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ABSTRACT: We present here a systematic investigation to understand why aqueous sodium alginate can only be electrospun
into fibers through a blend with another polymer; specifically, polyethylene oxide (PEO). We seek to examine and understand
the role of PEO as the “carrier polymer”. The addition of PEO favorably reduces electrical conductivity and surface tension of the
alginate solution, aiding in fiber formation. While PEO has the ability to coordinate through its ether group (−COC−) with
metal cation like the sodium cation of sodium alginate, we demonstrate in this study using PEO as well as polyvinyl alcohol
(PVA) that coordination may have little effect on electrospinnability. More importantly, we show that PEO as carrier polymer
provides molecular entanglement that is required for electrospinning. Since the selected carrier polymer provides the necessary
entanglement, this carrier polymer must be electrospinnable, entangled and of a high molecular weight (more than 600 kDa for
PEO). On the basis of these requirements, we stipulate that the PEO−PEO interaction of the high molecular-weight entangled
PEO is key to “carrying” the alginate from solution to fibers during electrospinning. Further, using the resulting understanding of
the role of PEO, we were able to increase the alginate concentration by employing a higher molecular-weight PEO: up to 70 wt
% alginate using 2000 kDa PEO and, with, the addition of Triton X-100 surfactant, up to 85 wt % alginate, higher than previously
reported.

■ INTRODUCTION

In the past decade, electrospinning has attracted great attention
due to an increased interest in nanoscale properties and
technologies.1−3 This technique has become a versatile and
valuable route in the production of exceptionally long polymer
fibers with uniform diameters ranging from 10 nm to greater
than 10 μm.4,5 In electrospinning, typically, a polymer solution
or melt is extruded through a capillary tube (spinneret) to form
a small droplet at the spinneret tip. The application of voltage
between the tip of the spinneret and the collection plate
generates surface charges in the polymer droplet, and when the
applied voltage is above a critical value, the electrostatic forces
overcome the surface tension in the polymer drop causing it to
stretch to form a cone (referred to as a Taylor cone) and
eventually a liquid jet that is accelerated toward the grounded
collection plate. During the flight of the resulting polymer jet, it
experiences a combination of stretching and whipping
(accompanied by solvent evaporation of polymer solutions)
leading to continuous ultrathin randomly oriented fibers in the
form of a nonwoven mat. It is generally recognized that
solution viscosity, surface tension, and electrical conductivity,
among other parameters, greatly influence fiber formation
(bead-free) and diameter.6 Higher viscosity and conductivity
and lower surface tension tend to yield bead-free fibers,
although extreme values can lead to practical difficulties in
electrospinning.7

Although electrospun nanofibrous polymers are widely
recognized to have potential applications in filtration, catalysis,
and sensing,8 they may also be useful in a wide variety of

biomedical applications.9−11 In particular, polymer nanofibers
can serve as tissue scaffolds, providing mechanical support for
cellular activities and growth,12−14 because they resemble the
body’s natural extracellular matrix (ECM).15 Previous studies
show that scaffolds with nanoscale features better support cell
attachment and proliferation when compared to scaffolds with
micrometer size structures due to increased cellular attach-
ment.9,16−20 Furthermore, electrospun nanofiber membranes
have excellent porosity, which is essential to allow for better cell
adhesion, cell ingrowth, and nutrient exchange during in vivo or
in vitro cell culture.15,21

Nanofibers made of natural polymers may be particularly
well-suited for tissue engineering applications because natural
polymers are biocompatible and biodegradable.21−23 They are
known to induce an appropriate response in a host organism,
have resorbable biodegradation products, and often have
reduced toxicity and inflammatory and immune responses.24−26

Commonly used natural polymers in tissue engineering are
collagen, gelatin, hyaluronan, chitosan, gelatin, and alginate.27,28

Recently, collagen, chitosan, and alginate based nanofibers were
successfully fabricated and showed good cellular compatibil-
ity.9,29−34 Additionally, composite nanofibers of silk fibrin and
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polyethylene oxide (PEO) have been fabricated and were able
to support bone marrow stromal cell attachment and growth,
despite the presence of the carrier polymer.35,36

Alginate, a naturally abundant linear anionic polysaccharide
extracted from brown sea algae, is of particular interest for
tissue scaffolds, because it has a similar structure to one of the
major components of the ECM in human tissue, glycosamino-
glycan (GAG).37−40 It has been widely investigated for tissue
engineering applications including cardiac tissue,41 bone,42

skin,43 liver,44 and cartilage45 regeneration. However, alginate in
aqueous solution does not readily electrospin. Typically, the
addition of an electrospinnable polymer such as polyethylene
oxide (PEO) or polyvinyl alcohol (PVA), similar to several
other natural polymers, is required.9,24,46−50 One of the
drawbacks in adding a second polymer to aid electrospinning
is that the alginate content has been limited to 40 wt %.46,50,51

