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Hyaluronan  (HA)/poly  (vinyl  alcohol)  bearing  styrylpyridinium  groups  (PVA-SbQ)  composites  film-
forming  solutions  were  prepared  by a  negatively  charged  HA  and an  oppositely  charged  PVA-SbQ.  The
rheological  properties  and  structural  characterization  of HA/PVA-SbQ  composites  in aqueous  solution
were  investigated.  Zeta  potential  measurements  and  TEM  were  utilized  to  explore  the  formation  of
HA/PVA-SbQ  complex  micelles  in aqueous  solution.  UV  spectra  and  DLS  experiments  confirmed  that  the
micelles  are  photo-crosslinkable.  HA/PVA-SbQ  composites  films  were  prepared  by  a  casting  method.  The
microstructure  and  properties  of  the  film  were  analyzed  by SEM,  optical  transmittance,  DSC,  XRD  and  ten-
VA-SbQ
hoto-crosslinking
omposites film
ackaging material

sile testing.  The  crosslinked  HA/PVA-SbQ  composites  films  exhibited  higher  UV  light  shielding  and  visible
light  transparency  and  better  mechanical  and  water  vapor  barrier  properties  as  well as thermal  stability
than  the  uncrosslinked  HA/PVA-SbQ  composites  films,  indicating  the formation  of  three-dimensional
network  structure.  This  work  provided  a good  way  for  increasing  the mechanical,  thermal,  water  vapor
barrier,  and  optical  properties  of  HA materials  for the packaging  material.
. Introduction

In recent years, the food and packaging industries have been
oining their efforts to determine new ways to protect food from
nvironmental conditions and mechanical stresses (Ghasemlou,
hodaiyan, & Oromiehie, 2011).

Polysaccharides used to prepare packaging material include
yaluronan acid (HA), chitosan (CS), cellulose derivatives, starch
nd pectin. They are preferred because of their high film form-
ng ability. HA is a naturally occurring polysaccharide originally
xtracted from bovine vitreous humor, rooster combs or umbilical
ords (Rinaudo, 2008a,b), and now has been successfully produced
n a larger scale by streptococcus bacteria in high purity and
ood yield (Gao, Du, & Chen, 2006; Ogrodowski, Hokka, & Santana,
005). It consists of repeating �-(1 → 4)-d-glucuronic acid �-

1 → 3)-N-acetyl-d-glucosamine disaccharide units (Chytil & Pekar,
009; Cowman & Matsuoka, 2005). HA is an attractive materi-
ls building block for its hybiocompatiblity with biomedicine and

∗ Corresponding author. Tel.: +86 13382888306.
E-mail address: bhy.chem@163.com (H. Bai).
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pharmaceutics application (Lee, Ahn, & Park, 2009; Lee, Lee, &
Park, 2008; Pitarresi, Pierro, Palumbo, Tripodo, & Giammona, 2006;
Vázquez et al., 2009), and HA film is a promising packaging material.
However, HA packaging films exhibit several disadvantages such as
strong hydrophilic character and poor mechanical properties, com-
pared with synthetic packaging films. Therefore, in order to obtain
the best physical and mechanical properties for HA based film, the
modifications such as crosslinking with other biomolecules become
imminent in application.

HA derivative cross-linked can be prepared at room tempera-
ture (RT) in conditions slightly alkaline or acidic (Barbucci et al.,
2002; Bulpitt & Aeschlimann, 1999). Additionally, such reactions
employed small molecular crosslinking reagents, often in large
excess, which required considerable purification in order to obtain
materials for physiological use (Luo, Kirker, & Prestwich, 2000).

