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a  b  s  t  r  a  c  t

Chitosan  and  alginate  are two  frequently  used  biomaterials  for tissue  engineering.  In  this  study,  elec-
trospinning  technique  was  applied  for  their  nanofiber  fabrications  to mimic  extracellular  environment
(ECM).  Polyethylene  oxide  (PEO)  was  applied  to  increase  viscosities  of  polymer  solutions  to obtain
nanofibers  with  appropriate  morphologies.  To  modulate  surface  properties,  a  dual jet  system  was  devel-
oped to  coelectrospin  chitosan  and  alginate  nanofibers  on  one  substrate.  Because  the deposition  rates  of
electrospun  fibers  linearly  correlated  to the  perfusion  rates  of  polymer  solutions,  the  composition  ratios
of nanofibers  were  thus  manipulated,  which  determined  both  the  chemical  properties  and  hydrophobic-
ity  of  fibrous  mats.  In  vitro  cell  culture  results  suggested  that the  cell  morphology  highly  depended  on
lectrospinning
urface modification
egradation
omposite

the  fiber  composition,  and  the  composite  nanofibers  demonstrated  higher  biocompatibility  than  that  on
pure fibers.  Finally,  the  degradation  of alginate  fibers  was  controlled  by the crosslinking  process.  Reducing
calcium  ions  resulted  in  partial fiber  degradation,  by  which  the composition  ratios  of  nanofibers  varied
with  time.  This  dynamically  changed  environment  performed  a promising  property  to  improve  viability
of  surface  cells.  Through  this  tunable  system,  surface  properties  of  scaffolds  can  be  finely  adjusted  to

g  app
benefit  tissue  engineerin

. Introduction

Biomaterials play important roles in tissue engineering because
hey provide an appropriate environment to mimic extracellular

atrix (ECM). Polysaccharides are attractive biomaterials because
hey are easily found in different organisms and are biocompati-
le. Among them, alginate and chitosan are two frequently used
olysaccharides for biomedical applications, which are derived
rom brown seaweed and crustacean shells, respectively.

Alginate is an anionic polysaccharide material. Divalent cations,
uch as Ca2+, can be used to crosslink alginate for gelation. Algi-
ate has been broadly used for chondrocyte adhesion because
f its d-glucuronic acid residue which is similar to hyaluronic
cid structure (Dar, Shachar, Leor, & Cohen, 2002). In addition,
lginate is a hydrophilic material which can maintain water to cre-
te an ECM-like aqueous environment. However, the low protein
dsorption of alginate makes it difficult to interact with cells via

ell surface receptors (Rowley, Madlambayan, & Mooney, 1999).
herefore, various methods have been studied to overcome this
rawback. For example, RGD-sequence has been applied to modify
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alginate for improving cell adhesion (Jeon, Powell, Ahmed, &
Alsberg, 2010).

The combination of chitosan and alginate provides an alter-
native approach. Compared to anionic alginate, amine groups of
chitosan offer a positive-charged surface. In addition, chitosan is
a relative hydrophobic material, and thus can promote protein
adsorption and cell adhesion. Alginate-based chitosan hybrid poly-
mer  fibers have been prepared by the wet-spinning method, which
demonstrate an improved adhesion capacity with rabbit tendon
fibroblast and annulus fibrous cells compared to pure alginate
polymer fiber (Majima et al., 2005; Shao & Hunter, 2007). How-
ever, these wet-spinning fibers are micron scale, which have fewer
surfaces for cell adhesion than that of natural ECM. In contrast,
electrospinning technique provides an easy strategy to fabricate
continuous nanofibers from different ranges of polymers, which
can not only decrease material defects to promote mechanical
strength, but also increase surface area for cell adhesion (Sill &
von Recum, 2008). Both chitosan and alginate have been applied
to electrospin nanofibers (Bhattarai, Edmondson, Veiseh, Matsen, &
Zhang, 2005; Bhattarai, Li, Edmondson, & Zhang, 2006; Geng, Kwon,
& Jang, 2005; Lu, Zhu, Guo, Hu, & Yu, 2006). However, the combi-
nation of chitosan and alginate solutions for electrospinning is a

challenge because these two  polymers complex quickly through
the electrostatic interaction, and the formed gel may  block the
needle to inhibit the polymer jet. Alternative approaches are to
prepare these two polymers as core/sheath fibers or deposit on the
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ther nanofibers as layer-by-layered form; however, only one of
he material can be exposed at the outer layer (Chang, Lee, Wu,
ang, & Chien, 2012; Deng et al., 2011; Ritcharoen, Supaphol, &
avasant, 2008). In situ mixing of these two polymer solutions
efore electrospinning has been studied, whereas the blending
atio is limited due to material compatibility. For example, the mix-
ures of high chitosan or high alginate blending ratios always lead to
ead-containing nanofibers (Jeong et al., 2011). Therefore, to obtain
hitosan/alginate nanofibers with arbitrary ratios, we developed a
ual jet system in this study. Chitosan and alginate solutions were
lectrospun separately using two independent power supply sys-
em. The morphologies of electrospun nanofibers were regulated
y adding PEO to polymer solutions. The deposition ratios of two
anofibers were controllable by adjusting their perfusion rates. This
ethod provided an easy and feasible way to modulate surface

roperties through altering the composition ratios of composite
bers.

