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a  b  s  t  r  a  c  t

In this  study,  alginate/chitosan  layer-by-layer  composite  coatings  were  prepared  on  titanium  substrates
via  electrodeposition.  The  mechanism  of  anodic  deposition  of anionic  alginate  based  on  the  pH  decrease  at
the  anode  surface,  while  the  pH increase  at the cathode  surface  enabled  the  deposition  of  cationic  chitosan
coatings.  The  surface  of coatings  was  characterized  by using  attenuated  total  reflection–Fourier  trans-
form  infrared  spectroscopy  (ATR–FTIR),  X-ray  photoelectron  spectroscopy  (XPS),  and  scanning  electron
microscopy  (SEM).  The  properties  of  coatings  were  characterized  by  X-ray  diffraction  (XRD)  and  differ-
ential thermal  analysis  (DTA).  Indirect  in  vitro cytotoxicity  test  showed  that  the  extracts  of  coating  had
hitosan
lginate
ayer-by-layer

no significant  effects  on cell  viability.  Moreover,  in  vitro cytocompatibility  test  exhibited  cell  population
and  spreading  tendency,  suggesting  that  the  coatings  were  non-toxic  to L929  cells.  However,  the  results
revealed  that alginate  coating  was  more  benefit  for cells  growing  than  chitosan  coating.  The  results  indi-
cated  that  the  proposed  method  could  be used  to fabricate  alginate/chitosan  layer-by-layer  composite
coatings  on  the titanium  surface  at room  temperature  and  such  composite  coatings  might  have  potential
applications  in tissue  engineering  scaffolds  field.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Electrodeposition, a versatile and efficient approach for fab-
icating thin and thick films, coatings and free-standing bodies,
s an area of increasing interest (Boccaccini, Keim, Ma,  Li, &
hitomirsky, 2010). It is a process in which an imposed electric
eld is employed to direct charged particles dispersed in a liquid
owards an electrode for the assembly of thin films. Compared
ith other methods of preparing coatings, such as solution casting

López-Lacomba et al., 2006), silane reactions (Bumgardner et al.,
003), and layer-by-layer technique (Cai, Rechtenbach, Hao,
ossert, & Jandt, 2005), electrodeposition has advantages of short
rocessing time, the possibility of room temperature processing,
nd no require for cross-link agents. The coatings or films prepared
ith the method of electrodeposition have been widely used in

he biomedical and biotechnology fields. Roether et al. applied,
or the first time, electrodeposition to coat three-dimensional

orous biodegradable polymer (polylactic acid) substates with
ioglass particles for bone tissue engineering (Roether et al., 2002).
hitomirsky, Roether, Boccaccini, and Zhitomirsky (2009) have

∗ Corresponding author. Tel.: +86 1064421310; fax: +86 1064421310.
E-mail address: magp@mail.buct.edu.cn (G. Ma).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.12.007
developed bioactive glass/polymer composite coatings with or
without HA nanoparticle inclusions for biomedical applications via
electrodeposition. Related work has been investigated electrode-
position of chitosan with paired sidewall electrodes (Cheng et al.,
2010). More recently, Gray et al. (2012) reported an anodic method
to deposit hydrogel films of the aminopolysaccharide chitosan.
The mechanisms of electrodeposition have been investigated and
there were only a few known mechanisms for polymer electrode-
position, including electro-polymerization mechanism (Glenis,
Horowitz, Tourillon, & Garnier,1984), neutralization mechanism
and Ca2+-alginate deposition mechanism (Cheng et al., 2011). For
example, neutralization mechanisms (Fernandes et al., 2003; Luo,
Xu, Du, & Chen, 2004) could be used to explain electrodeposition
of pH-responsive film-forming biopolymers. These mechanisms
for biopolymer eletrodeposition relied on the use of an electrical
signal to trigger a reversible sol–gel transition.

