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In  this  study,  a commercial  chitosan  cross-linked  with  glutaraldehyde  (GA–chitosan)  having  the  aut-
ofluorescent  property  was  effectively  blended  with  a poly  (vinyl  alcohol)  (PVA)  matrix,  in  the  formation
of  a transparent  and  fluorescent  blend  film.  The  fluorescent  efficiency  of  the film  was  enhanced  with
red-shifted  emission  band  by  increasing  the  concentrations  of  the GA–chitosan  and  decreasing  the  PVA
crystallinity.  It was  found  that the  incorporation  of  silica  nanoparticles  could  further  decrease  the  PVA
crystallinity,  enhance  the  fluorescent  efficiency,  and  largely  redshift  the  emission  band,  as  compared
A–chitosan
oly (vinyl alcohol)
ano-silica
lend film
anocomposite film
luorescence

with  the  neat  GA–chitosan–PVA  blend  film.  This  fluorescent  property  could  be  finely  tuned  by  careful
doping  of  the  silica  nanoparticles  and  change  of  the  PVA  crystallinity.  These  phenomena  could  be  reason-
ably  explained  by high  extent  of isolation  of  the  fluorophores,  increase  of the stiffness  of  the fluorescent
conjugated  planar  structure,  and  further  decrease  of  the  PVA  crystallinity.  In addition,  the  introduction
of  the  nano-silica  could  improve  the  water  and  heat  resistances  of  the GA–chitosan–PVA  based  silica
nanocomposites.
. Introduction

Isolated chitosan, a polysaccharide, is the linear and partly
cetylated (1-4)-2-amino-2-deoxy-�-d-glucan (Muzzarelli, 1977;
avi Kumar, Muzzarelli, Muzzarelli, Sashiwa, & Domb, 2004), which
as polymorphism forms of anti-parallel fashion similar to that of
-chitin (Wang, Turhan, & Gunasekaran, 2004). Isolated chitosan

s sensitive to acidic solution, and hydrophilicity is a very impor-
ant characteristic for this material and it is, in part, due to the
resence of the amine groups (Neto et al., 2005). Therefore, it is

mportant to prevent it from readily dissolving in acid media and
o enhance its chemical resistance, and at the same time, to main-
ain its hydrophilicity and long-term biological degradation. That
an be realized by removing a certain amount of amine groups from
t through the cross-linking reaction, but still preserving a part of
ree amine groups (Neto et al., 2005). Glutaraldehyde is a com-

only used cross-linking agent. Recently, it has been found that the
ristine chitosan cross-linked with glutaraldehyde (GA–chitosan)
s autofluorescent, without the need of conjugating any external
uorochromes. By contrast, there is no fluorescent signal in the pure
hitosan or glutaraldehyde emulsions (Wei  et al., 2007). However,
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the neat autofluorescent GA–chitosan has some limitations such as
brittleness and low air barrier properties. Blending the pure chi-
tosan with poly (vinyl alcohol) (PVA) could be an effective way to
improve its properties for practical applications.

Poly (vinyl alcohol) (PVA) is one of the widely used synthetic
polymers owning to its excellent physical properties such as high
tensile strength and flexibility, superior barrier to oxygen and
aroma, and ease of formation in films. It is also biodegradable under
suitable conditions. In addition, PVA is biocompatible and non-
toxic. Because of these excellent properties, PVA films have been
developed for biomedical applications.

Considering the usefulness of the chitosan and PVA in biolog-
ical activities, a combination of these two polymers may  have
beneficial effects on the biological characteristics of the resulting
composites. Besides, there is a huge amount of hydroxyl func-
tional groups in the PVA molecular chains. The GA–chitosan also
has abundant hydroxyl groups and preserved amine groups. These
groups can lead to the formation of strong hydrogen bonds in
the GA–chitosan–PVA blend system. As the PVA and GA–chitosan
molecules can interpenetrate and intertwine with each other, the
homogeneous blend can be formed. The specific inter-molecular
interactions between the PVA and chitosan make the PVA/chitosan
blend have good mechanical properties. The toughness and water

resistance of the blends can be markedly enhanced as well as
compared with the chitosan homopolymer and the pure PVA,
respectively. Various applications of the PVA/chitosan blends has
been widely reported, such as medical devices and controlled

dx.doi.org/10.1016/j.carbpol.2012.08.038
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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elivery of drugs (Chandy & Sharma, 1992; Chuang, Young, Yao,
 Chiu, 1999; Koyano, Koshizaki, Umehara, Nagura, & Minoura,
000; Minoura et al., 1998; Nakatsuka & Andrady, 1992; Srinivasa,
amesh, Kumar, & Tharanathan, 2003; Yang, Su, Leu, & Yang, 2004;
u, Song, Shi, Xu, & Bin, 2011).