Furthermore, the porosity of scaffolds may  highly affect seeded
ells. For example, the pore sizes of scaffolds is critical to osteo-
enesis (Karageorgiou & Kaplan, 2005). The control of fiber sizes
f scaffolds has also been studied to regulate cell differentiation
nd infiltration (Woodfield et al., 2005). For electrospinning, the
orosity and pore sizes can be easily controlled by altering the fiber
izes, deposition rates, the styles of collector, postelectrospinning
odification, or selectively removal of partial fibers (Baker et al.,

008; Nam, Huang, Agarwal, & Lannutti, 2007; Rnjak-Kovacina
t al., 2011; Soliman et al., 2010; Telemeco et al., 2005; Vaquette &
ooper-White, 2011). In this study, because the stability of alginate
tructure relies on the crosslinking of calcium ions, the removal
f alginate can be regulated by changing the crosslinking condi-
ion. It should be able to provide a dynamically changed matrix
nvironment to manipulate cell adhesion and infiltration.

. Materials and methods

.1. Materials

Chitosan with molecular weight of 50–190 kDa, sodium algi-
ate with molecular weight of 80–120 kDa, and polyethylene oxide
PEO) with molecular weight of 900 kDa were purchased from
igma–Aldrich. Dulbecco’s modified Eagle medium (D-MEM), fetal
ovine serum (FBS), and trypsin–EDTA were obtained from Gibco.

.2. Preparation of chitosan and alginate solutions

Chitosan was dissolved in 40% acetic acid to make a final con-
entration of 9 wt.% as stock solution. Sodium alginate and PEO
ere dissolved in water with concentrations of 6 and 10 wt.%,

espectively. It took 1–3 days at 60 ◦C before complete solution
as achieved. Before electrospinning, chitosan/PEO or alginate/PEO

olutions were prepared with different ratios, and residual part
as supplemented by surfactant Triton X-100 as well as cosolvent
imethyl sulfoxide (DMSO) in water that the final concentrations of
riton X-100 and DMSO were 0.5% and 10%, respectively. The mix-
ures were stirred overnight and centrifuged to remove air bubbles
efore use.

.3. Viscosities of polymer solutions
MCR  501 rheometer (Anton-Paar, Austria) was  utilized to
etermine the shear viscosities of chitosan/PEO or alginate/PEO
olutions. The shear rates ranging from 0.1 to 10 s−1 were applied
uring viscosity examination, and the viscosities at the shear rate of

 s−1 was used to determine the viscosity effect on electrospinning.
Polymers 95 (2013) 716– 727 717

2.4. Electrospinning of nanofibers

In order to deposit two  different nanofibers on one substrate,
we designed a dual electrospinning system which was shown
in Supplementary Fig. s1. The polymer solutions were fed into
two 1 ml  disposable syringes with 24G needle tips (inner diam-
eter = 0.29 mm)  which were connected to two  separate power
supplies (Chargemaster CH50-P, Simco) with identical voltages
of 15 kV. Glass cover slips with diameters of 16 mm  were placed
on a grounded stainless steel plate to collect electrospun fiber.
The distances between tips and the collector were 20 cm for all
tests. To avoid the interference between jets of chitosan/PEO and
alginate/PEO solutions, there was  a switch to control two power
supplies that each polymer solution jetted for 15 s in turn. Neat
chitosan/PEO or alginate/PEO nanofibers were prepared by single
nozzle electrospinning, using the same conditions as the dual jet
system with the flow rate of 2 �l/min. The spun nanofibers were
dried in an oven at 37 ◦C for 1 day.

2.5. Scanning electron microscopy (SEM)

Nanofibers were sputter coated with gold and their morpholo-
gies were illustrated by scanning electron microscopy (SEM, 3500N,
Hitachi, Japan). The diameters of nanofibers were evaluated by 100
measurements based on their SEM images. To analyze the collection
rates at different feed rates, chitosan/PEO or alginate/PEO solu-
tions were electrospun to glass substrate for 5 min. The lengths of
nanofiber in SEM images were analyzed by software (NIS Elements
Basic Research, Nikon, Japan), which were divided by the area of
the whole images to determine the fiber density.

2.6. Fluorescence staining of nanofibers

To distinguish the distribution of different nanofibers on
substrates, fluorescein and rhodamine B were used to label chi-
tosan/PEO and alginate/PEO solutions, respectively. These dyes
were dissolved in water with concentrations of 1 wt.%, and 10 �l of
stain solutions were added to 5 ml  of polymer solutions. The elec-
trospinning was performed for 5 min, and the collected nanofibers
were observed using fluorescent microscopy (Eclipse Ti-U, Nikon,
Japan).

