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We  report  the  fabrication  of  a novel  carbon  nanotube-containing  nanofibrous  polysaccharide  scaffold-
ing  material  via  the  combination  of electrospinning  and  layer-by-layer  (LbL)  self-assembly  techniques
for  tissue  engineering  applications.  In this  approach,  electrospun  cellulose  acetate  (CA)  nanofibers  were
assembled  with  positively  charged  chitosan  (CS) and  negatively  charged  multiwalled  carbon  nanotubes
(MWCNTs)  or sodium  alginate  (ALG)  via  a  LbL  technique.  We  show  that  the  3-dimensional  fibrous  struc-
tures of the  CA  nanofibers  do  not  appreciably  change  after  the  multilayered  assembly  process  except
elf-assembly
arbon nanotube
lectrospinning
anofiber
ell culture

that  the  surface  of  the fibers  became  much  rougher  than  that  before  assembly.  The  incorporation  of
MWCNTs  in  the  multilayered  CA fibrous  scaffolds  tends  to  endow  the  fibers  with  improved  mechan-
ical  property  and  promote  fibroblast  attachment,  spreading,  and  proliferation  when  compared  with
CS/ALG  multilayer-assembled  fibrous  scaffolds.  The  approach  to  engineering  the  nanofiber  surfaces  via
LbL assembly  likely  provides  many  opportunities  for new  scaffolding  materials  design  in  various  tissue
engineering  applications.
. Introduction

Tremendous progress has been witnessed in the development
f various tissue engineering scaffolding materials since the pio-
eering work reported by Langer and Vacanti in 1990s (Langer

 Vacanti, 1993, 1999). In the field of tissue engineering, design
f suitable bioactive scaffold materials that can mimic  the extra-
ellular matrices (ECM) is an essential prerequisite (Harrington
t al., 2006). Much effort has been devoted to fabricate such scaf-
old materials for improved cellular attachment, proliferation, and
ifferentiation (Abraham, Riggs, Nelson, Lee, & Rao, 2010; Rowley,
adlambayan, & Mooney, 1999; Sottile, 2004; Wei  & Ma,  2008).
Electrospinning is a simple and versatile technique that can

e used to fabricate fibers with a diameter ranging from tens of

anometers to a few microns (Reneker & Chun, 1996). The fabri-
ated nanofibrous mats with ultra-fine fiber diameter, high surface
rea to volume ratio, three-dimensional (3D) porous structure can
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well mimic  the natural ECM (Bhattarai, Li, Edmondson, & Zhang,
2006; Huang et al., 2010; Li, Laurencin, Caterson, Tuan, & Ko, 2002;
Li et al., 2005; Mo,  Xu, Kotaki, & Ramakrishna, 2004; Yoshimoto,
Shin, Terai, & Vacanti, 2003), providing a useful option for tissue
engineering applications. For practical biomedical applications, the
formed nanofibrous mats have to be functionalized to improve
the surface physicochemical properties, mechanical durability, bio-
compatibility, and cellular response.

As one of the most important surface modification tech-
niques, layer-by-layer (LbL) self-assembly has been widely utilized
to deposit multilayers onto planar substrates (Decher, 1997;
Mamedov & Kotov, 2000; Olek et al., 2004; Schlenoff & Decher,
2003) or nanofiber surfaces (Almodóvar & Kipper, 2011; Deng
et al., 2010, 2011; Mamedov & Kotov, 2000; Xiao et al., 2009). For
improved cellular functionalities of planar substrates, Yang et al.
reported the formation of hydrogen-bonded multilayers comprised
of polyacrylamide and a weak polyelectrolyte, such as poly(acrylic
acid) or poly(methacrylic acid) that have a high resistance to
the adhesion (cytophobicity) of mammalian fibroblasts (Yang,
Mendelsohn, & Rubner, 2003). Likewise, poly(glutamic acid) and

poly(l-lysine) multilayers have been successfully self-assembled
on planar substrates (Halthur & Elofsson, 2004; Lavalle et al., 2002)
and display very good biocompatibility for implant coatings (Picart
et al., 2005). In another study, Caruso and coworkers reported the

dx.doi.org/10.1016/j.carbpol.2012.08.069
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:mingwu_shen@yahoo.com
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Fig. 1. Schematic illustration of the preparation of m

onstruction of peptide-functionalized, low-biofouling click mul-
ilayers for promoting cell adhesion and growth (Kinnane, Wark,
uch, Johnston, & Caruso, 2009). For the fiber surface functional-
zation, Deng et al. reported the construction of chitosan (CS) and
lginate (ALG) multilayers onto cellulose acetate (CA) nanofibers for
ell culture. These studies clearly suggest that the LbL self-assembly
echnique can be used to modify either planar substrates or fiber
urfaces to improve the cellular functionalities.

