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a b s t r a c t

A series of starch/polyvinyl alcohol (PVA) films, denoted SP films, with varying concentrations (5–30 wt%)
of citric acid (CA) were solvent cast at 140 �C. The effects of CA on the chemical structure, thermal prop-
erties, swelling degree, mechanical properties, crystallinity, and cytotoxicity were investigated. Fourier-
transform infrared (FT-IR) spectroscopy showed that an esterification took place between CA and starch
(or PVA) during molding at 140 �C. This esterification and the multi-carboxyl structure of CA resulted in a
chemical cross-linking of the blended system. Furthermore, the esterification occurred more easily
between starch and CA as opposed to between the PVA and CA. The residual-free CA acted as a plasticizer
for the starch and PVA. As compared to the hydroxyl groups on glycerol, the carboxyl groups on CA were
capable of forming stronger hydrogen bonds between CA and other components, and this cross-linking
and strong hydrogen bonding enhanced the thermal stability of the SP films. Consequently, the water
absorbance decreased from 33% to 20% as the CA percentage increased from 5 to 30 wt%. When 5 wt%
CA was added, the tensile strength of the sample increased from 39 to 48 MPa, but when even more
CA was added (from 5 to 30 wt%), the tensile strength decreased from 48 to 42 MPa and the elongation
at break increased from 102% to 208%. This was caused by the plasticizing effect of the residual-free CA in
the blend. The cell relative growth rates of samples with varying CA concentrations exceeded 80% after
7 days of incubation, and this demonstrated that there was no significant toxicity on the cells’ growth
when the CA content was less than 20 wt%.

� 2008 Published by Elsevier Ltd.
1. Introduction

Biodegradable polymers with controllable lifetimes have been
considered as promising alternatives to non-degradable ones (Alb-
ertson, 1980; Albertson, Barenstedt, & Karlsson, 1994), and have
played important roles in the environment and in the biomedical
fields (Chiellini, Cinelli, Chiellini, & Imam, 2004; Giusti et al.,
1994; Giusti, Lazzeri, & Lelli, 1993). Blends of polysaccharides
and synthetic polymers have been extensively studied since these
blends can be prepared with the biodegradable properties (Arvani-
toyannis, 1999; Graaf & Janssen, 2000, 2001; Kaplan, 1998). Poly-
saccharides such as starch and dextran are typical examples of
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natural biodegradable hydrophilic polymers with relatively good
biocompatibility. However, as polysaccharides dissolve easily in
water, they do not present mechanical and shape stabilities in flu-
ids. An effective method for overcoming this issue is to blend them
with synthesized polymer gel networks in order to form natural
and synthesized polymer blend hydrogels. Among the existing syn-
thesized polymers, PVA possesses many useful properties, such as
excellent chemical resistance, optical and physical properties
(Nakayama, Takatsuka, & Matsuda, 1999), good film-forming capa-
bility, water solubility (Cinelli, Chiellini, Gordon, & Chiellini, 2005),
and an excellent biocompatibility (Jiang, Campbell, Boughner,
Wan, & Quantz, 2004; Wan, Campbell, Zhang, Hui, & Boughner,
2002). The strength, flexibility, and water resistance of starch pro-
ductions improved when PVA aqueous solution was added (Cinelli,
Chiellini, Lawton, & Imam, 2006). Furthermore, the polarity of PVA
has been found to help the blend in accelerating the hydrolytic at-
tack by the atmospheric moisture, thus resulting in the degrada-
tion of the sugar molecules in natural polymers (Raj,
Siddaramaiah, & Somashekar, 2004).
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However, since starch and PVA molecules a large number of
hydroxyl groups, SP films display a hydrophilic nature. Moreover,
in the PVA/starch composites, starch is only partially compatible
with PVA. The addition of starch to PVA does not improve its
physical properties because of the poor compatibility between
PVA and starch (Siddaramaiah, Raj, & Somashekar, 2004). Thus,
the mechanical properties and water resistance of the SP films
need to be improved for it to be used in the environment and bio-
medical fields.