2.7. X-ray photon–electron spectrometry (XPS)

Nanofibers were deposited for 2 h to cover slips, and these
fibrous mats were dried in vacuum oven at 37 ◦C overnight.
Chemical analysis of electrospun fibers was  performed by X-ray
photon-electron spectrometry (XPS, K-alpha, Thermo, USA) to eval-
uate the element composition of surface fibers.

2.8. Fourier transform infrared (FTIR) spectroscopy

Chitosan, alginate, and composite nanofibers were electrospun
for 2 h. These fibrous mats were examined by FTIR (FT/IR 410, Jasco,
USA) with a resolution of 4 cm−1 between 4000 and 600 cm−1.
Water contact angle of electrospun nanofibers was  determined
by Drop Shape Analysis system (DSA10, Kruss GmbH, Hamburg,
Germany). Four measurements per substrate were taken and
the data were demonstrated as averages with standard devia-
tions.
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.10. Cell morphology experiments

Human embryonic kidney cell line (HEK-293T) (ATCC, Manas-
as, VA, USA) was used to evaluate biocompatibility of nanofibers.
hese cells were cultured in DMEM containing 10% FBS and were
ncubated at 37 ◦C with 5% CO2.

Nanofibers were deposited to circular glass cover slips for 1.5 h
efore cell seeding. These electrospun nanofibers were immersed

n 99.5% ethanol solutions with 2% CaCl2 for 2 h and were rinsed
ith PBS thrice before placing in 24-well multiplates. On the other
and, chitosan and alginate films were fabrication as the control
roups. Chitosan and alginate was dissolved in 0.35 M acetic acid
nd ddH2O, respectively, for the final concentrations of 0.5 wt.%.
wo hundred microliters of polymer solutions were added in 24-
ell multiplates before placing in 37 ◦C oven overnight for solvent

vaporation. These films were also treated by 99.5% ethanol solu-
ions with 2% CaCl2 and following PBS washes before cell culture
xperiments.

Finally, HEK-293T cells were seeded at density of 5000 cells per
ell, and the cell morphologies were analyzed by inverted micro-

cope (Eclipse Ti-U, Nikon, Japan).

.11. Biocompatibility of nanofibers

To evaluate biocompatibility of nanofibers, HEK 293T cells were
eeded to electrospun mats or films placed in 24-well multiplate
t density of 20,000 cells per well. Lactate dehydrogenase (LDH)
nd (4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
MTT) assays were performed to quantify the cell numbers and cell
iability, respectively.

The LDH assay for cell number quantification was  determined by
ytoTox 96 non-radioactive cytotoxicity assay (Promega, Madison,
I,  USA) according to kit instruction for total cell number assay.

riefly, 0.5 ml  of fresh medium was replaced in each well before the
ssay, and 75 �l of lysis buffer was added to sample for 1 h at 37 ◦C
o release LDH from live cells. Then, 50 �l of these medium were

oved to 96-well multiplates to react with 50 �l of LDH reagent
or 30 min  at room temperature. Finally, 50 �l of stop solution was
dded to each well and was analyzed spectrophotometrically at a
avelength of 490 nm.  Additionally, there was a standard curve
ade by lysing known cell amounts to convert absorbance to total

ell number.
For the MTT  assay, 100 �l of MTT  solution (5 mg/ml in PBS) was

dded to nanofiber sample with 900 �l of medium for 3 h at 37 ◦C.
he supernatant was removed and 1 ml  of DMSO was added to
issolve formazan from cells, which was analyzed spectrophoto-
etrically at a wavelength of 550 nm.

. Results

.1. Electrospinning of chitosan nanofibers

Chitosan has been prepared in acetic acid solutions for electro-
pinning because concentrated acetic acid can not only increase
olubility of chitosan but also reduce surface tension of solution
o enhance the efficiency of electrospinning (Geng et al., 2005).
owever, amine groups of chitosan become positive charged in
cidic condition that their repulsive forces may  inhibit the for-
ation of continuous fiber, especially during the jet stretching

Min  et al., 2004). Hydrophilic PEO has been applied to reduce
efect of chitosan nanofibers because of hydrogen bonds formation

etween oxygen of PEO and amines of chitosan, which can break
own the inter- and intrachain interactions of chitosan (Bhattarai
t al., 2005). Additionally, the present of PEO can increase solu-
ion chain entanglements, which can reduce bead formation during
Polymers 95 (2013) 716– 727

electrospinning (Duan, Dong, Yuan, & Yao, 2004). To comprehen-
sively determine appropriate ranges for electrospinning, polymer
solutions with different ratios of chitosan and PEO were prepared
in this study. Triton-X 100 and DMSO were added as surfactant and
cosolvent to increase the compatibility between chitosan and PEO
(Bhattarai et al., 2005).

The morphologies of electrospun fibers were characterized by
SEM (Fig. 1a). Pure chitosan solutions had been used for electro-
spinning; however, beads and incomplete fibers were formed that
ideal nanofiber formation were unavailable (data not shown). For
chitosan solutions with 1 wt.% of PEO (P1), nanofibers were able to
be formed when chitosan was  3 wt.% (C3P1), although some beads
were found during deposition. Complete nanofiber could be spun
when chitosan concentrations were higher than 3 wt.%, suggesting
that high concentration of chitosan can improve nanofiber forma-
tion. For 2 wt.% of PEO (P2), the threshold of chitosan solution was
decreased to 2 wt.%. For PEO with 3 wt.% or more, all concentrations
of chitosan can be applied to electrospinning. These results demon-
strated that either increasing chitosan or PEO concentrations can
efficiently reduce defects of nanofibers.