Some studies have attempted to electrospin alginate by
adding a strong polar cosolvent like glycerol and obtained
nonbeaded fibers.52 With the addition of glycerol, the viscosity
increased substantially while the solution surface tension and
electrical conductivity decreased. The presence of the glycerol
is thought to enhance alginate chain entanglements in solution
as indicated by changes in solution rheology, which presumably
led to production of fibers. Alternatively, Bhattarai et al.
increased the alginate content to 80 wt % by adding 5 wt %
dimethylsulfoxide (DMSO), an organic solvent, and 0.5 wt %
Triton X-100, a nonionic surfactant, to the alginate-PEO.9 They
surmised that a dipole−dipole interaction was introduced
between alginate chains and DMSO since DMSO has a large
dipole.
Although seemingly intuitive, a fundamental understanding

of how electrospinning is facilitated in alginates has yet to be
established. Several conjectures regarding successful fiber
formation have been made, including sufficient alginate
entanglement, electrospinnability of the carrier polymer, and
interactions between alginate and carrier/cosolvent. The use of
surfactants to screen charges has also been suggested to further
improve the elecrospinability of alginates. In this work, we focus
on a systematic understanding of the role of the carrier polymer
and surfactant in relation to alginate electrospinning,
particularly with respect to the effect on polymer chain
dynamics in solution.
It has been shown empirically that fiber formation during

electrospinning54,55 is strongly correlated with the amount of
polymer chain entanglements in solution (C/Ce, where C is the
polymer concentration and Ce is the chain entanglement
concentration) for both neutral55 and polyelectrolye56 poly-
mers. Further, viscosity scaling relationships can be used as a
measure of chain entanglement. Colby et al. measured the
concentration dependence of viscosity of linear polymers in
good solvents and identified four different concentration
regimes including the dilute, semidilute unentangled, semidilute
entangled, and concentrated regimes.57,58 Boundaries between
concentration regimes were identified: the chain overlap
concentration (C*) is the intersection between the dilute and
semidilute unentangled regimes; the entanglement concen-
tration, Ce, is the intersection of the semidilute unentangled and
semidilute entangled regimes and is characterized as the stage at
which significant overlap of the polymer chains topologically
constrains the macromolecular chain motion, and C**as the
onset of the concentrated regime.59 For neutral copolyesters
with molecular weights well above the entanglement molecular
weight, Ce was the minimum concentration required for

electrospinning of beaded fibers, while 2−2.5 times Ce was
the minimum concentration required for electrospinning of
uniform, bead-free fibers.55 On the other hand, for a cationic
polyelectrolyte solutions of poly(2-(dimethylamino)ethyl meth-
acrylate hydrochloride) (PDMAEMA·HCl), fiber formation
was achieved at concentrations of at least 8 times Ce.

56

Utilizing viscosity scaling relationships to obtain a measure of
polymer entanglement, we aim to better understand the role of
additives (carrier polymers, cosolvents, and surfactants) to the
system.60−68 In this study, alginate blended with PEO in
aqueous solution was electrospun, sometimes with the addition
of a model nonionic surfactant Triton X-100, to thoroughly
characterize the effect of this surfactant on the system and
maximize the alginate content without the addition of an
organic solvent. We also systematically investigated the onset of
chain entanglement in aqueous alginate solutions both in the
absence and presence of PEO with varying molecular weights
(100, 200, 600, 1000, and 2000 kDa) in order to determine the
role of carrier polymer chain entanglement in fiber formation.
Changes in solution properties such as electrical conductivity,
shear viscosity, and surface tension were also determined to
further understand the relationship between the electro-
spinnability of the system and solution properties. Additionally,
polyvinyl alcohol (PVA) and PEO both have been shown by
experiment and ab initio calculations to have the ability to
coordinate with metal cations; hence, here we consider
coordination between the carrier polymer and sodium cation
in sodium alginate when in solution which may also affect
electrospinnability.69,70 We demonstrate that a successful
carrier polymer, which is one that facilitates production of
bead-free high alginate content fibers (up to 85 wt %), must not
only be electrospinnable, but must also have a high molecular
weight. We stipulate that at sufficiently large molecular weights,
the carrier polymer entangles despite the presence of alginates
and it is these carrier polymer (e.g., PEO-PEO) interactions
that facilitate electrospinning.
We would like to reiterate that the focus of this study has

been on the carrier polymer and explaining its role in terms of
entanglement and viscosity. We make no attempt to decipher
the mechanism of fiber formation in the electrospinning
process. Some elegant work has been done in this regard to
show that small molecules without entanglements can be
electrospun, that relaxation time, viscoelasticity and extensional
rheology play a critical role in fiber formation, and correlation
can be derived between fiber diameter and solution proper-
ties.71−78 These are important issues, but they fall outside the
realm of this study, both from its scope and length.