A number of plasticizers, e.g. water and polyols (Arvanitoyannis,
Kolokuris, Nakayama, Yamamoto, & Aiba, 1997; Yoon, Chough, &
Park, 2007), have been essayed in order to decrease the glass-tran-
sition temperature (Tg) and increase the flexibility and workability
of starch and PVA (Arvanitoyannis et al., 1997; Jayasekara, Harding,
Bowater, Christie, & Lonergan, 2003; Raj et al., 2004; Sreedhar, Sai-
ram, Chattopadhyay, Syamala Rathnam, & Mohan Rao, 2005). How-
ever, results have shown that the elongation at break could be
increased at the sacrifice of the elongation at break, and that the
materials consistently displayed a poor water resistance (Zou,
Qu, & Zou, 2007). Other effective means commonly used to modify
the PVA/starch composites in order to improve their mechanical
and water resistance properties include: (1) chemically modifying
PVA or starch (Nabar, Draybuck, & Narayan, 2006), e.g. esterifica-
tion, oxidation, etherification, cross-linking and methylation
(Dermigöz et al., 2000; Kiatkamjornwong, Thakeow, & Sonsuk,
2001; Kim, 2003; Kim & Lee, 2002; Thakore, Desai, Sarawade, &
Devi, 2001; Xu, Miladinov, & Hanna, 2004; Zhao et al., 2006), (2)
physically modifying the SP composites, e.g. by adding corn fibers
to the blends (Cinelli et al., 2006), or (3) chemically modifying the
SP composites during or after the blending process, e.g. cross-link-
ing reactions, grafting (Beliakova, Aly, & Abdel-Mohdy, 2004), and
surface modifications (Jayasekara, Harding, Bowater, Christie, &
Lonergan, 2004). Examples of cross-linking reagents include glu-
taraldehyde (Ramaraj, 2007), boric acid (Yin, Li, Liu, & Li, 2005),
and epichlorohydrin (Sreedhar, Chattopadhyay, Karunakar, & Sas-
try, 2006), and those of methods include radiation (Zhai, Yoshii,
& Kume, 2003), and photo-cross-linking (Follain, Joly, Dole, &
Bliard, 2005). However, cross-linking agents such as those men-
tioned above always display toxicity and thus their potential appli-
cations as biomaterials are limited. When compared to the
modification methods in the blending process, those requiring a
pre-treatment of starch or PVA, and a post-treatment of SP films
are complicated. To overcome these disadvantages, certain non-
toxic functional additives and simple modification techniques are
required to improve the mechanical properties and water resist-
ibility of the SP films.

CA with one hydroxyl and three carboxyl groups exists widely
in citrus fruits and pineapples, where it is the main organic acid.
CA was chosen as the additive for the following reasons. First of
all, as a result of its multi-carboxylic structure, esterification could
take place between the carboxyl groups on CA and the hydroxyl
groups on the PVA or starch. Such an esterification would improve
the water resistibility (Borredon, Bikiaris, Prinos, & Panayiotou,
1997). Furthermore, because of the multi-carboxyl structure, CA
may serve as a cross-linking agent. Cross-linking of a blend rein-
forces the intermolecular binding by introducing covalent bonds
that supplement natural intermolecular hydrogen bonds (Krum-
ova, López, Benavente, Mijangos, & Pereña, 2000) so as to improve
the mechanical properties and water resistibility. Second, the
residual-free CA in the PS blends may act as a plasticizer. As com-
pared to the hydroxyl groups on glycerol, the carboxyl groups on
CA can thus form stronger hydrogen bonds with the hydroxyl
groups on PVA/starch blends, thus improving the interactions be-
tween the molecules (Shi et al., 2007a; Yu, Wang, & Ma, 2005).
And as a third point, CA is rated as nutritionally harmless since it
is a nontoxic metabolic product of the body (Krebs or citric acid cy-
cle). Consequently, it has already been approved by FDA for use in
humans (Yang, Webb, & Ameer, 2004). These nontoxic properties
will benefit the incorporation of CA in PS films (PSC) and such films
would have potential applications in the food packing industry and
in the biomedical field.

Although Yoon and co-workers also used CA as the additive to
prepare PS films as the plasticizers (Yoon, Chough, & Park, 2006a,
2006b), they selected 50 �C as the molding temperature. The ester-
ification will not occur in the blending system under such a low
temperature. A series of structural and physical properties changes
result from the esterification which need a high temperature.

