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a  b  s  t  r  a  c  t

In  this  study,  carboxymethyl  chitin  (CMC)  -  organic  rectorite  (OREC)/poly  (vinyl  alcohol)  (PVA)  compos-
ite  nanofibrous  mats  were  successfully  prepared  via  electrospinning.  SAXRD  pattern  showed  that  the
interlayer  distance  of  OREC  was  increased  from  3.68  to  4.08  nm, which  verified  that  polymer  chains  were
intercalated  into  the  interlayer  of OREC.  Field  emission  scanning  electron  microscopy,  Fourier  transform
infrared  spectra  and  energy-dispersive  X-ray  spectroscopy  were  used  to  characterize  the  morphology
eywords:
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ell compatibility

and  microcosmic  structure  of  nanofibrous  mats.  Thermal  properties  of  mats  were  determined  by differ-
ential scanning  calorimetry.  To  evaluate  the  cell  compatibility  of  mats,  mouse  lung  fibroblast  (L929)  was
chosen  for  cell  attachment  and  spreading  assay.  The  results  shows  that  nanofibrous  mats  contained  OREC
have  better  thermal  properties.  Besides,  the  addition  of  OREC  has  little  effect  on  the  cell  compatibility  of
nanofibrous  mats.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Electrospinning has, compared with other techniques like tem-
late synthesis and phase separation, proved to be a versatile
nd effective method of nanofibrous mats fabrication. It has been
idely applied for its high productivity (Greiner & Wendorff, 2007).

lectrospinning nanofibers have a 3D structure with pores in micro
nd sub-micro size, and so far they have been extensively applied
n various areas like tissue engineering scaffolds (Deng et al.,
010), wound dressing (Chen, Chang, & Chen, 2008), biochemical
ensors (Ding, Wang, Wang, Yu, & Sun, 2010), bacterial inhibi-
ion (Deng et al., 2011b)  and cosmetic skin masks (Huang, Zhang,
otaki, & Ramakrishna, 2003). At present, polymer/layered sili-
ate nanofibers together with their potential applications within

erospace, biodegradable materials, catalysis and some other areas
like has been studied because these composite nanofibers can
aintain the advantages of nanofibers and are simultaneously
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of integrated properties of both inorganic and organic materials
(Daniel, Deepak, & Emmanuel, 2002, Goettler, Lee, & Thakkar, 2007,
Hartmut, 2003). To the best of our knowledge, the biocompatibility
of polymers is the first consideration when applied in biomedical
area. Therefore, nature polymers like chitin can be an ideal compo-
nent for the fabrication of nanofibrous mats.

Chitin, which is normally extracted from shellfishes, is the sec-
ond most abundant polysaccharide in natural environment. It is
biodegradable and biocompatible and therefore can be utilized
for drug delivery (Mi  et al., 2003) and tissue engineering (Freier,
Montenegro, Shan Koh, & Shoichet, 2005). However, its poor water
solubility (Noh et al., 2006) has restrained the further utilization
of chitin nanofibers for biomaterials. Existing studies show that
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) is normally selected as
the solvent of chitin, but unfortunately HFIP is toxic and harm-
ful to the health of environment and humans (Noh et al., 2006).
Therefore, the derivatives of chitin with better water solubil-
ity have drawn many attentions (Kittura, Prashantha, Sankarb,
& Tharanathan, 2002). Carboxymethyl chitin (CMC) has demon-
strated broad prospects in food industries (Agulló, Rodríguez,
Ramos, & Albertengo, 2003) and tissue engineering (Jayakumar
et al., 2011). But unfortunately, CMC  is of poor spinnability and

it has to be mixed with other polymers during the electrospinning
process (Shalumon et al., 2009). Poly (vinyl alcohol) (PVA) is an ideal
candidate because of excellent biocompatibility and spinnabil-
ity. In addition, PVA nanofibers have high tensile and strength,
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http://www.sciencedirect.com/science/journal/01448617
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ensile modulus, and abrasion resistance due to its highest crys-
alline lattice modulus (Lee et al., 2004).