We  describe herein a new HA based film well-suited to packag-
ing films. It was prepared by mixing HA and a macro-molecular
crosslinker, which is a poly (vinyl alcohol) bearing a styrylpyri-

dinium groups residue as its photosensitive group (PVA-SbQ)
(Scheme 1) (Ichimura & Watanabe, 1980), under UV  irradiation
condition. PVA-SbQ has been widely used as a photocrosslink-
able material due to its water stability, high photosensitivity and

dx.doi.org/10.1016/j.carbpol.2014.08.103
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.08.103&domain=pdf
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that diverse studies on the rheological behavior, including the vis-
coelasticity, have been carried out with relatively highly viscous
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cheme 1. Chemical structures of PVA-SbQ and its photo-dimerization mechanism.

ood storage stability (Ichimura & Watanabe, 1982). The pho-
ocrosslinking behavior and mechanism of PVA-SbQ have been
ystematically investigated by Ichimura (Ichimura, 1996; Ichimura

 Watanabe, 1982), Shindo (Shindo, Hasegawa, Kawanobe, &
noue, 2001; Shindo, Morikawa, Hasegawa, Sugimura, & Adachi,
995; Shindo, Yamada, Kawanobe, & Inoue, 2002) and Cockburn
Cockburn, Davidson, & Pratt, 1996). The styrylpyridinium (SbQ)

oiety is photoreactive and forms a dimer on UV irradiation

Scheme 1) (Ichimura & Watanabe, 1980, 1982). This photo-
rosslinkable polymer PVA-SbQ has found its use in nanofibers,

ig. 1. Storage modulus (G′) and loss modulus (G′′) (A–C) as a function of frequency for HA
f  the Zeta-potential of HA, PVA-SbQ and HA/PVA-SbQ composite solutions (D); TEM im
rradiation (E: c).
ers 115 (2015) 422–431 423

gels, etc. (Hertzberg, Moen, Vogelsang, & Østgaard, 1995; Liu,
Bolger, Cahill, & McGuinness, 2009).

The anionic polyelectrolyte character of HA can form electro-
static complexes with the cationic character of PVA-SbQ, and the
combination of HA and PVA-SbQ may  have beneficial effects on
the mechanical and thermal properties and hybiocompatiblity of
HA/PVA-SbQ composites film as a potential packaging film. This
new biocompatible material can be used directly in any system
without purification, since it only contains two biocompatible poly-
mers (Tao, Ai, Bai, & Liu, 2012).

In order to make a good film or leveling coating on solid surface,
the viscosity of film-forming solutions should be suitable which
can prevent sagging by gravity effects and allow capillary level-
ing (Peressini, Bravin, Lapasin, Rizzotti, & Sensidoni, 2003). It is
noted that rheological properties, which are sensitive to variations
in molecular structure, are useful in developing structure–function
relationships for systems of polysaccharide solutions (Xu, Liu, &
Zhang, 2006). Therefore, the knowledge of the film-forming solu-
tions (FFS) rheological properties by dynamic test is important for
the design and processing of films by casting. Moreover, the desired
mechanical properties of packaging film depend on viscoelastic
properties of FFS. It may  be found in the specialized literature
FFS (Pires & Santana, 2011; Rinaudo, 2008a,b). However, few stud-
ies have been carried out about the characterization of low viscosity

/PVA-SbQ composites solution with different UV irradiation time; The dependence
age of HA (E: a), PVA-SbQ (E: b), and HA/PVA-SbQ composite solution without UV
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ig. 2. UV absorption spectra (a), UV absorption at around 340 nm (b), and phot
rradiation time.

FS, produced usually with low concentration of macromolecules.
ithin this context, the purpose of this work was to evaluate the

ffect of UV irradiation time on the rheological of relatively low
iscosity HA/PVA-SbQ FFS and structure of HA/PVA-SbQ complex
n aqueous solution, and the mechanical and thermal and water
apor barrier properties of the resulting films. These results are
ery important for evaluating such films’ possible applications as
ackaging material.

. Materials and methods

.1. Materials

HA, with a molecular weight of 210 kDa, was  purchased
rom Zhenjiang Dongyuan Biology Technology Co., Ltd. (China).
VA-SbQ (Mw = 45,000 and 4.1 mol% SbQ content) was  purchased
rom Shanghai KOKI Co., Ltd. (China). The chemicals were used as
eceived without further purification. Deionized water was  used
or the preparation of all solutions.