The SEM images were also used to measure the diameters
of electrospun nanofibers. The size of nanofibers increased with
increasing chitosan concentrations (Fig. 1b). Similar trends were
also found by changing PEO concentrations, whereas the enlarge-
ment efficiencies of PEO to nanofibers were more obvious than that
of chitosan (Fig. 1c).

Because electrospinning is highly affected by viscosity, rheom-
etry was applied to measure the viscosities of different polymer
solutions at the shear rate of 1 s−1 (Supplementary Table s1a).
These results suggested that viscosities increased with the polymer
concentrations. The correlation between viscosities and the corre-
sponding diameters suggested that greater viscosities of polymer
solutions spun nanofibers with larger diameters (Supplementary
Fig. s2a). It should be due to that increasing viscosity retarded the
flow ability of polymer jet, which eventually enlarged the diameter
of electrospun fiber. Additionally, the concentration effects on fiber
diameters may also be contributed by their higher solid contents. In
contrast, solutions which cannot successfully electrospin nanofiber
was due to their low viscosities. Only solutions with viscosities
lager than 2.07 Pa s (C2P2) could be applied to electrospinning.

3.2. Electrospinning of alginate nanofibers

Electrospinning of alginate is a challenge because gelation of
alginate solution may  occur even at a very low concentration,
whereas reducing concentrations of alginate may  result in insuf-
ficient polymer chains to achieve enough interchain entanglement
for complete fiber formation. The incorporation of PEO has been
applied to increase the entanglement between polymer chains to
facilitate fiber formation (Bhattarai et al., 2006; Lu et al., 2006).
Therefore, similar to chitosan, different concentrations of PEO and
alginate were applied to determine appropriate composition of
polymer solution for electrospinning. Surfactant Triton X-100 and
DMSO were also used to increase the polymer solubility in this
study.

Pure alginate solutions without PEO could not form complete
fiber (data not shown). When PEO was 1 wt.%, complete nanofiber
structure was  available with 4 wt.% of alginate (A4P1). However,
polymer solution was too sticky when alginate was 5 wt.% (A5P1),
which made polymer jet incapable of being formed for spinning.
The threshold of alginate concentration was  reduced to 3 wt.% when
PEO was  1.5 and 2 wt.%, suggesting that PEO increased entangle-

ment. When PEO was 2.5 wt.%, nanofibers could be spun even
alginate was  at concentration of 1 wt.%. Similar to alginate, too high
concentrations of PEO also inhibited polymer jet formation and
hence the electrospinnings of A1P7 was  unavailable. The diameter
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Fig. 1. The electrospinning of chitosan/PEO fibers. (a) Polymer solutions with different concentrations of chitosan and PEO were used for electrospinning, and the appropriate
concentration range was  also determined (scale bar = 10 �m).  The diameters of nanofibers were compared using polymer solutions with different concentrations of (b) chitosan
a

d
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nd  (c) PEO.

istribution suggested that increasing concentrations of alginate
r PEO can enlarge nanofibers (Fig. 2b and c). Rheometry demon-
trated that increasing either alginate or PEO can increase the
iscosities of polymer solutions (Supplementary Fig. s2b). Similar to
hitosan nanofibers, the higher viscosities of alginate/PEO solutions
esulted in larger fiber formation. The viscosities of A1P2, A2P1.5,
nd A2P2 were 2.97, 5.04, and 7.11 Pa s, respectively (Supplemen-
ary Table s1b). These results suggested that polymer solutions
ith low viscosities were unable to provide enough entanglement

etween polymer chains, and thus only beads or non-ideal fiber
ere formed in these groups. In contrast, the viscosities of A5P1 and
1P7 were 53.8 and 70.0 Pa s, respectively. These polymer solutions
hould be too viscous to flow in needles for fiber formation.

.3. Preparation of composite chitosan/alginate nanofibers
According to previous experiments, C6P2 and A4P2.5 were
pplied for electrospinning in the following study because they
ave appropriate morphologies (Figs. 1a and 2a). The diameters
of C6P2 and A4P2.5 were 293 ± 46 and 322 ± 52 nm,  respectively
(Figs. 1b and 2b).