Chitosan is a cationic natural polymer that carries posi-
tive charges with a molecular structure of (1 and 4)-linked
2-amino-2- deoxy-�-d-glucan. Aminopolysaccharide chitosan has
been electrodeposited by a cathodic neutralization mechanism

(Redepenning, Venkataraman, Chen, & Stafford, 2003). In the
process of electrodeposition, the pH of solution near the cathode
would increase, which were connected with the electrochemically
generated concentration gradient of reactant OH− ions. When

dx.doi.org/10.1016/j.carbpol.2013.12.007
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.12.007&domain=pdf
mailto:magp@mail.buct.edu.cn
dx.doi.org/10.1016/j.carbpol.2013.12.007
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he pH was above its pKa value (∼6.3), chitosan solution could,
nder given condition, undergo a sol–gel transition. The subse-
uent neutralization of the NH3

+ groups of chitosan chains in
olution near the cathode impeled chitosan to deposite on the
lectrode.

Alginate is a kind of unbranched polysaccharides consisting of
1 → 4) linked �-d-ManA(M) and �-l-GulA(G) residues at differ-
nt proportions and with different sequential occurrence. To our
nowledge, an alginate solution could form a homogeneous gel at
H below pKa. These gels were presumably stabilized by inter-
olecular hydrogen bonds. The anodic deposition of the acidic

olysaccharide alginic acid also was attracting attention because
t offered broad opportunities for a diverse range of application.
lso the neutralization mechanism allowed for electrodeposition
f alginate. Sodium alginate with carboxylate groups (–COO−)
recognized” the local low pH at the anode and “responded” by
ndergoing protonation (to form –COOH) and precipitation (or
elation) at the anode surface.

In this study, we hypothesized that chitosan and alginate could
e deposited onto the titanium electrodes layer-by-layer via elec-
rodeposition. Scheme 1 showed that the electrodes were first
ontacted with neutral sodium alginate and then acidic chitosan
olution, respectively. As expected, two thin layers were deposited
n the surface of the titanium electrode. The material deposited
as chitosan and alginate multilayer composite films, which were

ested by SEM, XRD, XPS and ATR–FTIR.

. Experimental

.1. Materials.

Chitosan (Mw  100,000, degree of deacetylation (DDA) 87%)
nd sodium alginate (SA, 1.28 Pa s for a 2 wt%  aqueous solution
t 30 ◦C) were purchased from Zhejiang Golden-Shell Biochem-
cal Co., Ltd. (Zhejiang, China) and Sinopharm Chemical Reagent
o., Ltd. (Shanghai, China), respectively. Commercial pure titanium
as supplied by Shanxi baoji new metal materials co., LTD. Other

eagents and solvents were of analytic grade and purchased from
eijing Chemical Reagent Company. Ultrapure water with specific
esistance around 18.25 M� cm was used to prepare the solution.

.2. Titanium substrates preparation

Titanium pieces were cut into rectangular plates
6 × 2 × 0.25 cm)  as electrode. All the plates were polished
ith raw emery paper and fine sandpaper in sequence. Then, the
olished plates were chemical polished with mixed acid solution
nitric acid: hydrofluoric acid: water volume ratio 4:1:5). After
hat, they were ultrasonically cleaned with acetone, ethanol, and
ltrapure water for 30 min  each then rinsed with ultrapure water.

.3. Eletrodeposited process

The thickness of the deposited layer was observed to be
ependent upon the deposition time, the applied voltage, and
he concentration of chitosan and sodium alginate. Chitosan and
odium alginate solution were obtained by dissolving 75 mg  of each
aterial in 100 mL  of deionized water and 100 mL  of 1% (V/V) acetic

cid, respectively. All the stock solutions were stirred with magnet
or about 30 min. The pH of sodium alginate and chitosan solution
as 2.8 and 7.4, respectively. During electrodeposited process, Ti
late was used as anode to deposite first layer alginate and par-

llel platinum plate as counterelectrode. After dried, depositing of
econd layer chitosan, the above Ti plate was used as cathode and
arallel platinum plate as counterelectrode, then repeated for sev-
ral times. The electrolyzer cell was cuboid-shaped (5.5 × 3 × 2 cm).
lymers 103 (2014) 38– 45 39

Deposition was performed by connecting both the cathode and the
anode to a direct current power supply (Model 1719A-5, Dahua
electronic) with a constant voltage of 20 V for 20 min. After depo-
sition, the electrodes were rinsed with ultrapure water, and finally
dried at 50 ◦C in the oven overnight.

