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a b s t r a c t

This study is aimed to assess the doping effects of monovalent, bivalent, and trivalent metal ions on
the morphological appearance of the electrospun chitosan/poly(ethylene oxide) (PEO) blend nanofibers.
Scanning electron micrographs confirmed that the presence of 0.4–1.6 wt% NaCl (or KCl) in the blend
solutions produced nanofibers, accompanying re-crystallization of inorganic salts, while addition of
appropriate amounts of CaCl2 or FeCl3 (∼0.8 wt%) resulted in beneficial effect on defect-free nanofibers.
vailable online 21 November 2010
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The Fourier transform infrared spectra and rheological analysis results implied that the addition of metal
ions were favorable for decreasing the viscosity (45–60%) and hydrogen bonds of the blends. Moreover,
the fabrication of metal-ion-modulated chitosan/PEO nanofibers would lend experience to processing
binary, ternary or multinary biologically active trace elements-codoped nanofibers via electrospinning.
This general electrospinning strategy, which involves doping of metal ions, may be versatile to modulate

funct
heological property
lectrospinning

the fibrous structure and

. Introduction

The use of electrohydrodynamics to produce organic polymer
bers is well documented (Li & Xia, 2004). In brief, solutions or
elts are pumped through a nozzle at very low flow rates (normally

.1–1.0 mL h−1), and the solvent in the jet stream rapidly evapo-
ates during fiber formation. Electrospinning is developing fastly
ecause of its ability to produce fibrous mats with high surface area
hat can be used in biomedical and other scientific areas (Agarwal,

endorff, & Greiner, 2008; Jayakumar, Prabaharan, Nair, & Tamura,
010). In order to generate electrospun fibers successfully on a
ypical laboratory electrospinning setup, specific solution proper-
ies (e.g. viscosity, electrical conductivity), process parameters (e.g.
lectrical field strength, fluid flow rate), and environmental humid-
ty should be considered (Agarwal et al., 2008; Liu et al., 2010;
heron, Zussman, & Yarin, 2004).

Chitosan is a natural copolymer of glucosamine and N-
cetylglucosamine and it has an amine functional group which
s strongly reactive with inorganic anions (Varma, Deshpande, &

ennedy, 2004). Chitosan is hypoallergenic and is widely studied
wing to its excellent wound healing acceleration and natu-
al antibacterial properties (Muzzarelli, 2009; Mitani, Nakalima,
ungkano, & Ishii, 1995; Torres-Giner, Ocio, & Lagaron, 2008). Elec-

∗ Corresponding author. Tel.: +86 571 8697 1782; fax: +86 571 8697 1539.
E-mail address: zhrgou@zju.edu.cn (Z. Gou).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.11.031
ionality of polymers.
© 2010 Elsevier Ltd. All rights reserved.

trospinning of chitosan is a promising process to produce fibrous
mats with fiber diameter of ∼100 nm. However, electrospinning
of pure chitosan from its aqueous solution remains to be a prob-
lem due to its high viscosity and strong hydrogen bonds (Homa,
Seyed, Hosseini, & Masoumeh, 2009; Geng, Kwon, & Jang, 2005).
Thus, spinnability of chitosan deserves a special attention, since
there is a need for versatile pathway to improve fibrous structure
without involving labor-intensive procedure.

It has been reported that individual chitosan fibers could be pro-
duced with the utilization of non-aqueous solvents. For instance,
the pure chitosan has been electrospun from harmful solvents such
as trifluroacetic acid (Ohkawa, Cha, Kim, Nishida, & Yamamoto,
2004) and hexafluoro propanol (Min et al., 2004). Meanwhile, chi-
tosan blends with other polymers, such as polyvinyl alcohol (PVA)
(Son, Yeom, Song, Lee, & Hwang, 2009), polyacrylamide (Desai &
Kit, 2008), polyethylene oxide (PEO) (Klossner, Queen, Coughlin,
& Krause, 2008), and zein (Torres-Giner, Ocio, & Lagaron, 2009)
have been used to electrospin composite fibers. On the other hand,
there are a few reports in literature on the use of inorganic ions
or nanoparticles as doping agents for producing electrospun fibers
(Ji, Medford, & Zhang, 2009; Saquing, Manasco, & Khan, 2007). Zhu
et al. reported that calcium ions deteriorated spinnability of PVA

