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a  b  s  t  r  a  c  t

Nanofibrous  membrane  scaffolds  of  chitosan  (CS),  silk  fibroin  (SF)  and  CS/SF  blend  were  prepared  by  elec-
trospinning  and  studied  for growth  and  osteogenic  differentiation  of human  bone marrow  mesenchymal
stem  cells  (hMSCs).  The  morphology  and  physico-chemical  properties  of  all membrane  scaffolds  were
compared.  The  influence  of  CS  and SF  on  cell  proliferation  was  assessed  by  the  MTS  assay,  whereas
osteogenic  differentiation  was  determined  from  the  Alizarin  Red  staining,  alkaline  phosphatase  activity
and  expression  of  osteogenic  marker  genes.  The  osteogenic  differentiation  and  proliferation  of  hMSCs
eywords:
hitosan
ilk fibroin
lectrospinning
uman mesenchymal stem cells
one tissue engineering

were  enhanced  by  CS  and  SF  nanofibers,  respectively.  Blending  CS  with  SF  retained  the  osteogene-
sis  nature  of  CS  without  negatively  influencing  the  cell  proliferative  effect  of  SF.  By taking  advantage
of  the  differentiation/proliferation  cues  from  individual  components,  the  electrospun  CS/SF  composite
nanofibrous  membrane  scaffold  is suitable  for  bone  tissue  engineering.

©  2014  Elsevier  Ltd.  All  rights  reserved.

omposite nanofiber

. Introduction

Tissue engineering is a scientific domain/field for the repair or
egeneration of damaged tissues, which can facilitate the substi-
ution at the damaged sites by engineered tissues with suitable
haracteristics. These engineered tissues are aimed to restore the
unctions during the regeneration process, followed by subse-
uent integration with the host tissue. In bone tissue engineering,
caffolds provide temporary architecture for bone-forming cells
o penetrate, adhere and proliferate to form new bone tissues.
ence, the scaffold design should provide a structure suitable

or osteogenic differentiation through appropriate cell-materials
nteractions. The pore size of the scaffold should be adequate for
ree diffusion of nutrients into and wastes out of the scaffold. The
caffold should also provide requisite mechanical supports and

imic  the composition and structure of extracellular matrix (ECM),

llowing cells to proliferate, differentiate and maintain their cel-
ular functions. In response to this concern, significant attentions

∗ Corresponding author at: Chang Gung University, Chemical and Materials Engi-
eering, 259 Wen  Hwa 1st Rd., Kwei-San, Taoyuan, Taiwan. Tel.: +886 3 2118800;

ax: +886 3 2118668.
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J.-P. Chen).

ttp://dx.doi.org/10.1016/j.carbpol.2014.04.094
144-8617/© 2014 Elsevier Ltd. All rights reserved.
have been given to the development of various polymer scaffolds
for biomedical applications (Langer & Vacanti, 1993; Lee & Kim,
2011).

Recent studies show that nanofibrous membrane scaffolds are
excellent substrates for bone tissue engineering due to the rele-
vance of nanofiber topography in mimicking the ECM structure (Li,
Laurencin, Caterson, Tuan, & Ko, 2002; Zhang, Lim, Ramakrishna,
& Huang, 2005). Many biodegradable polymers are currently
used for nanofibers development. Among them, natural and syn-
thetic biodegradable polymers were investigated to evaluate the
potential of the nanostructured scaffolds in soft (Kumbar, James,
Nukavarapu, & Laurencin, 2008) and hard tissue engineering (Lee
et al., 2005; Rim, Shin, & Shin, 2013; Cheng et al., 2014). Bone
tissue ECM is composed of an organic phase made of type I and
type III collagen, glycosaminoglycans (GAGs) and an inorganic cal-
cium phosphate derivative called hydroxyapatite (Porter, Ruckh, &
Popat, 2009). A successful impregnation of differentiation and pro-
liferation factors with the nanoscale structures could resolve the
difficulties of bone tissue engineering.

Chitosan (CS) is an ideal polymer for biomedical applica-
tion due to its biocompatibility and biodegradability, along with

the osteoconductive and the intrinsic antibacterial nature. It is
a linear polysaccharide, composed of glucosamine and N-acetyl
glucosamine linked in a �(1–4) manner, with the glucosamine/N-
acetyl glucosamine ratio being referred to as the degree of

dx.doi.org/10.1016/j.carbpol.2014.04.094
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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eacetylation. The cationic nature of CS is primarily responsible for
ts electrostatic interactions with anionic GAGs, which is of great
nterest due to the fact that a large number of cytokines/growth
actors are linked to GAGs. A membrane scaffold incorporating CS

ay  therefore retain and concentrate growth factors secreted by
he colonizing cells (Madihally & Matthew, 1999). Chitosan was
ound to promote cell growth and mineral-rich matrix deposition
y osteoblasts in culture and showed positive influence on osteo-
enesis in vitro and in vivo (Di Martino, Sittinger, & Risbud, 2005).
uman osteoblasts grown on CS membranes sustained a spheri-
al morphology and preserved type I collagen expression (Lahiji,
ohrabi, Hungerford, & Frondoza, 2000). Chitosan membranes also
romoted the differentiation of osteoprogenitor cells and bone for-
ation (Amaral, Lamghari, Sousa, Sampaio, & Barbosa, 2005).
However, the inferior mechanical properties and high swelling