2.4. Characterization

The surface chemistry of the coatings was  investigated by
attenuated total reflection Fourier transform infrared spectroscopy
(ATR–FTIR; Nicolet Spectra 5700 spectrometer, Nicolet Instrument,
Thermo Company, Madison, USA). X-ray diffraction pattern (XRD)
of the coatings was identified by using a Rigaku D/Max2500VB2+/Pc
diffractometer (Rigaku Company, Tokyo, Japan) with 40 kV and
50 mA  with Cu K� radiation (� = 0.154 nm). The scanning scope of
2� was  5–50◦ and the scanning rate was  5◦/min. Surface morphol-
ogy of the coatings was  observed by scanning electron microscopy
by using a Hitachi S-4700 microscope with sputter coated of gold
before observation. Thermogravimetric analysis was  performed on
TGA Q500 (TA Instruments). Each membrane sample in an alu-
minum copple with the same weight (about 6 mg) was run from
room temperature to 800 ◦C at a scanning rate of 10 ◦C/min under
a nitrogen atmosphere. X-ray photoelectron spectroscopy (XPS)
spectra were obtained by using a VG ESCALAB MKII X-ray photo-
electron spectrometer (VG Scientific Ltd., UK) with Al K� radiation.
Survey spectra were recorded for 0–1350 eV binding energy range.

2.5. Swelling properties study

Swelling behavior of the electrodeposited chitosan coating, algi-
nate coating and alginate/chitosan coatings (1 mm × 1 mm)  were
determined by equilibrium swelling studies, according to a recently
procedure (Yang et al., 2010). At room temperature, each coat-
ing was immersed in 100 mL  PBS buffer solution, respectively.
The swollen coatings were processed with filter paper to remove
adsorbed water on the surface of coatings. The swelling percentage
was calculated from the following equation:

Esw =
[

(wt − wo)
wo

]
× 100

where wt is the weight of the sample at the time t, and wo is the
initial weight of the sample. In order to make the experiments more
accurate, experiments had been repeated for three times.

2.6. In vitro cell cytotoxicity

In vitro cytotoxicity of the extracts and cytocompatibility of the
alginate/chitosan coatings and alginate/chitosan/alginate coatings
were assessed by using mouse L929 fibroblasts cells line.

2.6.1. Indirect cytotoxicity assay
Mouse L929 fibroblast cells were cultured in 200 �L DMEM (Dul-

lecco’s modified Eagle’s medium; Sigma–Aldrich, USA) medium
with 10% FBS (fetal bovine serum), together with 1.0% penicillin-
streptomycin and 1.2% glutamine at 37 ◦C under a wet  atmosphere
containing 5% CO2. When cells reached 80–90% confluence, they
were trypsinized with 0.25% trypsin containing 1 mL  Ethylene
Diamine Tetraacetie Acid (EDTA) and suspended in the culture
medium. For the MTT  assay, the coatings were previously steril-
ized by high temperature in a hermetically-sealed instrument and
then placed in 24-well tissue culture plates under aseptic condi-
tion. The samples were then incubated in 1 mL of DMEM at 37 ◦C

for 24 h. After that, the coatings were removed and the extracts
were obtained and further diluted to get extraction medium sam-
ples. Mouse fibroblasts cells were seeded in wells of a 96-well
plate at a density of 4000 cells per well. After incubation for
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Scheme 1. The diagra

nother 24 h, the culture medium was removed and replaced with
he extraction medium and incubated for 24 h. The viability of
ells was determined by the MTT  ((3-[4,-dimethylthiazol-2-yl]-
,5-diphenyltetrazolium bromide; thiazolyl blue) assay (Yin, Yao,
heng, & Ma,  1999) and about 100 �L of MTT  solution was  added
o each well. After 24 hours incubation at 37 ◦C, 200 �L of dimethyl
ulfoxide was added to dissolve the formazan crystals. The optical
ensity of the formazan solution was detected by an ELISA reader
Multiscan MK3, Labsystem Co.Finland) at 490 nm.  For reference
urposes, cells were seeded to medium containing 0.64% phenol
positive control) and a fresh culture medium (negative control)
nder the same seeding conditions, respectively.