■ EXPERIMENTAL SECTION
1. Solution Preparation. For a typical procedure,

predetermined amounts of alginate (Sigma, Viscosity (25 °C,
2 wt % aqueous solution) = 250 or 2000 cP, low viscosity or
medium viscosity, with corresponding average molecular
weights of 46 and 100 kDa, respectively), PEO (Polysciences,
MW = 100−2000 kDa) and Triton X-100 (Sigma, Ultrapure)
were dissolved in deionized water. Unless otherwise indicated,
the standard molecular weight of PEO used was 1000 kDa. The
alginate and PEO aqueous mixtures were stirred for 3−4 h to
ensure complete dissolution, after which the two solutions were
combined in certain ratios and stirred several more hours.
Subsequently, the surfactant was added and the mixture was
stirred overnight. In another set of experiments, instead of
surfactant, salt (sodium chloride, Sigma) was added to

Industrial & Engineering Chemistry Research Article

dx.doi.org/10.1021/ie302385b | Ind. Eng. Chem. Res. 2013, 52, 8692−87048693



determine the effect of drastic increase in electrical conductivity
to electrospinning aqueous alginate−PEO solutions. After the
dissolution, the resulting solution was left for half an hour to
eliminate any air bubbles and was subsequently electrospun or
analyzed further. All concentrations are in weight percent
unless otherwise stated.
2. Solution Characterization. Rheological analysis was

performed at 25 °C using a TA Instruments AR-G2 stress-
controlled rheometer fitted with a 40 mm, 2° cone and plate
geometry. Steady shear experiments were performed on each
sample. To ensure uniform solution conditioning, a preshear
was applied at a shear stress of 1 Pa for 60 s followed by a rest
period of 120 s. Zero-shear viscosity was determined from the
steady shear experiments. It is to be noted that shear viscosity is
being used here as a proxy for extensional viscosity, which
would be important in electrospinning but difficult to measure.
Each experiment was performed at least twice, which were
reproducible within ±5 wt %. Surface tension was measured
using a Whilhelmy plate (Sigma 70, KSV Instruments Ltd.),60

and solution conductivity was measured with a conductivity
meter (Fisher Accument BASIC AB30) as described
previously.61

3. Electrospinning. The design of the electrospinning
setup was based on a point-plate configuration, using a
precision syringe pump (Harvard Apparatus, Holliston, MA)
and a high-voltage power supply (Gamma High Voltage
Research, model D-ES30 PN/M692). Details of the apparatus
have been previously described.61 Typically, a flow rate of 0.5
mL/h, a tip to collector distance of 15 cm, and a voltage of 6−
12 kV was used. The morphology and size of the resulting
electrospun nonwoven fiber mats were evaluated using
scanning electron microscopy (SEM, FEI XL30).

■ RESULTS AND DISCUSSION
1. Electrospinnability of Aqueous Sodium Alginate.

Previous studies have shown that aqueous solutions of sodium

alginate do not form fibers through electrospinning.9,50 Nie et
al. suggested that the rigid and extended worm-like molecular
chains of alginate prevent chain entanglement in aqueous
solution, thus inhibiting fiber formation during electrospin-
ning.49 We began by identifying the entanglement concen-
tration for alginate and attempting to electrospin concen-
trations up to saturation, since we hypothesize that

concentrations previously used in some studies may not have
been sufficiently above the entanglement molecular weight to
allow for fiber formation.
By measuring the specific viscosity (ηsp) as a function of

polymer concentration, we established the semidilute un-
entangled and semidilute entangled regimes (Figure 1).55,58

The viscosity scaling relationships obtained for alginate were ηsp
∼ C0.79 for the semidilute unentangled region, ηsp ∼ C1.6 for the
semidilute entangled region, and ηsp ∼ C3.3 for the concentrated
region, which agrees well with the theoretical predictions for
polyelectrolyte systems which are ηsp ∼ C0.5, ηsp ∼ C1.6, and ηsp
∼ C3.6, respectively,62 thus reinforcing the polyelectrolyte
behavior of alginate in water and is similar to previous studies
of cationic polymers.63 Interestingly, the scaling relationship in
the concentrated regime for the alginate system approximates
that of the neutral polymer because the electrostatic charges are
screened with the overlap of the electrostatic droplets as
theoretically predicted.62

Also, based on these data, the entanglement concentration of
aqueous alginate is 0.45 wt % alginate consistent with previous
studies.49,56 According to McKee et al., fiber formation with
polymer solution electrospinning is realized at a concentration
of at least 2−2.5 times Ce for a neutral and nonassociating
polymer and 9 times Ce for polyelectrolytes.