In this study, the chitosan partially cross-linked with glutaralde-
yde was blended with a PVA matrix to form a transparent blend
lm having fluorescent property. The partial cross-linking reaction
etween the amine groups of chitosan and the aldehyde groups of
lutaraldehyde leads to the formation of the autofluorescent chi-
osan with the residual amine groups in it. Due to the abundant
ydroxyl and preserved amine groups, the GA–chitosan can be dis-
olved into hot acidic water solution, and easily compounded with
VA matrix, without the sacrifice of the autofluorescent properties.

Recently, a wide range of nano-materials has been designed
nd used in different areas, such as medicine, cosmetics, and foods
Hiromi et al., 2011). Among them, it is necessary to note that
he nano-silica has been widely explored for various applications,
uch as fluorophore carrier (Ow et al., 2005), controlled release
f drug molecules, antiseptic agents (Depla et al., 2011; Verraedt,
endela, Adams, Hoogmartens, & Martens, 2010), and biosensor,
tc. (Monton, Forsberg, & Brennan, 2012). It is well known that
here exist plenty of the silanol groups in the nano-silica, which can
ncrease hydrogen bonding effects in a composite system, change
he crystalline behaviors of polymeric blended matrix, and affect
he fluorescent properties of end products. On the other hand,
hermal resistance is one of the most dominative properties for
olymeric materials, as it ultimately governs the mechanical prop-
rties, durability, spectral stability, shelf lives, and life cycles of
olymers (Cho, Jung, Cho, Lee, & Shim, 2003; Jin et al., 2003; Peng

 Kong, 2007; Peng, Kong, Li, & Spiridonov, 2006; Xia et al., 2005).
nce the degradation begins, the above properties will gradually
eteriorate. Hence, the incorporation of inorganic nano-silica with
he GA–chitosan–PVA blend matrix was also considered in this
tudy to change the fluorescent property, and to improve the ther-
al  resistance of the GA–chitosan–PVA blend. Due to the large

mount of the silanol groups, the nano-silica can be well dispersed
ithin the PVA matrix, facilitating the manufacturing of fluores-

ent nanocomposites. It is expected that the fluorescent PVA based
lend and its silica nanocomposites developed in the present work
ould pave a way for the fluorescent probe, drug-carrier, and tracer
pplications.

. Materials and methods

.1. Materials

PVA powder (99% hydrolyzed) of a typical Mw 89,000–98,000
as supplied by Sigma–Aldrich Chemical Co. Inc. The GA–chitosan
owder, with ∼18% amine groups in its polymeric chains cross-

inked with glutaraldehyde and ∼70% free amine groups left behind,
as kindly supplied by Sunshine Road Biomaterials Technology Co.

td. (Shenzhen, China). Silicon dioxide nanopowder with an aver-
ge diameter of 5–15 nm (BET) was purchased from Sigma–Aldrich
hemical Co. Inc. Acetic acid (100%, A.R. grade) was obtained from
riental Chemicals and Lab. Supplies Ltd., Hong Kong. All chemicals
ere directly used without further purification.

.2. Preparation of GA–chitosan–PVA blend and its
anocomposite film with silica nanoparticles
A certain amount of GA–chitosan powder was  dissolved in
00 mL  of dilute acetic acid (2%, w/w) at 70 ◦C in a beaker placed in

 thermostatic oil bath equipped with a mechanical stirring device
the reaction lasted for about 1 h until no insolubles were visible).
mers 91 (2013) 305– 313

PVA pellets were dissolved in deionized water at about 85 ◦C for 1 h.
Then, GA–chitosan and PVA solutions were compounded together
by mechanical stirring at 75 ◦C for 2 h, followed by another 1 h of
stirring under room temperature to obtain a homogeneous blend.
The clear solution was  then cast on a glass plate, and gradually
dried at 60 ◦C for 48 h. To neutralize the acetic acid contained in
the composite film, the latter was immersed in a 4% NaOH aqueous
solution for 1 h, then thoroughly washed with deionized water, and
finally dried at 60 ◦C for 48 h. Pure PVA and PVA based blend films
with various concentrations of GA–chitosan were prepared with
the same procedure.