.6.2. In vitro cytocompatibility assay
The cytocompatibility of the coatings was evaluated by directly

eeding L929 cells onto the test samples in vitro, and the results
ere observed by fluorescence microscopy and Scanning Electron
icroscopy.
For fluorescence microscopy observation, the prepared square

amples (1 cm × 1 cm)  were first soaked into the 250 mL  phos-
hate buffer solution (PBS pH = 7.4) for 24 h before sterilization
ith highly compressed steam for 15 min, then the samples were

ransferred to the 24-well tissue culture plate. 1 mL  of Fibroblasts
ells suspension with 1.5 × 104 cells/mL was seeded on the sam-
les. After 48 h of culture, collected cellular was rinsed twice with
hosphate buffer solution (PBS) to remove non-adherent cells, sub-
equently fixed by 75% alcohol solution, observed by fluorescence
icroscope.
For SEM analysis, the coatings were first fixed on the glass slide.

he sample was  sterilized, rinsed three times with sterile phos-
hate buffer solution (PBS), then transferred to individual 24-well

issue culture plates. Aliquots (1 mL)  of Fibroblasts cells suspension
ith 1.5 × 104 cells/mL were seeded on the sample membranes.
fter 24 h of culture, cellular constructs were harvested and rinsed

wice with PBS to remove non-adherent cells. Then they were
xperimental process.

fixed with 2.5% glutaraldehyde solution. After being thoroughly
washed with PBS, the samples were dehydrated through a serious
of graded ethanol and dried over night at room temperature. The
dried samples were coated with gold by sputtering for further cell
morphology analysis on the surface of the coatings by SEM.

3. Results and discussion

3.1. Topography description

Structure of the coatings was  shown in Fig. 1. The images
presented that the alginate coating had macroporous structure
(Fig. 1a). The pore size ranged from 50 to 250 �m,  which was  con-
nected with the generation of O2 gas on titanium surface during
anodic polarization. During the electrodeposition process, the pH
of solution near anode and cathode were 3.2 and 12.5, respec-
tively. The pH of anode solution made alginate solution undergo a
sol–gel transition and deposited on the titanium surface. The com-
posite coatings of alginate/chitosan and alginate/chitosan/alginate
were shown in Fig. 1b and c, respectively. In order to illustrate
different layers depositing on the titanium substrates more visual-
ized, the SEM fracture surface of coatings were provided in Fig. 1d
and e. As shown in Fig. 1d, the thickness of alginate and chitosan
coatings were about 10 �m and 20 �m,  respectively. The reason
why the chitosan layer was  thicker than the alginate layer was
that the molecular weight of chitosan was  higher than alginate
and abundant hydroxyl and amino groups existed in the molec-
ular chain, the entanglement between the chitosan molecules was
much easier in the process of electrodeposition and much more chi-
tosan molecules migrated to the electrode in the same condition.
Between two  layers, chitosan and alginate could form polyelec-

trolyte complexes, resulting from electrostatic interaction between
NH3

+ of chitosan and COO− of alginate. As shown in Fig. 1e, both
sides of the composite coatings were alginate and the Sandwich
layer was  chitosan coating. The maximum electrodeposition layers
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groups were protonated. The spectrum of the chitosan coating,
which was coated on alginate, showed the absorption peaks at
1584, 1075 and 1035 cm−1, which were related to amine II, C–O
stretching and O–H bending (Manjubala, Scheler, Bössert, & Jandt,
ig. 1. SEM micrographs of pure alginate and alginate/chitosan coatings: (a) pure al
racture  surface of alginate/chitosan coatings; (e) fracture surface of alginate/chitos

