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ABSTRACT: We examine the protein distribution within an
electrospun polymer nanofiber using polyvinyl alcohol and
bovine serum albumin as a model system. We hypothesize that
the location of the protein within the nanofiber can be
controlled by carefully selecting the pH and the applied
polarity of the electric field as the pH affects the net charge on
the proteins. Using fluorescently labeled BSA and surface
analysis, we observe that the distribution of BSA is affected by
the pH of the electrospinning solution. Therefore, we further
probe the relevant forces on the protein in solution during
electrospinning. The role of hydrodynamic friction was assessed using glutaraldehyde and HCl as a tool to modify the viscosity of
the solution during electrospinning. By varying the pH and the polarity of the applied electric field, we evaluated the effects of
electrostatic forces and dielectrophoresis on the protein during fiber formation. We surmise that electrostatic forces and
hydrodynamic friction are insignificant relative to dielectrophoretic forces; therefore, it is possible to separate species in a blend
using polarizability contrast. A coaxial distribution of protein in the core can be obtained by electrospinning at the isoelectric
point of the protein, whereas surface enrichment can be obtained when the protein carries a net charge.

■ INTRODUCTION
Electrospinning is a simple technique used to generate
nanofibrous membranes and nanofiber composites.1−8 It
involves the application of a high voltage (1−30 kV) to induce
the formation of a liquid jet of polymer solution or melt. The
electrified jet undergoes stretching and whipping resulting in a
long and thin fiber. As the liquid jet is continuously extended
and the solvent evaporates, there is a significant reduction in
the diameter of the jet from several hundred micrometers to as
low as tens of nanometers. Eventually, the charged fiber is
deposited onto the grounded collector plate as a random,
nonwoven mat of nanofibers. The materials produced using this
method have exceptional specific surface area and may be of use
in a broad range of applications.
In particular, there is increasing interest in protein and

protein/polymer composite nanofibers. A number of proteins
including bovine serum albumin (BSA), green fluorescent
protein, casein, silk, gelatin, lysozyme, cytochrome C, and
eggshell membrane protein have been incorporated into
electrospun fibers. Generally, proteins must be coelectrospun
or coaxially electrospun with an electrospinnable polymer such
as polyvinyl alcohol (PVA) or poly(ethylene oxide) (PEO).
Additionally, protein nanofibers, namely, BSA and zein, have
been electrospun.9−23

Such materials are being studied for applications such as
tissue engineering, wound healing, drug delivery, and
biosensors.24−28 Depending on the application, the distribution
of the protein could greatly affect the performance of the

material. For example, in blends used for controlled release, the
protein has been placed in the core of the fiber.29,30 However,
in other applications, such as biosensors and catalysts, protein
on the surface of the fiber is desired.31−34 Therefore,
considerable efforts have been invested in controlling the
distribution of the protein within the fiber, using coaxial
electrospinning35−43 among other approaches. Alternative
methods of surface segregation of a homopolymer or functional
species within a polymer blend have been achieved by
considering surface energy, electric field, or phase separa-
tion.44−48 Recently, Sun et al. have reported using a
polarizability contrast to functionalize the surface of electro-
spun fibers with a peptide segment. The authors found that a
PEO block coupled to a model oligopeptide is preferentially
driven to the surface during electrospinning of PEO−
oligopeptide/PEO and PEO−ologiopeptide/PMMA fibers.48,49

However, these initial studies are limited to negatively charged
peptides. The application of this technique to protein/polymer
systems has yet to be established. In this study, we determine
how the distribution of protein in a blend fiber is affected
during electrospinning by parameters such as solution viscosity,
solution pH, and applied polarity of the electric field.
We explore the effect of pH on electrospinning PVA/BSA

blends. Because pH affects the net charge on the protein, we
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suspect that, by carefully choosing the pH of the solution and
the applied polarity, the distribution of the protein within the
fiber may be modulated. We used glutaraldehyde as a tool to
examine the effect of the electrospinning solution viscosity and
determine the importance of hydrodynamic friction. By
comparing pHs above and below the isoelectric point of BSA
and varying the polarity of the applied voltage utilized during
electrospinning, we were able to evaluate the relative roles of
dielectrophoresis and electrostatic forces. Based on the insight
gained, we report the production of a coaxial distribution with
protein in the core can be obtained during electrospinning of a
blend by carefully selecting the pH of the electrospinning
solution.