It is known that a saccharide is a very important ingredient,
and the main energy resource of an organism. It has been re-
ported that there is a saccharide protein layer outside the cell
of the most animal’s cell (Lamba, Baumgartner, & Cooper, 1998).
Both the monosaccharide and polysaccharide have an excellent
compatibility with the peptide and the protein, which provide
starch with an excellent cell compatibility. (Dermigöz et al.,
2000; Lamba et al., 1998) PVA is also reported to have biocompat-
ibility and excellent mechanical properties. This material eventu-
ally blended with its copolymers is used in several drug delivery
applications, especially in the preparation of environment-sensi-
tive hydrogels for ‘intelligent’ insulin release.(Hisamitsu, Kataoka,
Okano, & Sakurai, 1997; Kitano, Koyama, Kataoka, Okano, & Sak-
urai, 1992; Shiino et al., 1994) Therefore, the application of SP
films in biomedical and clinical field (such as drug control release
carrier and biomembrane) will have a specific advantage and
important research value.(Autori et al., 2006; Cascone, Barbani,
Cristallini, Ciardelli, & Lazzeri, 2001; Pal, Banthia, & Majumdar,
2006) However, the cell compatibility of the PS films was rarely
reported. Moreover, there was no report about the cytotoxicity
of the PS films, which contained CA. The effect of CA percentage
in SP film on cytotoxicity is very important for the potential
application in biomedical field. The cytotoxicity test can help us
to determine the safe CA concentration range.

In this work, we investigated the effect of CA percentages on the
structure and physical properties of the SP films. The effect of CA
concentration on cytotoxicity was also studied. This work will pave
the way for the application of SPC films in biomedical field.
2. Experimental

2.1. Materials

Corn starch was supplied by J&K Chemical Ltd. (Japan), which is
composed of 25% amylose and 75% amylopectin, and the original
moisture content was 12 wt%. The glycerol (AR) was obtained from
Century Star Chemical Products, Inc. (Beijing, China). Citric acid
(AR) was supplied by Xu Dong Chemical Plant (Beijing, China),
PVA was obtained from Shanghai Reagent Company (Shanghai,
China), which was 99% hydrolyzed with an average polymerization
degree of 1750 ± 50. The water used to prepare starch/PVA blend
films was redistilled after deionization.

2.2. Preparation of PVA/starch blend films

Films were obtained by the casting method. First, the solution
was prepared by dissolving the PVA, starch and glycerol in hot
water. The mixture was blended for 4 h with a mechanical stirrer
(1000 rpm) at 95 �C to form a homogeneous gel-like solution. In or-
der to avoid the acidolysis, CA solution was added into the mixture
with a mechanical stirrer for 10 min (1200 rpm) at 30 �C. Bubbles
were removed with an aspirator. The mixing composition is shown
in Table 1. A certain amount of the gel-like solution thus prepared
was poured on a pre-warmed (140 �C) glass plate. Water was evap-



Table 1
Materials’ abbreviations and corresponding sample compositions

Abbreviations Samples (weight proportions)

PVA:starch
(w/w)

Glycerol
(wt% of the dry weight)

CA
(wt% of the dry weight)

PSG 3:1 20 –
PSGC5 3:1 20 5
PSGC10 3:1 20 10
PSGC20 3:1 20 20
PSGC30 3:1 20 30
PSC20 3:1 – 20

Fig. 1. The effects of CA on FT-IR spectra of starch, PVA and PVA/starch blends when
molding at 140 �C.
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orated from the molds in a ventilated oven at 140 �C for 1 h. The
dried films were sealed in polyethylene bags and stored at 20 �C
and at 50% RH for 1 week prior to performing the measurements.

2.3. Characterizations

2.3.1. Fourier-transform infrared (FT-IR) spectroscopy
The IR spectra were measured with a Nicolet-210 spectropho-

tometer (Nicolet Co., USA). The samples were prepared by mixing
the fine powder with KBr and pressing. The spectra were obtained
at a resolution of 4 cm�1 in the range 4000 to 500 cm�1.

2.3.2. X-ray diffraction (XRD)
The wide-angle XRD patterns of the products were recorded

with a Rigaku model D/Max2500VB2+/PC X-ray diffractometer (Ja-
pan) with nickel filtered Cu-Ka radiation. The samples were 0.1-
mm-thick with a smooth surface. The scattering angles ranged
from 3� to 60� at 5� min�1.