.2. Preparation of HA/PVA-SbQ composites film-forming solution

HA was dissolved into water to prepare a HA (1 wt%) solution.
tock solutions of PVA-SbQ (1 wt%) were prepared by dissolving

VA-SbQ in water. The HA solutions were mixed with PVA-SbQ
olution in equal volume to prepare the film-forming solutions
sing a magnetic stirrer for 15 min  and the resulting solutions
ere irradiated under a POWER ARC UV 100 Lamp (�max = 500 nm).
erization degree (c) of the HA/PVA-SbQ composite solution radiated at different

HA/PVA-SbQ composites FFS with different UV irradiation time (0,
10, 20, 30, 300, 600 s) were obtained. All the mixtures were stored
in glass bottles wrapped in aluminum foil package prior to use.

2.3. Characterization of HA/PVA-SbQ composites film-forming
solution

The rheological tests were carried out on a rotational AR-G2
rheometer with a diameter of 40 mm cone-plate geometry. Oscil-
latory shear was applied on the sample at a constant temperature
25 ◦C. The strain amplitude is 2% in all experiments. Transmission
electron microscopy (TEM) was  performed on a JEOL JEM-2100
microscope, operating at an acceleration voltage of 200 kV. The
samples were prepared by drop-coating the micelle solution on
the carbon-coated copper grid and drying at room tempera-
ture before observation. Zeta-potentials of the micelle solutions
were measured by a Malvern Zetasizer 2000 instrument. The
solution samples were injected into the instrument and the zeta-
potential measurement was  carried out at room temperature. The
absorbance of HA/PVA-SbQ composites film-forming solution from
a wavelength of 200 to 800 nm was  measured by TU-1901 UV–vis
spectrophotometer. Dynamic light scattering (DLS) measurements
were carried out using an ALV-5000 laser light scattering spec-
trometer. All the solution samples were filtered through 0.45 �m

Millpore filters to remove dust before the light scattering measure-
ments. DLS measurements were performed at a fixed scattering
angle of 90◦ at 25 ◦C. The apparent hydrodynamic radius Rh was
obtained using the CONTIN program.
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ig. 3. Correlation function g1(t) (a), the corresponding f (Rh) (b) for PVA-SbQ and HA
omposite solutions.

.4. Preparation of HA/PVA-SbQ composites films

HA/PVA-SbQ composites films were cast by pouring HA/PVA-
bQ composites FFS with different UV irradiation time (0, 10, 20,
0, 300, 600 s) onto glass plates resting on a leveled surface for
pproximately 24 h at 40◦C in oven. Dried films were peeled off the
asting surface and stored inside desiccators at 25 ± 1 ◦C until eval-
ation. Saturated magnesium nitrate solution (50% RH) was used
o meet required relative humidity.

.5. Determination of mechanical and thermal as well as water
apor barrier properties of HA/PVA-SbQ composites films

Tensile strength (TS) and elongation at break (EB) of the HA/PVA-
bQ composites films were measured on a WDT-10 universal
esting machine with a tensile rate of 5 mm/min  according to
SO527-3:1995 (E). An average value from five replicates of each
ample was taken.

Thermal property of the HA/PVA-SbQ composites films was
xamined using a differential scanning calorimetry (DSC) (DSC1
etter-Toledo, Switzerland). Approximately 5 mg  HA/PVA-SbQ

omposites films were tested at a heating rate of 10 ◦C/min between
 and 250◦C under nitrogen atmospheres.

Water vapor barrier property of the HA/PVA-SbQ composites
lms was determined by measuring water vapor transmission rate

WVTR) and water vapor permeability (WVP). WVTR of the pure
A and HA/PVA-SbQ composite films was measured according to
odified ASTM E96 method ( Ou, Kwok, & Kang, 2004). Briefly, film

pecimens were clamped on the top of glass bottles with diameter
-SbQ composite solutions and effect of UV irradiation time on Rh (c) of HA/PVA-SbQ

of 3 cm and depth of 5 cm containing 3 g anhydrous calcium chlo-
ride (CaCl2) to maintain 0% RH inside the bottle, followed by sealing
the film over the edge of bottle with applying molten paraffin. Then
the bottles were stored under the desiccator with a relative humid-
ity of 75% at 30 ◦C. The RH was maintained by placing 500 mL of
saturated sodium chloride (NaCl) solution in the bottom of the des-
iccator. The bottles were weighed every 12 h for 5 days. The amount
of water permeated through the films was determined from the
weight gain of the bottles. Both WVTR and WVP  were calculated
according to (Tomé et al., 2011):

WVTR = �W

�t  · A
(1)

WVP  = WVTR · L

�P
(2)

where WVTR was in g/(h m2), �W/�t  was  rate of water gain in
g/h, A was the exposed area of the film in m2, L was the mean
thickness of samples in m,  and �P was the difference in partial
water vapor pressure between the two  sides of film samples in Pa.
The water vapor pressure on the high-stream side of the film was
3.2 kPa (water vapor pressure of saturated NaCl aqueous solution
at 30 ◦C), while the low-stream side was assumed to be zero.