A given amount of nano-silica powder was dispersed into deion-
ized water with the assistance of mechanical stir and ultrasonic
wave for about 2 h, and then a homogenous aqueous dispersion of
nano-silica was  obtained, followed by compounding GA–chitosan
solution and nano-silica dispersion. The resultant clear dispersion
was cast into a flat Petri dish and allowed to stand for about 2 h
until no bubbles were observed. Finally, it was oven-dried at 60 ◦C
for 48 h. A series of 8% GA–chitosan–PVA blend based nanocompos-
ites with different loadings of silica nanoparticles were fabricated
with the same procedure. As for the prepared samples, all percent-
ages presented in this paper are the percentages of the weight of
GA–chitosan or nano-silica related to the total weight of the com-
posite.

2.3. Characterization

The structures of the powder and film samples were analyzed
using a Fourier transformed infrared spectrometer (FTIR, Perkin
Elmer System 2000). The FTIR spectra of the powder samples
were recorded using KBr pellet technique, and the PVA based
film samples were tested in the mode of attenuated total reflec-
tion (ATR). The UV–vis spectra of the composite film samples
were measured with a UV–vis spectrometer (Lambda 2S, Perkin
Elmer), and their fluorescence spectra were recorded with a Perkin-
Elmer Luminescence spectrometer LS50B, which was equipped
with a motor-driven linear polarizer on the detection side, at room
temperature under isotropic excitation. The crystalline and glass
transition behaviors of the pure PVA and its composites filled
with the GA–chitosan and nano-silica were measured by a differ-
ential scanning calorimeter (DSC, Perkin Elmer DSC-7) according
to the following way: 10 mg  of sample was firstly sealed in an
Al pans, heated from 25 to 250 ◦C with a rate of 10 ◦C/min, kept
at 250 ◦C for 3 min, then cooled from 250 to 25 ◦C with a rate
of −10 ◦C/min and kept at 25 ◦C for 3 min, and finally heated
again from 25 to 250 ◦C with a rate of 10 ◦C/min. The cooling
and second heating stages were selected for the analysis. Ther-
mogravimetric analysis (TGA) of the samples was carried out on
a Mettler Toledo TGA/SDTA851 under N2 atmosphere with a heat-
ing rate of 10 ◦C/min. The morphologies of pristine GA–chitosan
and nano-silica powders, and freeze-fractured sections of PVA
based composites were investigated using a field-emission scan-
ning electron microscopy (FE-SEM, JEOL JSM-6335F). Before SEM
observation, all the samples were coated with a thin layer of plat-
inum. The crystallinity of the pure PVA and its composite materials
were studied by a X-ray diffraction device equipped with 9000 W
Cu K� X-Ray tubes (XRD, Bruker D8 Advance X-ray diffractometer,
Bruker AXS, Karlsruhe, Germany) operating at 45 kV and 200 mA.

3. Results and discussion
It is well known that the generation of fluorescence results from
�–�* and n–�* transitions of the unsaturated bonds, and that
the fluorescence of a material has a close relationship with the
following special structure features: (1) the structure with large
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(alkyl stretching), 1436 (C H bending), 1335 (O H bending), 1245
(residual acetate), 1100 (C O deformation), and 929 cm−1 (out-of-
plane deformations of intra-/inter-molecular hydrogen bonded OH
Fig. 1. Schematic presentations of the formulae of chitos

onjugated � bonding; (2) stiff planar structure; (3) electron-donor
ubstituents that can enhance the fluorescent effect, and electron-
cceptor substituents that can attenuate the fluorescent effect; (4)
he structure feature of the lowest excited singlet state (the S1
tate): the �–�* transition generates a stronger fluorescence, while
he n–�* transition a weaker fluorescence.