2.3.3. Differential scanning calorimeter (DSC)
Differential scanning calorimetry (DSC) thermograms were re-

corded by a NETZSCH DSC 204 F1 (Germany) instrument. The sam-
ple (3–10 mg) was placed in an aluminum pan and was first cooled
from room temperature to �150 �C and held there for 3 min. Sub-
sequently, a heating scan was conducted from �120 to 150 �C at a
heating rate of 20 �C/min. The glass-transition temperature was ta-
ken as the midpoint of the heat capacity change.

2.3.4. Thermogravimetric (TG) analysis
Thermogravimetry analyses were carried out by a NETZSCH TG

209C (Germany) instrument. About 10 mg sample was positioned
in silica pans, and the samples were heated at 10 �C/min from
ambient temperature to 600 �C. Thermal analyses were performed
under the nitrogen flow (10 mL/min).

2.3.5. Swelling degree
The swelling degree of the samples was characterized at 37 �C,

for which rounded samples with 1 cm diameter were placed in de-
ionized water. The experiments were carried out by measuring the
weight gain as a function of immersion time in 20 ml water. The
swelling degree was calculated by using the following equation,

Swelling degree ð%Þ ¼W t �Wo

Wo
� 100 ð1Þ

where Wt is the wet weight after degrading for a predetermined
time, Wo is the original weight of the sample.

2.3.6. Mechanical testing
Specimens, with the shape of a Dumb-bell according to ISO/DIS

37-1990 type 3 specifications (0.1 mm thickness and 2 mm width),
were prepared. Tensile tests were performed in a universal tensile
testing machine (CMT4104) equipped with 500 N load cell and
operated at a cross-head speed of 10 mm/min. The specimen’s
elongation was derived from the extensometer separation of
18 mm. Five samples of each product were tested at 21 �C and
the average value of each quantity was reported.

2.3.7. Cytotoxicity test
The samples were incubated in phosphate-buffered saline (PBS)

solution for 8 h to decrease the effects of impurity on cells. The 0.1-
mm-thick slices were sterilized by washing with a 75% (v/v) etha-
nol solution in sterilized water, followed by CO60 exposure for
15 min, and then incubated in Dulbecco’s modified Eagle’s medium
(DMEM) at a proportion of 3 cm2 ml�1 for 24 h at 37 �C. The extract
solution was then filtered (0.22 lm pore size) to eliminate the pos-
sible presence of solid particles of the material. L929 cells were cul-
tured in DMEM supplemented with 10% (v/v) fetal bovine serum
(FBS) at a density of 4.0 � 104 cells/ml and plated into 96-well
micrometer plates. The plates were incubated for 24 h at 37 �C in
a humidified atmosphere of 5% CO2 in air. After that, the medium
was replaced by the previously prepared extracted dilutions
(50%, volume proportion) and was used as a culture medium and
by itself as a control. After 2, 4 and 7 days of incubation, the cell
culture was treated with MTT. 50 ml/well of MTT (1 mg/ml in med-
ium 199 without phenol red, Sigma, St. Louis, USA) treated samples
were incubated for further 4 h at 37 �C in a humidified atmosphere
of 5% of CO2 in air. At this stage the MTT was removed and 100 ml/
well of isopropanol (BDH, Poole, England) was added in order to
dissolve the formazan crystals. The optical density (OD) was read
on a multiwell microplate reader (EL 312e Biokinetics Reader, Bio-
tek Instruments) at 570 nm. All materials extracts were tested for a
minimum of three separate experiments with comparable results.

3. Results and discussion

3.1. The effects of CA on chemical structure (FT-IR)

The effects of CA on the FT-IR spectra of starch, PVA and PVA/
starch blends are shown in Fig. 1. Because it is unlikely that all
the carboxyl groups are esterified, so the broad peak at
1729 cm�1 is the C@O stretching vibration peak, and it is probably
a coalescence peak which is caused by the ester bond and carboxyl
C@O groups in CA. Fig. 1 showed that the peak at 1729 cm�1 didn’t
exist on the IR spectra of starch. A small peak at 1729 cm�1 was ob-
served which may be caused by the impurity from PVA because a
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similar peak was observed in PVA spectra. However, on the IR spec-
tra of PVA/CA (PC) and starch/CA (SC), the peak at 1729 cm�1 was
exhibited. This phenomenon demonstrates that the esterification
occurred between CA and starch as well as between CA and PVA.
Before the test, all the samples were immersed into the de-ionized
water to erase the effects of free CA in the blend, so that the height
of the peak could reflect the esterification degree. Compared to SC,
the peak at 1729 cm�1 of PC was lower. This phenomenon illus-
trates that the esterification occurred more easily between the
starch and CA than that between PVA and CA.