bility that causes easy deformation of CS, present the difficulties
o use CS as a membrane scaffold material alone. Polymer blends of
S with other biopolymers such as hyaluronic acid (Yamane et al.,
005), alginate (Li, Ramay, Hauch, Xiao, & Zhang, 2005), gelatin
Huang, Onyeri, Siewe, Moshfeghian, & Madihally, 2005) and silk
broin (Bhardwaj & Kundu, 2011) have been suggested to develop

 more robust composite scaffolds to improve those shortcomings.
y combining with other biopolymers, CS can still retain its osteo-
enesis characteristic but with improved mechanical properties
Chen, Chen, & Lai, 2012). Hence, a blend of CS/biopolymer will
e a feasible approach to develop a composite scaffold for bone
issue engineering considering both the biomechanical and tissue
egeneration capability of the scaffold.

Silk fibroin (SF) is one of the natural fibrous proteins used
s a biomaterial for various biomedical applications (Omenetto

 Kaplan, 2010). It is one of the two proteins secreted by silk
orm with the other one being sericin. It consists of an amino

cid sequence (Gly–Ser–Gly–Ala–Gly–Ala)n. Due to the excellent
iocompatibility, biodegradability and mechanical strength, SF has
een fabricated into various forms like sponges, gels, films and
anofibers for tissue engineering purposes (Bhardwaj & Kundu,
011; Bhardwaj & Kundu, 2012; Vepari & Kaplan, 2007; Zhang et al.,
011). Also, due to the high oxygen/water permeability and min-

mal inflammatory reactions in vivo, SF was considered to be one
f the best materials for skeletal tissue regeneration (Unger et al.,
007). Nanofibers of SF were used to culture osteoblasts, mesenchy-
al  stem cells and chondrocytes to enhance cell attachment and

roliferation (Baek, Park, Ki, Park, & Rah, 2008).
The purpose of this study is to develop a clinically relevant

lectrospun composite nanofibrous membrane scaffold of CS and
F. We  postulate that a combinational approach blending CS and
F could enhance the differentiation/proliferation potential of the
ano-structured membrane scaffold; i.e. CS enhances differentia-
ion while SF regulates proliferation of stem cells. In a previous
tudy, we have already reported the potential of CS and SF in induc-
ng osteogenic differentiation and cell proliferation of human fetal
steoblastic cells in CS/SF blend (Chen, Chen, & Lai, 2012). As a con-
inuation, a selected 50:50 combination of SF and CS was further
valuated in this study for bone regeneration using human bone
arrow stem cells (hMSCs). The critical influence of both materi-

ls in morphogenesis was analyzed from the in vitro response to
dentify the clinical relevance of the scaffold.

. Materials and methods

.1. Materials
Chitosan (degree of deacetylation = 98%) was  purchased from
luka (Switzerland) and Bombyx mori silk fiber was obtained from

 local agricultural farm in Miaoli County, Taiwan. NaHCO3, CaCl2
mers 111 (2014) 288–297 289

and ethanol were bought from Sigma-Aldrich (USA), Showa (Japan)
and Echo (Taiwan), respectively. Trifluoroacetic acid (TFA) and
dichloromethane (DCM) were procured, respectively, from Alfa
Aesar (UK) and J.T. Baker (USA). Dialysis membrane tubes (CelluSep
H1) were purchased from Orange Scientific (USA). All chemicals
except B. mori silk fiber was  used as received.

2.2. Preparation of chitosan (CS), silk fibroin (SF) and CS/SF
nanofibers

Silk fibroin was  prepared from B. mori silk fiber by a stepwise
purification method. The silk fiber was treated twice with 0.5%
(w/w) NaHCO3 solution, followed by distilled water at 70 ◦C for
30 min  to remove sericin (degumming). A mixed solvent system
of CaCl2/CH3CH2OH/H2O at a molar ratio of 1:2:8 was selected for
the dissolution of degummed silk. The process was carried out at
70 ◦C and continued for 6 h, followed by filtration to obtain a SF
solution. A cellulose dialysis tube with a molecular weight cut off
of 50,000 was  used to remove impurities from the SF solution,
with change of water every 12 h up for 5 d. The highly concen-
trated SF solution was  lyophilized overnight to get regenerated
SF. Chitosan was  selected as the counterpart for blending with
SF. To make nanofibrous membrane scaffolds, CS, SF and CS/SF, at
concentrations 8, 12.5 and 10%(w/w), respectively, were prepared
by dissolving in TFA/DCM mixture (7:3, w/w) (Ohkawa, Cha, Kim,
Nishida, & Yamamoto, 2004). Chitosan and SF were prepared in a
1:1 mass ratio to get a total polymer concentration of 10%(w/w) for
electrospinning. Polymer solutions were placed in a 5 ml  syringe
with a 22 gauge needle and delivered by a syringe pump in an
automatic electrospinning unit (Jyi Goang Enterprise Ltd., Taiwan).
A flow rate of 0.5 ml/h and a working voltage 18 kV was  applied
to deposit nanofibrous membrane scaffolds on an aluminum foil
collector kept 12 cm apart from the needle tip. The prepared CS,
SF and CS/SF nanofibers were immersed in a solvent mixture of
7%(v/v) ammonia and 75%(v/v) ethanol for 30 min. Ammonia helps
to remove the residual TFA and ethanol helps to reduce the water
solubility of SF.

