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Although sodium alginate (SA) could not be electrospun from its aqueous solution, SA-based electrospun
nanofibers can be fabricated with the help of polyethylene oxide (PEO). In this study, the influence of PEO
on the electrospinnability of SA aqueous solution was investigated and the roles of chain entanglements
and conformations of the blend system were emphasized. It was found that a little amount of PEO100 with
high molecular weight could improve the electrospinnability of SA aqueous solution. However, a large
amount of PEO2 with low molecular weight had no positive effect on the electrospinnability of SA aqueous
solution. Dynamic laser light scattering (DLLS) results showed that only when the PEO molecular chains in
aqueous solution were in an entangled state, PEO can enhance the electrospinnability of SA aqueous
solution. The further study on rheological measurements showed that SA molecular chains could not form
significant entanglements for the electrospinning even when the SA solution concentration approached
concentrated regime. SA molecular chains are closely ‘‘overlapped’’ due to its rigid and extended confor-
mation and cannot form effective chain entanglement. The main contribution of PEO100 to improve SA
electrospinnability is offering entanglement sites and thereby enhancing the applicable entanglement
degree of the blend system. Whereas, although the chain interaction between PEO2 and SA may improve
slightly the flexibility of SA chains, the significant chain entanglements of the blend solution is not ach-
ieved. Three molecular models are proposed to depict visually the effect of PEO with different molecular
weights on chain conformations and entanglements of SA.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer nanofibers could offer a broad range of applications in
the fields of composites, protective clothing, catalysis, electronics,
filtration and biomedicine [1]. Electrospinning has been accepted
as an effective technique available for the production of ultra-thin
fibers from various synthetic and natural polymers [2]. Up to date,
more than one hundred polymers have been successfully
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electrospun into ultrafine fibers using the electrospinning tech-
nique. In terms of the sustainability of resources, natural polymers
are generally favored over synthetic polymers with the fact that
they are readily available and renewable resources. Therefore, the
electrospinning of natural polymers has become a hot issue in
recent years [3–12]. Water is sometimes a good solvent for natural
polymers, so electrospinning of these polymers from their aqueous
solutions should be a good choice from the reasons of environ-
mental protection, economic cost and practical application.
However, it was reported that most natural polymers are either
difficult or impossible to be electrospun from their aqueous solu-
tions [13–18]. Meanwhile, water-soluble synthetic polymers, such
as polyethylene oxide (PEO) and polyvinyl alcohol (PVA) were often
found to be helpful in fiber fabrication of natural polymers from
their blend solutions. Alginate is a typical example [15–18].

Alginate consists of mannuronate (M) and guluronate (G)
arranged in a nonregular block wise pattern with varying
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Fig. 1. Chemical structure of alginate.
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proportions of GG, MG, and MM units (Fig. 1) [19]. It is an abundant,
nontoxic, nonimmunogenic, and biodegradable polymer, which
makes it one of the most commonly used natural polymers in the
biomedical field [20–25]. Hence, many research groups have focused
on the fabrication of SA nanofibers by electrospinning [15–18,26].
However, electrospinning of SA from its aqueous solution is not
possible till now, and the previously electrospun SA fibers are all
based on the blend solutions of SA and PEO [15–18]or SA and PVA
[18]. Bhattarai et al. [15] ascribed the major challenge in electro-
spinning SA to the gelation of SA solution at a low concentration
(2 w/v% in deionized water). The SA solution could not contain
sufficient material to generate fibrous structures at a lower polymer
concentration, but the solutions are too viscous to be injected at
a higher concentration. Therefore, PEO (Mw, 900,000) was used to
decrease the solution viscosity by associating with SA through
hydrogen bonding. Lu et al. [16] considered the strong repulsive
force among the polyanion chains might be the key factor hindering
the electrospinning of SA, and proposed that the main function of
PEO is to decrease the conductivity of the solution. Recently, in our
group, electrospinning of the pure SA solution at a very low
concentration (below 2 w/v%) had been successfully carried out by
introducing glycerol as cosolvent [26]. We ascribed the key reason
that hindering the electrospinning of SA aqueous solution to the
insufficient chain entanglement between SA molecular chains.
Fig. 2. SEM images of SA based fibers electrospun from the blended solutions of SA/PEO
concentration was constant (3.5 w/v%).
In order to further understand the physical reason in the diffi-
culties of electrospinning of SA, we also studied the electro-
spinnability of the blended systems of SA and PEO. Therefore, this
study can be regarded as an extension of the work of Bhattarai, Lu
and our above work with the aim to understand the intrinsic role of
PEO on the improvement of SA electrospinning process. In this study,
two kinds of PEO with different molecular weights, and alginate with
medium viscosity were used. The electrospinnability of SA/PEO
solutions and their physical properties were investigated in detail.
By comparing the changes of the solution properties and the
spinnability before and after the addition of PEO, we demonstrated
that the failure in electrospinning SA was caused by the insufficient
chain entanglements for its rigid and extended chain structures and
consequent lack of elasticity to stabilize the electrospinning jet. The
role of PEO on the improved electrospinnability of SA was explained
by the rheological measurements, DLLS and molecular model.