Chitosan exhibits an intriguing property when it is chemically
ross-linked with glutaraldehyde. The cross-linked chitosan dis-
lays autofluorescent properties without the need to conjugate
ny external fluorochromes (Wei  et al., 2007). The autofluorescent
echanism is illustrated in Fig. 1. As reported by Goldsmith and

rezina (1982),  glutaraldehyde will be condensed and dehydrated
nto unsaturated �–� double bonds ( C C ) in the form of con-
ensation product. According to the reaction formula of chitosan
nd condensation product of glutaraldehyde, two different kinds
f double bonds can be found in the structure of GA–chitosan, i.e.,
C C from condensation moiety of glutaraldehyde, and C N

rom the cross-linking reaction moiety between the amine groups
n chitosan and aldehyde groups in the condensation product of
lutaraldehyde. The two kinds of double bonds form a conjugated
lanar structure in the GA–chitosan, enabling the GA–chitosan to
e autofluorescent, as specially marked in Fig. 1.

FTIR spectra are a useful tool to identify the presence of cer-
ain functional groups in a molecule as each specific chemical
ond often has a unique energy absorption band. FTIR spectra
btained for GA–chitosan, pure PVA, and PVA based blend and
anocomposite materials are presented in Fig. 2. For GA–chitosan,
wo typical absorption peaks can be observed. The peak with a
trong intensity centered at 1658 cm−1 is attributed to the imine

ond (C N) and the peak at 1595 cm−1 is associated with the

C bond. The results confirm that there are two kinds of unsat-
rated double bonds in the GA–chitosan. The similar FTIR results
f a glutaraldehyde cross-linked chitosan microspheres were also
ndensation product of glutaraldehyde, and GA–chitosan.

reported by Wei  et al. (2007).  In addition, the preserved amine
groups in GA–chitosan can be reflected by the double absorption
peaks, centered at about 3300 and 3367 cm−1, as marked by two
parallel dotted lines. With respect to the pure PVA, the absorption
bands can be observed at 3280 (OH stretching vibration from intra-
/inter-molecular hydrogen bonded hydroxyl groups), 2850–3000
Fig. 2. FTIR spectra of the GA–chitosan, pure PVA, and PVA based blend and
nanocomposite materials.
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Fig. 3. (A) XRD patterns of the GA–chitosan and nano-silica; (B) XRD patterns of the
pure PVA (a) and its blend films with 4% GA–chitosan (b), 6% GA–chitosan (c), and 8%
GA–chitosan (d), and 8% GA–chitosan filled PVA blend based nanocomposite films
with  1% (e), 3% (f), 5% (g), and 7% (h) nano-silica; (C) relative crystallinity of the pure
08 H. Hu et al. / Carbohydrat

roups) (Bruni et al., 2011; Yang, Lu, & Lickfield, 2002). Moreover,
he band at 929 cm−1 derived from O H out-of-plane deformations
eft shifts to 913 cm−1 with the incorporation of GA–chitosan and
ano-silica. This shift to lower wave number (lower energy) reveals
hat the inter-molecular hydrogen bonding in PVA is attenuated
Ohno, Shimoaka, Akai, & Katsumoto, 2008; Yoon, Lee, & Stafford,
011), which may  be due to that the incorporated inclusions
trongly interact with PVA molecules, and then disturb the interac-
ions among PVA molecules. The strong interactions between PVA
nd GA–chitosan molecules can effectively isolate the GA–chitosan
uorophores, and enhance the fluorescent efficiency. In addition,
he introduction of nano-silica makes the intensity of the band
t 1100 cm−1 dramatically enhanced, which may  be attributed to
verlapping effect, from the introduction of a large amount of
i O bonds, whose characteristic vibration signal is also located
t 1100 cm−1.