solutions due to the intermolecular crosslinking occurred between
PVA chain and metal ions that resulted in the abnormal surface
tension (Zhu, Gao, Xu, & Xu, 2007). One of the major applications of
chitosan and its many derivatives are based on its ability to chelate
metal ions (Muzzarelli, 1996, 1973). However, very little work is

dx.doi.org/10.1016/j.carbpol.2010.11.031
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:zhrgou@zju.edu.cn
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ig. 1. SEM images of electrospun products with different chitosan/PEO ratio. (a–g)
olution, (i–k) the products from the chitosan solutions containing 0.4 wt% inorga
norganic salts. Inset data is the chitosan/PEO weight ratio in the solutions.
ocusing on the effect of metal ions on morphology and integrity of
lectrospun chitosan products.

In this study, a variety of metal ion-modulated chitosan/PEO
lectrospun nanofibers were produced and investigated. PEO is

ig. 2. SEM images of electrospun nanofibers from the chitosan/PEO blend solution (chito
he circled and arrowed beads were NaCl and KCl nanocrystals, respectively.
roducts from the chitosan/PEO blend solutions, (h) the products from the chitosan
lts, (l–n) the products from the chitosan/PEO blend solutions containing 0.4 wt%
chosen as a counterpart because it is a hydrophilic, protein resistant
polymer which allows a slowed clearance of the carried pro-
tein from blood (Harbers et al., 2007). Thus the chloride salts of
monovalent (Na+, K+), bivalent (Ca2+, Sr2+, Zn2+, Mg2+, Fe2+), and

san/PEO = 3:7) in the presence of 0.4–1.6 wt% NaCl (a–c) and KCl (d–f), respectively.
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ig. 3. SEM (magnified) images of nanofibers from the chitosan/PEO blend solution (c

rivalent (Fe3+) on the spinnability of chitosan/PEO blends was
tudied.

. Materials and experiment

.1. Chemicals and solution preparation

Chitosan (MW = 50 kDa) with a degree of deacetylation of
0% was purchased from Haidebei Marine Bioengineering Inc.,

hina. PEO (MW = 700 kDa) was obtained from Sinopharm Chemical
eagent Inc., China. The reagent grade NaCl, KCl, CaCl2, MgCl2, SrCl2,
nCl2, and FeCl3 (BBI, Canada) were used as received. Firstly, the
norganic salt solutions (16 wt%) of monovalent (Na+, K+), bivalent
Ca2+, Mg2+, Sr2+, Fe2+), and trivalent (Fe3+) metal ions were pre-
n/PEO = 3:7) in the absence (a) and presence (b–f) of 0.1–1.2 wt% CaCl2, respectively.

pared in deionized water and then filtered through a 0.22-�m pore
membrane, respectively. The chitosan (3.0 wt%, in 0.5 wt% acetic
acid) and PEO (5.0 wt%) solutions were also prepared, respectively.
Then the chitosan/PEO blend solutions with different chitosan/PEO
ratio and inorganic salt concentrations were prepared by mixing
appropriate amounts of the solutions above.

2.2. Electrospinning of metal ion-free chitosan/PEO solutions
A series of chitosan/PEO composites were prepared with a
variety of chitosan/PEO ratio. In a typical procedure, 5 mL blend
solution with chitosan/PEO = 3:7 (w/w) was loaded into the syringe
equipped with a metal needle, and the needle was connected to
a high-voltage power supply (ES30-20W, Dongwen High Voltage
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Fig. 4. SEM images of nanofibers from the chitosan/PEO blend solutio

nc., China). The solution was continuously supplied using a syringe
ump at a rate of 0.2 mL h−1. The voltage was 12 kV and collec-
ion distance was 8 cm. A typical collecting time was 5 min. The
rounded aluminum foil was used as collector. The spinning pro-
ess was conducted in a lab-made glove box, in which the relative
umidity was controlled at the level of ∼20%.