■ EXPERIMENTAL SECTION
Materials and Methods. Materials. Polyvinyl alcohol (PVA;

average molecular weight 205000 g/mol, 88% hydrolyzed),
hydrochloric acid (HCl; 37% purity), bovine serum albumin
(BSA; A-3059, >99%), and fluorescently labeled FITC-BSA (A-
9771) were obtained from Sigma Aldrich (St. Louis, MO).
Glutaraldehyde (50% aq) was received from Alfa Aesar (Ward
Hill, MA). Tris base and sodium hydroxide from Fisher
BioReagents (Fair Lawn, New Jersey) and Fisher Scientific
(Pittsburgh, PA), respectively, was used. Unconjugated gold
colloid (20 nm) was obtained from Ted Pella (Redding, CA).
All materials were used as received.
Electrospinning. Aqueous PVA solutions were prepared by stirring

mixtures of PVA and deionized water or 50 mM Tris buffer at pH 8.1
at 60 °C until they were homogeneous. BSA was dissolved in Tris
buffer, pH 8.1, at room temperature (∼25 °C) and stored at 4 °C until
further use. PVA and BSA were combined in appropriate proportions
at room temperature and stirred briefly. The amount of PVA used is
reported as mass of PVA per mass of total solution. The BSA loading is
the mass of BSA per mass of PVA. In some cases, the pH of the
solutions were adjusted by adding small amounts of HCl and stirring
briefly. The pH was measured with a Horiba Twin B-213 pH meter.
To electrospin we used a point-plate configuration, as previously

described,6 where PVA/BSA solution was loaded into a syringe fitted
with a stainless steel needle (0.508 mm I.D.) and attached to a power
supply (Gamma High Voltage Research, D-ES-30PN/M692). A flow
rate of 0.5 mL/hour, collection distance of 15 cm between the tip of
the needle and the ground collector plate covered with foil, and

applied voltage of 10−22 kV were used. A positive polarity was applied
unless otherwise noted.

Viscosity Modulation. Addition of glutaraldehyde and HCl
increased the viscosity of the solution over the time for which it was
electrospun. In this case, the polymer and protein solutions were
combined and stirred briefly, the HCl was added, and the solution was
stirred again, and finally, the GA was added in appropriate portions at
room temperature and stirred briefly. A portion of the solution was
electrospun and another portion tested rheologically immediately after
preparation.49 Electrospun samples were collected for increasing
amounts of time and then further characterized.

Rheological Measurements. The zero-shear viscosity of PVA
solutions was measured at 25 °C using a TA Instruments AR-G2
Rheometer using a 40 mm diameter, 2° cone and plate geometry.
Dynamic oscillatory shear experiments were also performed on
selected samples as a function of time at 25 °C using the same
rheometer and configuration. A frequency of 10 radians/second and a
stress of 1 Pa were used for all experiments because it was within the
linear viscoelastic region of the solutions. Measurements of the elastic
(G′) and viscous (G″) modulus along with loss tangent tan δ (= G″/
G′) in which δ corresponds to the phase shift, were taken every 30−60
s for up to 24 h.49 The measurements were stopped with the value of δ
falling below 15°, so that the relevant part of the rheology curve was
captured, that is, the time required to reach the “gel point”.49

Sample Characterization. To examine the fiber morphology,
samples were sputter coated with an ∼10 nm layer of gold and
analyzed with a scanning electron microscope (SEM, FEI XL-30) at 5
kV. The average fiber size and standard deviation were determined by
measuring the diameter of 100 fibers using ImageJ software. Fibers
containing FITC-BSA were imaged with an Olympus BX-61 optical
microscope equipped with transmitted- and fluorescence-mode and
recorded using an Olympus DP-70 digital CCD camera.

Infrared spectra (4000−400 cm−1) of PVA and PVA/BSA
composite samples were measured with a Nicolet 6700 FTIR
spectroscope (Thermo Electron Corporation). The surface chemical
composition of PVA and PVA/BSA composite samples was
determined utilizing XPS with a Kratos Axis Ultra DLD XPS
instrument using monochromated Al Kα radiation with charge
neutralization. Survey and high-resolution spectra were collected
with pass energies of 80 and 20 eV, respectively, using both
electrostatic and magnetic lenses. XPS of fibers produced at different
pHs and applied polarities were obtained. In the cases where GA and
HCl were added to increase the viscosity, samples collected over
increasing amounts of time were also evaluated.

Figure 1. Correlating morphology of electrospun mats with rheological solution properties for PVA/BSA solutions: a log−log plot of ηsp vs
concentration for solutions of PVA and PVA with 50% BSA loading and SEM images of characteristic fiber morphologies.
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Gold Nanoparticle Assay for Protein Visualization on Surfaces.
To qualitatively visualize the amount of protein on the surface of
fibers, we adsorbed 20 nm colloidal gold particles to chemically cross-
linked blend fibers. In this method, 1” squares of electrospun samples
were cut and placed in a solution containing 5 vol % glutaraldehyde
and 0.12 vol % HCl in acetone based on previously established
methods.21,50,51 PVA/BSA solutions were electrospun for 2 h and
cross-linked using GA in acetone with HCl as a catalyst at ambient
conditions for 2 h. We then washed the cross-linked fibers thrice in
deionized water for 5 min, then soaked in water for 3 h and dried at
ambient conditions. Next, the cross-linked samples were submerged in
colloidal gold for 48 h at 4 °C. Due to its length, we chose to perform
this step at the storage temperature of the protein and the gold colloid
(4 °C) to avoid potential denaturing of the protein that could occur
over 48 h at room temperature. The samples were removed and
washed thrice in water for 5 min, then soaked in water for 3 h and
dried at ambient conditions before further analyzing using SEM. From
SEM micrographs, the amount of gold in each sample was quantified
by particle density. To determine the particle density, the number of
particles within a 170 × 290 nm2 rectangle was manually counted.
Measurements were performed 100 times per micrograph using
ImageJ software. The statistical significance of the difference in the
particle density of different samples was established with a t test (α =
0.05).52,53