The XRD patterns of GA–chitosan and nano-silica are shown in
ig. 3(A). GA–chitosan presents two typical diffraction peaks, cen-
ered at about 20.2 and 10.7◦, respectively. It should be noted that
he maximum intensity of the characteristic diffraction peak of
A–chitosan is about 600, which is much lower than that of the
ative chitosan (as high as 13,000) reported by Qi, Xu, Jiang, Hu,
nd Zou (2004) Moreover, the diffraction peaks of GA–chitosan are
ore broadened. These imply that the chain alignment of chitosan

urns to be more disordered after the cross-linking reaction with
lutaraldehyde. In addition, as for nanosilica, only a broad and weak
bsorption peak located at about 23.3◦ can be observed, indicating
hat the employed silica nanoparticles are in the form of an amor-
hous structure, rather than a crystalline structure (Chen et al.,
010; Jongsomjit, Chaichana, & Praserthdam, 2005).

Fig. 3(B) shows the XRD patterns of the GA–chitosan–PVA
lends and its nanocomposites with nano-silica. It can be clearly
bserved that the diffraction intensity of the main crystalline plane
f PVA is gradually decreased, which corresponds to the decrease
f the crystallinity, after the introduction of GA–chitosan and SiO2
anoparticles. The PVA and GA–chitosan molecules interpenetrate
nd intertwine with each other, heavily disturbing the arrange-
ent regularity among PVA or GA–chitosan molecules, and thus

ecreasing the crystallinity of both PVA and GA–chitosan. Simi-
arly, the incorporation of nano-silica further increases the extent
f chaos status of PVA and GA–chitosan molecules, leading to the
urther decrease of crystallinity. Selecting the pure PVA as a bench-

ark, the relative crystallinity can be calculated as the value of
he main crystal plane diffraction area firstly divided by the peak
rea corresponding to the amorphous section, and then normal-
zed by the ratio of the total diffraction peak area of the composite
ample to the pure PVA sample. The relative crystallinity of differ-
nt samples is shown in Fig. 3(C). When 4% GA–chitosan is firstly
lended with PVA (sample (b)) matrix, the crystallinity of the blend

s markedly decreased. If the concentration of GA–chitosan is fur-
her increased from 4% to 8%, the crystallinity continues to decrease,
ut the decreasing extent is lower that of the PVA blended with 4%
A–chitosan. When using the 8% GA–chitosan filled PVA blends as

 matrix, the incorporation of different amounts of nano-silica will
gain reduce the crystallinity of the nanocomposites (from sam-
le (e) to sample (h)). Although the crystallinity decreases with

ncreasing the percentage of the nano-silica, the decreasing extent
s reduced.

For further analysis of the crystallization behavior of different
amples, DSC was employed to analyze the changes of the fusion
nd cold crystallization enthalpies. As clearly observed in Fig. 4(a)
nd (c), both enthalpies display a regular function relationship with
nclusion type and content within PVA matrix. As shown in Fig. 4(a),

n the heating process, the value of the crystal melting peak area
ecreases with first increase of the concentration of GA–chitosan
rom 4% to 8%, and then incorporation of nano-silica from 1% to
PVA and its bend and nanocomposite materials deduced from the corresponding
XRD patterns.

7%, along with increased melting range and left shift of the melting
point. This indicates that the regularity degree of the molecular
chain of the composite samples is largely reduced as compared with

that of the pure PVA, resulting in a decrease of crystallinity. This
also reflects that there exist dramatically strong molecular inter-
actions between the inclusions and PVA matrix. The decrease of
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ig. 4. DSC heating (a and b) and cooing (c) curves of the pure PVA and its blend and
anocomposite materials.

he crystallinity endows GA–chitosan with a molecular dispersion,
nd thus enables GA–chitosan to be highly effective in fluores-
ence. Likewise, in the cooling process, the crystallization enthalpy
s decreased, together with the increased value of full width at
alf maximum (FWHM) and decreased crystallization temperature.
he relative crystallinity is obtained by the integration of the peak