2.3. Characterization of nanofibrous membrane scaffolds

2.3.1. Scanning electron microscopy (SEM) and pore size
measurement

Nanofibrous membrane scaffolds were cut into square pieces of
0.5 × 0.5 cm sizes and placed onto an aluminum stub pasted with a
conducting carbon tape. An ion sputter coating machine was  used
to coat gold over the sample for 60 s at 20 mA.  Samples fixed on the
holder were inserted into a scanning electron microscope (SEM,
Hitachi S-3000N) chamber followed by the evacuation of chamber
cavity. The morphology of nanofibers was  observed at various loca-
tions and recorded. The diameters of the fibers were calculated by
measuring at least 100 fibers from 10 images using the ImageJ soft-
ware. Pore size measurement was carried out with capillary flow
porometry (PMI CFP-1100-AI, Porous Materials Inc., USA) using a
wetting agent of surface tension 21 dynes/cm.

2.3.2. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectrum of CS/SF nanofibers was recorded and com-

pared with control nanofibers from CS and SF. The electrospun
nanofiber membrane was  cut into a disc shape of ∼1.6 cm diam-
eter and the spectrum was recorded over a wavenumber ranging
from 800 to 1800 cm−1 with a resolution of 2 cm−1 using a Horiba
FT-730 spectrometer (Horiba, Japan).
2.3.3. X-ray diffraction spectroscopy (XRD)
XRD measurement was recorded on a Siemens D5005 X-

ray diffractometer (Bruker, Germany) with Cu K� radiation
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� = 1.5418 Å). The sample was scanned in the 2� range of 5–35◦

t 2◦/min.

.4. Cell culture and expansion

Human bone marrow mesenchymal stem cells (hMSCs) for
ell culture studies were purchased from Cellular Engineering
echnologies Inc. (USA) (HMSC.BM-500). Cells (5 × 105) were re-
uspended in 10 ml  of Dulbecco’s Modified Eagle Medium (DMEM)
ontaining 1% antibiotics (penicillin–streptomycin) and 10% fetal
ovine serum (FBS) in T75 culture flasks. The temperature was
aintained at 37 ◦C in humidified atmosphere while maintaining

O2 and air content at 5 and 95%, respectively. The culture medium
as changed every 2 d till the cell density reached 80–90% conflu-

nce. The supernatant was then removed and cells washed with
0 ml  of phosphate buffered saline (PBS) three times to remove
esiduals from the medium, followed by treatment with 0.05%
rypsin–EDTA solution. A cell pellet was collected after centrifu-
ation at 1500 rpm for 5 min, followed by removal of supernatant.

 homogenous cell suspension was made by mixing the cell pellet
ith 1 ml  of fresh cell culture medium and re-suspended in three

75 flasks. This cell expansion process was repeated and cells at
–5 passages were used for all studies.

.5. In vitro cell culture of hMSCs on nanofibrous membrane
caffolds

.5.1. Evaluation of cell proliferation by MTS  assay
In order to determine the cell proliferation of hMSCs,

he number of viable cells was determined using the
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
-(4-sulfophenyl)-2H-tetrazolium) (MTS) assay with the CellTiter
6® Aqueous One Solution Cell Proliferation Kit from Promega
USA). The hMSCs were seeded on 1.6 cm disc-shaped nanofibrous

embrane scaffolds placed in 24-well cell culture plates (Nunc)
t a seeding density 5 × 103 cells/cm2 of scaffold and cultured
n DMEM,  FBS (10%), antibiotic/antimycotic (1%), 0.1 �M dexa-

ethasone, 50 �M l-ascorbic acid phosphate and 10 mM glycerol
-phosphate osteogenic medium. A sample was taken out and
insed three times at pre-determined time points (0, 3, 7, 14, 21
nd 28 d). A mixture of 200 �l medium and 40 �l MTS  reagent
as added to each sample and incubated for 3 h at 37 ◦C. The MTS

eagent was reduced by live cells into a colored formazan product
nd the optical density (OD) was measured at 492 nm using an
LISA reader (Synergy HT, BioTek, USA).

.5.2. Laser scanning confocal microscopy
Qualitative measurement of cell viability was determined using

he LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells
Molecular Probes, USA). Cells were cultured in membrane scaf-
olds for three days, followed by removal of the medium and PBS
ashing for three times. The assay reagent was prepared by mix-

ng 5 �l of ethidium homodimer (EthD-1) and 3 �l calcein AM in
0 ml  culture medium, followed by addition of 1 ml  of reagent to
ach well in 24-well plates for staining live (green) and dead (red)
ells. The whole process was performed in dark and the membrane
caffolds incubated with the reagent at 37 ◦C for 30 min. After the
ncubation period, cell-membrane scaffolds were observed under a
onfocal laser scanning microscope (Zeiss LSM 510, Germany). The
xcitation/emission wavelength were 528/617 nm for EthD-1 and
94/517 nm for calcein AM.
For cytoskeleton staining, cell-membrane scaffolds were
reated with 4% paraformaldehyde in PBS for 20 min, followed
y dehydration with ethanol and permeabilization with 0.1%
riton X-100 for 5 min. Cytoskeleton was stained with 50 �g/ml
mers 111 (2014) 288–297

phalloidin–tetramethylrhodamine B isothiocyanate (TRITC)
(Sigma-Aldrich) solution for 30 min  at room temperature and
then washed with PBS to remove unreacted phalloidin conjugates.
Nuclear staining was done with DAPI with the VECTASHIELD®

mounting medium. Fluorescent images were recorded at exci-
tation/emission wavelength of 540/570 nm for phalloidin and
360/460 nm for DAPI.

