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a b s t r a c t

Thin films of hyaluronic acid were prepared by anodic electrophoretic deposition (EPD) and the depo-
sition kinetics was studied using quartz crystal microbalance. EPD method has been developed for the
fabrication of new ceramic-biopolymer nanocomposites containing silica and titania nanoparticles in the
matrix of hyaluronic acid. The deposit thickness was varied in the range of 0–10 �m. The composition
of the deposits can be varied by the variation of silica and titania concentration in the suspensions. The
deposits were studied by thermogravimetric analysis, differential thermal analysis, Fourier transform
eywords:
yaluronic acid
ilica
itania
lectrophoretic deposition
anocomposite

infrared spectroscopy, X-ray diffraction analysis, and scanning electron microscopy. The method offers
the advantages of room temperature processing of nanocomposite materials for biomedical applications.

© 2010 Elsevier B.V. All rights reserved.
ilm

. Introduction

Hyaluronic acid (HYH) is a natural biopolymer, which is present
n high concentrations in skin, joints and cornea. It is widely used
s a coating for the surface modification of various biomaterials
or prosthetic cartilage, vascular grafts, guided nerve regeneration
nd drug delivery [1,2]. HYH is non-immunogenic, non-adhesive,
ioactive material that has been associated with several cellular
rocesses, including angiogenesis and the regulation of inflam-
ation [3]. It was shown that HYH binds to cells and effectively

romotes new bone formation [4]. Significant interest has been
enerated in the fabrication of organic–inorganic nanocompos-
tes containing HYH for applications in biomedical implants. Such
omposites have attracted substantial attention because of the
ossibility of combining the functional properties of HYH and inor-
anic components [5]. The combination of polymeric and inorganic
hases is a common feature of various natural materials, including
one. The organic–inorganic nanocomposites containing silica and
itania are attractive materials for the fabrication of osseointegra-
ive implants, because nanostructured silica and titania promote

he spontaneous formation of bone-like apatites in physiological
olutions.

∗ Corresponding author. Tel.: +1 905 525 9140; fax: +1 905 528 9295.
E-mail address: zhitom@mcmaster.ca (I. Zhitomirsky).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.10.111
The goal of this investigation was the fabrication of HYH–silica
and HYH–titania nanocomposites by electrophoretic deposition
(EPD). Electrophoresis is of high importance in biotechnology for
manipulation of biological materials, e.g. biopolymers, bioceram-
ics, proteins, enzymes and cells. EPD [6] is a promising method
for fabricating composite films containing biopolymers and inor-
ganic nanoparticles. Recently HYH films were prepared by EPD
from sodium hyaluronate (HYNa) solutions [7]. The deposition
mechanism is based on the electrophoretic motion of the anionic
hyaluronate macromolecules HY− toward the anode and the for-
mation of HYH films in the low pH region at the anode surface:

(1)HY− + H+ → HYH
These results pave the way for the fabrication of composite films

containing inorganic nanoparticles in the HYH matrix. The experi-
mental data presented below indicated that HY− provided efficient
dispersion and charging of silica and titania particles in the suspen-
sions. Nanocomposite films of controlled mass and composition
were obtained by electrophoretic co-deposition of the inorganic
particles and HYH.

2. Experimental procedures

Sodium hyaluronate (HYNa) (Alfa Aesar), silica (amorphous, average particle size
7 nm, Aldrich) and titania (anatase, average particle size 25 nm, Aldrich) were used

as starting materials. The electrodeposition cell included a substrate and Pt coun-
terelectrode. The distance between the substrate and counterelectrode was 15 mm.
Deposition was performed from HYNa solutions in a mixed ethanol–water (30%
water) solvent containing silica or titania at the deposition voltage of 4–20 V during
1–10 min. The deposition of thin HYH films was investigated in-situ using a quartz

dx.doi.org/10.1016/j.jallcom.2010.10.111
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zhitom@mcmaster.ca
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mation of composite silica–HYH and titania–HYH films. Moreover,
the results indicated that film composition can be varied by the
ig. 1. Deposit mass, measured using QCM, as a function of the deposition time for
he 0.2 g L−1 HYNa solution at a deposition voltage of 4 V.

