
trospun biopolymer nanofibers have also been highlighted as a
novel tool for food industry applications such as nutraceutical and
flavor release (Kriegel, Arrechi, Kit, McClements, & Weiss, 2008).

Some milk proteins have been utilized in solution electro-
spinning. Bovine serum albumin, for example, has been successfully
electrospun both with (Jiang et al., 2005; Kowalczyk, Nowicka,
Elbaum, & Kowalewski, 2008; Zeng et al., 2005) and without (Dror
et al., 2008) the use of a carrier polymer; while caseins yielded
successful nanofibers only when blended with spinnable polymer
(Xie & Hsieh, 2003). Nanofibers have also been obtained from other
proteins including silk fibroin (Jin, Fridrikh, Rutledge, & Kaplan,
2002; Kim, Nam, Lee, & Park, 2003; Min et al., 2004), zein
(Miyoshi, Toyohara, & Minematsu, 2005), keratin (Zoccola et al.,
2007), collagen (Li et al., 2005; Yang, Ichii, Murase, & Sugimura,
2012), fibrinogens (Wnek, Carr, Simpson, & Bowlin, 2003), egg
protein (Wongsasulak, Kit, McClements, Yoovidhya, & Weiss, 2007;
Yi, Guo, Fang, Yu, & Li, 2004), and wheat protein (Woerdeman,
Shenoy, & Breger, 2007; Woerdeman et al., 2005). However,
neither of the two primary whey proteins BLG and ALA nor a
commonly utilized combination of the two e whey protein isolate
(WPI) have been electrospun into nanofibers. This is important
because the ability to electrospin nanofibers that contain whey
proteins could combine the unique attributes of whey proteins with
those that nanofibers offer. For instance, whey protein nanofibers
can be envisaged for texture modifier in chocolate while providing
nutritional value. Nanofibers are also being considered for drug
delivery and tissue scaffolds, and the biocompatibility and biode-
gradable aspects of whey proteins make it a viable candidate in
these applications. Further, we may be able to exploit the ability of
BLG to formcovalent crosslinkswithheat to achievewater-insoluble
mat. This eliminates the need to electrospin from harmful solvents
or chemical crosslinkers. Heat-induced crosslinking of electrospun
WP fibers by this method makes our system unique, producing
nutrient-loaded water-insoluble, biocompatible nanofibers.

In this study, we examine strategies to make nanofibers with
whey proteins and enhance these whey protein-based fibers with
changes in concentration, pH, addition of a hydrophobe and heat-
induced crosslinking. We address critical issues such as whether
whey proteins can be electrospun into nanofibers in their native,
chemically or heat denatured forms; or must they, similar to the
caseins, be solution electrospun with a carrier polymer (Xie &
Hsieh, 2003). The globular nature of whey proteins such as BLG
and ALA, the low viscosity of their aqueous solutions, and potential
lack of molecular entanglement makes producing nanofibers
challenging (Nie et al., 2008;Woerdeman et al., 2007). The addition
of spinnable polymer may be required, as was executed with other
proteins such as egg proteins (Wongsasulak et al., 2007; Yi et al.,
2004). We also explore the effect of solution pH on electro-
spinning, as it influences whey protein solution behavior (Eissa &
Khan, 2005). Further, changing the pH of the solution expands
the ability to incorporate drugs or flavonoids. Electrospinning
aqueous whey protein solutions at acidic pH would facilitate
formulation flexibility and improved shelf life (International
Commission for the Microbiological Specifications for Foods,
1998). In order to improve the stability of the fibers, we examine
covalent crosslinking by heat treatment as whey protein can be
heat denatured (Anema, 2008) at approximately 70 �C when it
forms disulfide bonds between neighboring chains. Finally, we
incorporate andmonitor the release of a fluorescent dye as a model
hydrophobic molecule.

2. Materials & methods

2.1. Solution preparation

BiPROWhey Protein Isolate (WPI) and BIOPURE b-lactoglobulin
(BLG) were both obtained from Davisco Foods Inc. (Eden Prairie,
MN) and uses as received (98% protein). Some BIOPURE BLG was
purified (Mailliart & Ribadeau-Dumas, 1988) and verified with
NuPAGE. Poly(ethylene oxide) (PEO) PolyoxWSR205 (MW600 kDa,
Polydispersity Index 12 (Little & Ting, 1976)) was obtained from The
Dow Chemical Company (Midland, MI) and used as received. Hy-
drochloric acid, ethanol, urea and Rhodamine B were used as
received from Sigma. WPI, BLG, and PEO were dissolved in deion-
ized water (DW) and stirred for a minimum of 3 h to ensure
complete dissolution. Solution pH and conductivity were measured
with a Fisher Scientific Accumet AB15 pHmeter and Accumet AB30
conductivity meter, respectively. The viscosities of pertinent sam-
ples were measured at 25 �C in a TA Instruments AR-2000 stress
controlled rheometer using a cone and plate geometry.

2.2. Solution electrospinning

The electrospinning apparatus, described previously (Saquing
et al., 2009) included a precision syringe pump (Harvard Appa-
ratus, Holliston, MA) operated at flow rate of 0.1e2.0 ml/h, and a
high-voltage power supply (Gamma High Voltage Research, model
D-ES30 PN/M692 with a positive polarity between 0 and 30 kV)
Electrospinning solutions were loaded in a 10 ml syringe to which a
stainless steel capillary metal-hub needle (22 gauge) was attached.
The positive electrode of the high voltage was connected to the
needle tip. The grounded electrode was connected to an aluminum
foil-covered metallic collector (Talwar, Hinestroza, Pourdeyhimi, &
Khan, 2008). The tip-to-collector distance varied from 12 to 17 cm.