2.5.3. Alkaline phosphatase (ALP) activity
The intracellular ALP activity was  measured using an ALP assay

kit (SensoLyte®) from AnaSpec (USA). Membrane scaffolds were
seeded with hMSCs at a density of 5 × 103cells/cm2 in 24-well
plates and cultured in the osteogenic medium. Samples were taken
for analysis at 0, 3, 7, 14, 21 and 28 d and washed with PBS.
Membrane scaffolds with cells were immersed in 500 �l cell lysis
solution containing 0.1% Triton X-100 and 5 mM MgCl2. The whole
solution was  transferred to a tube and centrifuged at 13,000 rpm for
10 min  at 4 ◦C. ALP activity was measured by mixing 50 �l of super-
natant with 50 �l p-nitrophenyl phosphate (5 mM)  in 150 mM
2-amino-2-methyl-1-propanol buffer solution at room temper-
ature for 30 min  in dark. Following the incubation period, the
reaction was  stopped by adding 50 �l of 0.2 N NaOH to denature
ALP and the OD was measured at 405 nm using an ELISA reader. By
normalizing to the cell number from the MTS  assay, specific ALP
activity per cell basis was reported and expressed as OD405/OD492.

2.5.4. Mineralization of hMSCs
All membrane scaffolds were cultured with hMSCs at 5 × 103

cells/cm2 density in 24-well plates in osteogenic medium to eval-
uate cell mineralization at three time points (7, 14 and 21 d). At
every specific time point, membrane scaffolds were rinsed with
PBS and fixed with 4% glutaraldehyde at room temperature for 2 h.
Samples were washed with PBS for three times for 20 min  and post-
fixed in 1% osmium tetroxide (in 0.1 M phosphate buffer) at room
temperature for 2 h, followed by washing with distilled water for
three times (20 min  each). Alcohol gradient drying was performed
to remove water from membrane scaffolds at increasing ethanol
concentrations (50, 70, 80, 90, 95 and 100%). A critical point dryer
was used for final drying, to make the sample ready for sputter coat-
ing. The sample was coated with gold at 20 mA for 60 s, followed by
examination in SEM (Hitachi S-3000N, Japan). Atomic percentages
of elements in mineral deposits on nanofiber surface were deter-
mined from energy dispersive X-ray analysis (EDX) (Horiba EX-250,
Japan).

Cell-membrane scaffolds were subject to Alizarin Red staining
for calcium content at 14, 21 and 28 d of culture after binding min-
eralized calcium salts in membrane scaffolds with Alizarin Red
S (ARS). Membrane scaffolds were washed three times with PBS
and fixed with 2.5% glutaraldehyde solution (dissolved in 0.1 M
phosphate buffer) for 2 h. 0.5 g of ARS was dissolved in 25 ml
deionized water and the pH was  adjusted to 4.1–4.3 with 10%
ammonium hydroxide. One milliliter of ARS solution was added
to each well, followed by incubation for 1 h at room temperature.
Deionized water was  used to wash off the excess dye adsorbed
on the membrane scaffold surface. Presence of mineral deposi-
tion was  qualitatively evaluated using the intensity of red color
on the surface after taking photomicrographs using an inverted
microscope (Olympus IX-71, Japan). Calcium quantification was
measured using cetylpyridinium chloride (CPC) treatment. ARS-
stained membrane scaffolds were washed with deionized water

and followed by treatment with 1 ml  of 10% CPC solution for 1 h to
desorb calcium ions. Absorbance of the solution was  read at 540 nm
in an ELISA reader (OD540) and normalized to the cell number from
the MTS  assay (OD540/OD492).
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Table  1
Primer sequences of Col I, ALP, OCN, OPN and GAPDH used for Q-PCR.

Gene Gene ID Forward/reverse

Collagen type I (COL I) NM 000089 GTGGTGACCAAGGTCCAGTT/CACCTGGTAGACCACGTTCA
Alkaline phosphatase (ALP) NM 000478 TGCAGTACGAGCTGAACAGG/GTCAATTCTGCCTCCTTCCA

9173
1040
2046
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Osteocalcin (OCN) NM 19
Osteopontin (OPN) NM 00
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) NM 00

.5.5. Gene expression by quantitative PCR (Q-PCR)
Expression of osteogenic marker gene was quantified by Q-PCR

fter RNA isolation and cDNA synthesis as per standard procedures.
riefly, RNA was isolated from samples after cultured for 2 and 3
eeks in 24-well plates using TRIzol (Invitrogen, USA). Cell sus-
ension was transferred to a 1.5 ml  microcentrifuge tube, followed
y the addition of 200 �l chloroform and vortexing for 15–30 s
o disrupt cell membrane. The tube was placed in an ice bath for

 min  and centrifuged at 11,000 rpm for 15 min. Among the three
ayers, the supernatant containing RNA was isolated and reacted

ith isopropanol in 1:1 ratio for 30 min  at −80 ◦C, followed by cen-
rifugation at 11,000 rpm for 15 min  at 4 ◦C. The supernatant was
emoved and 1 ml  75% ice cold ethanol (diluted with diethyl pyro-
arbonate treated water) was added and mixed for 10 min  at 4 ◦C,
ollowed by centrifugation at 11,000 rpm for 10 min. The process
as repeated twice. The supernatant was removed and the pel-

et dried at room temperature. Completely dissolved RNA solution
as obtained by treating the pellet with 30 �l DEPC treated water