2.6. Characterization of HA/PVA-SbQ composites films
The optical transmittance of the HA/PVA-SbQ composites films
were measured with a TU-1901 UV-visible spectrophotometer
from a wavelength of 200 to 800 nm.  SEM images of the sur-
face of HA/PVA-SbQ composites films was performed on a Hitachi
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Fig. 4. Tensile stress–strain curves (A) and the effect of UV irrad

-4800 scanning electron microscope. X-ray diffractograms of film
amples were derived using a Rigaku D/MAX2550 diffractometer
ith Cu K� radiation. The samples were exposed to an X-ray beam,

he X-ray generator running with radiation Cu K� (� = 1.542 Å). The
elative intensity was recorded at ambient temperature over an
ngular range (2�) of 30–70◦ at a rate of 2◦/min.

. Results and discussion

.1. Rheological and structural characterization of HA/PVA-SbQ
omposites FFS

.1.1. Rheological behavior
The rheological analysis is a useful tool to explore relation-

hips between mechanical behavior and structure, concentration,
nd molecular weight of biopolymers solutions (Chamberlain &
ao, 2000). Therefore, the rheological behaviors are of decisive

mportance for all applications and rheological properties provides
aluable indications to better design proper substitutes for specific
ackaging application (Ambrosio, Borzacchiello, Netti, & Nicolais,
999).

The leveling of irregularities in liquid coating (or in FFS casting)
epends mainly on their rheological properties (Lafargue, Lourdin,

 Doublier, 2007). According to Cuq (Cuq, Aymard, Cuq, & Guilbert,

995), to cast a high viscosity FFS is difficulty and needs a dispersing
achine (spreader). Nevertheless, the FFS studied in this work had

ow viscosity values, which readily allowed casting these solutions
y free flow.
 time on the TS (B) and EB (C) for HA/PVA-SbQ composites films.

Dynamic frequency sweep tests were performed in the linear
viscoelastic range to determine the frequency dependence of the
storage modulus (G′) and loss modulus (G′′). Fig. 1(A–C) showed
the viscoelastic behavior of photo-crosslinked HA/PVA-SbQ com-
posites solution with different UV irradiation time. As shown in
Figure 1A, B, C it was  observed a trend of increasing the G′ and G′′ val-
ues as the frequency increased in photo-crosslinked HA/PVA-SbQ
composites solution with different UV irradiation time. Further-
more, in HA/PVA-SbQ composites solution, increases of G′ and G′′

values as the UV irradiation time increased were observed. Since the
storage modulus usually represents the elastic character and the
loss modulus describes the viscous behavior, these results suggest
that enhancement in structural entanglement increases the G′ mod-
ulus, while structural breakdown increases the G′′ modulus (Rwei,
Chen, Mao, & Fang, 2008). Although G′ and G′′ values were similar,
the G′ were slightly greater than the G′′ (in Fig. 1C), indicating that
more elastic systems were obtained. These high G′ values are due to
a loose network created by intermolecular electrostatic interaction
between HA and PVA-SbQ. With the UV irradiation time increas-
ing, chemical cross-linking that is the result of the dimerization of
SbQ moieties of PVA-SbQ takes place. This causes that HA/PVA-SbQ
composites solution were more solid than liquid. Similar results
have been observed in works on film forming solutions based on
gelatin and poly (vinyl alcohol) blends (Moraes, Carvalho, Bittante,
Solorza-Feria, & Sobral, 2009). These suggested that the mecha-

nism of cross-linkage in HA/PVA-SbQ composites solution is based
on the electrostatic interaction between negatively charged HA and
cationic sites in PVA-SbQ and the dimerization of SbQ moieties of
PVA-SbQ.
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ig. 5. DSC thermograms (A), X-ray scans (B: a) and different peaks intensity (2�  = 1

.1.2. Zeta-potential measurements
The system based on HA and PVA-SbQ starts from a homogonous

olution. Also it is related to the relative concentrations and the
olloid with micellar structure is obtained when the concentration
f the HA/PVA-SbQ composites solution is low.