2.3. Morphology & surface analysis

Specimens from solution electrospinning experiments were
mounted on stubs; sputter coated with w15e40 nm layer of gold
and examined using scanning electron microscopy (SEM, FEI
Quanta 200 Environmental Scanning Electron Microscope). Fiber
size distributions were obtained by measuring a minimum of 100
fibers using Image J software (NIH). A Riber X-ray Photoelectron
Spectrometer (XPS) operated at 12 kV with a 1 mm spot size was
used for nanofiber mat surface analysis. Differential scanning
calorimetry (DSC) was utilized (TA Instruments, DSCQ200, New
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Castle, DE) to analyze fiber mat thermal properties at a heating rate
of 10 �C/min under inert Argon gas.

The infrared spectra of nanofiber mats were recorded at room
temperature using a Nicolet Magna-IR 750 spectrometer (Madison,
WI). Dry air was continuously run through the spectrometer. The
infrared spectra were recorded at 2 cm�1 resolution. A total of 128
transmission scans were recorded, averaged, and apodized with the
Happ-Genzel function. Additional Infrared spectra were obtained
on a Nicolet 6700 FTIR (Thermo Scientific, Madison WI) equipped
with a DTGS detector and continually purged with dry air. Samples
were analyzed directly on a single bounce diamond ATR (45�) by
acquiring 128 scans at 4 cm�1 resolution at ambient temperature.
Spectra were corrected for water vapor and then ATR corrected
using the advanced ATR correction routine (Omnic 8.0) prior to
secondary structure analysis. Secondary structure analysis was
performed by using a curve resolution technique and determining
the areas of the individual components. Band positions were
confirmed with Fourier self deconvolution and also by obtaining
second derivative spectra.

Confocal laser scanning microscopy (CLSM) fluorescent images
were taken with a FV 300 scanner of the Olympus BX-61 system,
equipped with high-resolution DP70 digital charge coupled device
(CCD) camera (Olympus America Inc.) with objective magnifica-
tions ranging from 4� to 50�. Two and three dimensional LSM
nanofiber images were taken with the Olympus LEXT OLS4000
confocal laser scanning microscope metrology system. Reflected
light microscope images were taken with an Olympus BX-51 mi-
croscope systemwith objective magnifications ranging from 10� to
100�. Release studies were conducted directly in deionized water-
filled cuvets. Readingswere taken every twominutes using a Perkin
Elmer Lambda 45 Spectrometer at 543 nm (Waltham, MA).

3. Results and discussion

3.1. Electrospinning WP/PEO blends

We hypothesize that whey proteins in their native or denatured
state do not have sufficient entanglement or interactions (such as
cyclodextrins (Manasco, Saquing, Tang, & Khan, 2012)) to electro-
spin. This is based on the premise that our initial attempts to
electrospinWPI or BLG at various concentrations, either in native or
denatured state, yielded micro and nanoparticles but no nanofibers
(Supplementary Fig. 1). Details of these experiments and corre-
sponding microstructures are presented in Supplementary data. So
in the next set of experiments we blended WPI with a water sol-
uble, electrospinnable polymer, polyethylene oxide (PEO), to
attempt to facilitate fiber formation (Kowalczyk et al., 2008; Xie &
Hsieh, 2003). As shown in Fig. 1, these WPI/PEO blends success-
fully yielded nanofiber mats, and a maximum of 75 w/w% whey
protein was achieved. Interestingly, at 4 w/w% PEO produces bea-
ded fibers (Fig. 1(a)), but the addition of the WPI (maintaining 4 w/
w% PEO) leads to uniform bead-free fibers. As expected, the fiber
diameter increases as the total polymer (protein and PEO) con-
centration increases, but the process parameters also play a role in
uniformity. For example, WPI:PEO 50:50 and 60:40 mats are very
close in mean diameter. Both were electrospunwith a 15 cm tip-to-
collector distance, 1 ml/h flow rate and 22 gauge 2 inch needle, but
the 60:40 utilized a higher voltage (10 kV vs. 9 kV). The stronger
electrostatic force of the higher 10 kV could explain the slightly
smaller fibers achieved at a higher concentration. However, the
50:50 WPI/PEO fiber mats had a mean fiber diameter of
321 � 56 nm with the lowest standard deviation, thus the most
uniform fibers produced. This result agrees with qualitative
assessment that the fibers were less uniform both above and below
the 8 total w/w%. Fibers with the highest WPI concentration are
somewhat less uniform in diameter and even “wavy” in appear-
ance, with a higher mean diameter and standard deviation
(668 � 135 nm) with some minor fiber breakage present (Fig. 1(e)).