Invitrogen, USA) at 55 ◦C for 15 min. One microgram of total RNA
as reverse-transcripted into cDNA using SuperScript III RNase H

Invitrogen, USA). Primers used were for collagen type I (Col I), ALP,
steocalcin (OCN) and osteopontin (OPN). Q-PCR was  performed
sing a SYBR®Green RT-PCR kit (SYBR Green I supermix, Bio-Rad)
nd a MiniOption detection system (Bio-Rad CFD-3120). Compara-

ive threshold cycle method was used to analyze the results using
io-Rad software with GAPDH as the housekeeping gene. All results
ere quantified using the 2−��ct relative quantification method.

he primer sequences are shown in Table 1.

ig. 1. (A) SEM photomicrographs, (B) FTIR spectra and (C) XRD diffraction peaks of electr
ar  = 10 �m.
 GGCAGCGAGGTAGTGAAGA/TCAGCCAACTCGTCACAGTC
060 TCAGCTGGATGACCAGAGTG/TTGGGGTCTACAACCAGCAT

 TGTTCGTCATGGGTGTGAAC/GTCTTCTGGGTGGCAGTGAT

2.6. Statistical analysis

All quantitative data were expressed as mean ± standard devia-
tion. Statistical analysis was performed using the one-way ANOVA
LSD test to determine significant differences. A value of p < 0.05 was
considered statistically significant.

3. Results and discussion

3.1. Preparation and characterization of CS, SF and CS/SF
nanofibers

Nanofibers of CS, SF and CS/SF were prepared at the optimum
electrospinning condition and fiber morphology was observed
under SEM. The surface morphology of nanofibers was smooth and
beads-free in nature. Chitosan nanofibers were prepared from 8%
solution whereas SF nanofibers from 12.5%. An optimized poly-
mer  concentration (10%) was selected to obtain CS/SF nanofibers
at 1:1 mass ration. The diameter observed for each fiber type
was 316.67 ± 109.19 nm for CS, 398.60 ± 183.80 nm for SF, and
446.93 ± 167.48 nm for CS/SF nanofibers with no significant differ-
ence in fiber diameter among the membrane scaffolds (Fig. 1A). The
pore sizes measured by capillary flow porometry were 0.52 ± 0.10,
0.98 ± 0.21 and 0.71 ± 0.18 �m for CS, SF and CS/SF membrane scaf-

folds, respectively. A mixed solvent system of ammonia/ethanol
was used for post-treatment to remove residual TFA from the
nanofiber to avoid cellular toxicity and to insolubilize SF in water
by converting the �-helical protein structure to the �-sheet form

ospun nanofibrous membrane scaffolds of chitosan (CS), silk fibroin (SF) and CS/SF.
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Fig. 2. (A) Proliferation of hMSCs in electrospun chitosan (CS), silk fibroin (SF) and CS/SF nanofibrous membrane scaffolds by MTS. CS membrane scaffold has significant
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ewer cells compared to CS/SF and SF membrane scaffolds. (B) Live-dead and (C) 

embrane scaffolds at day 3. A high cell proliferation potential was  observed for SF
ytoskeleton. Bar is 100 �m in (B) and 50 �m in (C). ∗ p < 0.05.

Hasegawa, Isogai, Onabe, & Usuda, 1992; Matsuda, Kagata, Kino,
 Tanaka, 2007). De-protonation of amino groups in alkaline
olutions could lead to imply the complete removal of TFA. The
hickness of the prepared membranes was in the range of 150 to
00 �m.

The characteristic functional groups present in each mem-
rane scaffold were monitored by FTIR. Complete removal of TFA
rom nanofibers after ammonia treatment was confirmed from the
bsence of transmittance peaks associated with TFA salts (720, 796,
nd 836 cm−1) (Chen, Chen, & Lai, 2012) (Fig. 1B). The characteristic
ransmittance peaks of CS are stretching of C O and NH2 at around
637 and 1548 cm−1 (Jeong, Lee, Liu, & Park, 2006; She et al., 2008).
imilarly, the transmittance peaks of SF can be observed at 1617
amide I), 1519 cm−1 (amide II) and 1241 cm−1 (amide III). The pres-
nce of transmittance peaks at 1617 and 1519 cm−1 after ethanol
reatment indicates �-sheet protein conformation in SF rather than
andom coils that would show transmittance peaks at 1650 (amide
) and 1535 cm−1 (amide II) (Jeong et al., 2006). The transmittance
eaks of CS/SF show characteristic peaks from both CS and SF. The
F peaks shift to 1626 and 1537 cm−1, confirming again the con-
ormation change of SF in the composite nanofibers after chemical
reatment, and the C O and NH2 stretching bands of CS merge with
F bands in the composite (Chen, Chen, & Lai, 2012).