.3. Electrospinning of metal ion-rich chitosan/PEO solutions

In a typical procedure, 5 mL of blend solution with chi-
osan/PEO = 3:7 and 0.4 wt% NaCl was loaded into the syringe. The
olution was continuously supplied using a syringe pump at a rate
f 0.2 mL h−1, while the other conditions remained constant. Sim-
larly, fibers were prepared using solutions with KCl by the same

ethod.
To investigate the effect of bivalent metal ions on chitosan/PEO

bers, the fibers were prepared with CaCl2 concentration of
.4–1.6 wt%, with chitosan/PEO ratio of 3:7, while the other con-
itions remained constant. Similarly, the effect of Fe3+ ions on
bers was tested for the chitosan/PEO blend solutions with FeCl3

oncentration of 0.4–1.2 wt%, while the other conditions remained
onstant.

In addition, an array of biologically active trace element
etal (magnesium, strontium, zinc, and iron) chloride was also

dded into the chitosan/PEO blend solutions and electrospun
itosan/PEO = 3:7) in the presence of 0.4%–1.2 wt% FeCl3, respectively.

under the same conditions. The polymer solutions containing
the unitary Mg2+, Sr2+, Zn2+ or Fe2+ ions with 0.8 wt% salt con-
centration were firstly electrospun, respectively. Then the binary
(Mg2+–Sr2+), ternary (Mg2+–Sr2+–Zn2+, Mg2+–Sr2+–Fe2+), and qua-
ternary (Mg2+–Sr2+–Zn2+–Fe2+) combination of trace elements
with equal salt concentration (0.2 wt%) were added into the chi-
tosan/PEO blend solutions and electrospun, respectively.

2.4. Characterization

The electrospun products were determined by Fourier trans-
form infrared spectroscopy (FTIR; Nicolet). The morphology of
products was observed using scanning electron microscopy (SEM;
HITACHI, S4800) and transmission electron microscopy (TEM;
JEOL, JEM-1230). The thermal analysis of the fiber mats, performed
using a thermogravimetric and differential thermalgravi-metric
analysis (TG-DTA; Perkin Elmer, USA), was carried out with heating
rate of 10 ◦C min−1 in air. Moreover, the as-dried samples were
treated at 600 ◦C for 1 h in an electric furnace and followed by
SEM observation. Rheology measurement was performed on a

strain-controlled rheometer ARES with coquette geometry (TA
Instruments, USA) at 25 ◦C. Frequency sweeps were carried out
for angular frequencies ω = 0.1–100 rad s−1 at a strain amplitude
of 1.0%. The steady state was used to determine the viscosity,
recorded as a function of shear rate.
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ig. 5. SEM (a–f) and TEM (g–l) images of electrospun chitosan/PEO nanocomposites
alts before (a–c) and after (d–f) thermal treatment at 600 ◦C.

. Results and discussion

.1. SEM observation

Chitosan, as a natural polyelectrolyte, can dissolve well in dilute
cid in a wide range of concentrations. Electrospinning of various
hitosan aqueous solutions with different PEO and/or metal ion
oping was tried firstly. It was observed that the droplets were
enerated when limited amounts of PEO were doped in the chi-
osan solutions (Fig. 1a and b). As a rule, along with the increase of
elative amount of PEO, the electrospun products became contin-
ous, and short fibers or “bead-on-the-string” morphology could
e generated (Fig. 1c–f), but smooth fibers were not found until
he chitosan/PEO ratio increased to 1:9 (Fig. 1g). As for the metal
on-doped chitosan and chitosan/PEO electrospinning (Fig. 1i–n),
he monovalent (Na+), bivalent (Ca2+) and trivalent (Fe3+) metal
hloride could be favorable for improving the fibrous morphol-
gy of chitosan/PEO blends at the chitosan/PEO ratio of 7:3. These
esults imply that PEO and metal ions have a synergistic effect on
he spinnability of chitosan.

To determine the influence of monovalent metal ions (i.e., Na+

r K+) on the spinnability of CHI/PEO blend solution, the experi-

ents were carried out at the chitosan/PEO ratio of 3:7, which is the

ptional condition of poor spinnability for the chitosan/PEO blend.
lectrospinning of solutions in the presence of monovalent Na+ or
+ ions resulted in fibers comprising chitosan and PEO (Fig. 2). It
as observed that with increasing the concentration of metal ions,
the chitosan/PEO blend solutions (chitosan/PEO = 3:7) containing 0.8 wt% inorganic

more and more nanocrystals re-crystallized with chloridion (Cl−)
ions in the nanofibers when water evaporated completely.