It can be seen obviously that the peak height increased at
1729 cm�1 as the CA concentration increased (see Fig. 2(a)). Be-
cause the samples were pre-immersed in the de-ionized water to
erase the effects of free CA molecules, the increase of the peak’s
height is an excellent evidence that the esterification degree in-
creased as the CA concentration increased. Fig. 2(b) shows that
the peak at 1729 cm�1 of PSC20 without glycerol was higher than
that of PSGC20 with glycerol content. The reason may be caused by
that a part of CA was reacted with glycerol to obtain some glycerol
citrates which diffused into the water in the process of immersion.
The presence of glycerol prevented the reaction between CA and
starch or PVA.

The peak around 3340 cm�1 is assigned to the stretching vibra-
tion of the hydroxyl groups. The contrast of peaks heights at
Fig. 2. The effects of CA concentrations on the peak’s height at 1729 cm�1 (a) and
3340 cm�1 (b).
3340 cm�1 is shown in Fig. 2(b). The peak’s height was measured
from the baseline, which passed through the lowest point of the
spectra and parallel to the x-axis. The peak at 758 cm�1 is assigned
to CAOAC ring vibrations on starch (Jayasekara et al., 2004). It is
due to the starch only and the starch concentration of the samples
is same so that this is an ideal reference frequency to measure
other peaks height.

It can be seen from Fig. 2(b) that the peak’s height at 3340 cm�1

increased as the CA concentration increased. This is because the
number of the hydroxyl and carboxyl groups increased as the CA
concentration increased.

We also noticed that the peak at 3340 cm�1 of PSC20 was higher
than that of PSG, and this may be because fact that CA can form
stronger hydrogen bonds with starch or PVA when compared with
glycerol. The peak of PSC20 at 3340 cm�1 was also higher than that
of PSGC20. It can be explained by that a part of CA was reacted with
glycerol when glycerol and CA were added together, so few hydro-
gen bonds were produced.

3.2. The effects of CA on thermal properties

3.2.1. Differential scanning calorimeter (DSC)
The effects of CA, glycerol and CA/glycerol mixture on DSC curve

of PVA were investigated and the results are shown in Fig. 3. Two
peaks were observed on the DSC curve of the pure PVA. The peak at
230 �C is assigned to the melting point-related peak of PVA and the
peak starting from 240 �C is due to the decomposition of the PVA.
When glycerol or CA was added, the melting temperature de-
creased and the height of the melting peak decreased. The melting
enthalpy (DH) and crystallinity also decreased when glycerol or CA
was added. This is because a part of the crystallinity was destroyed
as the function of glycerol or CA.

As shown in Fig. 3, the Tg of the pure PVA is around 54.8 �C,
which is smaller than that reported in other works (Sreedhar et
al., 2005). This is because the PVA film had already contained some
water as the plasticizer. When glycerol was added (PG), the Tg de-
creased to as low as 11.7 �C. The reduction in Tg and H was attrib-
uted to the reduction in the cohesive forces of attraction between
the polymer chains. The plasticizer molecules penetrated the poly-
mer matrix because they were smaller than the polymer molecule.
As a result, polar attractive forces were established between the
plasticizer and chain segments, which were responsible for the
reduction of the cohesive forces and, therefore, a reduction of Tg.

However, when the CA was added to PGC, and molded at less
than 140 �C for 1 h, a small increase in Tg was detected. This phe-
Fig. 3. The effects of glycerol and CA on DSC curve of PVA and PVA/starch blends.
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nomenon provided another evidence for the cross-linking occurred
in the presence of CA. The cross-linking will limit the movement of
the molecular segments, which resulted in the increase of Tg. The
DSC curve of PG was compared with that of the PSG and it was ob-
served that the addition of starch did not affect the Tg, and this is
because the Tg of pure corn starch always cannot be seen always
on the DSC curve. The absence of a clear Tg for starch may be
due to the following factors: amorphous chains surrounded by
crystalline domains, the presence of moisture, physical crosslinks
inhibiting the movements of the amorphous chain segments, and
the presence of inter-crystalline phases not showing normal ther-
mal behavior (Sreedhar et al., 2005).