We also electrospun blends of BLG and PEO at different ratios
holding the total weight of polymer in solution constant (10 w/w%)
to determine the impact of changing the relative amount of the two
constituents (Fig. 2). We used BLG instead of WPI to examine if we
could achieve consistent results between the two in terms of
electrospinnability. At various blend ratios, the nanofibers
appeared to be commensurate with respect to total polymer
weight, with mean diameters ranging from 381 to 466 nm.
Comparing the 75:25 BLG/PEO blend with theWPI/PEO blend, total
polymer concentration of 10 and 16 w/w%, respectively, the BLG/
PEO blend fibers did not appear to have issues of “waviness” or
breakage. This could be due to the decreased total polymer con-
centration or solution homogeneity with BLG in lieu of the mixture
of proteins in the WPI formulation. In addition, the fiber diameters
are smaller because of the lower polymer concentration.

3.2. Effect of pH on whey protein/PEO electrospinning

The use of whey proteins at acidic pH is often desirable for
reduced bacterial growth and increased product shelf life
(Woerdeman et al., 2007). For example, for food applications
which would benefit from control release or texture functionality
of fibrous mats, minimizing bacterial growth by its acidic or
alkaline composition would improve shelf life. Alternatively, tissue
scaffolds comprised of nanofiber mats that could be prepared and
packaged/stored for use as needed on battlefields or in hospitals
would benefit from improved shelf life that has potential to be
controlled by pH. Acidic whey protein gels have been well studied
for food applications (Eissa & Khan, 2006). Therefore, we elec-
trospun acidic whey protein/PEO solutions. However, previous
results indicate that pH of the solution affects the electrospinning
process due to changes in solution conductivity (Son, Youk, Lee, &
Park, 2005; Song, Kim, & Kim, 2008). For example, Son et al.
(2005) investigated the effect of pH variation (from 2 to 12) on
poly(vinyl) alcohol electrospinning. Beaded nanofibers were ob-
tained under acidic conditions whereas finer, defect-free fibers
resulted from basic solutions. Further, pH also affects the structure
and net charge of proteins. For example, whey proteins are known
to extensively aggregate at pH near their isoelectric points.
Changes in pH of the electrospinning solution are expected to
affect fiber morphology as previously reported with zein, and the
effect of pH on protein electrospinning is likely protein dependent
(Torres-Giner, Gimenez, & Lagaron, 2008; Zhu, Shao, & Hu, 2007).
In our case, we examine electrospinning whey protein and PEO at
acidic pH no lower than 2.0 to avoid polymer degradation (Song
et al., 2008).

To examine the effect of blend composition on nanofiber char-
acteristics at low pHs using WPI, we used a total polymer con-
centration of 5.5 w/w%. Fig. 3 shows SEMs of each electrospun fiber
mat (Fig. 3(a)e(d)) and provides information on the precursor so-
lution concentrations, pH, zero shear viscosity and mean nanofiber
diameter (Fig. 3(e)). Several features are apparent from the data.
First, we find all four solutions of PEO:WPI ratios ranging between
50:50 and 80:20 produced bead-free nanofibers. Secondly, these
nanofibers exhibit similar diameters between 262 and 312 nm even
though the viscosity changes greatly (by a factor of seven). In the
case of the low pH studies shown in Fig. 3, substitution of WPI for
PEO in the total 5.5 w/w% solutions increased conductivity of the
samples fromw0.1 mS/cm for a 100% PEO solution to 1.5 mS/cm for
the 80:20 PEO:WPI sample, and again to 3.4 mS/cm for the 50:50
PEO:WPI sample. These results suggest that fiber diameter is not
being solely dictated by polymer concentration or viscosity. A



Fig. 1. Scanning electron micrographs and fiber diameter analysis of whey protein isolate (WPI) and poly(ethylene oxide) (PEO) blend solution electrospun nanofibers. PEO 4 w/w%
with increasing WPI (and thus total weight) concentration, with WPI:PEO ratio (a) 0:100; (b) 40:60; (c) 50:50; (d) 60:40; (e) 75:25.

S.T. Sullivan et al. / Food Hydrocolloids 35 (2014) 36e50 39
statistical difference between the mean nanofiber diameter is not
apparent, but may be due to the variation in electrospinning
applied voltage (the applied voltage for the 66:34 solution was
9.5 kV whereas that for the 80:20 solution was 11.0 kV) or due to
the globular nature of the protein in that inter-chain entanglements
did not increase at this acidic pHwhere the whey protein exists in a
monomer state. Other work by Son, Youk, Lee, and Park (2004)
revealed that addition of a polyelectrolyte to PEO decreased fiber
diameter to a constant value, with a concomitant increase in con-
ductivity. However, further addition of polyelectrolyte did not
change the fiber diameter but increased conductivity mono-
tonically. We believe our results are consistent with this scenario.



Fig. 2. Scanning electron micrographs and fiber diameter analysis of b-lactoglobulin (BLG) and poly(ethylene oxide) (PEO) blend solution electrospun nanofibers. Fibers spun at
15 cm tip-to-collector distance and 22 gauge needle. Total 10 w/w% with BLG:PEO ratio (solution viscosity Pa s; flow rate ml/h; voltage) (a) 75:25 (0.5; 1.0; 9.5 kV); (b) 60:40 (3.2;
0.5 ml/h; 10.5 kV); (c) 50:50 (10; 0.2 ml/h; 10 kV); (d) 40:60 (23; 0.1 ml/h; 15 kV).