Fig. 1D depicts the dependence of the Zeta-potential of HA,
VA-SbQ and HA/PVA-SbQ composite solutions. It is seen that
eta-values of HA and HA/PVA-SbQ complex micelles are nega-
ive and zeta-value of PVA-SbQ is positive, which confirms that
he shell moieties of the HA/PVA-SbQ complex micelles contain
COO− groups. The change in the value of the zeta-potential of
A/PVA-SbQ complex micelles, compared with that of HA, is due

o the binding of additional positively charged PVA-SbQ molecules
o the HA chains. This change means that some negative charges
rom HA were neutralized with the addition of PVA-SbQ, while the
est of the carboxylate groups provided net negative charges for the
A/PVA-SbQ complex micelles.

.1.3. TEM
To visualize the HA/PVA-SbQ complex micelles, TEM image

Fig. 1E: c) was obtained. TEM images of HA and PVA-SbQ aggre-
ates (Fig. 1E: a, b) were also obtained for the comparison. As
hown in Fig. 1E, the typical core-shell type micellar aggregates
n HA and PVA-SbQ solution were not found, while tight core-
hell type micellar aggregates with an average diameter of around

62 nm were found in HA/PVA-SbQ composite solution. The spher-

cal morphology of the micelles probably results from the presence
f hydrophobic interactions among the SbQ molecules of PVA-SbQ
nd the presence of excess negative charges on the HA chain. The
◦ , 25◦) (B: b) of HA/PVA-SbQ composites films with different UV irradiation time.

hydrophobic species form the micellar core, while HA with the neg-
ative charges provides the stabilization commonly encountered in
small molecule SbQ and forms the micellar shell.

3.1.4. UV–vis spectroscopy
UV–vis spectroscopy was  utilized to trace the photo-crosslinked

process of HA/PVA-SbQ composite solution. The UV  absorption
spectra of the HA/PVA-SbQ composite solution at with different
irradiation time are shown in Fig. 2a. When HA/PVA-SbQ solutions
were exposed to 200–800 nm light in measurement, dramatically
absorption bands occur at 340 nm for HA/PVA-SbQ composite solu-
tion with different UV irradiation time which can be attributed to
the presence of the SbQ group on the PVA backbone. As shown in
Fig. 2b, c, the absorbance intensity at around 340 nm decreased
sharply and photo-dimerization degree increased significantly
with increasing the irradiation time, indicating the dimerization
of SbQ moieties. UV irradiation is assumed to result in the forma-
tion of cyclobutane rings which leads to the crosslinking of the PVA
chains (see Scheme 1) and consequently HA/PVA-SbQ solutions
show higher elastic system. This is consistent with the result of rhe-
ological analysis. Ichimura et al. reported that the photosensitivity
of PVA-SbQ was  high in spite of the extraordinarily low content of
the styrylpyridinium group (Ichimura, 1996).

3.1.5. DLS

Fig. 3 shows the correlation function g1(t) for the PVA-SbQ solu-

tion and HA/PVA-SbQ composite solution and the corresponding
hydrodynamic radius Rh distribution f (Rh) and effect of irradiation
time on Rh of HA/PVA-SbQ composite solutions.g1(t) is a normalized
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ig. 6. Water vapor permeability (WVP) values (a) of the pure HA and HA/PVA-S
ransmittance (b), and the visible light transparency (c) of HA/PVA-SbQ composites

cattered electric field-field time correlation function. In practice,
he “normalized” correlation function is usually analyzed. Usu-
lly, the hydrodynamic radius Rh is determined by analyzing g1(t)
Wu,  1993). Some researchers developed this method for the anal-
sis of a gelation process of polymeric systems (Boyko & Richter,
004; Richter, Boyko, Matzker, & Schröter, 2004; Richter, Matzker,