In order to determine the electrospinning efficiencies of these
two polymer fibers, both C6P2 and A4P2.5 solutions were perfused
with different rates from 0.5 to 5 �l/min for 5 min  and the deposited
fibers were examined by SEM (Fig. 3a). The deposition density was
calculated by the total length of fiber in SEM pictures normalized
by the picture area and the deposited time. Because the viscosity of
C6P2 was less than that of A4P2.5 (14.1 Pa s vs 31.8 Pa s, Table s1),
the collected fiber length of C6P2 was the double that of A4P2.5
(Fig. 3a). To confirm this result, the perfusion rate of 2 �l/min was
applied to electrospin C6P2 or A4P2.5 to a circular cover slip with
diameter of 16 mm.  The collected fibers were weighed at different
periods from 1 to 5 h. The results demonstrated that the collected
C6P2 fibers were about the 1.6 times weight of the A4P2.5 fibers

(Fig. 3b). Because the diameters of C6P2 fibers were thinner than
that of A4P2.5 fibers (293 nm vs 322 nm)  and the densities of C6P2
and A4P2.5 were almost identical (1.144 g/ml vs 1.140 g/ml), the
relation between length and mass ratio should be 1.6, which is
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ig. 2. The electrospinning of alginate/PEO fibers. (a) Polymer solutions with differe
oncentration range was also determined (scale bar = 10 �m).  The diameters of n
lginate and (c) PEO.
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The SEM and weight results suggested that the deposition rate
f C6P2 fiber was the double that of A2P2.5 and the deposition rates
ere linearly correlated to the perfusion rates. Consequently, a
centrations of alginate and PEO were used for electrospinning, and the appropriate
ers were compared using polymer solutions with different concentrations of (b)

dual-jet coelectrospinning device was developed to fabricate com-
posite fibers (Supplementary Fig. s1). Different paired perfusion
rates were applied to deposit C6P2 and A4P2.5 for producing com-
posite chitosan/alginate fiber with different volumetric ratios (i.e.
80% C6P2, 50% C6P2, and 20% C6P2) (Table 1). These composite
fibers were analyzed by XPS to determine both the signals of C1s
and N1s. Because chitosan has amine groups while alginate does
not, the nitrogen peaks should be proportional to the ratio of chi-

tosan. The N/C ratio of pure C6P2 and pure A4P2.5 fibers were
defined as 100% and 0%, respectively. The relative N/C ratios of com-
posited nanofibers matched to their theoretical values, suggesting
that the coelectrospinning system successfully prepared different
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ig. 3. Deposition rates of electrospun nanofibers. (a) C6P2 and A4P2.5 fibers were
etermine using SEM images, which was  normalized by the area and time to determ
6P2  and A4P2.5, and the deposited fibers were weighed at different time points to

omposition ratios of nanofibers (Fig. 4a). Furthermore, a fluores-
ent dye staining experiment was utilized to illustrate deposited
anofibers. Fluorescein and rhodamine B were used to stain C6P2
nd A4P2.5 fibers, respectively. The green and red fibers were
venly distributed on surfaces with desired composition ratios,
uggesting that this coelectrospinning can isotropically distribute
wo nanofibers with defined proportion (Fig. 4b). The SEM images
llustrated that C6P2 and A4P2.5 fibers were evenly distributed on
ubstrate surfaces (Fig. 4c). Because the average diameter of A4P2.5
as slightly larger than that of C6P2, higher ratio of A4P2.5 demon-

trated thicker fibers.

.4. Chemical properties of composite nanofibers

In our hypothesis, chemical properties of nanofibrous mats can
e determined by their composition. Therefore, FTIR and water
ontact angle were applied to examine if this coelectrospinning
ethod may  modulate biomaterial surfaces.
For FTIR analysis, the spectrums of chitosan and alginate were

imilar because they are polysaccharides (Fig. 5a). For example, the
eaks at 3400 and 1153 cm−1 contributed to the vibration of the
H group and the saccharide structures, respectively (Boonsongrit,
ueller, & Mitrevej, 2008). The absorption of PEO can be found

t 1110 cm−1 for the C O C stretching and at 841 cm−1 for the
tretching of the C O C and C C (Ji et al., 2006). Because chitosan
erived from chitin by deacetylation, there were two peaks of chi-
osan (C6P2) at 1560 and 1643 cm−1 attributed to its amine groups
nd un-deacetylated amide groups, respectively (Osman & Arof,

003). On the other hand, the specific peak of alginate (A4P2.5)
as at 1610 cm−1 due to the symmetric stretching vibration of the
OO− groups (Sarmento, Ferreira, Veiga, & Ribeiro, 2006). For the
oelectrospun surfaces, the peaks at 1560 and 1643 cm−1 were pro-

able 1
he perfusion rates of polymer solutions for regulating the deposition ratios of C6P2
nd A4P2.5 fibers.

Perfusion rates (�l/min) The composition
ratios of C6P2 to
A4P2.5

C6P2 A4P2.5

80% C6P2 2 1 8:2
50% C6P2 1 2 5:5
20% C6P2 0.5 4 2:8
dually electrospun on glass cover slips for 5 min, and the surfaces fiber length was
e deposition density. (b) The perfusion rate of 2 �l/min was applied to electrospin

mine the mass collection rates of these two fibers.

portional to the ratio of chitosan, and the absorption at 1610 cm−1

also increased with increasing alginate amounts. These results sug-
gested that both chitosan and alginate fibers can be spun together
by this dual-jet system, and their chemical properties can thus be
controlled according to the composition ratios.