In our previous work, we have shown that incorporating mul-
iwalled carbon nanotubes (MWCNTs) within the electrospun
olymer nanofibers is able to promote protein adsorption onto the
brous substrates, significantly regulating the cellular spreading
nd proliferation (Liao et al., 2011; Liu et al., 2010). The improved
ellular response is likely due to the presence of MWCNTs in the
anofibers that allows favorable protein adsorption from culture
edia onto the porous membrane structures (Meng et al., 2009).

n our reported work, the MWCNTs were incorporated within the
olymer nanofibers by simply electrospinning the polymer solu-
ion mixed with the MWCNTs (Liao et al., 2011; Liu et al., 2010). This
pproach does not allow for precise engineering of the nanofiber
urface and the surface chemistry of the fibers cannot be easily reg-
lated. Motivated by the versatile LbL self-assembly approach for
ber surface modification and the unique properties of MWCNTs in
egulating cellular growth, we attempted to assemble electrospun
A nanofibers with multilayers of CS and MWCNTs to form a novel
anofiber-based scaffolding material for tissue engineering appli-
ations since CS is known to be a biocompatible naturally occurring
olysaccharide material (Chicatun et al., 2011).

In this present study, we fabricated the MWCNT-containing
anofibrous polysaccharide scaffolds by combining electro-
pinning and LbL self-assembly techniques. Electrospun CA
anofibrous mats were first formed and used as templates for
ubsequent deposition of CS/MWCNTs multilayers via electro-
tatic self-assembly. For comparison, CS/ALG multilayers were also
eposited onto the CA nanofibers (Fig. 1) since ALG is a biocom-
atible naturally occurring polymer and has been widely used in
issue engineering applications (Zhou & Xu, 2011). The formed

ultilayered CA nanofibers were characterized by scanning elec-
ron microscopy (SEM), Fourier transform infrared spectroscopy
FTIR), thermogravimetric analysis (TGA), and mechanical dura-

ility tests. The protein adsorption behavior of the scaffolds
as also investigated. Then, the cell attachment and prolifer-

tion viabilities onto the nanofibrous scaffolds were evaluated
y 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
ered CA/(CS/MWCNTs)n and CA/(CS/ALG)n scaffolds.

(MTT) assay of cell viability and SEM observation of the cell mor-
phology. Finally, the hemocompatibility of the multilayered CA
nanofibrous scaffolds was  assessed by hemolysis assay. To our
knowledge, this is the first attempt to assemble MWCNTs onto
the electrospun nanofiber-based scaffolding materials via an LbL
assembly technique for potential tissue engineering applications.

2. Experimental

2.1. Materials

CA (bound acetic acid of 54.5–56.0 wt%, intrinsic viscosity of
300.0–500.0 mPa  s), acetone, and CS (medium molecular weight,
degree of deacetylation >90%, intrinsic viscosity 50.0–800.0 mPa s)
were from Sinopharm Chemical Reagent co., Ltd. ALG with low
intrinsic viscosity was from J&K chemical. MWCNTs (diameter
30–70 nm,  length 100–400 nm)  were obtained according to liter-
ature (Petersen, Huang, & Weber, 2008) and were functionalized
with carboxyl residues according to a procedure described in
literature (Lu & Imae, 2007). In brief, 20 mg of MWCNT was
refluxed in 20 mL  HNO3/H2SO4 (v/v, 3:1) for 24 h, followed by
filtration and drying to render the surface of MWCNTs with car-
boxylic acid residues. Mouse fibroblasts (L929 cells) were obtained
from the Institute of Biochemistry and Cell Biology, the Chi-
nese Academy of Sciences (Shanghai, China). Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin,
and streptomycin were purchased from Hangzhou Jinuo Biomed-
ical Technology (Hangzhou, China). Human blood stabilized with
heparin was kindly provided by Shanghai First People’s Hospital
(Shanghai, China). All other chemicals with reagent grade were
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The
water used in all the experiments was purified using a Milli-Q Plus
185 water purification system (Millipore, Bedford, MA)  with a resis-
tivity higher than 18 M� cm.