We also investigated the influences of glycerol and CA on the
DSC curves of PVA/starch mixture. Compared to the DSC curves
of pure starch, the curve of PSG was similar to that of the PVA.
The differences are that the plasticizing effect of glycerol enhanced
the segment mobility, so that the Tg decreased. Furthermore, the
decrease of the molecular interactions resulted in the decrease of
the Tm, as well as the DH and crystallinity. Compared with the
PSG, the Tg of PSC20 was higher when the same percentage of CA
or glycerol was added, and this may be caused by two reasons:
one is that the partial cross-linking limited the molecular segment
mobility and another is that the strong hydrogen bonding between
the CA/starch or CA/PVA resisted the movement of the molecules.
Compared to the PSC20, the Tg and Tm of PSGC20 decreased, and
this was because the molecular interactions among the macromol-
ecules decreased in the presence of glycerol.

The effects of CA concentration on DSC curves of PSG films are
shown in Fig. 4. Generally, with increasing amounts of CA, Tg or
Tm did not shift much, to either lower or higher temperatures.
However, the melting enthalpy (DH) decreased as the CA in-
creased, and it could be attributed to the reduction in the intermo-
lecular forces in the presence of CA-cross linked glycerol networks.

3.2.2. Thermogravimetric (TG) analysis
Fig. 5 shows the effect of the additive type and concentration of

glycerol and CA on TG curves of PVA. Pure PVA curve showed a
two-step decomposition pattern. The first step began around
200 �C, and the second one began around 382 �C. The final temper-
ature of the decomposition was around 460 �C. The first step of
weight loss could be attributed to the loss of loosely bound water,
accompanied by the formation of volatile disintegrated products.
The second step was mainly caused by the heat decomposition of
Fig. 4. The effects of CA concentration on DSC curves of PSG films.
the molecules, and the products were composed of small molecular
carbon and hydrocarbon. The shape of the TG curve of PG did not
change when glycerol was added. However, after CA was added,
the shape of the TG curve of PGC20 changed as compared to that
of the PSG. The CA cross-linked SP film showed a three-step
decomposition pattern as shown in Fig. 3. The first step was attrib-
uted to the starch and the elimination of water from PVA. The sec-
ond step was same as that of PVA. And the third step was
attributed to the crosslinked component. This result is similar to
that of the boric acid crosslinked SP composites (Zou et al., 2007).

The addition of CA obviously reduced the weight loss rate and
increased the residual weight percentage at 600 �C. The cross-link-
ing and strong hydrogen bonds as the function of CA enhanced the
bonding among the molecules, so that the thermal stability of the
PVA increased.

It can be seen that the TG curve of the corn starch exhibited a
one-step decomposition pattern with the onset temperature
(TON) at 274 �C and the end-set temperature (TEN) at 334 �C. Pure
PVA exhibited a two-step decomposition pattern as mentioned
above. The TG curve of PSG showed a three-step decomposition
patterns: 218–240 �C, 298–357 �C, 415–456 �C, which is similar
to the classical TG curve of the PVA/starch blend. When compared
to the PVA or starch, the residual weight percentage of PSG at
600 �C decreased. This could be attributed to the volatilization of
the glycerol.

Fig. 5 also shows that the TG curves of the PSC films treated
with CA (post-treated and without the glycerol) showed a two-step
decomposition pattern. The weight residue for PSC20 at 600 �C was
higher than that of PSG, and this demonstrated that the thermal
stability of the CA added films was higher than those without CA.
Partial cross-linking was one of the reasons, which improved the
thermal stability. Moreover, compared to glycerol, stronger hydro-
gen bonds formed between CA and PVA/starch may be another rea-
son to which improved the initial decomposition temperature.

It can also be seen that the weight loss rate and residual weight
percentage at 600 �C of PSGC20 were higher than those of PSG and
lower than those of PSC20. This maybe because to the cross-linking
was prevented in the presence of glycerol. Compared with the
PSC20, a part of CA reacted with the addition of glycerol, so the
cross-linking degree decreased and the thermal stability of the
PSGC20 also decreased.

The thermal stability of the PSGC films increased with the in-
crease in CA concentration, as observed from a comparison of the
residual mass percentage at 600 �C and the weight loss rate. This
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phenomenon can be attributed to the cross-linking degreem and
the hydrogen bonds increased as the CA concentration increased.