■ RESULTS AND DISCUSSION

PVA/BSA Composite Nanofibers. We begin by inves-
tigating the effect of the addition of BSA on the electro-
spinnability of PVA. We correlate solution dynamics with the
resulting morphology of the electrospun material, as shown in
Figure 1. The solution viscosity, a measure of polymer
entanglement, can be used to predict fiber formation of
electrospinnable polymers.54,55 Common fiber morphologies,
that is, beaded fibers and uniform fibers, have been correlated
with different polymer concentration regions.55 Figure 1 shows
the normalized zero shear viscosity of PVA/BSA solutions as a
function of PVA concentration where the BSA loading is held
constant at 50% (per weight of PVA). For PVA/BSA blends,
below 2 wt % PVA, we find that ηsp ∼ c1.3 (where ηsp is the
specific viscosity and c is the PVA concentration), consistent

with the theoretical prediction for semidilute, nonentangled
solutions of a neutral polymer in a good solvent.55−57 Above 3
wt % PVA, ηsp ∼ c3.8, characteristic of semidilute entangled
solutions.55−57 The entanglement concentration is 2.5 wt %
PVA, as indicated by the change in slope in the ηsp versus c plot
(Figure 1).55 As shown by the SEM micrographs in Figure 1,
semidilute nonentangled solutions produce discontinuous
beaded structures and large droplets; semidilute, entangled
solutions produce beaded fibers with increased uniformity
when qualitatively compared to nonentangled solutions;
concentrations above 6 wt % PVA (Cc, critical concentration)
produce uniform fibers. The critical concentration to spin PVA
is 6.0 wt %, which is 2.5 times greater than the entanglement
molecular weight concentration of 2.4 wt % (Figure 1), which
agrees well with previous studies.54,55

The presence of BSA (up to 50% loading) does not appear to
affect the PVA entanglement required for electrospinning. The
addition of the BSA slightly increased the concentration
dependence of the specific viscosity in the semidilute entangled
regime from 3.5 for PVA to 4.0 for PVA with BSA. The increase
in this case may indicate that, at the protein loading used, PVA
and protein interact, which has been previously reported and
attributed to polar interactions.21,55 Most importantly, despite
PVA/BSA interactions, the presence of the protein does not
affect the polymer entanglement necessary for electrospinning;
therefore, the electrospinnability of the blends is dictated by
PVA entanglement.
We further examined the PVA/BSA blend fibers with FTIR

for an indication of the presence of the protein in the fibers
(Figure 2). Upon addition of BSA, we note broad peaks
between 1500 and 1700 cm−1, and the intensities of the peaks
increase with increasing BSA concentration. These peaks likely
correspond to the amide I and amide Π bands at 1632 and
1536 cm−1, respectively, of peptide bonds characteristic of BSA.
Additionally, we observe a shift in the peak between 3100 and
3500 cm−1 toward 3100 cm−1. The degree to which the peak is
shifted increases with increasing BSA concentration. These

Figure 2. FTIR spectra of PVA and PVA/BSA composite fibers, as spun at room temperature.

Biomacromolecules Article

dx.doi.org/10.1021/bm2017146 | Biomacromolecules 2012, 13, 1269−12781271

http://pubs.acs.org/action/showImage?doi=10.1021/bm2017146&iName=master.img-003.jpg&w=362&h=243


results agree with previous reports of PVA/protein blend films
using soy protein isolate.58

Effect of pH. We hypothesized that we could utilize the
electrostatic force on a protein carrying a net charge and
modulate the distribution of the protein within the fiber by
changing the pH of the electrospinning solution as well as the
applied polarity of the electric field. At the isoelectric point of
BSA (pH 4.7−5.2) there is no net charge on the protein,
whereas above the isoelectric point, the protein should carry a
net negative charge. If we apply a positive polarity, we would
expect the negatively charged protein to be attracted to the
surface of the fiber when compared to the case in which the
protein carried no net charge. To initially test our hypothesis,
we electrospun solutions PVA and fluorescently labeled BSA at
a pH above the isoelectric point and at the isoelectric point. In
both cases, a positive polarity was applied. We examined the
resulting as spun fibers with fluorescence microscopy to
determine if we could discern a difference in the distribution
of the protein within the fiber in these two cases. We
electrospun fibers containing FITC-BSA directly onto glass
microscope slides and observed the dry as spun fibers. As a
negative control, we examine PVA only fibers under
fluorescence at the same conditions to account for background
fluorescence. Figure 3 shows protein-loaded nanofibers at
various pHs using FITC-labeled BSA. We note that, at a pH
(Figure 3d) close to the isoelectric point, we observe some
clusters of protein, likely due to protein aggregation. At higher
pH (Figure 3f), we do not observe such collections of protein.
Interestingly, despite using the same FITC-BSA loading, the
fluorescence of fibers produced from a solution of pH 8 (Figure
3f) appears more intense than that of fibers produced from a
solution adjusted to the isoelectric point (Figure 3d). Based on
the observed differences using fluorescence microscopy, we
suspect that the net charge on the protein molecules affects its
distribution within the fiber. For example, one contributing
factor to the difference in intensity at the different pHs may be
that at pH 8 there may be more protein on the surface of the
fibers. However, given the size scale of the fibers the