2.2. Electrospinning of CA nanofibers

CA (12.5 wt%) solution was prepared by dissolving 1.8 g CA pow-
der into 15 mL  acetone/N,N-dimethylformamide mixture solvent
(2/1, v/v) with vigorous magnetic stirring for 12 h at 25 ◦C, and

the solution was  sonicated using a water bath ultrasonic cleaner
(50 w,  15 × 14 × 10 cm (length × width × height), SK1200H, Shang-
hai KUDOS Inc., China) for 30 min  before use. Freshly prepared CA
solution was  loaded into a syringe with a needle having an inner
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iameter of 0.8 mm,  and the feed rate was controlled by a syringe
ump (JZB-1800, Jian Yuan Medical Technology Co., Ltd., China) at

 mL/h. The high-voltage power supply (BGG40/2, Institute of Bei-
ing High Voltage Technology, China) was connected to the needle
y a high-voltage insulating wire with two clamps at the ends. An
luminum board was used as the collector and was  connected to
he ground. The electrospinning setup can be found in our previ-
us reports (Liao et al., 2011; Liu, Guo, Shen, Wang, & Shi, 2009).
he distance of tip to collector was set at 20 cm,  and the electro-
pinning voltage was kept at 20 kV. The temperature and humidity
ere kept at 25 ◦C and 40–50%, respectively. The prepared nanofi-

rous mats were dried for 24 h at 80 ◦C to remove the trace solvent
nder vacuum.

.3. Multilayered self-assembly onto CA nanofibers

The CA mats were hydrolyzed in a 0.05 M NaOH aqueous solu-
ion at ambient temperature for 7 d according to a previous report
Deng et al., 2010). This hydrolysis reaction rendered the CA mats
ith increased density of carboxyl groups, which can be depro-

onated in water at a pH of 6.0–6.5 to make the CA mats have
urface negative charge, as verified by Rodríguez, Renneckar, and
atenholm (2011).  The CS solution (1 mg/mL) was prepared by
issolving 100 mg  CS powder into 1% (v/v) acetic acid solution
ontaining 0.5 M NaCl. The ALG solution (1 mg/mL) was prepared
y dissolving 100 mg  ALG powder into 100 mL  ultrapure water
ontaining 0.5 M NaCl. The MWCNTs suspension (1 mg/mL) was
repared by dispersing 100 mg  MWCNTs powder into 100 mL  ultra-
ure water.

CS/MWCNTs multilayers were LbL-assembled onto the fabri-
ated CA nanofibers (Fig. 1). The negatively charged CA nanofibers
Deng et al., 2010) enabled the deposition of positively charged CS
s the first layer. In a typical procedure, the CA nanofibrous mats
ere first immersed into CS solution for 5 min, followed by rins-

ng with water three times (each rinsing step took 2 min). Then,
he substrates were immersed in the negatively charged MWCNTs
olution for 5 min, followed by similar rinsing steps in water. The
mmersion/rinsing cycles were repeated until the desired num-
er of bilayers was achieved. The CS/MWCNTs multilayers thus
btained were denoted as (CS/MWCNTs)n. Similarly, CS/ALG mul-
ilayers were also assembled onto the CS nanofibers and were
enoted as (CS/ALG)n (Fig. 1).

.4. Characterization techniques

The morphology of nanofibrous mats was observed by SEM
sing a Hitachi TM 1000 scanning electron microscope with
n accelerating voltage of 10 kV. The fibrous mats were sput-
er coated with a 10-nm thick gold film before measurements.
iber diameters were measured using Image J 1.40 G software
http://rsb.info.nih.gov/ij/down-load.html). At least 300 nanofibers
rom different SEM images for each sample were randomly selected
nd analyzed. Zeta-potential measurements were carried out using

 Zetasizer Nano ZS system (Malvern, UK) equipped with a stan-
ard 633 nm laser. The aqueous solutions of MWCNTs, CS, and ALG
ith a concentration of 1 mg/mL  were measured. The multilay-

red CA(CS/ALG)n and CA(CS/MWCNTs)n nanofibrous mats were
haracterized by FTIR (Nicolet Nexus 670 FTIR spectrometer). All
pectra were recorded in a wavenumber range of 4000–650 cm−1.
GA was performed by TGA Q500 thermogravimetric analyzer (TA
nstruments, New Castle, DE) under N2 in the temperature range of
0–800 ◦C with a heating rate of 48 ◦C/min. The mechanical prop-

rties of nanofibrous mats were measured by a material testing
achine (H5K-S, Hounsfield, UK) at 20 ◦C, relative humidity of 63%,

nd a stretching speed of 10 mm/min. The electrospun nanofibrous
ats before and after self-assembly were punched into small strips
mers 91 (2013) 419– 427 421

with width × gauge length = 10 × 50 mm2, and five strips from dif-
ferent sites of each fibrous mat  sample were chosen for the tensile
test. Stress and strain were calculated through the following equa-
tions (Qi et al., 2010):

� (MPa) = P (N)
w (mm) × d (mm)

(1)

ε = l

l0
× 100% (2)

where �, ε, P, w, d, l, and l0 stand for stress, strain, load, mat  width,
mat  length, extension length, and gauge length, respectively. Break-
ing strength, failure strain and Young’s modulus can be calculated
from stress–strain curves. Note that the area of the fibrous mats is
just the effective area of the cross section, and the thickness of the
mats was routinely measured using a micrometer and was fixed to
be approximately similar (90–100 �m)  before measurements.