Organic rectorite (OREC), as a kind of layered silicate, is modi-
ed from rectotite (REC) and of larger interlayer distance and layer
spect ratio compared with montmorillonite (Wang et al., 2006).
t is reported that OREC is applied in antibacterial activity (Deng
t al., 2012), drug controlled-release system (Xu et al., 2012) and
ene delivery (Wang, Pei, Du, & Li, 2008). Based on our previous
eport, nanofibrous mats mixed with OREC are verified to improve
he bacterial inhibition because of the positive potential and the
nlarged interlayer distance (Deng et al., 2011a).  Therefore, further
tudy to the physical properties and cell compatibility of polymer-
REC intercalated nanofibrous mats and more attention should be
iven to their further utilization in biomedical areas.

In this study, CMC/PVA chains were intercalated into the inter-
ayer of OREC to fabricate composite nanofibrous mats by using
f electrospinning technique. The study to cell compatibility of
olymer-OREC intercalated nanofibrous mats was initiative and
o similar studies were reported yet. Means like Fourier trans-

orm infrared (FT-IR), energy-dispersive X-ray spectroscopy (EDX)
nd Field-Emission Scanning Electron Microscope (FE-SEM) were
roadly applied for the characterization of prepared fibrous mats.
he interlayer distance of OREC was measured by small angle X-Ray
iffraction. Differential scanning calorimetry (DSC) was  applied to

nvestigate the thermal properties of the composite nanofibrous
ats.

. Materials and methods

.1. Materials

Chitin (Mw = 1.31 × 106 kD) was provided by Yuhuan Ocean Bio-
hemical Co. (Taizhou, China). Poly (vinly alcohol) (Mw = 9 × 104 kD)
as purchased from Wako Pure Chemical Industries, Japan. Cal-

ium rectorite (Ca2+-REC) was provided by Hubei Mingliu Inc.
o. (Wuhan, China). Organic rectorite was prepared based on

 previous report (Wang, Du, Luo, Lin, & Kennedy, 2007). All
ther chemicals were of analytical grade and used as received. All
queous solutions were prepared by using purified water with a
esistance of 18.2 M� cm.

.2. Preparation of carboxymethyl chitin

Chitin (100 g) was frozen for 12 h at −18 ◦C after alkalified by 50%
aOH (200 g). Then the solution was thawed by adding 1000 ml Iso-
ropyl Alcohol (IPA) and stirred at room temperature. Chloroacetic
cid (110 g) was dissolved into 500 ml  IPA and instilled into the pre-
ared solution. This reaction was kept for triple 2 h at 20 ◦C, 60 ◦C,
0 ◦C, respectively. After that, the pH value was adjusted to neu-
ral. The solution was washed by methyl alcohol and dialyzed in
000 ml  distilled water for a week. After rotating evaporation and

yophilization, CMC  powder was obtained.

.3. Preparation of electrospinning solutions and nanofibers

CMC  (7%) and PVA (8%) solutions were mixed in different mass
atios of CMC/PVA at 60/40, 50/50, 40/60 and 20/80. CMC-OREC
olutions were prepared by dissolving CMC-OREC composites and
tirring for 2 h at room temperature. Then PVA solutions were
ixed to make sure that the concentration of OREC was 1%.
Custom-designed electrospinning equipment was consisted of

 high voltage DC power supply (DW-P303-1ACD8, Tianjing Dong-

en high voltage power supply Co., Tianjing, China) and a syringe
ump (LSP02-1B, Baoding Longer Precision Pump Co., Ltd., China).
he prepared solution was poured into a 10 ml  syringe with a metal
eedle (the inner diameter was 0.8 mm)  and driven by the syringe
ers 90 (2012) 1069– 1074

pump. All electrospinning experiments were carried out under a
consistent electric field of 10 kV/8 cm.  The ambient temperature
and relative humidity were maintained at 25 ◦C and 45%, respec-
tively. The prepared fibrous mats were dried in vacuum at room
temperature.