S.T. Sullivan et al. / Food Hydrocolloids 35 (2014) 36e5040
We also studied the effect of pH on BLG/PEO blends (Fig. 4). We
used BLG instead of WPI to be able to better analyze the results in
terms of the isoelectric point of a single protein. Solutions of 50:50
BLG and PEO were prepared at total 7 w/w% for pH of 7.5 (native
solution pH), 5.2 (isoelectric point of BLG), 4.0 (near isoelectric
point of ALA and other whey proteins in WPI), and acidic 2.0. So-
lutions at pH 7.5 and 2.0 were transparent and yellow in color;
whereas solutions at pH 5.2 and 4.0 were milky white, indicating
protein aggregation as expected. Conductivity of the solutions
increased with decreasing pH (Fig. 4(g)), as expected, since BLG
becomes more positively charged as the solution pH changes from
7.5 to 2.0. Solution viscosity was also affected by pH (Fig. 4(e)); it
was lowest for pH 2.0 solution, likely due to the BLG being in a
monomer state compared to the other three solutions. Also, pH 5.2
solution viscosities are slightly higher than other solutions, likely
due to the impact of the BLG aggregation at its isoelectric point.
Interestingly, work by Vega-Lugo et al. with a WPIePEO system
show higher viscosities at low and high pH which they attribute to
the unfolded protein entangling more with PEO at these non-
neutral environments (Vega-Lugo & Lim, 2012). They also
observed no change in conductivity. The differences in our results
could be due to the use of different materials and measurement
conditions in the two studies.

At pH 7.5 and 2.0, uniform fibers are produced (Fig. 4(a) and (d),
respectively). When the average fiber diameter at pH 7.5 and 2.0 are
compared (453 nme391 nm, respectively), the trend of decreasing
fiber diameter with increasing solution conductivity agrees with
that found in the literature (Bertrand & Turgeon, 2007). However,
the pH 5.2 (Fig. 4(b)) and 4.0 (Fig. 4(c)) fibers both contain bead
defects (w1 mm in diameter), possibly due to whey protein
agglomeration in the solution. Viscosity does not appear to play a
strong role in fiber quality in this case compared to the influence of
protein aggregation and/or structural state.

3.3. WPI/PEO blend fiber analysis

FTIR analysis of the PEO and WPI/PEO blend fiber mats were
conducted to confirm that both the PEO andWPI are present in the
blend fiber mats as well as obtain information regarding the
structure of the protein in the fiber. Spectra for all of the sample
compositions shown in Fig. 1(a)e(e) were collected and were
similar. A representative blend fiber mat spectra is shown in
Fig. 5(a) for comparison to raw materials. Spectra for the WPI/PEO
blend fiber mats show broad new bands at approximately
3280 cm�1, 1650 cm�1, and 1530 cm�1 compared to the PEO fiber
and PEO powder spectrum. The 3280 cm�1 peak may represent NH
stretching intensity that increases with molecular weight, while
the 1650 cm�1 band, which is found in proteins, is assigned to the
Amide I band. This combination band arises due to C]O stretching
vibrations coupled to NeH and CeN vibrations. The band that ap-
pears at approximately 1530 cm�1 is assigned as the Amide II band
which arises primarily due to NeH in-plane bending vibrations
(Socrates, 1994). All of these are indicative of the presence of pro-
tein or more specifically in this case thewhey protein isolate, which
as noted before is primarily BLG and ALA. Previous FTIR analyses of
BLG (Eissa, Puhl, Kadla, & Khan, 2006) reveal different structural
characteristics (e.g., b sheets, a helices) of BLG in the 1600e
1700 cm�1 range. The WPI/PEO fiber peak at 1650 cm�1 obtained



Fig. 3. Scanning electron micrographs of total weight 5.5 w/w% PEO:WPI acidic blend mats (a) 50:50, (b) 57:43, (c) 66:34 and (d) 80:20 by weight blend solution electrospun
nanofiber mats produced. (e) provides solution and nanofiber data, with *nanofiber data determined from NIH Image J analysis with minimum 100 measurements.
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from our samples is broad across this range, indicating that BLG
may be present in some or all of these conformations. Eissa et al.
also discussed that a change occurred in the magnitude of the
spectra with increasing BLG concentration, although the shape of
the spectra were similar (Eissa et al., 2006). Slight shifts in band
position between very low (i.e., 0.25%) and the higher concentra-
tions (3e7%) indicated that some molecular interaction may be
influencing results with increasing concentration (Eissa et al.,
2006). Our data also indicates a slight shift with overall whey
protein concentration.

ALA, another protein in WPI, also absorbs in the 1610e
1700 cm�1 region, as would be expected (Zhong, Gilmanshin, &
Callender, 1999). Wongsasulak et al. (2007) found pure PEO
electrospun nanofiber characteristic peaks at w2900 (methylene
group CH2 molecular stretching), and at 1100 cm�1 and 958 cm�1