 Schröter, 2005; Takata, Norisuye, Tanaka, & Shibayama, 2000) and
he micellization of block ionomer microreactors containing differ-
nt metal ions (Moffitt & Eisenberg, 1997). As shown in Fig. 3a, the
1(t) for the PVA-SbQ solution and HA/PVA-SbQ composite solution
ere similar to the typical measured g1(t) of polystyrene in toluene

Wu,  1993).
As shown in Fig. 3b, the HA/PVA-SbQ composite aggregate has

 wider f (Rh) than the pure PVA-SbQ aggregate. It is due to the HA
roviding the small Rh and SbQ molecules of PVA-SbQ with ben-
ene ring and pyridine ring providing the big Rh. To investigate the
hoto-crosslinking process more intensively, the sizes of HA/PVA-
bQ composite solutions after UV irradiation were monitored by
sing an ALV-5000/E dynamic light scattering instrument.

As shown in Fig. 3c, the Rh of HA/PVA-SbQ composite aggre-
ate decreases gradually as the UV irradiation time increases
nd the Rh value decreased from 231 nm (the initial value) to
58 nm when being exposed to UV light for 15 min. As discussed
bove (Section 3.1.4, Fig. 2), the HA/PVA-SbQ composite can be
hoto-crosslinked because of the photodimerization of SbQ. Photo-
rosslinking induced shrinkage of micelle particles, leading to the

ecrease of Rh value (Jiang, Qi, Lepage, & Zhao, 2007; Liu et al.,
010; Xu et al., 2011). In our previous study, HA undergoes degra-
ation which can also result in the decrease of Rh value. As the
ame control experiment, the Rh value of pure HA was measured
mposite films with different UV irradiation time (30, 300, 600 s) and the optical
 with different UV irradiation time.

after different UV irradiation time and the size of pure HA decrease
from 90 to 71 nm (Xu et al., 2011). It is a much smaller change com-
pared to that of HA/PVA-SbQ composite. Therefore, the decrease of
the size of HA/PVA-SbQ composite should be mainly attributed to
the crosslinking of composite.

3.2. Properties and characterization of HA/PVA-SbQ composites
films

3.2.1. Mechanical properties of HA/PVA-SbQ composites films
Mechanical properties evaluated in present study were ten-

sile strength (TS) and elongation at break (EB). TS is a measure
of film strength, whereas EB is a measure of film stretchability
prior to breakage. Both properties are important in evaluation of
packaging materials. Fig. 4(A–C) shows the stress–strain properties
of HA/PVA-SbQ composites films and the effect of UV irradiation
time on the tensile strength and elongation at break. As shown in
Fig. 4(B, C), compared with the control film, the crosslinked spec-
imens showed a higher TS but a lower EB. TS of the composites
films has a trend of increase with the increase of UV irradiation
time, and the maximum value achieved 71.0 MPa  (see Fig. 4(B)). EB
of composites films was about 5.4% of average (see Fig. 4(C)). The
enhancement in TS of composites films may  have been attributed
to the fact the photodimerization of SbQ resulted in the crosslink-
ing interactions of composites. Mechanical properties are largely
associated with distribution and density of intermolecular inter-

actions in the network. The tensile strength results are in close
accordance with the rheological results given above. The values
of TS exhibited by HA/PVA-SbQ composites films were of the same
trend of storage modulus (G′) shown by HA/PVA-SbQ composite
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Fig. 7. SEM micrographs of HA/PVA-SbQ composites films with

olutions. These results suggest that photo-crosslinking is a better
ethod for improving the mechanical properties of HA/PVA-SbQ

omposite films by increasing TS while retaining a greater EB than
ncrosslinked HA/PVA-SbQ composite films. Overall, HA/PVA-SbQ
omposite films have very attractive mechanical properties.