In addition, water contact angle experiments were performed to
determine the hydrophobicity of fiber deposited surfaces (Fig. 5b).
Because alginate is a frequently used hydrogel material, A4P2.5
exhibited an extremely hydrophilic property that the water contact
angle was only 19.5 ± 1.0◦. In contrast, C6P2 was  more hydropho-
bic and its water contact angle was 60.3 ± 1.2◦. The coelectrospun
fibers demonstrated hydrophobicity between A4P2.5 and C6P2
fibers, and the levels were proportional to the composition ratios,
suggesting that the surface wettability can be regulated through
deposited nanofibers.

3.5. Cell adhesion and viability of composite fibers

Previous FTIR and contact angle experiments demonstrated that
coelectrospinning should be able to modify material surfaces by
controlling the ratios of fiber deposition. It should be interesting to
investigate if this surface modification may  regulate cell adhesion
and bioactivity. Therefore, C6P2, A4P2.5, and their composite fibers
(80% C6P2, 50% C6P2, and 20% C6P2) were used to culture HEK-293T
cells. Pure chitosan and alginate films were also applied as control
groups. For cell morphology, there were no significant differences
for all groups after 24 h of cell seeding that most of cells still un-
extended on material surfaces (Fig. 6a). At day 3, HEK-293T cells on
chitosan films and C6P2 fibers demonstrated an epithelial-like mor-
phology. In contrast, cell aggregation was found on alginate films
and A4P2.5 fibers. The multicellular spheroids suggested that algi-
nate surfaces were unfavorable for cell spreading. For composite
fiber groups, cell morphologies were controlled by the fiber compo-
sition that cell shape gradually changed from epithelial-like cells to
multicellular spheroids when alginate component was increased.
This trend was  more obvious at day 5.

The biocompatibility of nanofibers was  evaluated by LDH and
MTT  assays to determine cell number and cell viability, respec-
tively. Firstly, the comparisons of cells cultured either on films or

fibers were performed to determine the effect of material format.
There were more cells on fibers than that on films for both chitosan
and alginate, and chitosan always demonstrated more cells than
that on alginate surfaces at day 5 (Fig. 6b). The MTT  assay at day 5
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Fig. 4. The coelectrospinning of C6P2 and A4P2.5. (a) The element composition pure C6P2, A4P2.5, and their composite fibers were detected by XPS. The ratio of nitrogen
t A4P2.5
fl d ima
i  to co

r
b

m
g
(

o  carbon signals were determined as N/C ratio, in which the pure C6P2 and pure 

uorescent dyes to illustrate their composition ratio and distribution. The bright fiel
mages of composite fibers (scale bar = 10 �m).  (For interpretation of the references

evealed similar results that nanofibers had superior biocompati-
ilities to films (Fig. 6c).
For composite fibers, the promotion of cell proliferation was
ore obvious. The cell numbers on composite fibers were all

reater than that on pure A4P2.5 fibers at both day 3 and day 5
Fig. 6d). In addition, the results of 80% and 50% C6P2 groups were
 were defined as 100% and 0%, respectively. (b) Composite fibers were stained by
ges were also provided (green: C6P2; red: A4P2.5) (scale bar = 500 �m).  (c) The SEM
lor in this figure legend, the reader is referred to the web version of the article.)

all higher than that of the pure C6P2 and A4P2.5 groups at day 3.
Similar results were also demonstrated at the MTT  results (Fig. 6e).

These results suggested that composite fibers provided better envi-
ronments than pure chitosan or alginate fibers, which were almost
as good as the tissue culture polystyrene (TCPS) group and should
be appropriate for cell adhesion and proliferation.
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ig. 5. The chemical properties of the composite fibers. (a) Chemical functional gr
ber  mats were determined by water contact angle.

.6. The degradation effect of composite nanofiber on cell
dhesion and biocompatibility

In previous experiments, alginate fibers or films were all
rosslinked in ethanol solutions with 2% of calcium chloride for

 h to increase their integration because non-crosslinked alginate
ould be degraded in aqueous environment. To determine the

ffect of calcium ions on fiber stability, different concentrations of
alcium chloride were applied to crosslink A4P2.5 nanofibers, and
he residual fibers were weighed at different time points (Fig. 7a).
sing 2% or more of calcium chloride for corsslinking can main-

ain more than 70% of the fiber mass, and the loss mass should be
ue to the release of PEO from fibers (Jeong, Krebs, Bonino, Khan,

 Alsberg, 2010). In contrast, only 40% of fiber mass was  main-
ained when fibers were crosslinked by 0.05% of CaCl2 solution,
uggesting that the insufficient calcium ion concentration resulted
n 1/3 of fibers dissolved. For ethanol solution without calcium, all
bers were disappeared in 3 days. These results suggested that the
tability of nanofibers can be controlled by simply using different
oncentrations of calcium ions during crosslinking.