ere four, two alginate layers and two chitosan layers. The lay-
rs were too thick to electric, and the electrolysis of water could
ot happen, resulting in invariability of the pH of solution near
he electrode and alginate or chitosan losing the ability of depo-
ition. When alginate was the outermost layer (Fig. 1a), the amine
roups of chitosan coating would be protonated to a larger degree
ue to interaction with deprotonated carboxylate groups of algi-
ate. However, when chitosan was the outermost layer (Fig. 1b),
he amine groups extending into solution during fabrication would
ecome deprotonated (Lawrie et al., 2007). Repeating the experi-
ent we conducted above, the composite coatings with multilayers

ould be achieved.

.2. ATR–FTIR analysis

In order to illustrate the surface structure or composition
f the composite coatings more clearly, ATR–FTIR was  used, as
howed in Fig. 2. The spectrum of the alginate coating coated
n titanium substrate displayed strong peaks at 1723, 1084,
nd 1035 cm−1 (Fig. 2a), which were characteristic peaks of a

olysaccharide structure due to –COOH stretching, C–O stretching,
nd C–O–C stretching (Sartori, Finch, Ralph, & Gilding, 1997).
his indicated that Na-alginate solution could, under electrode-
osited process, undergo a sol–gel transition and carboxylate
 coating; (b) alginate/chitosan coatings; (c) alginate/chitosan/alginate coatings; (d)
inate coating.
Fig. 2. ATR–FTIR spectra of alginate/chitosan coatings: (a) alginate coating; (b) chi-
tosan coating.
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Fig. 4. XRD patterns of pure chitosan and alginate/chitosan coatings: (a) chitosan
power; (b) alginate/chitosan; (c) alginate/chitosan/alginate; (d) pure chitosan coat-
ing; and (e) titanium.

Fig. 5. DTG curves of (a) alginate/chitosan coatings; (b) alginate/chitosan/alginate

ing alginate coating, chitosan coating, sodium alginate/chitosan
physical mixture (sodium alginate:chitosan mass ratio of 3:1),
alginate/chitosan coatings and alginate/chitosan/alginate coatings,
respectively. As it is known, polysaccharides had a strong
ig. 3. XPS N 1s narrow scans with the curve fit of alginate/chitosan coatings cast
rom electrodeposition.

006), respectively. The ATR–FTIR results proved that alginate
nd chitosan could deposite on the titanium substrate and form
ayer-by-layer structure by electrodeposition.

.3. XPS spectra of chitosan/alginate layer-by-layer coatings

XPS is capable of quantifying the extent of protonation of amine
roups through examination of the N 1s narrow scan; however, it
s difficult to obtain the degree of deprotonation of carboxylic acid
roups. The XPS spectrum of alginate coating, obtained by elec-
rodeposition of sodium alginate using methanoic acid, revealed
lmost no sodium but only carbon and oxygen (the results were
ot shown here). This indicated that carboxylate groups of were
rotonated, which agreed with the results of ATR–FTIR. XPS is a
omplementary technique yielding information about the atomic
omposition of a material’s surface, about 10 nm scanning depth. It
an only quantify the amount of elements of chitosan when mea-
uring the alginate/chitosan coatings. As showed in Fig. 3, the N 1s
eak required three peaks for the curve fit: at 400.1 eV (amine), at
01.3 eV (amide), at 402.2 eV (protonated amine). In the coatings,

ess than half of the amine groups were protonated (49.4 atom %
mine; 32.4 atom % protonated amine). The results showed that the
hitosan coating contained protonated and deprotonated amine,
hus chitosan coating and alginate coating could interact through
tatic electricity and form chitosan/alginate layer-by-layer com-
osite coatings on titanium substrates.