rystal microbalance (QCM 922, Princeton Applied Research, frequency 9 MHz) con-
rolled by a computer. The area of the gold coated quartz electrode was 0.2 cm2. The
omposite silica–HYH and titania–HYH films were obtained on Pt, graphite and 304
tainless steel (50 mm × 50 mm × 0.1 mm) substrates and dried in air for 48 h. Depo-
ition yield was studied after drying of the deposits formed on the stainless steel
ubstrates. The deposits were removed from the Pt substrates for thermogravimet-
ic analysis (TGA), differential thermal analysis (DTA) and Fourier transform infrared
pectroscopy (FTIR). TGA and DTA studies were carried out in air at a heating rate of
◦C min−1 using thermoanalyzer (Netzsch STA-409). FTIR investigations were per-

ormed on Bio-Rad FTS-40 instrument. The cross sections (fractures) of the films
eposited on graphite substrates were investigated using a JEOL JSM-7000F scan-
ing electron microscope (SEM). The X-ray diffraction (XRD) studies were performed
sing a powder diffractometer (Nicolet I2, monochromatized CuK� radiation) at a
canning speed of 0.5◦ min−1.

. Results and discussion

The EPD yield was investigated using suspensions containing
–1 g L−1 HYNa and 0–1.2 g L−1 silica or titania. Fig. 1 shows deposit
ass, measured using QCM, as a function of deposition time for

ure HYH deposit. The slope of the curve (Fig. 1) decreased with
ncreasing deposition time and indicated the decrease in the depo-
ition rate. The decrease in the deposition rate with time can be

ttributed to the decrease in voltage drop in the suspension, which
esulted from the increasing voltage drop in the insulating HYH
ayer formed at the anodic substrate. The increase in the deposit

ass with time indicated the formation of HYH films of differ-

ig. 2. Deposit mass versus concentration of (a) silica and (b) titania in suspensions,
ontaining 0.5 g L−1 HYNa, for the deposits prepared at a constant voltage of 20 V
nd deposition time of 5 min.
Fig. 3. Deposit mass versus deposition time for the deposits prepared from (a)
0.65 g L−1 silica and (b) 0.65 g L−1 titania suspensions, containing 0.5 g L−1 HYNa at
a constant voltage of 20 V.

ent thickness from HYNa solutions. However no deposition was
observed from pure silica or titania suspensions without HYNa. Sed-
imentation experiments showed, that the addition of HYNa to the
suspensions of silica and titania resulted in improved suspension
stability. Moreover, anodic deposits were obtained from silica and
titania suspensions containing HYNa. Therefore, silica and titania
particles were negatively charged in the HYNa solutions. It is sug-
gested that particle charge and improved suspension stability are
attributed to the adsorption of anionic HY− species on the surfaces
of silica and titania particles.

Fig. 2 shows deposit mass as a function of silica and titania
concentration in the suspensions containing 0.5 g L−1 HYNa. The
deposited films were mechanically stable and adhered well to the
substrates. The increase in particle concentration in the suspen-
sions resulted in increasing deposition yield. The higher deposition
yield can be attributed to higher concentration of the particles in
the deposits. It is suggested that the co-deposition of HY− species
and ceramic particles containing adsorbed HY− resulted in the for-
variation of silica or titania concentration in the suspensions. The

Fig. 4. (a and b) TGA and (c and d) DTA data for deposits prepared from (a and
c) 0.15 g L−1 silica and (b and d) 0.15 g L−1 titania suspensions containing 0.5 g L−1

HYNa at a constant voltage of 20 V.



S512 R. Ma, I. Zhitomirsky / Journal of Alloys and Compounds 509S (2011) S510–S513

Fig. 5. X-ray diffraction patterns for deposits prepared from (a) 0.65 g L−1 silica and
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Fig. 6. FTIR spectra for (a) as-received silica, (b) deposit prepared from 0.5 g L−1

HYNa solution (c) deposit prepared from 0.65 g L−1 silica suspension containing
0.5 g L−1 HYNa, (d) as-received titania, and (d) deposit prepared from 0.65 g L−1 tita-

F
c

b) 0.65 g L−1 titania suspensions, containing 0.5 g L−1 HYNa at a constant voltage of
0 V (�- anatase, JCPDS file 21–1272).

eposit mass increased with increasing deposition time, as shown
n Fig. 3. Therefore, the amount of the deposited material can be
aried.