2.5. Protein adsorption

Protein adsorption onto the electrospun fibrous mats was mea-
sured via UV–vis spectrometry. Briefly, the nanofibrous samples
assembled with CS/MWCNTs or CS/ALG multilayers (4–8 mg)  were
cut into a round shape (14 mm in diameter) with a size similar
to cover slips, fitted into 24-well cell culture plates, soaked in
75% ethanol for 2 h, and then rinsed three times with phosphate
buffered saline (PBS). The wetted scaffolds were exposed to FBS
solution (1.5 mL,  10% in PBS buffer) for 24 h in a vapor-bathing
constant temperature vibrator at 37 ◦C (Leong, Chian, Mhaisalkar,
Ong, & Ratner, 2009). After incubation, the samples were washed 3
times with PBS buffer (each time with 1 mL  PBS buffer for 15 min)
to remove the excess protein that was not tightly adsorbed onto
the fibrous mats. The washing solution was  combined with the FBS
solution in PBS buffer after protein adsorption and quantified using
a Lambda-25 UV–vis spectrometer (Perkin-Elmer, United States). A
standard calibration curve of the absorbance of the FBS at 280 nm
as a function of the FBS concentration was  used for quantification.
Then the amount of protein adsorbed onto the fibrous mats was cal-
culated by subtracting the quantified non-adsorbed protein from
the initial total amount of protein.

2.6. In vitro cell culture

L929 cells were cultured in DMEM supplemented with 10% FBS,
100 U/mL penicillin, and 100 U/mL streptomycin. The cell culture
was maintained at 37 ◦C in a humidified incubator with 5% CO2,
and the medium was  replaced every 3 d.

To seed cells onto fibrous scaffolds, the polymer nanofibrous
mats (14 mm in diameter) were fixed in 24-well cell culture plates
with stainless rings and sterilized with 75% alcohol for 2 h, fol-
lowed by 3 times washing using PBS buffer and overnight soaking
in DMEM containing 10% FBS. Then L929 cells were seeded onto
the sterilized nanofibrous samples at a density of 2.0 × 104 cells
per well. The culture medium was  replaced with the new medium
every other day.

After being cultured for 3 d, the L929 cells were harvested, rinsed
twice with PBS buffer to remove non-adherent cells, and subse-
quently fixed with 2.5% glutaraldehyde at 4 ◦C for 2 h. After that, the
samples were dehydrated through a series of gradient ethanol solu-
tions of 30%, 50%, 70%, 95%, and 100%, and freeze-dried overnight.
Dry samples were sputter coated with a 10 nm-thick gold film
before SEM observation of the morphology of cells cultured onto

the surface of the scaffolds.

MTT  assay was  used to quantitatively evaluate the cell viabil-
ity. Cell attachment assay was performed after seeding cells with
a density of 1.5 × 104 cells per well at 1, 2, 4, and 8 h and cell

http://rsb.info.nih.gov/ij/down-load.html
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Fig. 2. SEM image and diameter distrib

roliferation assay was performed after seeding cells with a den-
ity of 1.0 × 104 cells per well on days 1, 3, 5, and 7. At each time
oint, 40 �L MTT  solution (C0009, Beyotime Institute of Biotech-
ology, China) was added to each sample. After 4 h incubation at
7 ◦C, 400 �L dimethyl sulfoxide (DMSO) was added to dissolve the
ormazan crystals. Then, the dissolved formazan solution (100 �L)
f each sample was added into individual well of a 96-well plate
nd the absorbance at a wavelength of 570 nm was measured by
icroplate reader (MK3, Thermo, USA). The absorbance related to

he fibrous mats only was corrected to modulate the final optical
ensity (OD) values. Mean and standard deviation for the triplicate
ells for each sample were reported.

.7. Hemocompatibility test

Human red blood cells (HRBCs) were obtained by removing the
erum via centrifugation (3000 rpm, 3 min) and washing with PBS
uffer according to the procedure reported in literature (Meng,
heng, Li, & Zheng, 2010). After that, the HRBCs were 10 times
iluted with PBS buffer. Then 0.2 mL  of the diluted HRBCs sus-
ension was transferred to a 1.5-mL Eppendorf tube which was
lled with 0.8 mL  of water (as positive control) and PBS buffer (as
egative control), respectively. Nanofibrous samples (2 mg)  were
ipped into 1.0 mL  HRBCs suspension containing 0.2 mL  diluted
RBCs suspension and 0.8 mL  PBS buffer. The above mixtures
ere then incubated at 37 ◦C for 60 min, followed by centrifuga-

ion (10,000 rpm, 2 min). Then the supernatant was determined
y Perkin Elmer Lambda 25 UV–vis spectrometer to record the
bsorbance at 540 nm.  The hemolytic percentage (HP) was calcu-
ated using Eq. (3),  where Dt is the absorbance of the test samples;
pc and Dnc are the absorbance of the positive and negative control,

espectively.