2. Experimental

2.1. Materials

Sodium alginate (SA, w3500 cps for a 2% solution at 25 �C) was
purchased from Sigma. PEO (PEO100, Mw¼ 1000 kDa) was
purchased from Alfa Aesar. PEO (PEO2, Mw¼ 20 kDa), was obtained
100 with different mass ratio: (a) 100/0, (b) 95/5 (c) 90/10 and (d) 80/20. The total
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from Beijing Chem. Co. (Beijing, China). All the reagents were used
without further purification.

2.2. Electrospinning

All transparent solutions were prepared by dissolving a precise
amount of SA or PEO (PEO100 or PEO2) in the double distilled water
through gentle stirring. The mixed solutions were obtained by
mixing SA aqueous solutions and PEO aqueous solutions together
with proper volume ratios. A high voltage power supply (The Bei-
jing Machinery & Electricity Institute, China) was employed to
generate the electric field (0–50 kV). The applied voltage was fixed
at 20 kV and the tip-to-collector distance was 15 cm. The electro-
spinning temperature including polymer solution and the envi-
ronment was controlled at 50� 2 �C. The electrospinning solutions
were placed into a 5 mL syringe with a capillary tip which has an
inner diameter of 0.3 mm. A syringe pump was used to feed the
polymer solution into the needle tip at a feeding rate of 50 mL/min.
The alginate fibrous membranes dried at 50 �C overnight to remove
the remaining solvent.

2.3. Characterization

The morphologies of the electrospun fibers were observed using
scanning electron microscope (SEM, JEOL JSM-6700F, Japan) at an
accelerating voltage of 5 kV. Each sample was sputter-coated with
platinum for analysis. The conductivities of the spinning solutions
were measured by the conductivity meter (DDS-307A, Rex
Shanghai). FTIR spectra were recorded on an infrared spectrometer
(IR, BRUKER TENSOR 27, Germany) at 4 cm�1 resolution with 32
scans in the range of 4000–400 cm�1. Dynamic laser light scat-
tering (DLLS) measurements were carried out by a commercial LLS
spectrometer (ALV/DLS/SLS-5022F) equipped with a multi-s digital
time correlator (ALV5000) and a cylindrical 22 mW UNIPHASE He–
Ne laser (l0¼ 632.8 nm). The LLS cell is held in a thermostat index
matching vat filled with purified and dust-free toluene, with the
temperature controlled at 25� 0.02 �C. In dynamic LLS, the inten-
sity–intensity time correlation function G(2)(t, q) in the self-beating
mode was measured, where t is the decay time and q is scattering
vector (q¼ (4pn/l0) sin (q/2)). G(2)(t, q) can be related to the
normalized first-order electric field time correlation function
jg(1)(t, q)jvia the Siegert relation as

Gð2Þðt; qÞ ¼ A
h
1þ bjgð1Þðt; qÞj2

i

where AðhCIð0ÞD2Þ is the measured baseline.
The concentrations of the polymer solutions were in the range

of 0.04 w/v%–4 w/v%. Steady shear measurements were carried out
in a range of shear rates from 0.01 to 100 s�1at 25 �C on a TA2000
controlled-stress rheometer with a couette cup geometry. To
prevent water evaporation, the measuring system was surrounded
with a solvent trap. The values of zero-shear viscosity were deter-
mined by steady-state experiments.