information available using optical microscopy techniques is
limited. To further investigate the protein distribution within
the fiber we examined the protein content on the surface of the
fibers.
In the next set of experiments, we attempt to visualize the

amount of protein on the surface of the electrospun fibers using
SEM as electron microscopy offers higher spatial resolution
when compared to optical microscopy. Because fluorescence
cannot be used to identify protein on the surface of the fibers,
we attempted to use gold nanoparticles to visualize the
presence of protein on the surface of the electrospun fibers
using SEM. The principle of this method is based on the well-
established interactions between proteins and colloidal gold.
Binding between colloidal gold and proteins and, more
specifically, with BSA, has been previously reported.58,59

Often proteins are bound to gold surfaces, presumably by
electrostatic interactions for applications in biosensors.60−62

Herein, we use gold to qualitatively assess the surface of PVA/
BSA composite fibers. We electrospun PVA/BSA blends and
then chemically cross-linked the fibers so that the fibers would
be insoluble in colloidal gold. By soaking the cross-linked
nanofibers in colloidal gold, the gold nanoparticles bind to the
protein present on the surface fibers. We then used SEM to
visualize the gold and by proxy the protein on the surface of the
fibers.
To assess this approach, we began by simply varying the

protein loading. As expected, the amount of gold appears to
increase with BSA loading (representative SEM micrographs
are shown in Figure 4a−c). The density of particles on the
nanofibers increased with increasing BSA loading, as expected.
Next, we held the BSA loading constant at 30 wt % and varied
the pH (Figure 4d−f). When the pH was adjusted to the pI of
the protein, little gold is observed on the surface. In this case,
the particle density was not significantly different that the
nonspecific binding observed when using PVA only fibers as a
negative control. When the pH is adjusted to above the pI of
the protein, we do observe gold on the surface. Results from
this assay further suggest that a coaxial fiber with protein in the

Figure 3. Optical and fluorescence microscopy images of 7 wt % PVA (a) and (b) 0.3% BSA-FITC loading (c) and (d), adjusted to pH 5.0 (pI), and
0.3% BSA-FITC loading (e) and (f), adjusted to pH 8.6.
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core is obtained if the pH of the electrospinning solution is
adjusted to the isoelectric point of the protein. However, to
further confirm this we also use XPS discussed in later sections.
Protein Distribution. Because we do observe that pH can

affect the distribution of the protein within the fiber, we next
aim to determine if we can control the protein distribution by
carefully choosing the net charge on the protein (pH of the
electrospinning solution) and the applied polarity. Therefore,
we now further probe the relevant forces on the macro-
molecules in solution during electrospinning with a particular
interest in the protein molecule. We first discuss theoretical
considerations with simplifications before discussing the
experiments results.
During electrospinning, a static, nonuniform electric field is

applied to a droplet of a solution. Therefore the forces on a
single macromolecule in solution may include (1) electrostatic
Coulomb force from an external electric field on a nonzero
charged molecule, (2) dielectrophoretic forces due to induced
dipole moments in a nonuniform field due to polarizability, and
(3) a viscous drag force from hydrodynamic friction. Because

we electrospin under ambient conditions, we neglect Brownian
motion. We also assume the effect of gravity is negligible since
the macromolecules are less than 1 μm in radius.63,65

Previous work has developed a model for the DC electric
field with a positive applied polarity in a point source to plate
electrospinning set up like the one used in our experiments.
Results indicate that the highest electric field occurs at the edge
of the tip. Further, the average electric field outside the Taylor
cone is much higher than the interior which leads to a very high
electric field gradient, which may cause dielectrophoresis of the
polarizable molecules close to the inner surface of the Taylor
cone. Based on the model developed, the Taylor cone area is
the most important spot where movement of the polarizable
particles occurs. Therefore we consider the forces on the
macromolecules in the system within the Taylor cone.63

In the case of a protein that carries a net positive or negative
charge (i.e., at a pH above or below the isoelectric point of the
protein), the distribution of the protein within the Taylor cone
during electrospinning may be affected by the applied polarity
of the electric field. The applied polarity will affect the charge
build up within the Taylor cone, and electrostatic forces on a
protein carrying a net charge may cause the charged species to
be attracted or repelled from the surface of the Taylor cone
based on electrostatic forces, which may influence the
distribution of the protein within the final fiber. For example,
if the distribution of the protein can be affected by electrostatic
forces when a positive polarity is used during electrospinning
and the protein carries a net negative charge, we may expect the
protein to be attracted the surface of the Taylor cone and thus
the fiber. However, if the protein carries a net positive charge
we may expect the protein to be repelled from the surface of
the Taylor cone resulting in the protein in the core of a core/
shell fiber. The force on a single macromolecule in solution will
include an electrostatic Coulomb force:

∫ σ= = ·F QE S EdEs
s

q

where Q is the total charge on the particle surface, σq is the
surface charge density, and E is the external electric field
strength. The direction of the particle motion will also depend
on the charge sign and electric field vector. If the particle is
neutral with no net charge, there will be no movement.63−65

Further, because a static, nonuniform electric field is applied
to a droplet of a solution during electrospinning and we expect
the protein to have a very high polarizability, the force on a
single macromolecule in polymer solution will also include
dielectrophoretic forces due to induced dipole moments in a
nonuniform field. The charge density on the inside of the
macromolecule relative to the surrounding medium will depend
on their relative permittivities. Macromolecules with a higher
polarizability than the fluid medium undergo movement toward
the electric field region of the strongest intensity. The average
dipole moment induced is considered proportional to the
vicinity electric field. The polarization is the dipole moment per
unit volume (p). The force due to dielectrophoresis is the
product of the dipole moment and the electric field gradient.

= ·∇F p E( )DEP

In the case of a DC field, as in the case of electrospinning
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Figure 4. SEM micrographs showing results of a qualitative gold
nanoparticle assay of protein concentration on the surface of cross-
linked (5 vol % glutaraldehyde, 0.12 vol % HCl in acetone) PVA
nanofibers: (a) 7 wt % PVA, (b) 7 wt % PVA with 12% BSA loading,
(c) 7 wt % PVA with 50% BSA loading, (d) 7 wt % PVA, 30% BSA
loading unadjusted pH, (e) 7 wt % PVA, 30% BSA loading, pH = 5.2
(∼pI), and (f) 7 wt % PVA, 30% BSA loading, pH = 7.5. Particle
counts for each sample are also shown, * indicates statistically different
from the negative control of PVA only (t test, α = 0.05).
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where v is the volume of the particle, and εm and εp are the
permittivity of the fluid medium and particle, respectively. The
force due to dielectrophoresis increases with the electric field
and electric field gradient, as well as the polarizability of the
particle.63−65

Additionally, we consider the drag force on the macro-
molecule in solution due to hydrodynamic friction. The drag
force is proportional to the friction factor and the relative
velocity of the macromolecule with respect to the surrounding
fluid media. Approximating the macromolecules in solution as
spheres, the friction factor is directly proportional to the
viscosity of the fluid and radius of the particle. Thus, at high
solution viscosities, the drag force will be large and may prevent
the ability of the macromolecule to migrate during electro-
spinning.

= −F f u v( )f

where f is the friction factor, the fluid medium is assumed to
move a constant velocity u, and v is the velocity of the particle.
For spherical particles

= πηf a6

where a is the radius of the spherical particle and η is the
viscosity of the fluid medium.63−65

Another important consideration is if the time scale of
electrospinning is sufficient to allow for the macromolecules to
migrate within the Taylor cone so that the distribution of the
protein within the final fiber is effectively modulated. The
velocity of a macromolecule in solution can be estimated by
product of the electrophoresis mobility and the electric field
strength. For spherical particles, this mobility is proportional to
the permittivity and inversely proportional to the viscosity of
the fluid medium. The steady state velocity of a neutral
macromolecule

=
F

f
VDEP

DEP

is thus proportional to the electric field, the electric field
gradient, the polarizability of the particle, and inversely
proportional to the viscosity. This velocity will have the same
vectorial direction as the electric field that is perpendicular to
the interface.63−65

Hydrodynamic Friction. We first address the role of
hydrodynamic friction. Our aim was to ensure that the drag
force due to hydrodynamic friction did not prevent the
macromolecules from migrating due to the influences of
electrostatic forces or dielectrophoresis within the Taylor cone.
Further, we wanted to establish that the time scale of
electrospinning was sufficient to accommodate sufficient
movement due to electrostatic forces and dielectrophoresis to
allow for modulation of the protein distribution. Initial
indications using fluorescence microscopy and the visualization
of gold nanoparticles indicates that drag force due to viscosity
would not necessarily prevent a charged protein from migrating
to the surface of the fiber. To further investigate the role of
hydrodynamic friction, we devised an experiment in which the
viscosity of the solution is increasing during electrospinning. By
monitoring any changes in surface concentration in parallel
with the changes in solution viscosity, we may better
understand the role of hydrodynamic friction.
In these experiments, we use the addition of GA and HCl as

a tool to modulate the viscosity of the solution during
electrospinning. The addition of glutaraldehyde and HCl to a
PVA solution immediately prior to electrospinning leads to
significant changes in the rheological properties during
electrospinning due to cross-linking of PVA.49 Thus, dynamic
rheological properties of the PVA/BSA/H2O/GA/HCl sol-
utions were monitored as a function of time in parallel with the
electrospinning process. Representative profiles of the complex
viscosity, viscous modulus, elastic modulus, and delta (a
measure of the viscous modulus to the elastic modulus)
immediately after the addition of GA and HCl to either PVA or
a PVA/BSA blend are shown in Figure 5. We note that, in the
time scale shown in Figure 5, the PVA and PVA/BSA samples
do not undergo any changes in rheological properties without
the addition of both the GA and HCl (data not shown). With
the addition of GA and HCl, the systems start out with G′ < G″
and then become more elastic, where G′ > G″. When the
reaction begins, both G′ and G″ increase, but in the same
proportion so δ remains constant (∼90°). Later, the elastic
modulus (G′) increases more relative to the increase in the
viscous modulus, leading to a decrease in δ. The presence of
protein slowed the changes in rheological properties as the
onset of the decrease in δ is delayed. The magnitude of the