P (%) = Dt − Dnc

Dpc − Dnc
× 100% (3)

.8. Statistical analysis

The data were expressed as mean ± SD, n ≥ 3. Statistical analysis
as performed by ANOVA method. In all evaluations, p < 0.05 was

onsidered as statistically significant.

. Results and discussion

.1. Fabrication of CA nanofibers
The CA nanofibers were formed according to the procedures
escribed in our previous work (Xiao et al., 2009). In order to obtain
niform CA nanofibers with a smooth morphology, it is necessary
histogram of the CA nanofibrous mats.

to control the CA concentration in a range of 12–15%. In our study,
we chose 12.5% as the optimum concentration of CA for electro-
spinning. The morphology of the formed nanofibrous mats was
observed by SEM (Fig. 2). It is clear that the CA nanofibrous mats dis-
play a porous 3D structure with smooth surface and a mean diam-
eter of 305 ± 128 nm.  The formed CA mats contain loosely packed
fibers, which can be used as templates for multilayer assembly.

3.2. Multilayered assembly of CA nanofibers

The negative surface charge after hydrolysis reaction makes
it possible for the CA mats to be assembled with polyelectrolyte
multilayers via electrostatic LbL assembly (Wang et al., 2004).
To confirm the opposite surface potential of the layering compo-
nent of CS/MWCNTs and CS/ALG multilayers, the aqueous solutions
of CS, MWCNTs, and ALG used for the multilayer deposition
onto CA nanofibers were measured by zeta-potential analysis
(Table S1, Supplementary Data). It is clear that CS has a poten-
tial of +13.8 mV,  whereas MWCNTs and ALG have potentials of
−20.9 mV and −12.7 mV,  respectively. The MWCNTs are able to be
well dispersed in water with good colloidal stability, which has
been demonstrated in our previous work (Xiao et al., 2010). There-
fore, the opposite charge of CS/ALG and CS/MWCNTs pairs should
afford the successful electrostatic assembly of the multilayers onto
the CA fiber surfaces. We  chose the CS as the outmost layer of the
multilayer films because CS is positively charged and the surface of
cells is negatively charged, which allows efficient cell attachment
on the composite multilayered fibrous scaffolds.

The morphology of the multilayered CA (CS/MWCNTs)n and
CA(CS/ALG)n fibrous scaffolds were observed by SEM. Fig. 3 shows
the SEM images of the CA nanofibrous mats coated with 3.5, 5.5, and
10.5 bilayers of CS/ALG and CS/MWCNTs, respectively. With the
number of the assembled bilayers, the surfaces of the nanofibers
become rougher and rougher, especially for the CS/MWCNTs
multilayer-assembled CA nanofibers. It should be noted that the
assembly of CS/ALG or CS/MWCNTs multilayers onto each indi-
vidual CA fiber is likely to be not uniform, since the sites of the
tight fiber junction in the inner region of the mats are not able to
be assembled. We  also note that there is likely a possibility that
excess CS is precipitated inside the electrospun mat  and trapped in
rinsing procedure with water. This leads to a rough surface of CA
nanofibers assembled with more bilayers of CS/ALG (Fig. 3c). The
much rougher surface of CS/MWCNT multilayered CA mats is likely
due to both the deposition of MWCNTs with relatively non-uniform

dispersion and the precipitation of excess CS during the rinsing
procedure with water. The fiber surface roughness increased sub-
stantially as clusters of MWCNTs appear in the SEM images (Fig. 3e
and f).
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ig. 3. SEM images of the CA(CS/ALG)n nanofibers (with n = 3.5 (a), n = 5.5 (b), and n 

 = 10.5 (f), respectively).