2.4. Characterization

The morphology of electrospun fibrous mats was observed by
Field Emission Scanning Electron Microscope (FE-SEM, S-4800,
Hitachi Ltd., Japan). All the samples were processed by vacuum
spray carbon prior to FE-SEM imaging. The composition of fibrous
mats was  investigated by energy-dispersive X-ray (EDX) spec-
troscopy (S-4800, Hitachi Ltd., Japan). Fourier transform infrared
(FT-IR) spectra were recorded by a Nicolet FT-IR 5700 spectropho-
tometer (Nicolet, Madison, USA). The number of FT-IR scans was
64 times. The small angle X-ray diffraction (SAXRD) was  performed
using D8 Advance diffractometer (Bruker, USA). The scanning rate
and the scanning scope of 2� were 1◦/min and 1–10◦, respectively.
The thermal properties of composite nanofibrous mats were deter-
mined by differential scanning calorimetry (DSC 204 F1, Netzsch,
Germany) from 20 to 400 ◦C with a heating rate of 10 ◦C/min under
nitrogen flow 20 ml/min. This experiment was heated up twice to
remove the thermal history of samples.

2.5. MTT  assay

The cytotoxicity of nanofibrous mats was  determined by MTT
assay corresponding to a previous report (Zhao et al., 2009). In short,
nanofibrous mats cultivated with L929 cells were washed slightly
by phosphate buffered saline (PBS). Then 25 �l MTT  was added into
each plate at 37 ◦C for 4 h. After that, DMSO (150 �l) was  added to
dissolve the MTT  formazan purple crystals in 10 min. At last, the
absorbance of the solution was measured at 490 nm by using an
enzyme linked immunosorbent assay (ELISA) Reader (MODEL550,
Bio-Rad, USA).

2.6. Cell attachment and spreading assay

Mouse lung fibroblast (L929, provided by Tangdu Hospital,
Fouth Military Medical University) was  selected to investigate the
cell compatibility of composite nanofibrous mats. The mats were
cut into small disks to fit the size of 96-well plates and then ster-
ilized by high pressure at 121 ◦C. L929 cells (1 × 103) in Dulbecco
modified eagle medium (DMEM) were seeded onto the nanofibrous
specimens in the 96-well plate. DMEM was supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin. L929 cells
grew at 37 ◦C in an incubator with a humidified atmosphere con-
taining 5% CO2 for 24 h. FE-SEM images (FE-SEM, JSM-6700F, JEOL,
Japan) were taken to observe the morphology of cell attachment
and spreading situation.

3. Results and discussion

3.1. FT-IR spectra analysis

Fig. 1 shows the FT-IR spectra of chitin (a) and CMC  (b). The peak
at 1652 cm−1 represented the absorption value of amide I, and the
two peaks at 1558 cm−1 and 1600 cm−1 represented the absorp-
tion values of amide II and amino, respectively, which indicated
that the degree of deacetylation of chitin was  quite low. But in the
spectrum of CMC, all these characteristic peaks became broader.

The asymmetric stretching vibration of CH2 at 2937 cm−1, the
stretching vibration of C O at 1061 cm−1, the absorption peak of
C O C around 1175 cm−1 were all obviously enlarged, indicating
the high degree of substitution of CMC. There was  no remarkable
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Fig. 1. FT-IR spectra of (a) chitin and (b) CMC.

eak at 1519 cm−1 of the free amino which verified that CMC  was
uccessfully synthesized.

Fig. 2 presents the FT-IR spectra of CMC-OREC/PVA composite
brous mats and their raw materials. The characteristic peaks of
REC were at 467 cm−1 and 546 cm−1 represented for the bend-

ng vibration absorption peak of Si O (Deng et al., 2011b). And
he characteristic peaks at 910 cm−1 and 3643 cm−1 stood for the
ibration absorption peak of OH. The peaks of CH2 and CH3
roups at 2921 cm−1 and 2851 cm−1 were resulted from sodium
odecylsulphate (SDS) modification of OREC. In the spectrum of
VA, the characteristic peaks of 3383 cm−1, 2941 cm−1, 1734 cm−1,
098 cm−1and 850 cm−1 represented OH, CH3, C O, C O and

 C, respectively.
The peaks of Si O at 467 cm−1 and 546 cm−1 could be seen in the

pectra of PVA/OREC (Fig. 2a) and CMC-OREC/PVA mats (Fig. 2c).
esides, the peak of OH narrowed down at 910 cm−1 and even
isappeared at 3643 cm−1, which indicated that the hydroxyl group
f OREC had interaction with CMC  and PVA.
.2. Morphology of fibrous mats