To determine the effect of bivalent metal ion on the formation of
nanofibers, the chitosan/PEO blends were electrospun in the pres-
ence of different amounts of CaCl2 (0–1.2 wt%). The bead-rich fibers
could be obtained if no CaCl2 was added (Fig. 3a). By addition of
0.1 wt% CaCl2, bead-defects formed in the fibers (Fig. 3b), suggest-
ing that the limited amount of CaCl2 do not give rise to beadless
fibers. With the increase of CaCl2 amounts to 0.4–1.0 wt% in aque-
ous solutions uniform fibers with average diameter of ∼200 nm
(Fig. 3c–e) could be observed. However, when CaCl2 was added
in the same system, the productions showed bad trend of getting
thicker fibers (Fig. 3f). This may be due to excessive elongation
forces with the concomitant tremendous increase in the solution
conductivity (Saquing et al., 2007).

By addition of appropriate amounts of FeCl3, the formation
of fibers was also promoted (Fig. 4a–d). Usually, the uniform
iron-based fibers could be generated via electrospinning the Fe
salt-containing polymer solutions (Wu, Zhang, & Liu, 2007). Thus
it is reasonable to postulate that Fe3+ ions may be favorable for
chitosan/PEO fiber formation. However, the integrity of fibrous
structure is also negatively influenced by the excessive concentra-

tion of Fe3+ ions (branched fibers as shown in Fig. 4e and f).

The morphology of nanocomposite mats before and after cal-
cination treatment was observed by SEM (Fig. 5a–f). It can be
seen that the defect-free fibers were generated from the blend
solutions containing 0.8 wt% inorganic salts, whereas the calcined
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ig. 6. TG-DTA profile (A) and FTIR spectra (B) of the inorganic salt (0.8 wt%)-
ediated chitosan/PEO nanocomposite fibers from the chitosan/PEO blend solution

chitosan/PEO = 3:7). Data on the chitosan/PEO products without metal ions is shown
s control.

roducts revealed only inorganic particles on the foil by the mono-
alent metal ion modulation, which is characteristic of the typical
aCl crystals (Fig. 5d). In the bivalent and trivalent metal ion-

ncorporated mats, the fibrous structures were observed (Fig. 5e
nd f). Furthermore, the TEM images also provided the differ-
nt fibrous structures between NaCl-doped fibers and CaCl2- and
eCl3-doped fibers, as seen at low magnification (Fig. 5g–i). The
igh-magnification images clearly revealed the existence of only
aCl crystals in the fibers (Fig. 5j–l). These results confirm that

he alkaline metal ions recrystallize preferentially with chloridions
hen water and acetic acid evaporate, but calcium and iron ions
istribute in the fibers homogeneously possibly due to the inter-
olecular and intramolecular crosslinking occurred between the

rotonated chitosan and metal ions.

.2. TG-DTA and FTIR analysis

The inorganic salt (0.8 wt%)-modulated nanofibers were further
nalyzed by TG-DTA (Fig. 6A). It can be seen from Fig. 6A(a) that
he difference of decomposition temperatures for the nanofibers
ontaining monovalent and bivalent metal ions was negligible,
imilar to the control (∼398 ◦C). The iron-doped nanofibers exhib-

◦
ted lower decomposition temperature (∼355 C). It would mean
hat the composite nanofibers can be treated by autoclaving prior
o biomedical application. On the other hand, with regard to the
eight loss (over 90%) for the control, the samples containing
etal ions had less weight loss (∼80%) at 600 ◦C due to the inor-
Fig. 7. Viscosity of the chitosan/PEO blend solutions in the absence and presence
of inorganic salts (a) and plots of G′′/G′ ratio versus frequency for the as-prepared
chitosan/PEO in the presence of different amount of CaCl2 (b). Inset in (a) shows the
viscosities for the systems with equal molar of metal ion charges.

ganic residues. As for DTA curves, the samples exhibited two small
endothermic peaks, between 80 and 400 ◦C (Fig. 6A(b)). The first
one, at about 90 ◦C, should be ascribed to the removal of adsorbed
(non-lattice) water, whereas the second one corresponded to
the organic component decomposition in the composites, which
occurred at about 390 ◦C.