56,63 Therefore, in
the case of alginate, we may anticipate that at concentrations
above 4 wt % fibers could be formed. However, we were not
able to form fibers even at estimated saturation concentration
of 6 wt % (13Ce). SEM results for all alginate concentrations
(1−6 wt %) tested (Supporting InformationFigure A) show
that only large polymer droplets (no bead-free fibers or even
beaded-fibers) were achieved at all concentrations. Therefore,
results indicated that the inability to electrospin aqueous
sodium alginate is not due solely to a lack of entanglement.
The large size of the droplets seemed to indicate that the

high surface tension of alginate solution may prevent fiber
formation, so the addition of surfactant was also tested.
Bhattarai et al. used Triton X-100, a nonionic surfactant to
electrospin sodium alginate/PEO blend in H2O/DMSO
mixture and successfully electrospun fibers with 80 wt %
alginate content.9 We explored the addition of Triton X-100 in

Figure 1. Specific viscosity (ηsp) concentration dependence for low-
viscosity alginate (black squares) and alginate−1 wt % Triton (blue
triangles) systems in water showing polyelectrolyte solution dynamics.

Table 1. Solution Properties of Alginate, Alginate/PEO, and
Alginate/PEO/Triton Systems in Water at Room
Temperature As It Relates to Electrospinning

solution
composition

electrical
conductivity
(mS/cm)

surface
tension
(mN/m)

viscosity
(Pa·S)

fiber
formation

without Triton

4 wt % alginate 8.8 ± 0.1 60.9 ± 1.7 1.9 ± 0.1 no

4 wt % Alg/
PEO (70/30)

5.8 ± 0.1 50.7 ± 1.1 4.6 ± 0.2 no

4 wt % Alg/
PEO (50/50)

4.0 ± 0.1 45.8 ± 1.0 5.5 ± 0.3 yes

4 wt % Alg/
PEO (30/70)

2.4 ± 0.1 41.1 ± 1.8 9.3 ± 0.5 yes

4 wt % PEO 0.07 ± 0.1 36.8 ± 2.1 14.7 ± 0.7 yes

with Triton (1 wt %)

4 wt % alginate 8.6 ± 0.1 26.1 ± 1.1 1.8 ± 0.1 no

4 wt % Alg/
PEO (70/30)

5.8 ± 0.1 22.6 ± 1.4 4.5 ± 0.2 yes

4 wt % Alg/
PEO (50/50)

4.0 ± 0.1 21.5 ± 1.3 5.6 ± 0.3 yes

4 wt % Alg/
PEO (30/70)

2.3 ± 0.1 17.8 ± 1.0 9.2 ± 0.5 yes

4 wt % PEO 0.08 ± 0.1 13.7 ± 0.8 14.6 ± 0.7 yes
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sodium alginate in water (without DMSO) to determine if and
how the reduction of the surface tension would improve fiber
formation. The concentration of Triton used ranged from 0.6
to 1.0 wt % (40−67 times the critical micelle concentration),
and results from SEM analyses show that polymer droplets
formed after electrospinning in all concentrations of alginate
(3−6 wt %) used and no fiber formation were observed.
However, the size of the droplets was reduced dramatically with
the addition of 1 wt % Triton (representative results shown in
Supporting Information Figure A). Examining the solution
properties, we found that the addition of 1 wt % Triton in 4 wt
% alginate reduced the surface tension by at least a factor of 2,
without significantly changing the solution viscosity and
electrical conductivity (Table 1). Further, we verified that the
addition of Triton at a fixed concentration of 1 wt %, did not
affect the polymer entanglement (Figure 1). This is consistent
with the no-participation of Triton in the screening of the
repulsive electrostatic charges (previously suggested for other
polyelectrolytes) masking polyelectrolyte chain dynamics in

solution.56 Because the droplets remained, the reduction of
surface tension, though favorable to formation of fibers as
indicated by the production of smaller droplets, is not the only
factor in electrospinning alginate fibers. On the basis of the
aforementioned results, we believe that the high electrical
conductivity of the alginate solution coupled with high surface
tension also inhibit fiber formation, despite the presence of
chain entanglement.

2a. Electrospinning of Sodium Alginate−PEO Blends. It
has been previously shown that blending alginate with an
electrospinnable polymer (for example, PEO or PVA), enables
the formation of nanofibers by electrospinning.9,46−50 However,
very few studies comprehensively investigated the correlation of
the addition of these carrier polymers on the resulting viscosity,
electrical conductivity, and surface tension as well as the
viscosity scaling relationships, a measure of chain entanglement,
as they relate to electrospinnability.47,54,56,57 Hence, in the
following experiments, we tried to decouple the effect of these
parameters on the electrospinnability of alginate. We studied