3. Results and discussion

3.1. Electrospinning of the SA/PEO100 blended solutions

It has been reported that SA alone in its aqueous solution cannot
be electrospun. However, the electrospinnability of SA can be
improved greatly with the addition of PEO [15–18]. In this study, two
kinds of PEO with different molecular weights (PEO100,
Mw¼ 1,000,000; PEO2, Mw¼ 20,000) were used to blend with SA.
Firstly, the spinnability of SA/PEO100 solutions was investigated.
The total polymer concentration was fixed at 3.5 w/v% and the mass
ratio of SA to PEO100 was varied. As shown in Fig. 2a, no continuous
jets were observed and only irregular droplets were collected under
the applied voltage (0–30 kV) for SA aqueous solution. However, as
the PEO100 was added, spindle-on-string morphologies with a few
droplets were collected although the mass ratio of SA to PEO100 was
95/5 (Fig. 2b), that is, the concentration of PEO100 was only 0.175
w/v%. Fig. 2c shows that more fibers were collected when the mass
ratio of SA to PEO100 reached 90/10. Finally, as the mass ratio of SA
to PEO100 was 80/20, a continuous stable jet was observed and
smooth uniform fibers were also obtained (Fig. 2d). It can be
concluded that PEO100 played a positive role on improving the
electrospinnability of SA, and the SA/PEO100 bi-component nano-
fibers could be fabricated through a stable electrospinning process.

3.2. Electrospinning of the SA/PEO2 blended solutions

As a comparison, the low molecular weight PEO, namely PEO2,
were also used to mix with SA. The total concentration of the
blended solution of SA and PEO2 was fixed at 3.5 w/v%, and the
electrospinnability of the SA/PEO2 blended solutions was investi-
gated. It was found that the blended solutions of SA/PEO2 with the
mass ratio of SA to PEO2 in the range of 0.35 w/v%–1.75 w/v% could
not be electrospun at all and only irregular droplets were collected
as shown in Fig. 3(a–c). It has been reported that the molecular
chains of alginate are extended in water, even under a very high salt
concentration such as in 0.2 M NaCl solution and the chain rigidity
of alginate is similar to that of the cellulosic chain [27]. The inclusion
of glycerol or poly(ethylene glycol) can improve the flexibility of
alginate chains [28]. In our earlier work, we certainly utilized this
viewpoint and obtained SA electrospun nanofibers by adding glyc-
erol into SA aqueous solution [26]. Therefore, in the following study,
an improved chain flexibility of SA is expected by increasing the
amount of PEO2 in SA aqueous solution. The concentration of SA was
fixed 2.8 w/v%, and the concentration of PEO2 was varied from 4 w/v%
to 35 w/v% in the blended solution of SA/PEO2. The electro-
spinnability of SA/PEO2 was investigated. However, although the
electrospinning parameters were changed, none of the blended
solutions can be electrospun (Fig. 3 (d,e)), even when the concen-
tration of PEO2 reached a very high concentration of 60 w/v%. It is
obvious that PEO2 cannot improve the electrospinnability of SA.

3.3. Electrospinning of PEO aqueous solutions

In order to understand the critical role of PEO on the electro-
spinnability of SA, the spinnability of pure PEO was studied in this
work. Here, the concentration of PEO electrospun solution was
equal to that of PEO in SA/PEO blend solutions for electrospinning.
All the morphologies of the PEO after electrospinning were
summarized in Fig. 4. Fig. 4a shows that some beads with short tails,
a small number of beads and bead-on-string structure were
obtained when PEO100 aqueous solution was electrospun at a very
low concentration (0.175 w/v%). With the concentration increased,
bead-on-string morphology (Fig. 4b) and then spindle-on-string
morphology (Fig. 4c) were obtained. For all PEO2 solutions,
electrospinning was impossible, even when the concentration
approached 35 w/v% (Fig. 4d–h).