The morphology of CMC/PVA fibrous mats in different mass
atios is displayed in Fig. 3. The solutions could not be electrospun

ig. 2. FT-IR spectra of nanofibrous mats electrospun from different solution com-
onent: (a) PVA/OREC, (b) PVA/CMC and (c) CMC-OREC/PVA.
ers 90 (2012) 1069– 1074 1071

into fibers when the mass ratio of CMC/PVA was  higher than 60/40
according to a previous report (Shalumon et al., 2009). When the
mass ratio of CMC/PVA was  60/40 (Fig. 3a), there were many
spindle-like beads among the nanofibrous mats and the fibers were
primarily embedded in adhesive films because of the bad elec-
trospinability of CMC. When the concentration of PVA increased,
the morphology of nanofibrous mats became better. Moreover,
the average diameter of nanofibers increased after the addition of
PVA. The reason was that PVA was easily to be electrospun and
its nanofibers were denser and of larger average diameter. Some
adjacent fibers became adhesive because the solvent was distilled
water which was hard to be evaporated during such a short elec-
trospinning period.

Fig. 4 gives the FE-SEM images of OREC contained compos-
ite nanofibrous mats. Their variation of morphology was  identical
with that of CMC/PVA nanofibrous mats when the mass ratio
of CMC/PVA was changed. Compared to Fig. 3a, however, there
was no remarkable adhesion among fibers in Fig. 4a because
of the existence of OREC. With the addition of OREC, the dis-
solving rate of nanofibers on the receptor became lower and
the solvent evaporated more quickly, because both the internal
and external surface of OREC were changed from hydrophilic to
hydrophobic after the organification of rectorite (Wang et al., 2007).
Furthermore, the nanofibers had better morphology and narrowly
distributed diameter (Ray & Okamoto, 2003). The above results elu-
cidates that OREC can affect the morphology of the nanofibrous
mats.

3.3. Composition analysis of nanofibrous mats

It is already known that the characteristic elements of OREC
are consist of Si and Al. EDX spectrum is used for verifying
the existence of OREC in the CMC-OREC/PVA composite nanofi-
brous mats. The characteristic peaks of Si and Al in the EDX
spectrum (Fig. 5) proved that OREC had been successfully added
into the composite nanofibrous mats. The characteristic peak
of Na indicated that SDS was  in the composite nanofibrous
mats which also verified that OREC was  successfully fabricated into
the composite nanofibrous mats.

3.4. X-ray diffraction investigation

SAXRD patterns of CMC-OREC/PVA composite nanofibrous mats
are shown in Fig. 6 and the interlayer distance of OREC is
calculated by Bragg’s equation. There was no remarkable peak
observed in CMC, PVA and CMC/PVA composite nanofibrous mats
(Fig. 6a–c). The intensity zenith of OREC (Fig. 6d) was  at 2.40◦

and the interlayer distance was 3.68 nm. Compared to OREC,
the peaks of PVA-OREC composite nanofibrous mats and CMC-
OREC/PVA nanofibrous mats (Figs. 6e and f) shifted towards
lower angles at 2.10◦ and 2.16◦, and the interlayer distance
were 4.20 and 4.08 nm,  respectively. This result indicates that
PVA chains are successfully intercalated into the interlayer of
OREC but CMC  chains have no remarkable effect on intercala-
tion.

3.5. Different scanning calorimetry assay

The thermal properties of nanofibrous mats are demonstrated
in Fig. 7. The endothermic peak at 263.2 ◦C represented the melt-
ing peak of CMC  (Kittura et al., 2002). This peak of CMC did not
shift after adding OREC but the peak area representing enthalpy

change was obviously enlarged which indicated that OREC had
remarkable effect on the thermal stability of CMC  crystallization.
This result was  identical with the X-Ray diffraction assay that CMC
chains were not intercalated into the interlayer of OREC and the
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Fig. 3. FE-SEM of nanofibrous membranes electrospun from solutions wi

rystallization structure of CMC  was not destroyed. Besides, the
elting peak of PVA at 365 ◦C in Fig. 7a was more distinct than that

f CMC-OREC/PVA nanofibrous mats. In Fig. 7b, the two  endother-
ic  peaks did not totally separated, which demonstrated that the
rystallization of PVA was destroyed after intercalation. The reason
ay be that the molecular movements of PVA chains are restricted

n a great extent because of the intercalation structure (Wang et al.,
008). As a result, OREC can improve the thermal properties of the

ig. 4. FE-SEM of nanofibrous membranes electrospun from solutions with different CMC
erent CMC/PVA mass ratios: (a) 60/40, (b) 50/50, (c) 40/60 and (d) 20/80.

nanofibrous mats while not damage the crystallization structure of
CMC.