.4. XRD analysis

To assess the interaction between two layers of chi-
osan/alginate, XRD was used and the results were shown in Fig. 4.
he XRD patterns of chitosan power displayed two  strong diffrac-
ion peaks at 2� = 10.4◦, 2� = 21.8◦, indicating the high degree of
rystallinity of chitosan, their crystal lattice constant � correspond-
ng to 8.470 and 4.075 (Qi, Xu, Jiang, Hu, & Zou, 2004). With
he thickness of alginate coating increased, the peak at 2� = 21.8◦

ecame much broader, which was attributed to the hydrogen bond-
ng between amino groups and hydroxyl groups in the chitosan

as broken by complexation (Kim & Lee, 1993). The results were
elated to the electrostatic interaction between chitosan and algi-
ate. The XRD patterns indicated that chitosan in all coatings was

redominantly in amorphous form, which was in accord with pre-
ious reports, who found that the chitosan in composite coatings
repared via electrodeposition also in amorphous form (Cheong &
hitomisrky, 2008).
coatings; (c) chitosan coating; (d) alginate coating, (e) sodium alginate/chitosan
physical mixture (sodium alginate: chitosan mass ratio of 3:1).

3.5. Thermal analysis

Fig. 5 showed DTA data for the composite coatings, includ-
Fig. 6. Swelling degree of chitosan coating, alginate coating and alginate/chitosan
coatings.



rate Po

a
p
&
1
d
p
i
t
3
m
m
d
c
n

F
m

Z. Wang et al. / Carbohyd

ffinity for water and their hydration properties depend on their
rimary and supramolecular structures (Despond, Espuche, Cartier,

 Domard2005). For all polymers, the first stage started below
50 ◦C to remove most of water. The second stage of polymers
egradation corresponded to the thermal decomposition of pure
olyelectrolytes or layer-by-layer complexes coatings and vapor-

zation and elimination of volatile products. For chitosan coating
he second stage started at 200 ◦C and reached a maximum at
08 ◦C, but for alginate coating it started at 190 ◦C and reached one
aximum at 214 ◦C and the second one at 258 ◦C. Alginate/chitosan
ixture revealed two stages (three peaks) of fast thermal degra-
ation at 255 ◦C and 317 ◦C, which have some difference with
haracteristic for both components coatings. Thermogram of algi-
ate/chitosan composite coatings was different from those of pure

ig. 7. Evaluation of the cellular activity after 24 h, 48 h and 72 h.; Cell fluorescence image
icrographs of cell morphology on (c) alginate/chitosan coatings, and (d) alginate/chitos
lymers 103 (2014) 38– 45 43

polymers and their mixture. The peak at about 250 ◦C typical for
pure sodium alginate was not observed and the peak of pure chi-
tosan had some changes. The results indicated that the interaction
between alginate and chitosan coatings and might be considered
as a proof of their complexation. Fig. 5(a) showed DTA data for
the alginate/chitosan composite coatings. The alginate content in
the composite coatings was about 20% degradation and chitosan
was about 39.4% degradation. As shown in Fig. 5(b), the algi-
nate/chitosan/alginate layer-by-layer composite coatings have the
similar degradation temperature with alginate/chitosan coatings.
What’s more, the alginate content was about 34.9% degradation

and chitosan was about 32.7% degradation. The results were in
agreement with the electrodeposition of layers of alginate and chi-
tosan.

s of (a) alginate/chitosan coatings, and (b) alginate/chitosan/alginate coatings; SEM
an/alginate coatings.
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.6. Swelling properties study