During the electrospinning process of polymer solutions, it has
been established that beads, beaded-on-string, and fibers may be
gradually obtained with an increase in polymer concentration. The
formation of chain entanglements has been acknowledged as the
primary effect in this progress [29]. Eda reported [30] that at
a certain molecular weight, the effect of concentration on the
electrospinning process can be described by two critical concen-
trations, Ci (a transition concentration from bead-only structure to



Fig. 3. SEM images of SA based fibers electrospun from the blended solutions of SA/PEO2 with different mass ratio: (a) 90/10, (b) 80/20 and (c) 50/50, as the total concentration was
3.5 w/v%; (d) 7 w/v% and (e) 35 w/v% represent the concentration of PEO2 as the concentration of SA was 2.8 w/v%.
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bead-on-string structure) and Cf (a transition concentration from
bead-on-string structure to bead-free fiber). Below Ci, only beads
can be produced due to insufficient chain entanglements in the
solution. Above Ci, a combination of beads and fibers is observed
and when the concentration is increased above Cf, complete fibers
are produced. Ci is typically near the entanglement concentration
Ce (the boundary concentration between the unentangled and
semidilute entangled regimes, defined as the point at which
significant overlap of the polymer chains topologically constrain
the chain motion, causing entanglement couplings). Therefore,
based on above observation, 0.175 w/v% should be close to Ci, and
0.35 w/v% should be above Ci of PEO100 aqueous solution. But for
PEO2 aqueous solutions, the corresponding chain entanglements
apparently did not exist even at a relative high concentration (1.75
w/v%) due to its low molecular weight.

3.4. Dynamic laser light scattering (DLLS) of PEO aqueous solutions

To understand the onset concentration of molecular chain
entanglements in PEO aqueous solution, dynamic laser light
scattering measurement was carried out. Fig. 5a shows typical
plots of the intensity–intensity correlation function for the
PEO100 aqueous solution in both the dilute and semidilute
regimes, and Fig. 5c shows the corresponding plots of character-
istic relaxation time distribution function analyzed by the CONTIN
method. When C< C* (C*, the critical overlap concentration),
a single relaxation mode is observed, which is related to the
mutual diffusion of individual polymer chains. As the concentra-
tion increases and enters the semidilute regime, the chains begin
to overlap and entangle, and new dynamical processes involving
chain entanglement begin to occur besides the fast relaxation
mode. The fast mode measures the cooperative diffusion of the
polymer between entanglement points. Therefore, as its decay
time becomes shorter and shorter, more and more entanglement
points can be formed for one chain. Therefore, it is not surprising
that some bead-on-string structure was observed when PEO100
with the concentration of 0.175 w/v% was electrospun. This means
the chain entanglement of PEO100 at this concentration is not
tight enough to withstand the elongation and capillary instability
during the spinning process, then the jet still broke up into
droplets. Fig. 5b shows typical plots of the intensity–intensity
correlation function for the PEO2 aqueous solution in both the



Fig. 4. SEM images of pure PEO membranes (a) PEO100 (0.175 w/v%), (b) PEO100 (0.35 w/v%), (c) PEO100 (0.7 w/v%); (d) PEO2 (0.35 w/v%), (e) PEO2 (0.7 w/v%) (f) PEO2 (1.75 w/v%),
(g) PEO2 (7 w/v%) and (h) PEO2 (35 w/v%).
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dilute and semidilute regimes, and Fig. 5d shows the corre-
sponding plots of characteristic relaxation time distribution
function analyzed by the CONTIN method. However, for PEO2
aqueous solution, slow mode is not observed when the concen-
tration was changed in a wide concentration range. This may be
caused by the low molecular weight of PEO2, which is below its
entanglement molecular weight (Me), so it would not form an
entanglement system. Solutions used for electrospinning should
be concentrated enough and the polymer chains should also be
highly entangled. This is why PEO2 solutions with the concen-
trations varied from 1.75 w/v% to 60 w/v% cannot be electrospun
at all.