Figure 5. Time-dependent rheology PVA or PVA/BSA solutions after the addition of GA and HCl to either sample of PVA/GA/HCl solutions.
Complex viscosity (η*) and phase angle (δ) evolution with time and viscous (G″) and elastic (G′) moduli are shown for a representative sample (7
wt % PVA or 7 wt % with 2.5% BSA loading, 90:1 mol/mol ratio of GA/PVA based on the reported molecular weight of PVA, 10:1 vol/vol ratio
GA/HCl).
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delay (as measured by the time to reach δ = 45°) increases with
BSA loading (Supporting Information, Figure B). The
measurements were stopped when the value of δ fell below
15° so that the relevant part of the rheology curve was
captured, that is, time required to reach the “gel point” .49 The
delay may be attributed to glutaraldehyde interactions between
protein molecules or between protein and polymer, presumably
through cross-linking of the ε-amino group of lysyl residues
usually on the surface of the protein.21,66 However, the
chemical nature of the reaction between glutaraldehyde and
protein is not clearly understood and multiple mechanisms may
be involved.64 Because the GA in the system reacts with the
protein, reactions between GA and PVA occur less frequently,
thus the change in δ is delayed.
Despite the changes in the rheological properties of the

electrospinning solution, we were able to generate uniform
PVA/BSA blend fibers (Supporting Information), although we
do observe some as spun fibers with a flattened morphology.
Flattened fiber morphology suggests an increase in PVA
molecular entanglement and effective molecular weight due to
GA cross-linking. PVA fibers with similar flattened morphology
have been observed and are thought to occur at high molecular
weights, because at these high molecular weights relatively wet
fibers are deposited on the collector plate due to reduced
solvent evaporation and increased viscosity and these wet fibers
are flattened on impact.67

To evaluate the effect of hydrodynamic friction, which will be
proportional to solution viscosity, we examined the surface
concentration of nitrogen as a function of time after adding GA
and HCl, thereby increasing the solution viscosity, by
examining the fiber surfaces deposited at various time intervals
(Figure 6). Before the viscosity increases, we expect surface

enrichment to occur due to dielectrophoresis because due to
the polarizability of the protein (Figure 6). Additionally,
because the pH of the solution is below the isoelectric point
and the protein molecule carries a net charge, electrostatic
forces may also play a role. Interestingly, despite the viscosity of
the solution increasing by over 2 orders of magnitude, there are
only small changes in the value of the nitrogen atom surface
concentration. From this result, we deduce that the relative
magnitude of the drag force due to hydrodynamic friction is
small compared to the forces due to dielectrophoresis and

electrostatic forces. If the drag force was on the same order of
magnitude as the dielectrophoretic force and electrostatic force,
as the viscosity increased and the drag force increased, we
would have expected to see a drop in protein concentration on
the surface as the increased drag force would begin to prevent
the protein molecules to migrate to the surface.
From this experiment, we can also gain insight regarding if

the time scale of electrospinning is sufficient to allow for
segregation within the Taylor cone. We expect the increase in
hydrodynamic friction to reduce the velocity at which the
proteins are moving within the Taylor cone because the
electrophoretic mobility and thus the velocity of the protein is
inversely proportional to the viscosity.63−65 If the time scale
were a factor, we would expect that as the viscosity increased
and the velocity decreased the surface concentration to drop
because the protein molecules would not have sufficient time to
seggretate. However, we do not observe the drop despite the
increase in viscosity and subsequent decrease in velocity.
Therefore, we infer that the time scale of electrospinning is
sufficient to facilitate segregation based on either based on
electrostatic forces and dielectrophoresis of the macromolecules
in the electrospinning solution during electrospinning.63−65,68

These data imply that drag force on the macromolecules in the
Taylor cone due to hydrodynamic friction is small compared to
electrostatic and/or dielectrophoretic forces. Thus, we may be
able to control the protein distribution within an electrospun
fiber by carefully choosing the pH of the electrospinning
solution (and resulting net charge on the protein) and the
applied electric field.
In this experiment, to modulate the viscosity the pH of the

electrospinning solution had to be below the isoelectric point of
the BSA and thus BSA was carrying a net charge. In this case,
the protein molecules in the Taylor cone were subjected to
both electrostatic forces and dielectrophoresis due to the
polarizability of the protein molecule. In the next set of
experiments, we attempt to determine the relative magnitudes
of the electrostatic forces and dielectrophoretic forces.