Figure 2. SEM images of electrospun fibers from low-viscosity alginate and PEO blends, combining 3 wt % alginate and various percents PEO in
different ratios showing that the maximum alginate content (K, outlined in red) of bead-free fibers is about 43 wt %. Note that 43 wt % refers to the
absolute percentage of alginate in the nanofibers after electrospinning and not the solution.
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the addition of PEO as an electrospinnable carrier polymer and
examined the effect of adding Triton as a model surfactant and
related the change of solution properties to electrospinnability
and fiber formation.
Figure 2 shows the SEM images of the electrospun fibers

after the addition of PEO (with MW = 1000 kDa) at different
concentrations (2−4 wt %) in a fixed concentration of alginate
(3 wt %) (Figure 2). When alginate is combined with 2 wt %
PEO, fibers obtained at all alginate to PEO ratios were beaded
(Figures 2A−D), and the degree of beading increases with
increasing alginate content. However, when alginate is
combined with PEO at concentrations of 3 and 4 wt %,
nonbeaded fibers were obtained at alginate ratios of 30%
(Figure 2F) and 50% (Figure 2K), respectively, which resulted
in a maximum alginate content of 43 wt %, similar to previous
reports.46,50 Note that 43 wt % corresponds to the absolute
percentage of alginate in the nanofiber after electrospinning
whereas 50% refer to percentage of alginate in the solution.

2b. Effect of PEO on Alginate Solution Properties. To
understand the effect of PEO in electrospinning alginate, the
viscosity, electrical conductivity, and surface tension were
measured holding the total polymer concentration constant (4
wt %) and varying the ratio of PEO to alginate (Figure 3).
With increasing alginate concentration in the blends

(reduced ability to form fibers), the viscosity decreases
dramatically (Figure 3A), indicating that the addition of PEO
aids electrospinnability in part by increasing the viscosity of the
resulting solution. Dynamic data of elastic (G′) and viscous

Figure 3. (A) Viscosity, (B) electrical conductivity, and (C) surface
tension of aqueous low-viscosity alginate and PEO blends in the
absence and presence of Triton. The total polymer concentration is
fixed at 4 wt %.

Figure 4. Comparison of the viscosity scaling relationships of alginate,
alginate/PEO (70/30 wt. ratio), and PEO systems in water using low-
viscosity alginate. With increasing PEO concentration, the apparent
entanglement concentration increases and the scaling relationship in
the semidilute entangled region increases as highlighted by the arrows,
which indicated a shift in polymer solution dynamics of alginate
toward a neutral polymer behavior.

Figure 5. Comparison of the viscosity scaling relationships of alginate
using the 1.5 wt % PEO viscosity as the solvent viscosity (A) and
alginate using glycerol as a solvent (2:1 v:v ratio of glycerol to water)
(B). In both cases, the entanglement concentration is higher than that
of aqueous alginate. In the case of PEO, the scaling relationships
approach that of a neutral polymer in a good solvent.
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(G″) moduli (Supporting Information Figure B) shows
relaxation time also increases upon PEO addition. However,
the solution electrical conductivity and surface tension are also
affected by the addition of PEO, both decreasing with
increasing PEO concentration. For instance, at a 40:60
alginate:PEO ratio where nonbeaded electrospun fibers can
be achieved, the viscosity is increased by a factor of 2.5 times
that of the alginate solution, and the electrical conductivity and
surface tension are reduced from those of the alginate solution
by almost 50% and 20%, respectively. The reductions in surface
tension and conductivity, though slight compared to the
increase in viscosity, also help facilitate fiber formation.50 Since
electrical conductivity, surface tension, and viscosity change
with the addition of PEO, we attempt, in the next sets of
experiments, to isolate the effect of each solution property on
fiber formation, as well as to maximize the alginate content of
the electrospun fibers.
2c. Effect of PEO on Alginate Rheology and Chain

Entanglement. With the improvement of the electrospinn-
ability of alginate through the addition of PEO, we were
interested in evaluating the solution viscosity of the polymer
blends. We examined the viscosity scaling relationships, varying
the different ratios of alginate and PEO from 0% to 100%
alginate content. We observed a shift in the Ce of the system
from 0.45 for the pure alginate to 0.8 for neat PEO (Figure 4),
with the alginate/PEO (70/30) blend somewhere between 0.5
and 0.6 indicating the influence of PEO in the overall solution
behavior (pulling up the Ce of the system as the Ce of pure PEO
is higher). More importantly, the viscosities differ most at
higher concentration and the viscosity power-law behavior was
found to be affected by the addition of PEO. For example, the
viscosity scaling relationships obtained for alginate−PEO
system (70:30 alginate:PEO ratio) were ηsp ∼ C0.85 for the
semidilute unentangled region, ηsp ∼ C2.37 for the semidilute
entangled region and ηsp ∼ C3.45 for the concentrated region.
These results show that the addition of PEO to alginate
solution (PEO replaced 30% of alginate) affected the ηsp only at
the semidilute entangled regime as evident by the substantial
change in the slope from 1.6 to 2.37 (theoretically predicted to
be 3.75).66 This change is a reflection of the effect of PEO
shifting the solution dynamics toward a more neutral polymer
solution behavior.