The assembly of both CS/ALG and CS/MWCNTs multilayers onto
he CA nanofibers was further characterized by FTIR (Fig. 4). The
haracteristic bands of CA around 1740 cm−1 (C O) and 1640 cm−1

C O O) (Boura et al., 2005) are clear (curve a). After deposit-
ng the CS/ALG multilayers, the peak at 3388 cm−1 and 2924 cm−1

orresponding to the NH2 and CH2 groups of CS, and the
eak at 1602 cm−1 belonging to the carboxyl group of ALG can be
learly seen (curve b). For the CS/MWCNTs multilayer-deposited
A nanofibers (curve c), the peaks at 3388 cm−1 and 2924 cm−1

 CH2 ) become broad, which is likely due to the strong interaction
etween the carboxyl residues of MWCNTs and the amino group
f CS. The assembly of MWCNTs onto the CA nanofibers was also
onfirmed by TGA (Supplementary data, Fig. S1).  With the 3.5, 5.5,
nd 10.5 bilayers coating onto the CA nanofibers, the final weight
ercentage of the residue was calculated to be 17%, 21%, and 27%,
espectively, while the weight percentage of the residue is 5% for

A nanofibers without any coatings. The less weight loss at 800 ◦C
ith the number of the CS/MWCNTs multilayers clearly suggests

he assembly of more MWCNTs on the surface of the CA nanofibers.
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ig. 4. FTIR spectra of CA (a), CA/(CS/ALG)10.5 (b), and CA/(CS/MWCNTs)10.5 (c)
anofibrous mats.
 (c), respectively) and CA (CS/MWCNTs)n nanofibers (with n = 3.5 (d), n = 5.5 (e), and

We  note that the non-linear relationship between the weight loss
and the number of MWCNT layers may  be due to the non-uniform
coating of the MWCNTs after each assembly step. This could partic-
ularly happen when the 3D fibrous mats are used as substrates to
assemble MWCNTs with relatively non-uniform dispersion when
compared with polymers. The combined FTIR and TGA results prove
that CS/MWCNTs and CS/ALG multilayers have been successfully
assembled on the CA fiber surfaces.

Mechanical durability of electrospun nanofibrous materials is
of great importance for their practical applications. The change of
the mechanical properties of the CA nanofibrous mats assembled
with different bilayers of CS/MWCNTs and CS/ALG was  thoroughly
investigated. Stress–strain curves of the electrospun composite
nanofibrous mats (Fig. S2, Supplementary data) and the detailed
mechanical data (Table S2, Supplementary data) clearly show that
the CA nanofibers assembled with CS/MWCNTs multilayers dis-
play higher tensile stress and ultimate strain when compared with
those assembled with similar numbers of CS/ALG multilayers. The
enhancement of the mechanical property of the CA/(CS/MWCNTs)n

composite nanofibrous mats should be ascribed to the pres-
ence of MWCNTs assembled onto the surface of CA nanofibers,
which would allow the load to be efficiently transferred from
the CA nanofibrous mats to the MWCNTs that possess extraor-
dinary mechanical properties (Yu et al., 2000). With the number
of the deposited CS/MWCNTs bilayers, the tensile stress of the CA
nanofibers does not change significantly, while the ultimate strain
starts descending, which is probably due to the increased brittle-
ness of the mats with more MWCNTs assembled onto the fiber
surfaces. Therefore, less layers of CS/MWCNTs deposition onto the
CA nanofibers are beneficial to reserve the improved mechanical
property of the nanofibrous scaffold including tensile stress, ulti-
mate strain, and Young’s modulus.

3.3. Protein adsorption onto the multilayered CA nanofibrous
scaffolds

The adsorption of proteins onto artificial tissue engineering
scaffolds is an important issue in regulating cellular behavior

(Woo, Chen, & Ma,  2003; Woo, Seo, Zhang, & Ma,  2007). It is
believed that a scaffold material with more protein adsorption
and thus better biocompatibility could better improve the cellu-
lar response, enabling enhanced cell adhesion and proliferation
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Lovat et al., 2005; Mattson, Haddon, & Rao, 2000). With the LbL
ssembly of the defined amount of MWCNTs, it is possible to
uantitatively measure the effect of the incorporated MWCNTs
n the surface of CA nanofibers on the protein adsorption behav-
or. Fig. S3 (Supplementary data) shows the amount of protein
dsorbed onto the multilayered CA nanofibrous mats after 24 h
f incubation in FBS solution. In our experiments, we  exposed the
anofibrous mats to 10% FBS in PBS buffer solution in order to sim-

late the protein adsorption in the cell culture medium, since cell
ulture medium is quite complex with numerous different com-
onents. It is clear that both CS/ALG- and CS/MWCNTs-assembled
A nanofibrous mats are able to absorb much more protein

ig. 5. The morphology of L929 cells cultured onto the CA/(CS/MWCNTs)n fibrous mats 

n  = 3.5 (e), n = 5.5 (f), and n = 10.5 (g), respectively). (d) The control cells cultured onto co
mers 91 (2013) 419– 427

than the cover slips due to their 3D porous fibrous structures
with p value less than 0.001 regardless of the number of bilay-
ers. For the CS/MWCNTs-assembled CA nanofibers, deposition of
more layers seems to largely improve the protein adsorption
ability. For instance, the protein adsorption amount onto the
(CS/MWCNTs)10.5-assembled CA nanofibers is significantly more
than that onto (CS/ALG)10.5-assembled CA nanofibers (P < 0.001).
The protein adsorption capability was  further compared using

the amount of the protein per milligram of the fibrous mats
(Table S3, Supplementary data). Except that the CA(CS/MWCNTs)3.5
mat  has lower protein adsorption than the CA(CS/ALG)3.5 mat,
all the CS/MWCNTs-assembled CA nanofibers have better protein