It seems like the addition of the CA enhanced the incarboniza-
tion. When the CA concentration increased, then more and more
CA molecules were chemically bonded with the starch chains, so
that the initial carbon content increased as the esterification oc-
curred. Therefore, the residual weight increased as the CA concen-
tration increased.

3.3. The effects of citric acid concentrations on the swelling degree

The water absorption capacity and the degradability are the
most important properties for biodegradable materials. It was re-
ported that the water absorption acquired equilibrium in 12 h
(Zou et al., 2007), so we selected 24 h, which is longer than equilib-
rium time as the observing time. CA is an hydroxyl carboxylic acid.
There are three carboxylic groups and one hydroxyl per monomer.
It was believed that CA could crosslink starch and PVA, and de-
crease the water absorption of SP composites. So CA acted not only
as a plasticizer, but also as a cross linker and an esterification
agent. It has been found that the swelling degree is related to the
esterification degree and crosslink degree. Generally, the swelling
degree decreased as the esterification and crosslink degree in-
creased (Borredon et al., 1997; Zou et al., 2007).

Table 2 shows the swelling degree of the samples which have
been dipped in the de-ionized water for 24 h. After 24 h soaking,
the swelling degree of PSGC5 was similar to that of the PSG. The
small amount of CA did not make significant effect on the swelling
degree. However, the swelling degree decreased as the CA concen-
tration increased. This phenomenon reflected indirectly, that cross-
link degree and the esterification degree increased as the CA
concentration increased. The swelling degree results are well con-
sistent with that of the previous result reported by Zou and his co-
workers. They also found that the swelling degree decreased as the
crosslink agent (CA and borax) increased (Zou et al., 2007).

3.4. The effect of citric acid on tensile properties

The mechanical properties are not only related with the cross
linker but are also related with the plasticizer. The cross linker
and the plasticizer always have the contrary effects on the tensile
properties. Generally, the tensile strength increased and the elon-
gation at break decreased as the percentage of cross linker in-
creased. The results are opposite when the plasticizers increased
(Sreedhar et al., 2005. The CA acted both as the cross linker and
the plasticizer in the SP composites. So that different functions of
CA would be exhibited when different amounts of CA were added.

The tensile strength and elongation at break as the function of
CA concentration are shown in Table 3. The tensile strength of
PSGC5 was higher than that of the PSG without CA. This could be
attributed to the cross-linking caused by the small quantity of
Table 2
The effect of CA concentration on the swelling degree at 24 h

Samples PSG PSGC5 PSGC10 PSGC20 PSGC20

SD (%) 31.2 ± 1.7 32.6 ± 2.0 30.5 ± 1.1 22 ± 1.1 19.6 ± 1.3

Table 3
The effect of CA percentage on tensile strength and elongation at break

PSG PSGC5 PSGC10 PSGC20 PSGC30

Tensile strengh (MPa) 39 48 46 44 42
Elongation at break (%) 81.2 101.8 126.7 178.9 207.8
CA. As the CA percentage was increased, the residual CA in the
blends played a role as the plasticizer, which reduced the interac-
tions among the macromolecules, which resulted in the decrease of
the tensile strength and increase of the elongation at break. We
also noticed that with the increase of the CA concentration (from
5% to 30%), the tensile strength did not reduce significantly (from
48 to 42 Mpa), however, the elongation at break increased notice-
ably (from 101.8% to 207.8%). It is a good method to improve the
flexibility without sacrificing the strength so much. The ordinary
cross linkers (ex. borax) (Sreedhar et al., 2005) and plasticizers
(polyols) (Arvanitoyannis et al., 1997) do not have the diplex
function.

3.5. The effect of CA on crystal properties

XRD curves showed that PVA has a high percentage of crystal-
linity (Xc �54%, see Fig. 6). XRD patterns of raw materials and
hydrogen membranes are shown in Fig. 6. It is observed that corn
starch has peaks at 15 , 17 , 18 , 23 and 26.5 2h, where the peak at
18� was most intense (Shi et al., 2007b), while PVA showed an
obvious diffraction peak at 19.3 (García-Cerda, EscarenÓ-Castro,
& Salazar-Zertuche, 2007). In the blend of SPG films, most of the
diffraction peaks are similar to those of the PVA compared to the
corn starch diffraction peaks. This is due to the destruction of the
crystalline structure of starch granules as a result of gelatinization
during the blending process with PVA above 100 �C. No obvious
retrogradation of starch was observed from the XRD patterns, indi-
cating that the diffraction pattern of PVA dominated in the blends
and that the crystalline structure of starch has been strongly inhib-
ited by PVA and glycerol molecules.