If we examine the solution rheology considering PEO to be
part of the solvent system, i.e., calculate the specific viscosity
using the PEO solution viscosity as the solvent viscosity,
alginate behaves similarly to a neutral polymer in a good
solvent (Figure 5A). The viscosity scaling relationships
obtained in this case were ηsp ∼ C1.4 for the semidilute
unentangled region (theoretical ηsp ∼ C1.25) and ηsp ∼ C3.3 for
the semidilute entangled region (theoretical ηsp ∼ C3.75), with
an entanglement concentration of 0.78 wt % alginate. This
result indicates that in solution, the presence of PEO helps
reduce alginate−alginate interactions so that PEO−PEO
interactions dictate the solution behavior since polyelectrolytic
behavior is no longer observed.
Since alginate in a mixture of glycerol and water as solvent

has been reported to generate electrospun bead-free fibers, we
did examine the rheological behavior of our alginate in a
glycerol−water mixture to compare with PEO.52 When using
glycerol as a cosolvent, the viscosity scaling relationships were
ηsp ∼ C1.5 for the semidilute unentangled region and ηsp ∼ C5.2

for the semidilute entangled region (Figure 5B). There is an
increase in the scaling relationship in the semidilute entangled
region which may be an indication of increased molecular
interactions as increased concentration dependence has been
reported when salt is added to polyelectrolyte solutions and
associating polymers.53 However, the entanglement concen-
tration when using glycerol is 0.65 wt % alginate, higher than
alginate in water (0.45 wt %). On the basis of viscosity scaling
relationship, it does not appear that the presence of glycerol
increases alginate entanglement. This may explain why we were
not able to reproduce electrospun bead-free alginate fibers from
a mixture of glycerol and water.

2d. Effect of PEO Molecular Weight on Alginate Electro-
spinning. According to Nie et al., the ability of the PEO to
influence the electrospinnability of alginate requires the
presence of PEO chain entanglements.49 At a molecular weight
of 20 kDa, they determined that PEO did not form molecular
entanglements at all concentrations (up to 35% (w/v) and,
thus, explained why no bead-free fibers were formed when
blended with alginate. We expanded on their work, using PEO
with molecular weights between 100 and 2000 kDa. We found
entanglement concentrations for 100, 200, 600, 1000, and 2000
kDa using the specific viscosity dependence on concentration
for each of the molecular weights, and these results are shown
in Figure 6. The Ce were estimated to be 7.2, 3.7, 1.3, 0.78, and
0.48 wt % for 100, 200, 600, 1000, and 2000 kDa, respectively.
Aqueous PEO with initial concentrations of 15 (100 kDa), 7

(200 kDa), 5 (600 kDa), 3 (1000 kDa), and 3 (2000 kDa) wt %
was mixed with aqueous alginate (with initial concentration
fixed at 3 wt %) at weight ratios of 30:70, 50:50, and 70:30
(alginate:PEO) and electrospun. The choice for the initial
concentration of each PEO was made using two criteria: (1)
that the resulting alginate−PEO solution blends have similar
viscosity and (2) that the blend approximates at least 2.5Ce.
However, due to solubility issues, the initial concentration of
100 and 200 kDa were limited to 15 and 7 wt % which is close
to 2.0Ce. Figure 7 shows SEM images after electrospinning the
alginate−PEO solutions.
Blends with entangled 100 and 200 kDa PEO did not

produce defect-free fibers even if the absolute concentration of
alginate with respect to PEO was as low as 8 wt %. We did not
attempt to match other solution parameters (namely electrical
conductivity and surface tension) with the various molecular
weights; however, the variation in these parameters for lower

Figure 6. Specific viscosity (ηsp) dependence on concentration for
PEO with different molecular weights ranging from 100 to 2000 kDa.
The entanglement concentration, Ce, was determined from the ηsp
dependence on concentration and is shown for each PEO.
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molecular weight PEO should be favorable to electrospinning
since the absolute concentration of PEO in the alginate−PEO
solution increases with decreasing PEO molecular weight.
To further understand why entangled 100 and 200 kDa PEO

do not aid in fiber formation, we electrospun aqueous solutions
of each molecular weight PEO by itself. Results show that even
at concentrations approximating 2.5Ce, bead-free nanofibers
cannot be achieved (Supporting InformationFigure C) for
these two molecular weights. These data demonstrate that
carrier polymer entanglement does not guarantee the
generation of bead-free electrospun fibers. A higher degree of
molecular entanglements with the added polymer is required to
elicit sufficient chain entanglements in the resulting polymer
blend solution that would trigger fiber formation as seen for
PEO with molecular weight ranging from 600 to 2000 kDa.
Interestingly, the alginate content of bead-free fibers