(n = 3.5 (a), n = 5.5 (b), and n = 10.5 (c), respectively) and CA(CS/ALG)n fibrous mats
ver slips.
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Fig. 6. MTT  assay of the adhesion viability of L929 cells seeded onto cover slips (con-
trol), CA/(CS/MWCNTs)n , and CA/(CS/ALG)n nanofibrous mats with n = 3.5, 5.5, and
10.5, respectively. The data are expressed as mean ± SD, n = 3, the statistical compar-

broken by the sample in contact with blood. As shown in the inset
of Fig. 8, no visible hemolytic phenomenon was observed when the
fiber mats (2 mg)  were exposed to the suspension of the HRBCs. The
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dsorption capability than the CS/ALG-assembled CA nanofibers
ith similar numbers of bilayers. This would suggest that the elec-

rospun scaffolds, especially those assembled with more layers of
WCNTs, may  provide much higher specific surface area due to the

ncorporation of hollow cylindrical MWCNTs and/or unique surface
eatures to allow strong interaction with the proteins (Woo  et al.,
003). The improved protein adsorption could be due to the electro-
tatic and/or hydrophobic interaction between MWCNTs and FBS.
n addition, the topological features of MWCNTs with high surface
rea may  also facilitate the strong interaction with FBS, in agree-
ent with literature (Chen, Zhang, Wang, & Dai, 2001; Chen et al.,

003; Liao et al., 2011; Meng et al., 2006, 2009). Given the ability
f the assembled MWCNTs to improve both the protein adsorption
apability and the mechanical durability of the CA nanofibers, the
WCNT-assembled CA nanofibers may  hold great promise in tissue

ngineering applications.

.4. Morphology and viability assay of cells cultured onto the
ultilayered CA nanofibrous mats

We next explored the in vitro biocompatibility of multilayered
A nanofibrous scaffolds using L929 cells as a model. The morphol-
gy of L929 cells cultured onto cover slips and the multilayered
A nanofibrous mats with different numbers of bilayer deposition
nd different compositions after 3 d culture was observed by SEM
Fig. 5). It can be seen that the nanofibrous morphology of the mul-
ilayered CA scaffolds was well preserved after being soaked in the
ulture medium for 3 d, and the cells spread and proliferate well
n the electrospun nanofibrous substrates. Cells cultured onto all
anofibrous scaffolds regardless of the composition display a phe-
otypic shape, indicating that the cells can penetrate and migrate
ithin the scaffolds in a manner similar to native ECM. In contrast,

ells cultured onto the cover slips display a spindle or asteroid
hape (Fig. 5d). For CS/MWCNTs-assembled CA fibrous scaffolds,
he cells show asteroid and fusiformate morphology and appear
o infiltrate within the porous structure of the nanofibers with the
lopodia of the cells closely attached with the nanofibers (Fig. 5a
nd b), indicating their better cell spreading and proliferation abil-
ty than those of the CS/ALG-assembled CA nanofibers.

MTT  assay was performed to quantitatively evaluate the viabil-
ty of cells upon attachment and proliferation onto the different

ultilayered CA nanofibrous mats. The attachment of L929 cells
nto the CS/MWCNTs- and CS/ALG-assembled CA nanofibers was
valuated within a short time period of 8 h (Fig. 6). It is clear
hat cells cultured onto the (CS/MWCNTs)3.5 multilayered scaffolds
lmost have the best viability at all the time points. For both cases
f the multilayered fibrous mats, with the less multilayers coated
nto the CA nanofibers, the cells have a better attachment viability.
his is likely due to the fact that less layers’ coating may  maintain
ell the porous structure of the scaffolds, which is essential for the

ell growth. With the same number of multilayer coating, cells cul-
ured onto CS/MWCNTs-coated CA fibers seems to have a better
iability than those cultured onto CS/ALG-coated CA fibers.