Fig. 4 shows typical TGA and DTA data for the deposits. The
bserved mass loss in the TGA data below 200 ◦C and corresponding
road endotherms in the DTA data can be attributed to dehydration.

he mass loss at higher temperatures (Fig. 4a and b) and corre-
ponding broad exotherms (Fig. 4c and d) are related to burning out
f HYH. The deposits containing silica and titania showed mass loss

ig. 7. SEM images of (a,b) cross sections (fractures) and (c and d) surfaces of deposits p
ontaining 0.5 g L−1 HYNa on graphite substrates (F – film, S – substrate) at a constant vol
nia suspension, containing 0.5 g L−1 HYNa, deposits were obtained at a constant
voltage of 20 V.

below 600, and 500 ◦C, respectively. The sample mass was nearly
constant at higher temperatures. The total mass loss at 800 ◦C

was found to be 76 and 39 mass% for the deposits prepared from
the suspensions containing 0.15 g L−1 silica and 0.15 g L−1 titania,
respectively. The results presented in Fig. 4 indicated the forma-

repared from (a and c) 0.65 g L−1 silica and (b and d) 0.65 g L−1 titania suspensions,
tage of 20 V.
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ion of composite films, containing 24 mass% of silica and 61 mass%
f titania in the HYH matrix. The TGA and DTA data showed that
he burning out of HYH was observed at higher temperatures for
he composite containing silica, compared to the composite con-
aining titania (Fig. 4). It is known that thermal degradation of
omposite nanomaterials is influenced by surface complexation
f organic and inorganic components [8]. Such surface complex-
tion can be attributed to the interaction of COO− and NH groups
f hyaluronate with Si and Ti atoms at the particle surface. It is
uggested that smaller particle size and higher surface area of the
ilica particles resulted in enhanced surface complexation of the
rganic and inorganic components, which, in turn, resulted in dif-
erent thermal behaviour of the composite films. The results of TGA
nd DTA studies are in a good agreement with XRD data, which
ndicated the formation of composite films. The XRD studies of
ilica–HYH deposits revealed a broad amorphous halo at 2� ∼ 23◦

Fig. 5), the XRD patterns of titania–HYH deposits (Fig. 5) showed
eaks of anatase in agreement with the data provided by the pow-
er manufacturer.

The results of FTIR investigations are shown in Fig. 6. The FTIR
pectrum of as-received silica (Fig. 6a) showed the typical broad
and in the wave number region 1000–1150 cm−1 and at a band
t 808 cm−1 attributed to Si–O–Si stretching [9,10]. The band at
739 cm−1 in the spectrum of the deposit (Fig. 6b) prepared from
he HYNa solution is related to the stretching of the protonated
arboxylic group of HYH. The amide I and amide II bands of HYH
11] were observed at 1643 and 1560 cm−1, respectively. The FTIR
pectrum of the deposit prepared from the silica suspensions con-
aining HYNa (Fig. 6c) showed similar bands. The FTIR spectrum
f as-received titania showed a band at 1631 cm−1, attributed to
ending vibration of adsorbed water [12] and the broad absorp-
ion below 800 cm−1 is attributed to the characteristic adsorptions
f titania [12,13]. The FTIR spectrum of the deposit prepared from
itania suspension containing HYNa showed absorptions attributed
o the stretching of the protonated carboxylic group of HYH, amide
, amide II and other characteristic adsorptions of titania. Therefore,
he FTIR data showed the formation of composite silica–HYH and
itania–HYH films.

The composite deposits were studied by SEM. Fig. 7 shows typ-
cal images of the cross sections and surfaces of the composite
eposits. The thickness of the deposits was varied in the range of

–10 �m by the variation of the deposition time. The deposits were
elatively dense, crack free and contained silica and titania parti-
les in the HYH matrix. SEM observations showed that the size of
he particles in the deposits is in a good agreement with the data

[

[
[
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provided by powder manufacturer. The use of HYH with good film
forming and binding properties enabled the formation of nanocom-
posite coatings. It should be noted that the fabrication of ceramic
coatings by EPD presents difficulties, attributed to sintering. The
sintering of ceramic deposits on metallic substrates can result
in cracking, attributed to drying shrinkage, changes in deposit
microstructure, related to grain growth, and changes in composi-
tion, related to diffusion and thermal degradation of the substrates
at elevated temperatures. The method developed in this work
offers the advantages of room temperature processing of compos-
ite materials. In this approach, the problems related to deposit
sintering can be avoided. It is suggested that the nanocomposite
materials, combining functional properties of HYH, nanostructured
silica and titania, can be utilized for biomedical applications.

4. Conclusions

EPD method has been developed for the co-deposition of HYH,
silica and titania. The results of the deposition yield measurements,
TGA, DTA, XRD, FTIR and SEM studies showed the formation of
silica–HYH and titania–HYH nanocomposites. The deposit compo-
sition can be varied by the variation of the concentration of ceramic
particles in the suspensions. The deposit thickness can be varied in
the range of 0-10 �m by the variation of the deposition time. The
method offers the advantages of room temperature processing for
the fabrication of organic-inorganic nanocomposites for biomedical
applications.
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