The swelling properties of chitosan coating, alginate coating and
lginate/chitosan coatings were shown in Fig. 6. It illustrated the
hanges in swelling percent of coatings with prolonged time. In
he beginning, each coating showed a higher swelling degree and
eached the maximum about 3 h. After 3 h, the swelling percent-
ge of alginate coating and alginate/chitosan coatings decreased
uickly, while chitosan coating showed minor changes. After 12 h,
he swelling percentage of chitosan coating and alginate/chitosan
oatings became constant, while alginate coating continued to
ecrease until 36 h. The results showed that each electrode-
osited coating had strong ability of water uptake after the coating
welled in buffer solution. The alginate molecules could form par-
ial network structure by physical crosslinking in the process of
lectrodeposition, so the alginate coating absorbed much water,
ut then dissolved in buffer gradually for the break of physical
rosslinking. For chitosan coating, there were abundant hydroxyl
nd amino groups between chitosan molecules and they could
orm strong hydrogen bond. Thus, the chitosan coating absorbed
ater, but could not be dissolved. The swelling degree of chitosan

oating decreased and then became constant, which was  related
ith the fact that electrodeposition process might circumvent any

mpurities and the chitosan coating contained protonated chitosan
nd deprotonated chitosan, and deprotonated chitosan dissolved in
he solution. The results were in accordance with XPS results. The
henomenon that at 12 h, the swelling degree of alginate/chitosan
oating was larger than chitosan coating could be attributed to the
ormation of composite polyelectrolyte between chitosan layer and
lginate layer through electrostatic interaction and the composite
olyelectrolyte had a certain thickness to absorb water. After 12 h,
he swelling percent of alginate/chitosan coating decreased less
nd became constant until 36 h. During this period of time, algi-
ate layer in the alginate/chitosan coating continued to dissolve
ithin a narrow range.

.7. Cell cytotoxicity studies

The cytotoxicity of the materials was characterized by a MTT
ssay. The results showed that the coatings had higher cell viabil-
ty than the positive control. A statistically significant difference
etween negative control and cells exposed to the coatings was
bserved, including 24 h, 48 h and 72 h of incubation, respec-
ively. As shown in Fig. 7, there was almost no difference
etween alginate/chitosan coatings and alginate/chitosan/alginate
oatings in 24 h of incubation. While after 48 h of incubation,
here were more viable cells on the alginate/chitosan/alginate
oatings than alginate/chitosan coatings. The results showed that
he alginate/chitosan/alginate coatings were more suitable for cells
roliferation.

The cytocompatibility of coatings was further characterized
hrough in vitro studies. Cell fluorescence images and SEM analysis
Fig. 7) were used to characterize cell adhesion and proliferation.
n situ observation of cells and coatings revealed that only a few
ells located on the alginate/chitosan coatings, as shown in Fig. 7(c).
ne possible reason is the strong electrostatic interaction between

he negative charges of the surface of cell membranes and the
ationic sites on the chains of chitosan, which restricted cell spread-
ng and proliferation (Mao  et al., 2004). In vitro cytocompatibility
ests showed that alginate/chitosan/alginate coatings achieved bet-
er cell response, as shown in Fig. 7(d). The results were in accord

ith some other articles report that alginate gels are promising

or cell transplantation in tissue engineering and have favorable
roperties, including biocompatibility and ease of gelation (Lee &
ooney, 2012).
lymers 103 (2014) 38– 45

4. Conclusions

In this paper, chitosan/alginate layer-by-layer composite
coatings were prepared on titanium substrates via electrodepo-
sition. It was  found that the thickness of the deposited chitosan
layer and alginate was about 20 �m and 10 �m,  respectively. Just
as anticipated, a new IR band appeared at 1723 cm−1, revealing
that the carboxylate groups of Na-alginate was  protonated and Na-
alginate solution could, under electrodeposited process, undergo a
sol–gel transition, deposite on titanium substrates. XPS N1 narrow
scans results proved that partial deprotonated chitosan and pro-
tonated chitosan were coelectrodeposited on titanium substrates,
in accordance with ATR–FTIR results. The XRD results showed that
electrostatic interaction existed between chitosan coating and algi-
nate coating. In vitro biological tests showed that cell morphology
showed good condition on the alginate/chitosan/alginate coatings
as compared to alginate/chitosan coatings. The possibility of elec-
trodeposition of alginate/chitosan layer-by-layer coatings provides
opportunities in the fabrication of functional coatings on titanium
substrates.
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