When comparing Figs. 1 and 2, we found that the addition of
SA can improve the chain entanglements in the blend solutions,
and uniform SA/PEO100 fibers can be collected (Fig. 2c), while
only bead-on-string structures can be obtained from pure
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PEO100 solution via electrospinning at this concentration (Fig.
4b). This implies that there may have an interaction between SA
and PEO100 chains, which makes the chain entanglements of the
blended solutions tighter than that of PEO100 aqueous solu-
tions. Fig. 6 shows the FT-IR spectra of original SA, PEO100 and
SA/PEO100 fibers in the wave number ranges of 4000–400 cm�1.
The IR spectrum of SA showed some characteristic absorption
bands at 3385 cm�1 (OH stretching), 1608 cm�1 (COO� asym-
metric stretching), and 1410 cm�1 (COO� symmetric stretching).
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The characteristic band of PEO100 was observed at 1120 cm�1

and 843 cm�1 due to the C–O–C asymmetric stretch and bending
vibrations. For SA/PEO100 blend fibers, a significant difference in
the region of the C–O–C asymmetric stretch was observed. The
absorption band at 1120 cm�1 for original PEO shifted to a lower
wave number with the addition of SA. This indicates that the
interaction between SA and PEO can be formed through
the hydrogen bonding between the hydroxyl groups of SA and
the ether oxygen groups of PEO.
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90/10, 80/20 and 0/100 represent the mass ratio of SA to PEO100.



Table 1
The physical properties of SA/PEO solutions.

SA/PEO Conductivity (mS/cm) Viscosityb (pa s) Spinnabilitya

100/0c 6.87 8.74 –
95/5c 6.49 9.23 �
90/10c 6.20 10.77 �
80/20c 4.88 12.40 þþ
90/10d 6.31 6.22 –
80/20d 4.94 4.44 –
50/50d 3.87 0.10 –
8/100e 1.18 61.09 –

Note: þ stable jet without fiber; � fiber without stable jet; þþ fiber with stable jet.
a No stable jet or no fiber, only splashed liquid.
b Zero shear viscosity determined by steady shear measurements.
c SA/PEO100, the total concentration was 3.5 w/v%.
d SA/PEO2, the total concentration was 3.5 w/v%.
e SA/PEO2, the concentration of SA was 2.8 w/v%, the concentration of PEO2 was
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Fig. 7. The dependence of specific viscosity (hsp) on concentration of SA/PEO blended
solutions. 80/20 and 50/50 respectively represent the mass ratio of PEO100/SA and
PEO2/SA.
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3.5. Physical properties of the SA/PEO aqueous solutions

The physical properties of SA/PEO solutions were investigated in
detail as shown in Table 1. For the blended solutions of SA/PEO, the
conductivity decreased with the increase in PEO content. However,
only the blended solutions of SA/PEO100 can be electrospun
instead of SA aqueous solution and the blended solution of
SA/PEO2. It seems that the decreased conductivities cannot assure
an improved electrospinnability of SA aqueous solution. The
viscosities of the blended solutions SA/PEO100 are all higher than
that of SA aqueous solution. As Lu reported, SA is a polyelectrolyte
and can form solutions with a wide range of viscosity. Viscosity
should not be a limiting factor in this case. Therefore, it can be
deduced that neither the viscosity nor the conductivity can be the
main obstacle in the electrospinning of SA. The zero shear viscosity
of 2.8 w/v% SA aqueous solution was 4.21 Pa s. However, when 35
w/v% PEO2 was added in SA aqueous solution, the viscosity of the
blended solution increased to 61.09 Pa s. The viscosity of PEO2 itself
at this concentration (0.2 Pa s) cannot affect the viscosity of
SA/PEO2 system enough. Therefore, it can be deduced that the
major contribution of the addition of PEO2 into the SA solution was
to change the SA chain conformation through the interaction
between PEO2 and SA chains. Consequently, the SA chain entan-
glements must have been enhanced which led to the increase in
viscosity of the blended solution. However, in this system, the
improved flexibility of SA chains was not enough to form effective
chain entanglement for electrospinning.