.2.2. Thermal properties of HA/PVA-SbQ composites films
Fig. 5A shows the DSC thermograms for the HA/PVA-SbQ com-

osite solution radiated at different irradiation time. As shown
n Fig. 5A, all of the samples showed the presence of a broad
ndothermic peak around 100 ◦C, which is associated with the loss
f moisture remaining after the initial drying procedure. Signifi-
ant sharp exothermic peaks were also observed for each sample
t higher temperatures (around 240 ◦C) and UV photo-crosslinking
nfluences the relative magnitude of these two exothermic peaks. It
s thought that the first of these peaks represents conversion into a
ess-ordered state, and the second of these peaks represents ther-
al  degradation. As shown in Fig. 5A, as for the first peaks, they
ad no significant change with the UV irradiation time. In order to
nderstand the change in order structure of HA/PVA-SbQ films fur-
her, XRD was  used to describe the order phase of HA/PVA-SbQ films
ent UV irradiation time (a: 0, b: 10, c: 20, d: 30, e: 300, f: 600 s).

in the following section. As the second peaks, they had higher tem-
perature shift slightly with the UV irradiation time. These indicated
that the less-ordered structure of the crosslinked HA/PVA-SbQ
films was  formed and thermal stability of HA/PVA-SbQ films was
improved due to the crosslinking reaction of the PVA-SbQ. Sim-
ilar phenomena were observed in study on electrodeposition of
hyaluronic acid and composite films (Sun & Zhitomirsky, 2009)
and physical properties of crosslinked hyaluronic acid hydrogels
(Collins & Birkinshaw, 2008).

3.2.3. XRD
As shown in Fig. 5B(a, b), X-ray scans of HA/PVA-SbQ compos-

ites films with different UV irradiation time show a weak peak at
2� = 25◦ related to hyaluronic acid (Abdel-Mohsen et al., 2012) and
two strong peaks at 2� = 17◦ and 14◦ related to PVA (Mahmoud,
Al-Ghamdi, & Kadi, 2012). The UV irradiation for HA/PVA-SbQ com-
posites films resulted in the decrease in peaks intensity and the

decrease trends of peaks intensity were observed with increasing
UV irradiation time, showing the destruction of the ordered phase
or an increase in amorphous content of HA/PVA-SbQ composites
films. This is due to photo-crosslinking interaction of HA/PVA-SbQ
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omposites that disrupts the regularity of the chain structures in
A and PVA-SbQ and increases the spacing between the chains.

.2.4. Water vapor barrier properties of HA/PVA-SbQ composites
lms

Water vapor permeability (WVP) was investigated to under-
tand the effect of UV irradiation on water vapor barrier properties
f HA/PVA-SbQ composites films. Fig. 6a shows WVP  values of pure
A and HA/PVA-SbQ composites films with different UV irradi-
tion time (30, 300, 600 s). As shown in Fig. 6a, WVP  data were
n the range (1.82–4.5) × 10−7 g/(m h Pa)−1 and were significantly
ffected by UV irradiation time for HA/PVA-SbQ composite films.
VP  values decreased with increasing UV irradiation time. In par-

icular, HA/PVA-SbQ composite film with 600 s had WVP  value
.82 × 10−7 g/(m h Pa)−1 which is 59% lower than the value of pure
A, indicating that UV irradiation greatly reduced the WVP  of
A/PVA-SbQ composite films. These results might be attributed

o the network formed by both photodimerization of SbQ of PVA-
bQ and hydrogen reaction between hydroxyls groups of PVA-SbQ
nd carboxyl of hyaluronic acid in HA/PVA-SbQ composites. This
etwork reduces the free volumes of the HA/PVA-SbQ composite
lms and increases the tortuosity of the water molecules pathway
hrough these films. With the consequent the decrease in WVP  is
btained. Many studies also indicate that water vapor permeation
rocess is controlled by the diffusion of water through the film
Kristo & Biliaderis, 2007; Slavutsky & Bertuzzi, 2012, 2014). The
ddition of rigid crystalline structures produces a tortuous path that
inders the passage of water molecules through the film matrix.
he longer diffusive path that the penetrant molecules must travel,
eads to the reduction of permeability (Sihna Ray & Okamoto, 2003).
n general, water vapor permeability presented in this work is lower
han the values reported by other authors for the chitosan-HA

aterial (Xu, Ma,  Shi, Gao, & Han, 2007).