increased with increasing PEO molecular weight. A maximum

of 70 wt % alginate content was achieved for 2000 kDa PEO
(see Figures 7E, J, and O); however, the fiber diameter
dramatically increased due to increased viscosity at this
concentration. When we decreased the concentration for this
system (alginate + PEO with MW = 2000 kDa) from 3 to 2 wt
%, we were able to achieve bead-free fibers with submicrometer
diameter (Supporting InformationFigure E) in all alginate−
PEO ratios up to 70 wt % alginate content. However, if the
PEO concentration was below the entanglement concentration,
defect-free fibers were not obtained.
To further investigate the effect of carrier polymer

entanglement, we extended our study to PVA, molecular
weight 205 kDa, which has been previously electrospun.68 On
the basis of the entanglement molecular weight previously
reported, we blended medium-viscosity sodium alginate with 7
wt % PVA at various ratios (Figure 8).68 However, we were not

Figure 7. Effect of PEO molecular weight (100−2000 kDa) on electrospinning medium-viscosity alginate−PEO blends at weight ratios of 30/70
(A−E), 50/50 (F−J), and 70/30 (K−O). The concentration of alginate solution before mixing was fixed at 3 wt % while the concentrations of 100,
200, 600, 1000, and 2000 kDa PEO were 15, 7, 5, 3, and 3 wt %, respectively. The scale bar shown on each SEM micrograph is 2 μm.
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able to produce uniform fibers, despite the fact that PVA on its
own produces bead-free fibers.
This result further demonstrates that even if the electro-

spinnable carrier polymer has sufficient entanglement to form
fibers on its own, it does not guarantee the generation of bead-
free composite fibers when blended with alginate.
Using PVA in comparison with PEO, we also consider the

effect of coordination between the sodium cation and the
carrier polymer. Both PVA and PEO have the ability to
coordinate with metal cations such as the sodium cation in
sodium alginate. It has been demonstrated both by experiment
and ab initio calculations that PVA coordinates through the
hydroxyl group (−OH), whereas PEO coordinates through the

oxygen of the ether group (−COC−), and the coordination
through the hydroxyl group is stronger than through that of the
oxygen of the ether group in PEO.69,70 Previously, we and
others have shown that the increase in PEO MW increases the
strength of metal coordination through the ether oxygen in
PEO by virtue of the increased number of pseudocrown ethers
(that can bind metal cations) formed in solution.61,79 Hence,
since the elctrospinnability of alginate is affected by higher MW
PEO as discussed earlier, we thought it expedient that another
experiment to approximate the effect of metal coordination be
attempted, thus the use of PVA.

Figure 8. Effect of adding 205 kDa PVA (7 wt %) on alginate (3 wt %,
medium viscosity) in (A) 30:70, (B) 50:50, and (C) 70:30 weight
ratios.

Figure 9. Effect of salt in (A) 0, (B) 1, and (C) 5 wt % concentrations
on the electrospinnability of a medium-viscosity alginate and PEO
blended system. The total concentration of the polymer blend was
fixed at 3 wt % at a 50:50 alginate to PEO ratio. Higher magnification
SEM micrographs are shown as inserts with 2 μm scale bars.
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Despite the increased strength of coordination in the case of
PVA, we were still unable to obtain uniform blend fibers with
alginate, although at the 30:70 alginate−polymer carrier ratio,
we were able to obtain beaded fibers for the case of PVA (205
kDa) as carrier compared to mostly droplets for the case of
PEO (200 kDa) as carrier, which may be due to the slightly
higher viscosity of PVA. On the basis of these results, we infer
that the electrospinnability of the blends cannot be significantly
attributed to coordination of the carrier polymer and metal
cations.
Through our systematic investigation with various molecular

weights of PEO and comparison of PEO to PVA, we deduce
that high molecular weight carrier polymers are required to
produce sufficient chain entanglements in the resulting polymer
blend solution to facilitate fiber formation as seen with higher
molecular weight PEOs. These results suggest that the
entanglements between the high molecular weight carrier
polymer molecules, and not those between the carrier polymer
and alginate, dominate the blend system, facilitating the
electrospinnability of the solution.

3. Effect of Salt in a PEO−Alginate System. To confirm
the effect of electrical conductivity on fiber formation, we
examined the addition of salt to an electrospinnable alginate−
PEO system. Previously, we have found that the presence of
AgNO3 and Ag nanoparticles improved the electrospinnability
of PEO up to a certain Ag salt concentration, but further
increase in Ag salt concentration disrupted fiber formation due
to increases in solution electrical conductivity.61 In this
experiment, we added salt to an electrospinnable aqueous
alginate−PEO blend (50:50 alginate:1000 kDa PEO) (Figure
9A). The advantage of this approach is that the addition of salt
(in this case NaCl) up to 5 wt % in aqueous alginate solution
increased the electrical conductivity without altering the
solution viscosity and surface tension. With the addition of
NaCl, the electroconductivity increased from 2.21 (0 wt %
NaCl) to 58.53 mS/cm (5 wt % NaCl). The presence of the
NaCl, even at 1% in which no crystals are formed, disrupted
fiber formation (Figure 9) validating our initial hypothesis that
the high electrical conductivity of alginate has a substantial
contribution to its inability to form fibers. Therefore, we