rea and following normalization by initial weight of the sample.
he inserted graph in Fig. 4(c) illustrates the plots of relative crys-
allinity and crystallization point versus the type and content of
nclusions. It can be seen that the value of relative crystallinity
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linearly decreases with increasing the GA–chitosan concentration
and nano-silica content. The crystallization point linearly decreases
as well but with a much smaller slope. The crystal melting process
of the samples in the heating process is in good accordance with
the reverse crystallization behaviors. As shown in Fig. 4(b), the glass
transition behaviors are observed by extracting the low tempera-
ture range from DSC heating curve. It has been seen that the glass
transition temperature (Tg), which reflects the relaxation dynam-
ics of the polymer chain segments, is especially sensitive to the
polymer molecule structure within composite materials (Bandi &
Schiraldi, 2006). The Tg of the PVA matrix is unchanged after ini-
tially compounded with 4% GA–chitosan. There are two competing
aspects affecting the glass transition behavior: (1) the reduction of
crystallinity will decrease the value of Tg due to the lower extent of
the confinement of molecular chain segments; (2) the interpenetra-
tion and entanglement of the GA–chitosan with PVA molecules, and
the strong interactions such as inter-molecular hydrogen bonding,
will lead to the retardant of the movement of the molecular chain
sections, and thus result in the increase of the Tg value. The two
competing aspects will counteract each other, and 4% GA–chitosan
just has a balanced result. With increasing the GA–chitosan addi-
tion to 8%, the Tg shifts to a higher value, suggesting that the
second aspect plays a main role in this competition. Based on the
8% GA–chitosan filled PVA blend (as a matrix), the incorporation
of 1 and 5% nano-silica will decrease the Tg value. But the Tg val-
ues of the silica nanocomposites are higher than that of the pure
PVA. Similarly, the aforementioned mechanism gives a reasonable
explanation of the results. In addition, the silanol groups Si OH
in nano-silica will have an interaction with the functional groups
in GA–chitosan, and thus may  relieve the interactions between
the molecules of GA–chitosan and PVA to a certain extent, lead-
ing to the decrease of Tg value, as compared with that of the 8%
GA–chitosan–PVA blend.

The digital photographs displaying the transparence and fluo-
rescence of our prepared samples are shown in Fig. 5. The words
shaded by the 8% GA–chitosan filled PVA blend and its nanocom-
posite with 3% nano-silica can be clearly seen, which means that
the excellent transparence is obtained, as shown in Fig. 5(a). If the
incorporations of the GA–chitosan and nano-silica into the PVA
matrix increase the crystallinity of PVA, the transparence will be
generally decreased, due to the larger extent of light scattering
and refraction. Therefore, the excellent transparence of the PVA
based composite products may  be partly due to the decrease of the
crystallinity of PVA after the introduction of the GA–chitosan and
nano-silica. This is in good agreement with DSC and XRD results.
As shown in Fig. 5(b), under UV excitation, the composite films
display strong fluorescence. With increasing the GA–chitosan con-
centration from 4% to 8%, the fluorescence intensity is increased
owning to the enlarged conjugated system. In addition, the pure
blue emission gradually turns to be aquamarine blue, attributable
to the generation of new emission band red-shifted with respect
to the main emission band, which can be confirmed by the fluo-
rescence characterization. For the GA–chitosan–PVA blend based
silica nanocomposites, the aquamarine blue phase shifts to be mild
red, with increasing the nano-silica loadings. This indicates that
the introduced nano-silica increases UV absorption and enhances
the fluorescent efficiency. The strong interactions such as hydro-
gen bonding between the GA–chitosan and nano-silica increase
the stiffness of the GA–chitosan conjugated structure, leading to
the enhancement of the fluorescence. In addition, the decrease of
crystallinity of GA–chitosan molecules means that the molecule
alignment turns to be more disordered, and hence the molecule

aggregation gets relieved, leading to the molecular dispersion of
fluorophores and highly efficient fluorescence.

Fig. 6 shows the UV–vis absorption and fluorescent emis-
sion spectra of the GA–chitosan–PVA blend films and 8%
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Fig. 5. (a) Digital images (under visible light) of the 8% GA–chitosan–PVA blend film (left one) and 8% GA–chitosan–PVA blend based nanocomposite film loaded with 3%
nano-silica; (b) digital images showing the process of approaching a long-range UV lamp (� = 365 nm)  for the 8% GA–chitosan–PVA blend film; (c) digital images (under
e  with
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xcitation with a long-range UV lamp (� = 365 nm)) of the PVA/GA–chitosan blends
%  GA–chitosan–PVA blend based nanocomposites with nano-silica loadings of 1%,