The biocompatibility of the multilayered CA nanofibrous mats
as further evaluated by MTT  assay of the viability of cells after

eeding on days 1, 3, 5, and 7 (Fig. 7). It can be seen that cells
ultured onto the CA(CS/MWCNTs)n and CA(CS/ALG)n scaffolds
roliferate better than those on the cover slips on days 1 and 5.
ith the same number of bilayers, there is no distinct difference

etween the two types of scaffolds with 3.5 and 5.5 bilayers at
ll 4 time points while CA(CS/MWCNTs)10.5 scaffold displays bet-
er cell viability than CA(CS/ALG)10.5 scaffold with p value <0.05

t all 4 time points. With the more bilayers coated onto the CA
anofibers (e.g., 10.5), the pore volume of the fibrous mats gets
maller, which is not beneficial for the cell growth. However, for
he case of the CA(CS/MWCNTs)10.5 fibrous mats, the much rougher
isons are made between the CA/(CS/MWCNTs)n and CA/(CS/ALG)n nanofibers with
similar n and *p < 0.05, **p < 0.01, ***p < 0.001.

surface features than that of CA/(CS/ALG)10.5 scaffolds along with
the good protein adsorption capability of the MWCNTs likely com-
promise the effect of the low pore volume under similar conditions
(Huang et al., 2010).

3.5. Hemocompatibility of the multilayered CA nanofibrous mats

Hemocompatibility is becoming a major concern especially
when the developed scaffolds are intended to contact with blood for
in vivo applications. Therefore, we  explored the hemocompatibility
of the CA nanofibers before and after assembly with CS/MWCNTs
and CS/ALG multilayers. The HP represents the extent of the HRBCs
Fig. 7. MTT assay of the proliferation viability of L929 cells seeded onto cover
slips (control), CA/(CS/MWCNTs)n , and CA/(CS/ALG)n nanofibrous mats with n = 3.5,
5.5, and 10.5, respectively. The data are expressed as mean ± SD, n = 3, the statis-
tical comparisons were made between the CA/(CS/MWCNTs)n nanofibers and the
CA/(CS/ALG)n nanofibers with similar n and *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 8. Hemolysis percentage of the nanofibrous mats before and after assem-
bly.  The data are expressed as mean ± SD, n = 3, the statistical comparisons
were made between the CA/(CS/MWCNTs)n nanofibers and the CA/(CS/ALG)n

nanofibers with similar n value. The inset shows the solution of HRBCs
treated with different nanofiber samples, followed by centrifugation. Sam-
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les a–i represent positive control (water), negative control (PBS buffer),
A,  CA(CS/MWCNTs)3.5, CA(CS/MWCNTs)5.5, CA(CS/MWCNTs)10.5, CA(CS/ALG)3.5,
A(CS/ALG)5.5, and CA(CS/ALG)10.5 nanofibers, respectively.

easured HPs for all nanofibrous mats were less than 3%, indicating
hat all of the nanofibrous mats have an excellent hemocompati-
ility (Wang et al., 2008).

. Conclusions

In summary, we fabricated both CS/MWCNTs and CS/ALG multi-
ayered CA nanofibrous scaffolds via electrostatic LbL self assembly
or tissue engineering applications. The formed multilayered scaf-
olds were characterized by SEM, FTIR, TGA, and mechanical
esting. The CS/MWCNTs multilayer-assembled scaffolds had much
ougher surface than that of the CS/ALG multilayered scaffolds
ith similar number of bilayers. The incorporation of MWCNTs

n the multilayered CA fibrous scaffolds tended to enable well
ttachment, spreading, and proliferation of mouse fibroblast cells
hen comparing with CS/ALG multilayer-assembled fibrous scaf-

olds without MWCNTs under the studied conditions. With the
ood protein adsorption capacity, mechanical durability, cellu-
ar attachment and proliferation, and good hemocompatibility,
he MWCNTs-containing multilayered composite fibrous scaffold-
ng materials should find applications in tissue engineering and
egenerative medicine. The facile LbL self-assembly approach to
odifying the nanofibrous scaffolds may  be extended for immo-

ilization of other functional bioactive materials for a range of
iomedical applications.

cknowledgements

This research is financially supported by the Key Laboratory
f Textile Science & Technology, Ministry of Education, “111
roject”, B07024, the National Natural Science Foundation of China
50925312), the Program for New Century Excellent Talents in

niversity, State Education Ministry, and the Science and Technol-
gy Collaboration Fund between China and Hungary (No. 5–14),
inistry of Science and Technology. The Shanghai Bai Yu Lan

oundation (11BA1400500) is acknowledged for supporting the
mers 91 (2013) 419– 427

collaboration between Donghua University and the University of
Madeira. X.S. and H.T. acknowledge FCT for the project PEst-
OE/QUI/UI0674/2011 (CQM, Portuguese Government funds). X.S.
gratefully acknowledges the Fundaç ão para a Ciência e a Tecnolo-
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