Shear rate sweeps from 0.01 to 100 s�1were performed at
25 �C on the polymer solutions to determine the dependence of
specific viscosity (hsp) on concentration. For alginate, a natural
polyelectrolyte, its viscosity hsp at low concentrations should be
proportional to the square root of polymer concentration hsp w C1/2.
In this semidilute unentangled regime (C*< C< Ce), no chain
entanglements are formed. The viscosity scaling relationships for
polyelectrolyte solution without salt added in the semidilute
entangled (Ce< C< CD) and concentrated regimes (C> CD) are
hsp w C1.5 and hsp w C3.75, respectively. CD marks the onset
concentration of the concentrated regime [31]. As shown in Fig. 7,
the concentration of 3.5 w/v% of SA is much higher than the
measured entanglement concentration (Ce¼ 0.4 w/v%). However,
SA aqueous solution in its concentrated regime cannot be elec-
trospun at all. It seems that the traditionally defined molecular
chain entanglement cannot be directly applied to the electro-
spinnability of SA, although it is very important to PEO as
described earlier. This might be caused by the special chain
structure and chain conformation of SA in aqueous solution. It can
be speculated that if one molecular chain of SA occupies a domain,
then the other molecular chains of SA can ‘‘enter’’ this domain
when the concentration approaches the entanglement concen-
tration. However, due to their rigid and extended chains, the
molecular chains of SA cannot entangle each other to form an
interpenetrating network as occurs with flexible molecular chains
of PEO. The SA chains just exhibit closely spaced ‘‘overlap’’ even at
its concentrated regime. The SA molecular chains just slide against
each other during the electrospinning process. This is why elec-
trospinning of alginate aqueous solution is very difficult or
impossible, which was demonstrated in our earlier work [26].
Although the electrospinning concentration of SA/PEO2 was also
above its measured Ce, the blended solution of SA/PEO2 cannot be
electrospun. It is obvious that the chain entanglement of SA/PEO2
system which is mainly contributed by SA chains is not tight
enough for electrospinning.

It is known that the formation of uniform fibers always
requires proper chain entanglements [29]. Previous electro-
spinning results showed that the effective chain entanglements in
SA/PEO100 solutions with a ratio of 90/10 or 80/20 at a concen-
tration of 3.5 w/v% have been formed. The concentration of
SA/PEO100 solution with a ratio of 80/20 (3.5 w/v%) is also higher
than its Ce (Fig. 7). However, rheological results have already
showed that the closely overlapped chains of SA did not contribute
to its electrospinnability. Therefore, the effective chain entangle-
ment in SA/PEO100 solutions must be mainly coming from the
contribution of PEO100.

PEO is a flexible polymer. PEO100 chains begin to entangle
each other at a concentration less than 0.16 w/v% determined by
DLLS. With the concentration increased, the entanglement
degree of PEO100 chains increased greatly. Therefore, when more
and more PEO100 was added into SA aqueous solution, more and
more molecular chains of SA were included in the network
formed by PEO100 molecular chains. This is why the production
of electrospun fiber from the SA/PEO100 solution increased as
the ratio of PEO100 to SA was increased. As a result, the elec-
trospinnability of SA/PEO100 solutions was improved greatly.
PEO2 with low molecular weight cannot form effective chain
entanglements even at a very high concentration of 4 w/v%. In
SA/PEO2 solutions, the measured chain entanglements were
mainly coming from the closely overlapped SA molecular chains.
Therefore, the electrospinnability of SA/PEO2 solutions was not
improved.