From previous in vitro cell culture results of composite fibers,
0% C6P2 fibers demonstrated best biocompatibility. Therefore, we
pplied different concentrations of CaCl2 solutions to crosslink 50%
6P2 fibers for studying their effect on cell adhesion and prolifer-
tion. Compared to the 2% CaCl2 group that fibers were stable and

he surfaces cell morphology was between C6P2 and A4P2.5 fibers,
bers crosslinked by 0.05% CaCl2 demonstrated cell morphology
etween 50% C6P2 and 80% C6P2 that some round cells clumps
nd extended cells were both found at day 5 (Fig. 7b). In contrast,
of electrospun fibers were examined by FTIR analysis. (b) The hydrophobicities of

alginate fibers disappeared rapidly when the 0% of CaCl2 solution
was applied, and thus the surface cell morphology was similar to
that on pure C6P2 fibers. These results suggested that the dissolved
alginate fibers altered the composition of composite fibers and thus
the cell morphology changed with time.

The LDH and MTT  assays all indicated that there were no sig-
nificant differences between nanofibers treated 2% and 0% of CaCl2
solutions; however, using 0.05% of CaCl2 solution for crosslinking
demonstrated highest cell numbers and cell activity (Fig. 7c and
d). These results should be due to that the disappearance of par-
tial alginate fibers increased area for cell adhesion and thus the
biocompatibility was  improved.

4. Discussion

Because chitosan and alginate are two frequently used polysac-
charides with different characteristics, the combination of these
two materials should improve their properties. For example, scaf-
folds fabricated by the blending of chitosan and alginate have been
proved to promote mechanical strength and increase cell prolifera-
tion (Li, Ramay, Hauch, Xiao, & Zhang, 2005). In addition, due to the
attraction between carboxyl groups of alginate and amino groups
of chitosan, their combination can stabilize materials structure at
wide range of pH changes (Deng et al., 2010; Yan, Khor, & Lim, 2000).
For electrospinning, because blending of alginate and chitosan may

form a hydrogel due to complexation, it may  inhibit polymer solu-
tion perfusion through needle (Lim, Liao, & Leong, 2006). Therefore,
a dual applicator tip needle has been applied to mix  chitosan
and alginate solutions immediately before spinning from needle,
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hich can in situ complex chitosan–alginate to prepare nanofibers
Jeong et al., 2011). However, the compatibility of alginate and chi-
osan solutions were restricted by different parameters, such as
he molecular weight, pH, and thus the blending ratio was  limit
Gaserod, Smidsrod, & Skjak-Braek, 1998). Therefore, we developed

 coelectrospinning method using dual jet system to overcome
hese problems. Chitosan and alginate fibers were solely spun using
wo independent power supplies. Because the perfusion rates of
olymer solution during electrospinning can be controlled to regu-

ate the deposition ratios, different compositions of nanofibers can
e collected arbitrarily.

Before coelectrospinning process, the morphology and depo-
ition rate of nanofibers were investigated independently. The
xistence of PEO was necessary to increase the entanglement
f polymer chains. Higher concentrations of polymer solutions
esulted in higher viscosities, which resulted in spun fibers with
arger diameters. By systemically examination, appropriate ranges
f polymer composition were thus determined.
The C6P2 and A4P2.5 solutions were applied for coelectro-
pinning. The deposition rates were linearly corresponding to the
erfusion rates. When the perfusion rates were identical, the depo-
ition rates of C6P2 was almost the double that of A4P2.5. Therefore,

ig. 6. The effect of nanofiber composition on cell morphology and biocompatibility. (
orphologies were examined by inverted microscopy. Chitosan and alginate film surfaces

f  biocompatibility by electrospinning, HEK-293T cells were cultured on films or fibers of
y  (b) LDH and (c) MTT  assay, respectively (*p < 0.05 and **p  < 0.01). The effect of nanofibe
esults (*p < 0.05 compared with A4P2.5, **p < 0.01 compared with A4P2.5, #p < 0.05 comp
Polymers 95 (2013) 716– 727

different pairs of perfusion rates were applied to prepare compos-
ite nanofibers. The fluorescent staining and XPS results suggested
that the composition of fibers were according to the design. In
addition, the compositions of functional groups and the hydropho-
bicities of deposited surfaces were also proportional to the ratios
of fibers, suggesting that this method can modulate biomaterial
to optimize surfaces properties. Upon our knowledge, it should
be the first report of controlling the composition ratios of mul-
tiple electrospun nanofibers by the perfusion rates of polymer
solutions. Compared to conventional methods using blended poly-
mer  solutions for electrospinning, this easy and straightforward
method can delicately modify surfaces properties for different
applications.