The CS, SF and CS/SF nanofibrous membranes were analyzed by
RD, which reveals four distinct peaks in the region from 5 to 35◦

Fig. 1C). The structure of CS was identified by the presence of peaks
t 11.5 and 20.1◦ while the diffraction peaks at 20.5◦ and 24.5◦ point
oward the presence of SF (Kundu, Chung, Kim, Tae, & Kundu, 2010).

he CS/SF composite shows diffraction peaks from both CS and SF
ith domination of CS over SF in determining the structure of the

omposite nanofibers. The result also indicates a well dispersed
ehavior of CS and SF in the CS/SF nanofibrous membrane.
idin-DAPI staining of hMSCs cultured in electrospun CS, SF and CS/SF nanofibers
S/SF and the cell morphology is spindle-shaped with well-organized fibrous F-actin

3.2. In vitro cell culture

3.2.1. Cell proliferation
Cytotoxicity of nanofibers toward hMSCs from the MTS  assay

is shown in Fig. 2A. The number of viable cells at day 0 (after 4 h
cell attachment) was taken as a reference point to compare the
proliferation rate of hMSCs on various nanofibers. The cell num-
ber increased with culture time (Bhattarai, Edmondson, Veiseh,
Matsen, & Zhang, 2005) but exhibits a material dependence or
an effect of nanofiber composition on cell proliferation rate. At
day 0, the viable cell number was  not significant different among
nanofibers, indicating cell attachment to nanofibrous membrane
scaffolds is similar. Upon cell growth, from day 3, a significant dif-
ference (p < 0.05) in cell number was  observed between CS and SF
nanofibers as well as between CS and CS/SF nanofibers. Nonethe-
less, no significant difference between SF and CS/SF nanofibers
was found. The maximum cell number was attained at 14 d where
cells exhibited growth arrest thereafter. The results demonstrate
enhanced cell proliferation capability of SF toward hMSCs com-
pared with CS. The elevated cell number for both SF and CS/SF
membrane scaffolds indicates that although CS is not beneficial for
cell proliferation, it does not hamper the enhanced cell conductivity
of SF in composite CS/SF nanofibers.

3.2.2. Cellular viability and morphology
Assessments of cellular viability and morphology were per-

formed to evaluate electrospun nanofibers as cellular membrane
scaffolds. Although there is no difference in cell viability among

different membrane scaffolds from live–dead staining results
(Fig. 2B), more spindle-shaped cells were found in the CS/SF and
SF nanofibers than in CS nanofibers where cells changed to a
cuboidal shape. The difference in cell number is consistent with the
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Table 2
Atomic percentages of elements in minerals deposited by hMSCs in CS, CS/SF and SF
nanofibrous membrane scaffolds at different culture times.

Culture Time (d) Element Membrane scaffold

CS CS/SF SF

7 C 61.76 60.28 70.92
O  36.68 37.71 28.79
P 1.40 1.75 0.20
Ca  0.16 0.26 0.09

14 C  42.02 58.00 62.13
O  46.09 32.99 37.05
P  4.66 5.02 0.67
Ca  6.23 4.09 0.15

21 C 45.81 45.23 61.05
O 41.47 43.17 36.45
P  6.32 6.07 1.82
G.-J. Lai et al. / Carbohydra

ifference in the cell proliferation rate observed in Fig. 2A. The mor-
hology difference of attached cells was further confirmed when
ells were stained with DAPI and phalloidin for nuclear and F-actin
taining, respectively (Fig. 2C). Cells in the CS membrane scaf-
old show a diffused F-actin cytoskeletal organization; in contrast,
ells in SF and CS/SF membrane scaffolds demonstrate enhanced
ellular spreading and a well-organized fibrous F-actin cytoskele-
on. Cell spreading on materials affects cell functions, including
roliferation and differentiation. Also, cell spreading is related to
lopodia extension which has been shown to be dependent on
ubstrate properties. Therefore, SF-containing nanofibers facilitate
n adequate environment for cell growth and production of ECM
Bhardwaj & Kundu, 2011). In contrast, the cell phenotype in CS

embrane scaffold is comparatively rounded with differentiation
residing over proliferation. In other words, CS contributes to cell
ifferentiation while SF promotes cell proliferation. A composite
S/SF membrane scaffold will be the ideal scaffold that helps cellu-

ar attachment, growth and differentiation toward the osteogenic
ineage, wherein being alone, CS and SF are not effective. Similar
esults explaining the effect of CS on cell proliferation was reported
y Zhang et al. (2010). A separate study reported the effect of CS
oncentrations on the relative cell viability of AH927 on SF/CS scaf-
olds. It suggested that increase in concentration of CS decreased
he cell viability, or increase in SF composition favored cell prolifer-
tion (Bhardwaj & Kundu, 2011). Our results suggest the individual
ontribution of CS and SF in CS/SF composite nanofibers for differ-
ntiation and proliferation of hMSCs.