Electrostatic Forces. We next examine the role of
electrostatic forces on the migration of the species within the
Taylor cone. We expanded our experiments to include (1) a pH
below the isoelectric point resulting in a net positive charge on
the protein, (2) a pH at the isoelectric point resulting in no net
charge on the protein, and (3) above the isoelectric point
resulting in a net negative charge on the protein and also varied
the polarity of the voltage applied during electrospinning
(positive or negative). At each pH, we examined samples
electrospun while applying either a positive polarity or a
negative polarity. We expected that if electrostatic forces were
dominant, that at a given pH we could force the protein to the
surface using one applied polarity and by switching the polarity
the electric field we could obtain the opposite distribution with
protein within the core of a coaxial fiber. For example, at pHs
above the isoelectric point and the protein carries a net negative
charge and we applied a positive polarity, as we did in the initial
experiments, the negatively charged protein would be driven to
the surface of the fiber. However, if we changed the applied
polarity to negative, the negatively charged protein would be
repelled from the surface of the Taylor cone, resulting in a
coaxial fiber with protein in the core.
For each pH and applied polarity, we analyzed the elemental

composition of the surface of the fibers using XPS (Figure 7).
When electrospinning at the isoelectric point, we do not detect
any nitrogen (and thus no protein) on the surface of the fiber.

Figure 6. Changes of nitrogen atom surface concentration as
measured by XPS and complex viscosity as a function of time after
the addition of GA and HCl (7 wt % PVA, 30% BSA loading, pH 2.7).
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This result suggests a coaxial distribution with protein in the
core augmenting the analysis using fluorescence microscopy
and the gold nanoparticles to visualize the protein on the
surface of the fiber. When we compare the case where the
protein carries a net negative charge (above the isoelectric
point), we do observe more protein on the surface in the case.
This agrees well with the results presented previously using
fluorescence microscopy and the gold nanoparticles to visualize
the protein on the surface of the fiber (Figures 3 and 4,
respectively).
However, when we were using a negatively charged protein

and we switched the polarity from positive to negative, we
continue to detect protein on the surface. We obtained a similar
result when examining a pH below the isoelectric point and the
protein carried a net positive charge. If the protein was charged,
we observed protein on the surface of the fibers. Most
interestingly, despite the charge on the protein, the applied
polarity did not greatly affect the surface concentration (Figure
7). This result seems to suggest that electrostatic forces are not
the dominant force on the macromolecules in solution during
electrospinning.
Dielectrophoretic Forces. Now that we have explored the

drag force due to hydrodynamic friction and the electrostatic
forces, we will focus on dielectrophoresis. Dielectrophoresis
occurs due to polarizability of a macromolecule in the presence
of a nonuniform electric field. In dielectrophoresis, macro-
molecules with a higher polarizability than the fluid medium
undergo movement toward the electric field region of the
strongest intensity. Because we are studying a blend system that
contains the protein and polymer in solution, we must also
consider the role of PVA. Therefore, we next consider the effect
of pH on PVA, focusing specifically on how pH affects the
solution dynamics of PVA.
We have previously established that solution dynamics of

PVA in water (pH ∼ 5.5) are indicative of a neutral polymer in
a good solvent. This is based on the viscosity scaling
relationships when plotting specific viscosity vs concentration.
Below 2 wt % PVA, ηsp ∼ c1.3 (where ηsp is the specific viscosity
and c is the PVA concentration), and above 3 wt % PVA ηsp ∼
c3.8, which is consistent with the theoretical prediction of a
neutral polymer in a good solvent. The solution dynamics are
shown in Figure 8B for reference and comparison to other pHs.

Further, the entanglement concentration52,53 was determined
to be 2.5 wt % PVA, as indicated by the change in slope in the
ηsp versus c, and we note the concentration required to
electrospin uniform fibers was 2.5 times the entanglement
concentration (6.0%), which is expected for a neutral
polymer.54,55 We observe (Figure 8A) similar solution
dynamics when the pH is adjusted to 2.2 (ηsp ∼ c1.2 below
the entanglement concentration, ηsp ∼ c3.7 above the
entanglement concentration, entanglement concentration
2.4%, uniform fibers produced at 2−2.5 times the entanglement
concentration). Based on these results, when the pH of the
electrospinning solution is below 5.5, PVA appears to behave as
a neutral macromolecule in solution.
Despite the similarity in the behavior in PVA at pHs of 2.2

compared to 5.5, there is a significant difference in the results
protein distrubtion. At the isoelectric point (4.7−5.2), both
PVA and the protein carry no net charge. In this scenario, we
are generating a coaxial fiber with protein in the core by
polarizability contrast. This likely occurs because, under these
conditions, the PVA molecules are more polarizable that the
BSA and are therefore drawn to the surface of the Taylor cone
by dielectrophoresis. In contrast, at a pH of 2.2, when the PVA

Figure 7. Concentration of nitrogen atoms on the surfaces of fibers
produced from 7 wt % PVA, 30% BSA loading as a function of pH, and
applied polarity as measured by XPS analysis.