In the XRD pattern, the intensity of the peak at 19.3� decreased
due to the addition of glycerol and CA. The peak at 19.3� is caused
by the crystallinity of the PVA. From Fig. 6, we can see that the
addition of CA greatly decreased the crystal peak around 19.3�.
Moreover, the peak’s height at 19.3� decreased as CA concentration
increased. The plasticizing and cross-linking effect of CA will re-
duce the crystallinity of the PVA.

A new peak around 31.5� appeared on the curve of PSC. This
peak was caused by the residual CA in the blends. However, the
peak did not appear on the DSC curve of PSGC20. The reason maybe
that glycerol resisted the CA assemble, and the CA attributed in the
blends in the molecular lever.
Fig. 6. The effect of the additive types and CA percentage on XRD curves.



Table 4
The standard of the response grades

Grades RGR (%)

0 P100
1 75–99
2 50–74
3 25–49
4 1–24
5 0
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3.6. The effect of CA on the cytotoxicity test

Apart from favorable physico-chemical and mechanical proper-
ties, the most important requirement for a biodegradable polymer
to be used in medical applications is its biocompatibility in a spe-
cific environment. Cytotoxicity testing represents the initial step in
testing biocompatibility of potential biomaterials and medical
devices.

The OD values of control, PSG and PSGC with different CA con-
centrations are shown in Fig. 7(a). The OD value reflected the num-
ber of the live cells directly. The cell Relative Growth Rates (RGR) of
these samples was shown in Fig. 7(b). The RGR was calculated
according to the Eq. (2). The RGR was classified to six grades as
shown in Table 4. Grades 0 and 1 were accepted as qualified. Grade
2 should be considered by combining with the cell’s morphology.
Greater than grade 3 was considered as unqualified.

RGR ð%Þ ¼ Absorbance of the material� Absorbance of the blank
Absorbance of the negative� Absorbance of the blank

ð2Þ

It can be seen that the RGR of all the SP films with or without CA
was greater than 80%. The cytotoxicity text results of all the SP
films reached grade 1 according to the GB/T16175-1996 standard
which are listed in Table 4. The result of the cytotoxicity test dem-
onstrated that when the CA concentration was less than 20%, there
was no significant toxicity effect on the cell’s proliferation.
Fig. 7. The optical density (OD) value (a) and relative growth rate (RGR/%) (b) of
PSGC with different CA concentrations.
It seems that the OD value and RGR of the PSG without CA did
not exhibit better cell compatibility than that of the PSGCs. This re-
sult indicated that the CA in blend did not have any significant cell
toxicity. However, the OD value and RGR decreased as the CA con-
centration increased. This illustrated that the CA still has some
negative effects on the cell growth. The result also showed that
when the CA percentage was less than 20%, the cells still exhibited
good growing conditions.

4. Conclusions

The PS films were prepared under 140 �C in the presence of
glycerol and CA. The esterification occurred between CA/starch
and CA/PVA, and it occurred more easily between the CA and
starch than between CA and PVA. The esterification and multi-
carboxyl structure of the CA resulted in the cross-linking. The
structural changes gave rise to a series of property changes,
including thermal properties, swelling degrees, mechanical prop-
erties, and crystal properties. The thermal stability improved as a
function of cross-linking and it improved molecular interactions.
The swelling degree decreased from 33% to 20% as the CA per-
centage increased from 5 to 30 wt%. When 5 wt% CA was added,
the tensile strength of the sample increased from 39 to 48 MPa,
but when even more CA was added (from 5 to 30 wt%), the ten-
sile strength decreased from 48 to 42 MPa and the elongation at
break increased from 102% to 208%. This was caused by the plas-
ticizing effect of the residual-free CA in the blend. The cytotox-
icity result showed that the cell Relative Growth Rates (RGR)
of all samples with different CA concentration exceeded 80%
after 7 days of incubation. No significant negative effects of CA
were observed on the cell’s proliferation when the CA content
was less than 20 wt%. The in vitro degradation behavior of the
PSC films is under investigation.
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