(CeOeC group stretching), which agrees with the PEO fiber peaks
seen in our data (Fig. 5). A change in bandwidth for the absorption
centered around 2880 cm�1 also occurs and increases with WPI
concentration, thus decreasing with relative PEO concentration,
which agrees with Eissa’s observation of peak shifts with whey
protein concentration (Eissa et al., 2006).Wewould expect this also
due to more contributions and resultant heterogeneity of the WPI
in the solution and resultant mat. Zeng et al. (2005) used FTIR to
evaluate PVA/BSA fibers, concluding that BSA, which is classified as
a whey protein, generated FTIR peaks at 1710 cm�1 and 1665 cm�1

representing amide bonds from BSA. The WPI/PEO fibers are not



Fig. 4. Scanning electron micrographs of solution electrospun nanofibers from total 7 w/w% solution of 50:50 purified BLG:PEO at pH (a) 7.5; (b) 5.2; (c) 4.0, (d) 2.0. (e) shows
solution steady shear viscosity vs. shear stress; (f) provides FTIR comparison of 50:50 WP:PEO fiber mat prepared from neutral pH and acidic pH 2; and (g) provides mean nanofiber
diameter, X-ray photoelectron spectroscopy (XPS) and solution data for these mats of varying pH. Fiber mats at pH 5.2 and 4.0 each contained bead defects. For example, fibers
formed with pH 5.2 solution had bead defects with measured average diameter of 1 mm. *Note that XPS was only completed on fiber mats of pH 2, 5.2 and 7.5.
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expected to show a dominant BSA representation, as WPI was
processed to approximately a 98% protein concentration using ionic
exchange chromatography which retained the BLG and ALA; thus,
BSA should not be present in significant quantities in the WPI/PEO
fiber mats. Rather, our WPI/PEO fiber mat FTIR data is dominated in
this range by the ALA.

Where possible, secondary structural analyses were performed
on spectra utilizing curve fitting routines and conforming band
positions using second derivatives and Fourier self-deconvolution
techniques. The original spectrum and the inverted second deriv-
ative of the WPI/PEO 50:50 fiber sample are shown in Fig. 5(b) for
illustrative purposes. This sample showed a strong absorption band
in the Amide I region centered at 1644 cm�1 and an Amide II ab-
sorption band at 1542 cm�1, which would indicate a high content of
b-type structures and analysis of the band supports this observa-
tion. Curve resolution of the Amide I band (Fig. 5(c)) revealed that
the protein secondary structure is approximately 12% a-helix, 38%
b-sheet, 30% b-turn and 20% random coil. On the other hand, the
100% PEO fiber and powder samples, consistent with Fig. 5(a),
showed no absorption in the amide I region between 1600 and
1700 cm�1.

Fiber samples were compared by FTIR analyses of BLG:PEO at
both neutral and acidic pH. Some differences are observed between
the analyses of the WPI:PEO and BLG:PEO fiber samples prepared
from neutral pH solutions, with shifts in both Amide I and II band
peak maxima. This difference can be explained by the composition
of WPI, which contains both ALA and BLG proteins. For comparison
of fiber samples prepared from different pH, we used BLG as the
protein component. The neutral pH BLG:PEO sample shows a peak
maximum at 1632 cm�1 for the Amide I band and a strong Amide II
band at 1535 cm�1 (Fig. 4(f)); while the acidic pH sample has
similar Amide I and Amide II band peaks at 1633 cm�1 and 1535�1,



Fig. 5. (a) FTIR absorbance spectra for raw materials and representative PEO/WPI blend nanofiber mat; (b) Amide I Region of the 50:50 PEO:WPI sample showing the original
spectrum and the Fourier self-deconvolved spectrum (Bandwidth 42 cm�1, enhancement: 3.5); (c) Peak positions of the resolved Amide I region of whey protein isolate on PEO
fibers. Protein secondary structure information for source material and nanofiber mats is given in Table 1.
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respectively. The pH change induces only a slight change in overall
conformation of the BLG:PEO samples based on this peak shift,
which could be simply limited tomeasurement resolution and not a
true shift. Secondary structural analysis of samples reveals small
but significant changes in the overall conformation between
neutral and acidic pH (Table 1). The overall trend indicates a higher
helical and lower b-sheet content. At pH below the protein’s iso-
electric point, onewould expect the protein to be highly protonated
and therefore to exhibit more hydrogen bonding which could in-
crease the percentage of helical character.

While FTIR analyses of the WPI/PEO blends shows the presence
of both PEO and WPI in the mats as expected, perhaps of greater
interest is the composition of the blend present on the surface of
the fibers. In order to examine this issue x-ray photoelectron
spectroscopy (XPS) was used to determine surface (<5 nm)
constituents in atomic concentration. XPS survey scans utilizing
PEO fiber mats with and without WPI are shown in Fig. 6. On the
surface of the PEO fibers, both carbon and oxygen atoms are found
as expected. In the WPI/PEO blend fiber, an additional nitrogen
peak is observed, indicating the presence of whey protein on the
fiber surface. The atomic nitrogen content on the surface of the
fiber was approximately 10.6%, slightly higher than the theoretical
7.5% atomic nitrogen concentrated calculated based on the uniform
bulk solution concentration. This suggests that the whey protein is
more concentrated on the surface of the fiber which is consistent
with previous studies by Sun et al. (2007).

XPS was also employed to examine the fiber mats made from
BLG/PEO blends at various pH. Fig. 4(g) provides the atomic % of
each element present on the nanofiber surface for each mat pro-
duced from acidic solution (pH 2.0), solution at the BLG isoelectric



Table 1
Conformational analysis of WP:PEO nanofiber sample protein secondary structure
showing the effect of concentration, pH and dye addition. *BioPURE BLG used as
received. pBLG is BioPURE BLG that has been purified.