Figure 8. Rheological solution dynamics of PVA: a log−log plot of
specific viscosity vs concentration for PVA solutions (a) in Tris buffer,
pH 7.5, (b) in DI water, pH 5.5 and (c) pH 2.2, and PVA with 50%
BSA loading at (d) pH 8, (e) pH 5, and (f) pH 2.
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is neutral but the BSA carries a net positive charge, we do see
an indication of protein on the surface of the fiber. Because the
positively charged protein is drawn to the surface despite the
polarity of the electric field applied, we surmise that the protein
at this pH is more polarizable than the PVA and the surface of
the fiber is enriched with protein due to dielectrophoresis and
polarizability contrast.
We also examined a pH above the isoelectric point. We

attempted to increase the pH of the PVA solutions by adding
NaOH or even dissolving PVA directly in NaOH, but we found
that the pH of these solutions were unstable (when sodium
hydroxide was first added the pH would be above 8, but if left
for several hours and the pH was remeasured the pH decreased
to ∼5−6). We were able to make PVA solutions with pH ∼7.5
by dissolving PVA in Tris buffer. In Tris buffer, we observe a
shift in the solution dynamics (Figure 8C), consistent with the
theoretical predictions for polyelectrolytes69 (ηsp ∼ c0.5 below
the entanglement concentration, ηsp ∼ c1.9 compared to the
theoretical prediction of ηsp ∼ c1.5 above the entanglement
concentration of 0.8 wt %), which indicates the PVA
deprotonates at basic pHs. We also note that ηsp ∼ c3.7 above
3 wt % PVA, indicating the onset of the concentrated regime.
For PVA dissolved in Tris buffer, the critical PVA concentration
to form uniform fibers was 7 wt %, slightly higher than 6 wt %
for PVA at lower pHs. This result is consistent with previous
work electrospinning polyelectrolytes, where concentrations
above 8Ce were required to generate uniform fibers.69 Based on
these findings, under these conditions, PVA molecules carry a
net negative charge presumably due to deprotonation. At this
pH (7.5), both the BSA and PVA macromolecules carry a net
negative charge. In this case, we observe some protein on the
surface due to dielectrophoresis, but not as much as in the case
of the acidic pH. This may be attributed to the fact that there is
not as much of a difference in polaizability between the BSA in
its given form at this pH and the deprotonated form of PVA at
this pH. Additionally, this difference may be due to the changes
in the tertiary structure of the BSA molecules under the
different pH conditions previously reported.70

While in reality the forces on the particles in solution are also
complicated by particle−particle interactions (probed using
solution dynamics of PVA with 50% BSA loading at various
pHs, which is provided in Supporting Information, Figure D)
and diffusivity, as well as electrostatic diffuse layers surrounding
the particles, we can infer the relative roles of dielectrophoresis
and Coloumbic forces, as well as drag force on macromolecules
in solution during electrospinning, which dictate the distribu-
tion of protein within a protein/polymer composite fiber. Based
on the results from the viscosity modulation, we deduce that
the time scale of electrospinning is sufficient to accommodate
segregation by dielectrophoretic/electrostatic forces. Despite
significant increases in viscosity and, thus, drag force, the
amount of the protein on the surface of fiber was not affected
and, thus, the drag force due to hydrodynamic friction is small
in comparison to electrostatic and dielectrophoretic forces.
Varying the pH of the solution and, thus, the net charge on the
protein, as well as the applied polarity, we found the amount of
protein on the surface of the fiber at a given pH is not affected
by the polarity of the applied electric field. This result indicates
that electrostatic forces are not the dominant on a macro-
molecule in the electrospinning solutions compared to
dielectrophoretic forces. At any pH, dielectrophoresis domi-
nates the migration of macromolecules during electrospinning,
and based on this understanding, we can capitalize the

segregation due to polarizability contrast to vary the
distribution of the protein within the electrospun fiber for a
given application. To obtain a coaxial distribution, with protein
in the core, the pH of the electrospinning solution should be
adjusted to the isoelectric point of the protein. When
electrospinning at the isoelectric point, the pH at which the
protein molecule has no net charge, the PVA molecules appear
more polarizable than the protein and, thus, experience more
electrophoretic forces and are drawn to the surface of the fiber.
This provides a possible single-step method to producing
coaxial fibers with a protein core and polymer shell.

■ CONCLUSIONS
We find that the addition of a model globular protein, BSA,
does not affect the molecular entanglement required to
electrospin PVA and we were able to incorporate up to 50%
BSA loading (per weight of PVA). Further, pH of the
electrospinning solution affected the surface concentration of
the protein, as indicated by XPS and a quantitative colloidal
gold assay, to visualize the protein on the surface. To further
understand why protein distribution was affected by pH, we
explored the effects of dielectrophoresis, electrostatic forces,
and hydrodynamic friction during electrospinning. We deduce
that electrostatic forces and hydrodynamic friction are small
relative to dielectrophoretic forces. Based on this under-
standing, we can utilize polarization contrast as a strategy to
modulate the protein distribution within the fiber: a coaxial
distribution with protein in the core can be obtained by
electrospinning at the isoelectric point of the protein when the
polymer molecules are drawn to the surface due to their relative
polarizability. Alternatively, surface enrichment occurs when the
protein carries a net charge and is more polarizable than the
polymer.
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