.2.5. Optical properties
To investigate the effect of UV irradiation time on optical prop-

rties of HA/PVA-SbQ composites films, the optical transmittance
f films were performed with UV–vis spectroscopy. It can be seen
rom Fig. 6(b) that the crosslinked HA/PVA-SbQ composites films
hows not only higher UV light shielding but also higher visible light
ransparency than uncrosslinked HA/PVA-SbQ composites films.
his agrees with the transmittance result (Fig. 2(a)). The results
ere due to photodimerization of SbQ of PVA-SbQ. Generally, trans-
arency of films is also an auxiliary criterion to judge the miscibility
f two or more polymer-mixed films (Li & Xie, 2004). The optical
ransmittance (T %) dependence of the wavelength (200–800 nm)
or HA/PVA-SbQ composites films with different UV irradiation
ime is shown in Fig. 6(b). As shown in Fig. 6(c), with the increase
n UV irradiation time, the crosslinking interaction of composites
trengthened, and the transparency increased, indicating good mis-
ibility between HA and PVA-SbQ. So HA/PVA-SbQ composites films
ith high-UV light shielding efficiency and high-visible light trans-
arency are suitable for transparent packaging materials.

.2.6. SEM
It is necessary to study the morphology of the polymer blends

ince their mechanical properties depend on it. SEM micrographs
f HA/PVA-SbQ composites films with different UV irradiation time
ere presented in Fig. 7. Compared the morphology of HA/PVA-SbQ

omposites films with shorter UV irradiation time (Fig. 7(a–d)), the
lms with longer UV irradiation time (Fig. 7(e, f)) can be found that
he size of dispersion phase decreases, showing that there is a fine

ispersion and homogeneity of PVA-SbQ in the HA. This better dis-
ersion arises from the formation of crosslinked macromolecules
hat is due to photodimerization of SbQ of PVA-SbQ and hydro-
en reaction between hydroxyls groups of PVA-SbQ and carboxyl
ers 115 (2015) 422–431

of hyaluronic acid. Thus the interfacial tension between the two
polymers was reduced and a finer distribution of PVA-SbQ in the
HA was observed.

4. Conclusions

In this study, we  reported the rheological and structural charac-
terization of a novel photo-crosslinkable HA/PVA-SbQ composite
film-forming solution and films from HA and PVA-SbQ with dif-
ferent UV irradiation time. On application of dynamic rheological
tests, all film-forming solutions showed physical gel-like behav-
ior. The self-assembly behavior in aqueous solution and structural
of HA/PVA-SbQ complex micelles were investigated. The strong
association between HA and PVA-SbQ is driven by electrostatic
attraction and the hydrophobic interactions between SbQ moi-
eties. During the self-assembly process, core-shell type nano-sized
micellar aggregates were observed, as characterized by TEM, zeta
potential measurements and DLS. UV spectra and DLS analysis con-
firmed that the micelles were photo-crosslinkable and that the
photo-crosslinking of the inner core led to a decrease in size of
the micelle particles. The effect of UV irradiation times on the
mechanical and thermal and water vapor barrier as well as opti-
cal properties of HA/PVA-SbQ composite films was  studied. The
results show that photo-crosslinking increases TS and retains a
greater EB than uncrosslinked HA/PVA-SbQ composite films. The
crosslinked HA/PVA-SbQ composite films exhibited high optical
transparence and improved thermal stability and water vapor bar-
rier property. X-ray diffraction patterns of HA/PVA-SbQ composite
films confirmed the ordered phase was destructed with UV  irradi-
ation time. SEM images indicated that there is a fine dispersion and
homogeneity of PVA-SbQ in the HA for the crosslinked HA/PVA-SbQ
composite films with longer UV irradiation time.

The HA/PVA-SbQ composite films were safe and biodegradable,
therefore have a potential application as packaging materials. The
methods investigated and developed in this study are expected to
be very useful for future research in developing edible films.

Acknowledgements

This work was  supported by the National Science Foundation of
China (grant no. 51373070) and the Fundamental Research Funds
for the Central Universities (JUSRP21112) as well as the MOE  &
SAFEA for the 111 Project (B13025).

References

Ambrosio, L., Borzacchiello, A., Netti, P. A., & Nicolais, L. J. (1999). Rheological study
on  hyaluronic acid its derivative solutions. Journal of Macromolecular Science,
Part  A: Pure and Applied Chemistry,  A36, 991.

Abdel-Mohsen, A. M.,  Hrdina, R., Burgert, L., Krylová, G., Abdel-Rahman, R. M.,
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