3.6. MTT  assay
MTT  assay results are shown in Fig. 8a. Obviously, all samples
are of slight cytotoxicity. However, the cytotoxicity of the mats
contained OREC increased a small amount when the mass ratio of

/PVA mass ratios mixed with 1% OREC: (a) 60/40, (b) 50/50, (c) 40/60 and (d) 20/80.
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Fig. 5. EDX spectrum of the selected rectangle area of CMC-OREC/PVA nanofibrous
mats.

Fig. 6. XRD patterns of samples: (a) CMC  powder, (b) PVA nanofibrous mats, (c)
CMC/PVA hybrid nanofibrous mats, (d) OREC powder, (e) PVA/OREC nanofibrous
mats and (f) CMC-OREC/PVA nanofibrous mats.

Fig. 7. DSC thermograms of (a) CMC/PVA and (b) CMC-OREC/PVA nanofibrous mats.

Fig. 8. (A) Cell viability of nanofibrous mats: (a) CMC/PVA = 20/80, (b)
CMC/PVA = 20/80 and 1% OREC and (c) CMC/PVA = 40/60 and 1% OREC; (B)
FE-SEM images of L929 cell attachment on CMC-OREC/PVA nanofibrous mats
(CMC/PVA = 40/60) for 24 h.
CMC/PVA was constant. Besides, when the mass ratio of CMC/PVA
read 40/60, the cytotoxicity of nanofibrous mats that contained 1%
OREC was less than CMC/PVA (read 20/80) nanofibrous mats, at
the same time the thermal properties could be improved with the
addition of OREC (Fig. 7). This result may  be, according to the DSC
results, attributed to the limitation of PVA chains. CMC  plays the
main role on the cell compatibility after intercalation. Therefore,
OREC itself may  have a small quantity of cytotoxicity but it helps
to reduce that by limiting the movement of PVA chains.

3.7. Cell attachment and spreading assay

The FE-SEM images of L929 cells incubated onto nanofibrous
mats for 24 h are demonstrated in Fig. 8b. Because of the out-
standing water solubility of CMC  and PVA, the fibrous structure of
as-spun mats was  destroyed after soaking into the cell supernatant,
but the destroy was  not complete. L929 cells could attach and pro-
liferate well on CMC-OREC/PVA nanofibrous mats, and there were
approximate 30 cells in the field of vision. Most cells were with
flat morphology and had a size of about 10 �m which verified that
they began to split and attached well on the surface of mats. This

result shows that CMC-OREC/PVA nanofibrous mats have good cell
compatibility and cells can grow well on the mats.



1  Polym

4

i
i
i
b
d
m
a
m
l
l
a
m
s
d

A

o
o
P
C

R

A

C

D

D

D

D

074 S. Xin et al. / Carbohydrate

. Conclusion

In this study, CMC  and PVA chains are successfully intercalated
nto the interlayer of OREC and the composites are electrospun
nto composite nanofibrous mats. The interlayer distance of OREC
ncreased from 3.68 to 4.08 nm.  The thermal properties of nanofi-
rous mats obviously enhanced and the crystallization of PVA is
estroyed after intercalation. MTT  assay shows that nanofibrous
ats contain OREC has slight toxicity. Mouse lung fibroblasts attach

nd spread well on the surface of CMC-OREC/PVA nanofibrous
ats after 24 h incubation. The developed approach to immobilize

ayered silicate into polymer nanofibers with controllable inter-
ayer distance can also be used to tailor the sizes, compositions,
nd surface properties of other 3D structured materials. Those
aterials are of enormous utilities in the area of catalysis, sen-

ors, tissue engineering, food packaging and antimicrobial wound
ressing.
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