The cell culture results demonstrated that nanofiber forms of
materials performed better biocompatibilities than that as bulk
ones. Similar results have been reported that nanofiber of chi-
tosan can promote the attachment of osteoblasts, chondrocytes,
and hepatocytes, which not only maintains characteristic cell mor-

phologies but also improves cell viabilities (Bhattarai et al., 2005;
Chu, Shi, Feng, Gu, & Ding, 2009). This should be due to that
nanofibrous structure is more close to the extracellular matrix envi-
ronment and provides more area for cell adhesion and growth.

a) Different nanofibers were used to culture HEK-293T cells, and the surface cell
 were applied as the control groups (scale bar = 100 �m).  To evaluate the promotion

 chitosan or alginate, and the total cell numbers and cell activity of were evaluated
r composition on biocompatibility was also determined by the (d) LDH and (e) MTT
ared with C6P2, and ##p < 0.01 compared with C6P2).
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Furthermore, compared to pure C6P2 and A4P2.5 fibers, com-
osite fibers demonstrated better biocompatibilities. It should be
ue to that the coexistance of chitosan and alginate provided their
wn specific functions to refine surface properties. Alginate is an
xtremely hydrophilic material, and thus can increase water con-
ent to create a hydrate environment for cell growth. However,
ydrophilic material is not attractive to protein adsorption, and
hus ECM constituent such as fibronectin or collagen are hard to
e maintained on alginate surfaces, which inhibits cell adhesion
Smetana, 1993). In addition, negative charged cells surfaces are
ot favor to contact to anionic alginate fibers. Chitosan demon-
trates different properties to alginate due to its positive charges
nd relative hydrophobic surfaces that are more favorable for cell
dhesion and protein adsorption. Therefore, our coelectrospinning
ethod can deposit both chitosan and alginate fibers on the same

urfaces to modulate their properties, and our results suggested
hat 50% C6P2 fibers should provide appropriate environments for
ells adhesion and proliferation.

Although scaffolds may  provide mechanical support for tis-
ue engineering application, undegradable scaffolds may  occupy
paces to inhibit the ingrowths of newly formed tissues. Therefore,
he degradation rate of biomaterial is critical. Gamma irradia-
ion has been used to treat high molecular weight of alginate,

hich can produce different polymer chain length and structure

or controlling the degradation rates (Alsberg et al., 2003). Because
lginate can be stabilized by ionic crosslinking, different concen-
rations of calcium ions were applied in this study, and our results
nued ).

demonstrated that 2% or more of calcium chloride solutions can
stably maintain alginate fibers that the mass loss was mainly
due to the release of PEO. When the calcium ions concentra-
tion was decreased to 0.05%, low concentrations of calcium ions
made incomplete crosslinking and partial alginate fibers were thus
degraded. In contrast, the release of PEO from C6P2 fibers was also
occurred in aqueous environment, whereas the ratio of mass loss
and the integrity of fibers were independent of the calcium ions
(data not shown). The cell morphologies were thus affected by the
crosslinking levels of alginate. The cell shape on 50% C6P2 was  more
close to that on 80% C6P2 when the fibers were crosslinked by
0.05% CaCl2, suggesting that the fiber composition was changed
with time. In addition, alginate fibers without calcium crosslinking
were degraded quickly in 3 days, and thus cells on 50% C6P2 was
more close to that on pure C6P2 at day 5 due to disappearance of
alginate fibers. This controllable degradation also may  affect cell
viability that the partial degradation of alginate fiber using 0.05%
CaCl2 may  promote biocompatibility. Compared to the stable fibers
crosslinked by 2% of CaCl2, 0.05% CaCl2 caused the fiber compo-
sition varied with time. Some alginate fibers degraded and more
space was  available for cell ingrowth. On the other hand, non-
crosslinking resulted in quick degradation of alginate fibers that
the surfaces properties were eventually became pure chitosan only.

These results suggested that the cell morphology and biocompat-
ibility can be dynamically controlled through the degradation of
nanofibers. Through these regulations, biomaterials can be deli-
cately optimized to fit various applications.
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Fig. 7. The effect of nanofiber degradation on cell morphology and biocompatibility. A4P2.5 fibers were crosslinked by different concentrations of calcium chloride solutions
f l fibe
s ere ex
o  < 0.01

5

f
P
fi
t
i
c
c
e

or  2 h before immersing to PBS. These fibers were weighed to determine the residua
olutions for 2 h before culturing HEK-293T cells. (b) The surface cell morphologies w
n  biocompatibility were compared by (c) LDH and (d) MTT  assay (*p < 0.05 and **p

. Conclusions

In this study, chitosan and alginate nanofibers are success-
ully fabricated using electrospinning technique. The addition of
EO increases the viscosity of polymer solution to facilitate the
ber formation. The deposition of nanofibers can be regulated
hrough adjusting the perfusion rates of polymer solutions dur-

ng electrospinning. Therefore, a dual jet system is developed for
oelectrospinning that the composition of fibers can be simply
ontrolled to fabricate fibrous mats with different surface prop-
rties. The in vitro cell culture reveals that the shapes of adhered
rs. 50% C6P2 fibers were crosslinked by different concentrations of calcium chloride
amined by inverted microscopy (scale bar = 100 �m).  The effect of fiber degradation
).

cells highly depend on the composition of nanofibers. In addi-
tion, the composite fibers demonstrate better biocompatibility than
that on pure fibers, suggesting that the surface properties can be
finely tuned to create an optimal environment. By controlling the
crosslinking process, partial of alginate fibers degrades with time
to alter the fiber composition. Therefore, our developed coelec-
trospinning system can control the fiber ratio not only by the

composition of fiber deposition but also through the changing of
degradation rates, which should provide an attractive approach to
dynamically modulate surfaces properties and may be beneficial to
tissue engineering applications.
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