A–chitosan–PVA blend based nanocomposite films with the
nclusion of silica nanoparticles. The UV–vis spectra of the
VA/GA–chitosan blend films show broad absorption bands cen-
ered at about 280 nm (mostly located in the middle-UV region of
he electromagnetic spectrum of the light), along with the increase
f the intensity with increasing the GA–chitosan concentration
Fig. 6(a)). In particular, despite the high scattering contribution of
he 0.5 mm thick PVA matrix, the films do not display any absorp-
ion band attributed to the formation of GA–chitosan aggregates.
owever, different from the UV–vis absorption spectra, the emis-

ion characteristics of the PVA/GA–chitosan blend films change
ith the GA–chitosan concentration (Fig. 6(a)). With increasing the
A–chitosan concentration from 4 to 8% in the PVA blends, a new
mission band emerges in the cyan region of the electromagnetic
pectrum (485 nm). The intensity of the emission band increases
ith increasing the GA–chitosan concentration. The occurrence

f this shoulder peak in the emission curves may  suggest that

he new luminescence contribution comes from excimer-type
rrangements in the solid state (Halkyard, Rampey, Kloppenburg,
tuder-Martinez, & Bunz, 1998). Actually, this phenomenon, caused
y the presence of dimers with associated excited electronic states,
 GA–chitosan concentrations of 4%, 6%, and 8% (upper layer from left to right), and
d 5% (bottom layer from left to right).

is favored by the �–� stacking interactions among the GA–chitosan
molecules, and is probably promoted by the more planar chro-
mophore conformation in the solid state (Bunz, 2000; Pucci,
Bertoldo, & Bronco, 2005). Based on the 8% GA–chitosan–PVA blend,
the fluorescence emission bands are entirely red-shifted and the
emission intensity is markedly increased after the incorporation of
silica nanoparticles. The intensity is also increased with increasing
the nano-silica loading, as displayed in the fluorescence emission
curves in Fig. 6(b). When excited at 280 nm,  an emission feature
characterized by a well-defined vibronic structure is attributed to
the 0–0, 0–1, and 0–2 radiative transitions, appearing at 426, 476,
and 526 nm,  respectively. Moreover, the UV–vis absorption spec-
tra of silica nanocomposite films show broader and stronger bands
than those of the blend films without inorganic components. These
results indicate that the silica nanoparticles have a positive impact
on both the fluorescence emission of fluorophore and UV absorp-
tion with respect to GA–chitosan. It is well known that the larger the

isolation extent of fluorophores, the stronger the fluorescence and
higher photostability can be. Nano-silica acts as a protective coating
on individual fluorophore, preventing the GA–chitosan from aggre-
gation and leading to a highly effective isolation of the GA–chitosan
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Fig. 6. UV–vis absorption and fluorescence emission spectra (�exc = 280 nm)  of the
PVA/GA–chitosan blend films as a function of GA–chitosan concentration (a), and
8% GA–chitosan–PVA blend based nanocomposite films with 1, 3, and 5% nano-silica
l
e

m
i
t
G
c
e

G
i

oadings (b); schematic illustration (c) of the silica reinforcement of fluorescence by
ffective isolation of fluorophore.

olecules. Fig. 6(c) shows the schematic diagram of the effective
solation of fluorophore by the well-dispersed nano-silica. Fur-
hermore, stiff silica nanoparticles having strong interactions with
A–chitosan molecules will increase the stiffness of the fluorescent
onjugated planar structure, resulting in an enhanced fluorescent

fficiency.

TGA was used to characterize the thermal properties of the
A–chitosan, pure PVA, and PVA based blend and nanocompos-

te films whose TG curves are shown in Fig. 7. With respect to
Fig. 7. TG patterns of the GA–chitosan, pure PVA, and PVA based blend and
nanocomposite materials.

the neat GA–chitosan, the water content calculated is about 11.0%,
which indicates that the GA–chitosan contains one water molecule
per polymeric unit (Neto et al., 2005). As for the pure PVA sample,
the content of surface-adsorbed water is about 4.4%, which impli-
cates that the pure PVA is sensitive to water. When compounded
with 8% GA–chitosan, its water resistance is improved. Neverthe-
less, the thermal stability of the blend is similar to that of the
pure PVA in the temperature range below about 275 ◦C. With the
incorporation of the inorganic nano-silica, the thermal stabilities of
the GA–chitosan–PVA based nanocomposites are improved in the
whole temperature range. The increase of about 30 ◦C of decompo-
sition temperature is obtained for the 8% GA–chitosan–PVA blend
based nanocomposites filled with 3% nano-silica, as compared with
that of the pure PVA.