Fig. 8. The schematic drawing of the chain conformation in SA and SA/PEO systems (a) pure SA solution; (b) SA/PEO100 blended solution; (c) SA/PEO2 blended solution.
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3.6. Model illustration for the contribution of PEO to the
electrospinnability of SA

Fig. 8 depicts the role of PEO on the chain entanglements of SA
aqueous solution in schematic view. Although the concentration of
SA has approached its concentrated regime and the molecular
chains of SA are closely ‘‘overlapped’’ each other, they cannot
entangle each other due to the rigid and extended chain confor-
mation of SA. Therefore, we make a circle to depict the domain of
each SA molecular chain occupied, although SA molecular chains
have entered the domains of each other as the concentration
increased, however, SA chains cannot really entangle each other,
they just pack-like planks (Fig. 8a). For PEO100, its long and flexible
molecular chains can easily form a physical network even at a lower
concentration. Therefore, when SA was added in PEO100 aqueous
solution, the SA molecular chains were definitely enclosed in the
PEO100 network. It seems that the role of PEO100 is offering a cage
to enclose SA molecular chains into its large physical networks. In
addition, this makes the chain entanglements of the blended
solution of SA/PEO100 tighter than those of PEO100 aqueous
solution (Fig. 8b). For PEO2, the molecular chains of PEO2 in its
aqueous solution cannot form effective chain entanglements and
they may exist in the form of short random coils. When SA was
added, PEO2 chains just spread around the SA molecular chains and
endowed the SA chains an enhanced flexibility. However, this
changing of the SA chains has no ability to form an effective
entanglement network (Fig. 8c).

4. Conclusions

SA alone cannot be electrospun from its aqueous solution, but its
electrospinnability was greatly improved by adding high molecular
weight PEO100. The low molecular weight PEO2 cannot improve
the electrospinnability of SA. The properties of the SA solutions
revealed that the failure of electrospinning from SA solutions
cannot be simply attributed to their polyelectrolyte characteristics
or their high viscosity. DLLS results showed that when the molec-
ular chains of PEO in SA aqueous solution reached the entangled
regime, they have the ability to improve the electrospinnability of
SA. The rheological measurements of SA solutions showed that
even when the concentration of SA approached its concentrated
regime, no effective chain entanglements could be formed to ach-
ieve the electrospinning requirement. The molecular chains of SA
closely overlap each other and no entanglement network can be
formed due to the rigid and extended chain conformation of SA. The
molecular chains of PEO100 in SA aqueous solution played an
important role to provide entanglement site to SA molecular chains
and to incorporate them into the overall physical networks, so that
SA was included in the fiber during the electrospinning of the blend
solution of SA and PEO100. However, PEO2 chains cannot form
a physical network in its solutions due to its low molecular weight.
Therefore, PEO2 has no ability to improve the SA electrospinnability
even though PEO2 could enhance the flexibility of SA chains. Three
schematic pictures were used to depict the role of PEO with
different molecular weight on the chain entanglements of SA.
Acknowledgment

This work was financially supported by the National Nature
Science Foundation of China (No: 50503023, 50821062) and the
CMS Creative Project of CAS (CMS-Y200709).
References

[1] Dersch R, Steinhart M, Boudriot U, Greiner A, Wendorff JH. Polym Adv Technol
2005;16:276–82.

[2] Jayaraman K, Kotaki M, Zhang YZ, Mo XM, Ramakrishna S. J Nanosci Nano-
technol 2004;4:52–65.