.2.3. Alkaline phosphatase (ALP) activity
ALP plays a crucial role in the initiation of the mineralization

rocess by cell differentiation. Calcification occurs at the site of
ucleation as a result of accumulation of inorganic phosphates and
a2+ (Malaval, Liu, Roche, & Aubin, 1999; Ogata et al., 2005). The
echanism is through the hydrolysis of phosphate esters by ALP

o increase the phosphate concentration in local environment and
hus elevating the mineralization of ECM (Ogata et al., 2005). ALP
nzyme is a transcription factor that activates the downstream cell
ifferentiation factor and it also takes part in message delivery,
ollowed by promoting the differentiation of osteoblasts. Due to
his, ALP can be considered as an early interim osteoblast activity
ndicator. The ALP activity of hMSCs cultured in CS, CS/SF and SF
anofibrous membrane scaffolds was shown in Fig. 3A and B. For
otal ALP activity measurement, during culture period from day 3
o 28, there was no significant difference in OD values between CS
nd CS/SF, but a significant difference was found between those
roups and the SF group (Fig. 3A). This suggests the effect of CS on
he differentiation of hMSCs (Bhardwaj & Kundu, 2011). The nor-

alized ALP values corresponding to cell number is given in Fig. 3B.
hile normalization, in contrast to total ALP values, a significant

ifference was observed for CS group with SF and CS/SF groups only
t day 3. As culture time increased to 7 through 28 days, the ALP
ctivity was significantly different between CS and CS/SF groups
nd CS/SF and SF groups. The ALP activity per cell basis was thus
irectly proportional to CS concentration in the membrane scaffold.
s the CS concentration was reduced to 50%, the ALP activity also
ecreased and finally showed the minimum for 0% CS (SF only). In a
revious study, the effect of CS concentration on enhanced produc-
ion of ALP was also reported in hydroxyapatite/collagen/chitosan
omposites (Zhang et al., 2010).

.2.4. Mineralization of hMSCs
Mineralization is the process in which calcium phosphate
eposits on the surface of substrates (Heinemann et al., 2009;
oskas et al., 2013). One of the evidences of differentiation of hMSC
o the osteogenic lineage is their capability to mineralize inorganic
hosphates at the middle of the differentiation period. This could
Ca  6.40 5.53 0.68

be monitored as inorganic mineral deposition in the ECM secreted
by cells. The deposition was observed through SEM as an evidence
for hMSCs osteogenic differentiation. From Fig. 3C, hMSCs seeded
on CS, CS/SF and SF nanofibrous membrane scaffolds show both
material and time depended mineralization. The mineralization
was found to be the minimum at day 7 and increased with time till
day 21. But irrespective of time, the extent of mineralization was
specific to the materials present in the membrane scaffold, with
abundant mineral deposition only for CS and CS/SF as CS acceler-
ates hMSCs differentiation and mineral deposition even at earlier
time points. From SEM images, it is also evident that hMSCs formed
filopodia-like extensions to attach to the SF nanofibers, assisting
them in spreading and proliferation in the SF nanofibrous mem-
brane scaffold (Chen, Chen, & Lai, 2012; Cheon et al., 2010).

Differentiation of hMSCs to osteoblasts was  also evaluated by
measuring the atomic percentages of elements in the mineral
deposit using EDX analysis (Chen & Chang, 2011). The bone min-
eral contains calcium phosphate in the form of hydroxyapatite
(HAP), which is the major component of cortical bone. The cru-
cial elements present in HAP (Ca and P) could be identified through
elemental composition analysis. Fig. 3D is the EDX spectra of min-
eral deposition of hMSCs cultured in CS, CS/SF and SF nanofibrous
membrane scaffolds at 7, 14 and 21 d. The lowest Ca and P peak
intensity for SF nanofibers could be observed qualitatively. Table 2
shows the calculated elemental composition in the mineralized
ECM for each membrane scaffold. Time dependent mineralization
could be confirmed from the increase of P and Ca composition, with
elevated values at 14 and 21 d for CS-containing membrane scaf-
folds. The relatively higher percentage of Ca and P observed for CS
and CS/SF further underlines the positive influence of CS on hMSCs
differentiation and mineralization.

Mineralization occurs by cell-mediated deposition of ECM com-
ponents. When hMSCs differentiates on nanofibers, anionic matrix
molecules will take up Ca2+, followed by phosphate ions and
thus leads to calcification through nucleation and growth (Boskey,
1998). ARS can bind to Ca2+ in mineralized ECM, showing bright red
stains. Fig. 4 is the optical microscopic images of ARS-stained CS,
CS/SF and SF membrane scaffolds, confirming the variations in stain
intensity for different membrane scaffolds with respect to time. At
day 7, the Alizarin Red stain shows slight reddish dots on both CS
and CS/SF membrane scaffolds but almost no positive stains were
found over SF. Slightly enhanced staining was  observed at day 14
for CS and CS/SF but SF remains the same as before. In contrast,
at day 21, both CS and CS/SF membrane scaffolds show intense
red staining, providing the material dependent mineralization of

hMSCs.

Quantitative cell mineralization was done after extracting ARS
with 10% CPC to evaluate calcium-rich mineral deposits by hMSCs
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Fig. 3. (A) Total and (B) normalized alkaline phosphatase (ALP) activity of hMSCs cultured on electrospun chitosan (CS), silk fibroin (SF) and CS/SF nanofibrous membrane
scaffolds. (C) SEM and (D) EDX analysis of cell mineralization on electrospun CS, SF and CS/SF nanofibrous membrane scaffolds. Bar = 5 �m. * p < 0.05.
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ig. 4. Alizarin Red staining of hMSCs cultured on electrospun chitosan (CS), silk fib
S/SF  membrane scaffolds show bright red spots at 7 and 14 days and intense red s
ar  = 200 �m.