The FTIR spectra of chitosan/PEO nanofibers proved the exis-
tence of chitosan and PEO (Fig. 6B). The FTIR spectrum of chitosan
showed bands at 1154 and 893 cm−1 identifying its saccharide
groups. Other bands at 1600, 1651 and 3425 cm−1 depicted N–H
bending of the primary amino groups, the carbonyl stretching of the
amide bands, and the N–H stretching of the primary amino groups,
respectively. It was clearly shown that the decrease of bands at
∼1965 and 841 cm−1 for the products containing CaCl2 and FeCl3
implied these bivalent and trivalent ions interacted strongly with
the polymers and weakened the hydrogen bond of polymers. It
is possible to partly explain the influence of metal ions on the
spinnability of chitosan/PEO blends.

3.3. Rheological analysis

Rheological measurements were carried out to understand

the effect of metal ions on the conformation and hydrodynamic
behavior of chitosan/PEO solutions. Fig. 7a shows the relation-
ship between viscosity of solutions and concentration of inorganic
salts. While the original viscosity of chitosan/PEO solution was high
(135.6 mPa s), increasing concentration of inorganic salts could lead



P. Su et al. / Carbohydrate Polymers 84 (2011) 239–246 245

F ce ele
t

t
b
s
s
t
b
w
s
q
r
T
b
(
i
i

3

t
e
W
t
c
T
r
o
s
c
(
e
t
i
fi
e
w

4

s
o
a
o
t

ig. 8. SEM images of electrospun unitary, binary, ternary and quaternary tra
osan/PEO = 3:7) in the presence of Mg2+, Zn2+, Sr2+, and/or Fe2+, respectively.

o decrease in viscosity, and particularly a significant change could
e observed at salt concentration over 0.8% (<90 mPa s). This pos-
ibly resulted from the decreasing bonding strength between the
ide chains of chitosan with increasing metal ion concentration in
he solutions, which promote its molecular movement. In addition,
oth G′′ and G′ of the CaCl2-added chitosan/PEO blend solutions
ere measured with the increase of CaCl2 concentration. It can be

een from Fig. 7b that the G′′/G′ ratio firstly increased at low fre-
uency and then decreased at high frequency (>2 s−1), but G′′/G′

atio were all >1 (G′′ > G′), which indicated a viscoelastic system.
hese results reflect convincingly the fact that the combined contri-
ution of enhanced chain entanglement and increased conductivity
via decreasing viscosity and destroying hydrogen bonds) by metal
ons may be the key reasons for the improved spinnability (see inset
n Fig. 7b).

.4. SEM observation for the trace elements-doped nanofibers

To demonstrate the versatility of the inorganic metal ion on
he spinnability of chitosan/PEO blend solutions, we extended the
xperimental study to other biologically active trace elements.
ith the same method, the spinnability of chitosan/PEO blend solu-

ions was improved by trace element-monodoping, similar to the
ase for divalent calcium ions (0.8 wt%), as evidenced in Fig. 8a–d.
hese pictures indicated that the trace element metal ions did not
ecrystallize during water rapid evaporation. Moreover, the impact
f binary, ternary, and quaternary trace elements co-doping on the
pinnability of chitosan/PEO under the analogous blend solution
onditions was also studied to further validate the mechanism
0.4–0.8 wt% in total). As expected, upon addition of multiple trace
lements in the blend solutions, fibrous structures improved, and
heir diameters tended to be nanoscale dimension with increasing
onic concentration from 0.4 to 0.8 wt% in total (Fig. 8e–h). These
brous nanostructures with improved bioactivity by multiple trace
lements doping may find numerous potential applications such as
ound dressing, guided bone regeneration membrane, and so on.

. Conclusion

In this study, the favorable effect of inorganic salts on the

pinnability of chitosan/PEO blends has been approved in the extent
f reaction/product yield. The calcium and iron ions demonstrated
similar behavior on reducing fiber diameter and the number

f beads in fibers, whereas NaCl or KCl nanocrystals occurred in
he fibers containing the alkali metal ions. FTIR and rheological
ment-doped nanofibers fabricated from the chitosan/PEO blend solution (chi-

measurements indicated that metal ions could disrupt inter- and
intra-molecular hydrogen bonds of chitosan and decrease viscos-
ity of the solutions so that chitosan chain entanglements may
be enhanced significantly. It is expected to design and develop
nonwoven membranes for protein resistance or affinity to biologi-
cally active trace elements. This study also provides a fundamental
understanding and possible solution to electrospin naturally occur-
ring biopolymers in complicated aqueous solutions.
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