Scanning electron micrographs of the GA–chitosan, nano-silica,
and PVA based composites with GA–chitosan and nano-silica are
displayed in Fig. 8. As shown in Fig. 8(a) and (b), a sheet-like
structure can be observed for the GA–chitosan. Various sizes of
GA–chitosan can be found in the images, and the cross-linked
chitosan is believed to form the large bulk sheets, together with
the remaining undisturbed chitosan (with a much smaller size)
dispersed around the GA–chitosan. As for the nano-silica, several
individual nanoparticles are combined into a cluster, with an aver-
age diameter of about 60 nm,  which is about 5 times bigger than
that of the isolated particle (with a diameter of 5–15 nm), as shown
in Fig. 8(c) and (d). The small clusters attach to each other, and form
a big aggregate. This result means that the individual nanoparticles
have the strong interactions with each other due to the hydrogen
bonding effect through the silanol groups. The freeze-fractured sec-
tion of the 8% GA–chitosan–PVA blend is shown in Fig. 8(e) and (f),
in which the molecular homogeneous dispersion of GA–chitosan
in the PVA matrix can be observed, which confirms the absence of
microsized aggregates of the luminescent molecules, and the pres-
ence of highly effective fluorescence. Therefore, the GA–chitosan is
well dispersed in the amorphous phase of the polymer matrix down
to the SEM resolution. When the nano-silica was incorporated into
the 8% GA–chitosan–PVA blend, the crystal structure was changed.
As presented in Fig. 8(g)–(l), with increasing the loading of SiO2
nanoparticles, the nanoparticles embedded in polymer matrix and
protruded from the freeze-fractured surface can be more clearly
observed, with a larger number of displayed particles (the loadings

of the nano-silica from 1% to 3%, and to 5% are shown in Fig. 8(g) and
(h), (i) and (j), and (k) and (l), respectively). These results indicate
that the nano-inclusions have disturbed the molecular interactions
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Fig. 8. SEM images of the GA–chitosan (a and b), neat nano-silica (c and d), freeze-fractured sections of 8% GA–chitosan–PVA blend film (e and f), 8% GA–chitosan–PVA blend
based  nanocomposite film with 1% (g and h), 3% (i and j), and 5% nano-silica (k and l). The right image was  captured at a high resolution-scale from the left one.
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n the polymer blend system, resulting in the decrease of polymer
rystallinity, as discussed in XRD and DSC sections. With increasing
he loading of nano-silica, the morphology of the nanocomposites
radually turns to be amorphous. When the loading reaches 5%, an
lmost complete amorphous block decorated with numerous silica
anoparticles can be observed.

. Conclusions

In this work, the autofluorescent GA–chitosan was blended with
 poly (vinyl alcohol) matrix to generate the transparent and flu-
rescent blend films. The fluorescent efficiency is increased with
ncreasing the concentration of the GA–chitosan, with the red-
hifted fluorescent emission band, and the formation of a new
mission band located in the wavelength region which corre-
ponds to the cyan color image. Moreover, the introduction of
he GA–chitosan into the PVA matrix considerably decreases the
olymer crystallinity. The incorporation of the silica nanoparticles

nto the GA–chitosan–PVA blend further increases the fluores-
ent efficiency, along with the red-shifted emission band to a
onger wavelength, in addition to the further reduction of PVA
rystallinity. Therefore, these fluorescence properties can be finely
uned by changing the polymer crystallinity and doping of the
olymer matrix with the silica nanoparticles. In addition, the
ater and heat resistances of the GA–chitosan–PVA based silica
anocomposites can be markedly enhanced as compared with the
A–chitosan–PVA two-component system. It is expected that the
eveloped biodegradable polymer based blends and nanocompos-

tes, with both the transparent and fluorescent properties, can pave
 way for the fluorescent probe, drug-carrier, and tracer applica-
ions.
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