Sample b-sheet a-helix b-turn Random coil

50:50 WPI:PEO (neutral pH) mat 38% 12% 30% 20%
75:25 WPI:PEO (neutral pH) mat 38% 16% 26% 20%
WPI powder 41% 12% 28% 19%

BLG* powder 43% 12% 26% 19%
Purified BLG powder 44% 11% 26% 19%
50:50 BLG*:PEO (neutral pH) mat 44% 12% 25% 19%
50:50 BLG*:PEO (pH 2) mat 36% 19% 24% 21%
50:50 pBLG:PEO with RhB mat 37% 15% 28% 20%
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point (5.2) and approximately neutral solution (7.5). Oxygen con-
centration peaks at the isoelectric point, while nitrogen is at a
minimum. The opposite effect is seen at pH 7.5, where nitrogen is
nearly 2% higher than on the surface of the pH 5.2 fibers. Based on
this, one could conclude that at the isoelectric point the BLG ag-
glomerates with the more hydrophilic oxygen portions of the
protein being on the surface of the fiber, while at pH 7.5, nitrogen is
in higher quantity at the surface. At acidic pH, the nitrogen on the
surface also is higher compared to that at the isoelectric point.
Based on Tang et al.’s exploration of a similar spinnable polymer-
protein system (PVA and BSA), we believe that at pH away from
the BLG IEP, the PEO is drawnmore to the surface of the Taylor cone
and away from the fiber core by dielectrophoresis. Dielectropho-
resis is movement of highest polarizable macromolecules in a fluid
medium towards the non-uniform electric field’s region of stron-
gest intensity (Tang, Evren Ozcam, Stout, & Khan, 2012). At the BLG
IEP, we conclude based on these XPS results that the PEO is more
polarizable than the neutral BLG and is thus drawn more to the
fiber surface than at alternative pH. Also, conformational changes of
the BLG including a change from dimer to monomer expose a
slightly increased amount of nitrogen. XPS results also indicate a
new element present e chlorine e likely due to the lowering of
solution pH using HCl solution. As shown in Fig. 4(g), sodium is
present at the same order of magnitude in all three samples, indi-
cating the possible presence of salt as a contaminant in the solution.
The BLG used for these fiber preparations was purified, the PEOwas
not. Although some NaOH solution may have been used during the
pH adjusting process of the pH 5.2 and 2.0 solutions, the pH 7.5
solution was not modified with NaOH.
Fig. 6. An XPS survey scan is displayed for electrospun nanofibers generated from 4 w/
w% PEO solutions with and without WPI. The inset table provides the atomic percent of
each element present on the nanofiber mat surface.
3.4. Nanofiber heat treatment

We explored heat treatment to increase the thermal stability of
the WP/PEO blend nanofibers, since covalently crosslinking of the
whey protein is expected to occur upon heating above the gelation
temperature. An enclosed vial containing BLG/PEO fiber sample
was placed in a water bath at 80 �C for one hour. We used optical
microscopy techniques (RLM and CLSM) to qualitatively examine
the effect of heat treatment on the structure of the mats (Fig. 7 and
TOC graphic). The PEO mat melts (Fig. 7(a)), while the blend fiber
mats each retain a fibrous structure. The heat treated mats appear
to transition from a molten state to a gel state with increasing WPI
concentration. The 40:60 WPI:PEO mat shown in Fig. 7(b) and (e)
looks very similar to the 50:50 WPI:PEO mat (image not shown).

Using electron microscopy, we looked more closely at the
structure of the PEO fiber mats with (Fig. 8(a) and (b)) and without
(Fig. 8(c) and (d)) BLG, both before and after this heat treatment.
We observe that the fiber mat containing whey protein maintain
both its fibrous structure and fiber diameter following heating
(Fig. 8(a)). However, when the PEO-only fibers are heated to 80 �C,
theymelt to form a PEO film as shown in Fig. 8(d). Impressively, the
addition of BLG to the blend and resultant fibers improves the
stability and higher available surface area of the heated mat
compared to a heated mat of 100% PEO. We also used XPS to
evaluate changes in composition at the surface of the fiber after
heat treatment. The atomic nitrogen concentration of the heat
treated sample, measured using XPS, was 9.5%, which is slightly
(w1.1%) lower than the fiber sample prior to heating. The decrease
in the atomic nitrogen concentration was countered by an atomic
oxygen concentration increase of 1.5%, while that of carbon stayed
relatively constant, indicating that some conformational changes
may have occurred to expose more oxygen laden portions of the
amino acid chains. Additionally, mobility of PEO during heat
treatment may explain the slight changes in atomic surface
composition. This could lead to the development of a heat treat-
ment process in order to control surface amino acid content taking
advantage of this PEOmobility as well as the crosslinking occurring
between denatured proteins. Nonetheless, even after heating, the
protein is still on the fiber surface. This, along with the ability of the
whey protein to permit the PEO fiber system to retain its fibrous-
like network after heating above PEO’s melting point could
extend the potential of nanofibers to higher temperature applica-
tions as needed for food or other production processes that would
require heating. Also, heating BLG increases the reactivity of its
thiol group, especially above pH 7; thus, heat treating the WP:PEO
blend mats could regulate their reactivity (Phillips, Whitehead, &
Kinsella, 1994).