Figure 10. SEM images of electrospun fibers from low-viscosity alginate and PEO blends in various ratios with 1 wt % Triton, showing that the
maximum alginate content can be increased to 70 wt % (outlined in red). (inset) Higher magnification SEM micrographs with a 1 μm scale bar.
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surmise that the addition of PEO improves electrospinnability
by reducing electrical conductivity.
4. Effect of Nonionic Surfactant in a PEO−Alginate

System. Finally, we used a model nonionic surfactant (Triton
X-100) to vary the surface tension of alginate/PEO blends. We
note that addition of Triton (1 wt %) have minimal effect on
the solution dynamics of the alginate−PEO blends (Supporting
InformationFigure F). We hypothesized that decreasing the
surface tension with the addition of a surfactant may
compensate for the increase in electrical conductivity and

decrease in viscosity with increased alginate concentration and
afford the production of higher alginate content fibers.
We were able to electrospin nonbeaded nanofibers with

alginate content of at least 70 wt % by adding about 1 wt %
Triton (Figure 10). Further, we explored increasing alginate
content holding the surfactant concentration fixed at 1 wt %,
and we achieved a maximum of 85% alginate (Supporting
InformationFigure G).
We also explored the effect of surfactant concentration on

fiber formation. Above the critical micelle concentration,
surface tension is relatively independent of surfactant

Figure 11. SEM images of electrospun fibers from a medium-viscosity alginate and PEO blend (fixed at 80/20 alginate-to-PEO ratio) at different
Triton concentrations (given in weight percent). Bead-free fibers can be achieved with the addition of 0.5 to 1.5 wt % Triton. A maximum alginate
content of 80 wt % was obtained (outlined in red). (inset) Higher magnification SEM micrographs with a 1 μm scale bar.
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concentration.80 If the formation of fibers at higher alginate
concentration is due in part to high surface tension, then we
hypothesized that we should form fibers with the addition of
surfactant as long as the surfactant concentration is above the
CMC. Fixing the alginate:PEO ratio to 80:20, Figure 11 shows
that fibers can be obtained at Triton concentrations of at least
0.5 wt % (33 times the CMC), below which substantial beading
is observed.
This indicates that micelle formation contributes as well to

fiber formation and that the concentrations required are well
above the CMC of the surfactant. While similar results showing
surfactant-facilitated electrospinning have been reported,74 no
insight into this has been presented. Further investigation needs
to be pursued along this line. On the basis of the results
presented here, the presence of PEO favorably reduces surface
tension, which facilitates electrospinning. Higher concentra-
tions of alginate can be achieved by incorporating a nonionic
surfactant, further reducing the surface tension of the blend.

■ CONCLUSIONS
Sodium alginate alone cannot be electrospun from aqueous
solution; however, it can be electrospun by blending with an
appropriate polymer. Our work aimed to investigate and
understand the required properties of this “carrier polymer.”
Our results showed that alginate must be blended with a high
molecular weight electrospinnable polymer as the combination
of high surface tension and high electrical conductivity limited
the electrospinnability of aqueous sodium alginate. Interest-
ingly, by systematically studying PEO of various molecular
weight along with PVA, electrospinnability of the carrier
polymer alone does not guarantee fiber formation when
blended with alginate. Both electrospinnability and high
molecular weight (600 kDa) are required characteristics for
the carrier polymer.
The addition of PEO, which has been shown to allow fiber

formation during electrospinning, was determined to reduce
electrical conductivity and surface tension of alginate solution,
thereby aiding in fiber formation. However, it seems that PEO
coordination of the sodium cation through its ether group
(−COC−) did not significantly affect the electrospinnability of
the blends. On the basis of the work we present here, an
extremely important consideration was the molecular weight of
the carrier polymer used. Although both PVA and PEO are
electrospinnable polymers alone, only high molecular-weight
PEO blended with alginate yielded bead-free, alginate-rich
fibers. On the basis of these findings, we speculate that the
PEO−PEO interactions of the high molecular-weight entangled
PEO are key to “carrying” the alginate from solution to fibers
during electrospinning, and these interactions dominate in the
blended system.
We found, consistent with previous studies, that fiber

formation is realized at an alginate:PEO ratio between 40:60
and 50:50. On the basis of our fundamental understanding of
the role of PEO, we are able to increase the alginate
concentration by employing a higher molecular-weight PEO:
up to 70 wt % alginate using 2000 kDa PEO and, with, the
addition of Triton X-100 surfactant, up to 85 wt % alginate,
higher than previously reported.
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