Fig. 5). Calcium quantification was recorded as total calcium con-

ent vs culture periods, followed by normalized quantitative data
ith respect to cell number. The total calcium content was  found

o be increasing with time. At day 14 through 28, the total cal-
ium content in deposited minerals on CS and CS/SF nanofibers
F) and CS/SF nanofibrous membrane scaffolds at 7, 14 and 21 days indicates CS and
g at 21 days. Relatively no positive red staining is found in SF membrane scaffolds.

were significantly higher than that of SF. At the same time, there

was no significant difference in calcium content between CS and
CS/SF at all times (Fig. 5A). When normalized to cell number, the
mineralization was still found to increase with time but the results
were different from total calcium quantification values (Fig. 5B).
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ig. 5. Quantitative evaluation of mineral deposition from total (A) and normalized
S/SF  nanofibrous membrane scaffolds. CS shows the maximum calcium depositio

 < 0.05.

t day 14, the trend was the same as total calcium quantification,
hereas at day 21 and 28, the deposition was significantly different

mong three membrane scaffolds with hMSCs exhibit the maxi-
um  rate of calcium deposition on CS nanofibers and the minimum

n SF as expected. The quantitative assessment of mineral deposi-
ion depicts the same trends observed from total and normalized
LP activity (Fig. 3A and B), pointing out the importance of CS in

he mineralization process of hMSCs.

.2.5. Gene expression studies by Q-PCR
The three main characteristics of cellular growth during trans-

ormation from stem cells to osteoblasts are cell proliferation, ECM
aturation and ECM mineralization. It is accompanied by certain

p-regulation or down-regulation of genes in each stage (Setzer,

ächle, Metzger, & Kohal, 2009). Fig. 6 shows the relative gene
xpression levels of various early, middle and later osteogenic
arker genes. The selected mRNA expressions corresponds to spe-

ific genes were collagen type I (Col I), ALP, osteopontin (OPN) and

ig. 6. Type I collagen (Col I), alkaline phosphatase (ALP), osteopontin (OPN) and osteocal
nd  CS/SF nanofibrous membrane scaffolds. The relative Q-PCR values were corrected usin
alues  are the mean values ± SD of three independent experiments. * p < 0.05.
lcium content of hMSCs cultured on electrospun chitosan (CS), silk fibroin (SF) and
 SF the minimum at all times, whereas CS/SF has a mid-level calcium deposition. *

osteocalcin (OCN). Col I is an early differentiation marker observed
at the initial stage of differentiation whereas ALP is expressed at
early and middle stages. OPN expression is observed at the mid-
dle/late stage while OCN is at the late stage of differentiation. Cell
proliferation helps to produce more ECM and hence it could be com-
pared from measurement of Col I gene expression. In Fig. 6A, at 14
and 21 d, CS shows significantly lower levels of Col I expression
compared to CS/SF and SF. This is due to the positive effect of SF
on cell proliferation than differentiation as discussed before, i.e.
SF leads to faster cell growth than CS and more ECM could be pro-
duced, therefore, up-regulation of Col I gene is found in SF and CS/SF
scaffolds. This is verifiable from the MTS  assay in Fig. 2A. Col I gene
expression was almost the same at both time points with no signif-
icant difference between day 14 and 21 due to its early expression.

The expression of ALP was  higher in CS and CS/SF, which shows sig-
nificant difference from that in SF as hMSCs commits toward the
osteogenic lineage by the action of CS (Fig. 6B). The ALP level was
lower at 21 d compared to 14 d, confirming the early/middle gene

cin (OCN) mRNA expression of hMSCs in electrospun chitosan (CS), silk fibroin (SF)
g the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression levels. The
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xpression of the same. The levels of OPN and OCN gene expression
ncreased from 14 d to 21 d, confirming the middle/late and late
ifferentiation characteristics of OPN and OCN genes, respectively,
uring bone formation (Fig. 6C and D) (Karageorgiou et al., 2004; Li,
epari, Jin, Kim, & Kaplan, 2006). hMSCs cultured on CS-containing
anofibers (CS and CS/SF) showed significant higher levels of gene
xpression than on SF nanofibers at all times. This behavior reiter-
tes the fact that CS provide a cue for hMSCs differentiation toward
steoblasts, and such mechanism is preserved irrespective of sin-
le component CS nanofibers or composite CS/SF nanofibers after
lending CS with SF. From the literature, the monomer of chitosan,
lucosamine, was also reported to associate with an increase in the
xpression of osteogenic marker genes during osteogenic differen-
iation of hMSCs (Lieder et al., 2012).

. Conclusions

Electrospun CS, SF and CS/SF nanofibrous membrane scaffolds
ould be fabricated by the electrospinning technique. The physico-
hemical properties of all membrane scaffolds could be compared
rom SEM, FTIR, XRD and pore size measurements. Cell culture
nalysis from cytoskeleton staining and the MTS  assay suggest the
roliferation cue of SF on hMSCs in the CS/SF nanofibers. From the
egulation of ALP activity, mineral deposition and osteogenic gene
xpression, CS was found to guide hMSCs toward the osteogenic
ineage and induce the formation of bone tissue in vitro. The results
uggest that CS and SF are excellent candidates for proliferation
nd osteogenic differentiation of hMSCs, respectively. A blend of
S with SF in the composite nanofibers preserved the osteogenesis
ature of CS without diminishing the cell proliferative effect of SF. A

acile combination of CS and SF in the electrospun nanofibers could
herefore result in a promising membrane scaffold for bone tissue
evelopment, with CS inducing differentiation and SF promoting
roliferation.
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