Thermal properties of the native and heat treatedWP/PEO blend
fiber mats were determined using DSC evaluation. Fig. 8(e) shows
DSC thermograms of PEO, 50:50 purified BLG:PEO blend mats
before and after heat treatment at 80 �C (of Fig. 8(b) and 9(a),
respectively) and then the curve for purified BLG powder. Accord-
ing to Faridi-Majidi and Sharifi-Sanjani (2007), the intense melting
peaks of each nanofiber mat indicates the presence of semi-
crystalline products (Faridi-Majidi & Sharifi-Sanjani, 2007). We
were able to examine the crystallinity of the WP/PEO blends. The
crystallinity relative to crystalline PEO is calculated from
Xcð%Þ ¼ ðDHf =DHf

oÞ � 100, where DHf is the heat of fusion of the
mat and DHf

o is the heat of fusion of crystalline PEO (213.7 J/g)
(Faridi-Majidi & Sharifi-Sanjani, 2007). Similar to Faridi-Majidi and
Sharifi-Sanjani (2007), our PEO mat has a higher heat of fusion at
141.5 J/g than the blend mats, as well as a higher calculated
nanofibermat crystallinity of 66%. These values are lower than their
powder PEO data (166.0 J/g; 77.68%) as expected. From this, we can
similarly conclude that the PEO nanofiber production process



Fig. 7. Reflected light dark field microscope images of heat treated whey protein isolate (WPI) and poly(ethylene oxide) (PEO) blend solution electrospun nanofiber mats. PEO 4 w/w
% with increasing WPI concentration, with WPI:PEO ratio (a) 0:100; (b) 40:60; (c) 60:40; (d) 75:25. Insets in (a)e(d) are SEM images of original mats (before heat treatment) at same
scale as reflected light microscope images. (e) is reflected light image of (b) 40:60 WPI:PEO at lower magnification, showing melt appearance; while (f) is reflected light image of (d)
75:25 WPI:PEO at lower magnification, showing networked fiber gel appearance with thinner fibrous sample edge that was formed from pulling mat apart.
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reduces its crystallinity (Faridi-Majidi & Sharifi-Sanjani, 2007). The
addition of the WP to the formulation significantly reduces this
relative crystallinity to 22e27%. We also note that the addition of
BLG to the PEO nanofibers lowers the melting point of the mat
compared to PEO from 67 �C to 55 �C, which indicates that the
ability of the BLG to form some bonds at it is heated to above its
denaturation temperature (approximately 71 �C) (Phillips et al.,
1994). The addition of BLG to the PEO nanofibers lowers the
melting point of the mat compared to an all PEO (from 67 �C to
55 �C), but a heat treatment of the mat will increase that melting
point to 62 �C. Similarly, as shown in Fig. 8(f), blending WPI in the
PEO mat formulation will decrease the melting point, but heat
treatment of this mat even further lowers its melting point. This is
likely due to the presence of ALA and other proteins in the WPI
blend which do not crosslink upon heating like the purified BLG
(Fig. 8(g)).
3.5. Incorporation and release of a small molecule

As an initial step towards using these WP/PEO blend fibers as
potential delivery vehicles, we incorporated and examined the
release of a water soluble dye molecule Rhodamine B (RhB). We
conducted a qualitative visual study to determine the distribution
of RhB in PEO nanofibers with or without the addition of BLG to the
solution prior to electrospinning. To do this, we examined the fibers
containing RhB with SEM and CLSM (Fig. 9). At 4 w/w% in water
with 0.02 w/w% RhB, PEO forms beaded nanofibers as shown in
Fig. 9(a) with fibers “bunched” in the mat, possibly due to dye
clusters. The corresponding confocal microscopic image in Fig. 9(b)
shows brighter areas of dye near voids where these bunches or
clusters have formed. The fiber mat electrospun from solution
containing an additional 4 w/w% purified BLG in Fig. 9(c) does not
contain the presence of these clusters on the confocal image



Fig. 8. Scanning electron microscope images of 8 w/w% purified BLG (pBLG)/PEO blend nanofibers (a) after and (b) before (inset) heat treatment at 80 �C; PEO nanofibers (c) before
(inset) and (d) after heat treatment at 80 �C. Images (a) and (b) are at same scale; as are (c) and (d). (e) and (f) provide DSC thermographs of nanofiber mats and powders: scan (1)
purified BLG (pBLG) powder; (2) pBLG:PEO 50:50 native nanofiber mat (b); (3) pBLG:PEO 50:50 heat treated nanofiber mat (a); (4) PEO nanofiber mat (c); (5) BiPROWPI powder; (6)
WPI:PEO 50:50 heat treated nanofiber mat; (7) WPI:PEO 50:50 native nanofiber mat; (g) summarizes DSC data.

S.T. Sullivan et al. / Food Hydrocolloids 35 (2014) 36e5046
(Fig. 9(d)) indicating, qualitatively, a more uniform distribution of
dye. Thus, the BLG addition to solution appeared to improve the
uniformity of the fiber mat as well as the distribution of the model
flavonoid molecule RhB. FTIR comparison between the RhBeBLGe
PEO, BLGePEO and WPIePEO blend fibers showed no strong dif-
ference or additional peaks (data not shown). However, secondary
structure of the BLG was slightly affected by the presence of RhB
(Table 1). This indicates that incorporating a molecule into a
protein-based nanofiber system may influence protein secondary
structure, but may not influence system performance. This would
require evaluating each protein and delivery-molecule system.
Release of RhB from both PEO and BLG/PEO blend into DI water
at room temperature was monitored over several minutes. In both
cases, approximately 90% of the RhB was released within 10 min.
Interestingly, despite the difference in distribution of the dye
within the PEO and BLG/PEO fiber mats, there was no significant
difference in the release profiles (Fig. 10(d)) and samples were
dissolving.