[3] Kim CW, Kim DS, Kang SY, Marquez M, Joo YL. Polymer 2006;47:5097–107.
[4] Kulpinski P. J Appl Polym Sci 2005;98:1855–9.
[5] Viswanathan G, Murugesan S, Pushparaj V, Nalamasu O, Ajayan PM,

Linhardt R. Biomacromolecules 2006;7:415–8.
[6] Rho KS, Jenong L, Lee G, Seo B, Park YJ, Hong SD, et al. Biomaterials

2006;27:1452–61.
[7] Li JX, He AH, Zheng JF, Han CC. Biomacromolecules 2006;7:2243–7.
[8] Huang ZM, Zhang YZ, Ramakrishna S, Lim CT. Polymer 2004;45:5361–8.
[9] Um IC, Fang D, Hsiao BS, Okamoto A, Chu B. Biomacromolecules 2004;5:

1428–36.
[10] Li JX, He AH, Han CC, Fang D, Hsiao BS, Chu B. Macromol Rapid Commun

2006;27:114–20.
[11] Noh HK, Lee SW, Kim JM, Oh JE, Kim KH, Chung CP, et al. Biomaterials

2006;27:3934–44.
[12] Geng X, Kwon OH, Jang J. Biomaterials 2005;26:5427–32.
[13] Liu Y, Chen J, Misoska V, Wallace GG. React Funct Polym 2007;67:461–7.
[14] Jin HJ, Fridrikh SV, Rutledge GC, Kaplan DL. Biomacromolecules 2002;3:

1233–9.
[15] Bhattarai N, Li Z, Edmondson D, Zhang M. Adv Mater 2006;18:1463–7.
[16] Lu JW, Zhu YL, Guo ZX, Hu P, Yu J. Polymer 2007;47:8026–31.
[17] Lee YJ, Shin DS, Kwon OW, Park WH, Choi HG, Lee YR, et al. J Appl Polym Sci

2007;106:1855–9.
[18] Safi S, Morshed M, Hosseini Ravandi SA, Ghiaci M. J Appl Polym Sci

2007;104:3245–55.
[19] Martinsen A, Skjakbraek G, Smidsrod O. Biotechnol Bioeng 1989;33:79–89.
[20] Hashimoto T, Suzuki Y, Yamamoto E, Tanihara M, Kakimaru Y, Suzuki K.

Biomaterials 2004;25:1407–14.
[21] Bouhadir KH, Lee KY, Alsberg E, Damm KL, Anderson KW, Mooney DJ. Bio-

technol Prog 2001;17:945–50.



H. Nie et al. / Polymer 50 (2009) 4926–49344934
[22] Mierisch CM, Cohen SB, Jordan LC, Robertson PG, Balian G, Diduch DR.
J Arthrosc Relat Surg 2002;18:892–900.

[23] Alsberg E, Anderson KW, Albeiruti A, Franceschi RT, Mooney DJ. J Dent Res
2001;80:2025–9.

[24] Chung TW, Yang J, Akaike T, Cho KY, Nah JW, Kim SI, et al. Biomaterials
2002;23:2827–34.

[25] Dar A, Shachar M, Leor J, Cohen S. Biotechnol Bioeng 2002;80:305–12.
[26] Nie HR, He AH, Zheng JF, Xu SS, Li JX, Han CC. Biomacromolecules 2008;
9:1362–5.

[27] SmidsrØd O. Carbohydr Res 1970;13:359–72.
[28] Salmieri S, Lacroix M. J Agric Food Chem 2006;54:10205–14.
[29] Shenoy SL, Douglas Bates W, Frisch HL, Wnek GE. Polymer 2005;46:3372–84.
[30] Eda G, Liu J, Shivkumar S. Mater Lett 2007;61:1451–5.
[31] Rubinstein M, Colby RH, Dobrynin AV. Phys Rev Lett 1994;73:2776–9.


	Effect of poly(ethylene oxide) with different molecular weights on the electrospinnability of sodium alginate
	Introduction
	Experimental
	Materials
	Electrospinning
	Characterization

	Results and discussion
	Electrospinning of the SA/PEO100 blended solutions
	Electrospinning of the SA/PEO2 blended solutions
	Electrospinning of PEO aqueous solutions
	Dynamic laser light scattering (DLLS) of PEO aqueous solutions
	Physical properties of the SA/PEO aqueous solutions
	Model illustration for the contribution of PEO to the electrospinnability of SA

	Conclusions
	Acknowledgment
	References