In order to establish an insoluble nanofiber mat of these mate-
rials, we heat treated mats of PEO and BLG/PEO for 24e44 h at
100 �C (Fig. 10(a)), which is well above the gelation temperature of
the WP and above the melting point of PEO. After heat treatment,



Fig. 9. PEO fiber mat with 4 w/w% PEO and 0.02% RhB in deionized waterwithout BLG (a) scanning electron micrograph, (b) confocal microscope image of RhB distribution; andwith
BLG (50:50 BLG:PEO for total 8 w/w%) (c) scanning electron micrograph, (d) confocal microscope image of RhB distribution.

Fig. 10. PEO:BLG (50:50 BLG:PEO for total 8 w/w%) blend fiber mat (a) post heat treatment at 100 �C for 18 h, (b) post heat treatment then after soaking in water and air drying, (c)
FTIR comparison between native, heat treated, heat treated/immersed/dried mats and raw material powder, (d) release of RhB over time from fiber mat samples of PEO, BLG:PEO
and heat treated BLG:PEO.
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Fig. 11. PEO:WPI (25:75 for total 16 w/w%) nanofiber mat with post heat treatment at 100 �C for 44 h (a) post heat treatment, (b) suspended soaking in deionized water, (c) sample
removed from water soak, (d) SEM of sample (c) air dried and sputter coated with gold. In (e), a heat treated BLG/PEO nanofiber mat serves as successful scaffold for stem cell
proliferation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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we found that the mats did not dissolve even after days of soaking
in water and ultimately air drying (Fig. 10(b)), since we believe the
protein crosslinks during the heat treatment. However, the mats
did not return to their original state after soaking and drying,
possibly since much of the PEO may be free to dissolve. Release of
RhB from the heat treated mat (Fig. 10(d)) is slightly slower
compared to its counterparts possibly because the mat is not dis-
solving in this case. Nevertheless this formulation would still fall in
the “immediate release” category as RhB is released in minutes and
not hours. However, what this does show is that a heat treated mat,
being insoluble, could serve as a wound dressing for release of an
active pharmaceutical ingredient.

We examined the FTIR spectra after electrospinning, heat
treatment, and soaking inwater (data shown for the PEO/BLG blend
(Fig. 10(c))). While no difference in the spectra is seen between the
native and heat treatedmat, we believe that after exposure towater
the majority of the PEO dissolves and the mat appears to be pre-
dominantly whey protein as indicated by the changes in the peak at
approximately 1250 cm�1. Results for the WPI/PEO blend mats
were similar to that for the BLG/PEO. Fig. 11(a) provides SEM image
of the original heat treated mat, (b) this sample suspended and
soaking in water, (c) sample after removal from water and (d) the
dry, post-soaking mat under SEM. The sample in Fig. 11(b) swelled
with a minimum swelling ratio of 5.7 (¼(m � mo)/mo) where mo is
initial sample mass andm is mass after soaking) after removal from
water and blot dry with filter paper). The success of heat treatment
we found depended on heat treatment time and sample thickness
(data not shown). For example, the same sample heat treated 18 h
dissolved in water immediately; while after 44 h it swelled and
maintained stability in water as shown in Fig. 11(b)e(d). In general
we believe that during heat treatment of the PEO:WP fiber mats, as
the PEO melts (above 60 �C), the BLG unfolds and forms disulfide
bonds resulting in crosslinks in and between fibers. Further work
has moved these heat treated WP:PEO fiber mats to the tissue
engineering laboratory as a variant to other biopolymer scaffolding
options (Vlierberghe, Dubruel, & Schacht, 2011). Fig. 11(e) shows
the growth of a cardiac stem cell on a BLGePEO composite mat, and
is a topic of further study.

4. Conclusions

In this study, we demonstrated fabrication of electrospun
nanofibers from whey proteins (WP) and its component beta
lactoglobulin (BLG). Aqueous whey protein solutions either in
native or denatured form yielded interesting micro and structures;
while the addition of poly(ethylene oxide) to the system led to
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bead-free nanofiber formation. Nanofibers with WP:PEO compo-
sition as high as 3:1 could be obtained with diameters ranging
between 312 and 690 nm depending on composition and total
polymer concentration. Further, WP/PEO blends at a pH of 2.0 could
be electrospun, which is desirable for reduced bacterial growth and
increased product shelf life. However, beaded nanofibers resulted
near the isoelectric point (pH w 5) possibly from protein aggre-
gation. XPS analysis of the blend fibers confirmed the presence of
the protein and showed whey proteins were more concentrated on
the fiber surface than the bulk. FTIR analysis also confirmed the
presence, and revealed the secondary structure changed as a
function of pH. Heat treatment of the blend fibers using tempera-
tures above the gelation temperature of the protein increased the
thermal stability of the fibers and with prolonged heat treatment,
enabled the mat to become less soluble in water primarily due to
the WP crosslinks. This heat treatment and resultant soaking mat
stability shows promise for various applications and is subject of
ongoing work.
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