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Abstract

Different concentrations of ferulic acid were added to film-forming solutions when preparing soy protein isolate-based edible
films. The results showed that an optimal concentration of ferulic acid increased the tensile strength. elongation percentage at break
and antioxidant activity of films for preservation of fresh lard. The optimal concentration for ferulic acid in film forming solution
Is 100 mg/100 g. Moreover. the properties of the film were further improved when ferulic acid was oxidized by hydrogen peroxide.
A possible mechanism for the role of ferulic acid in the preparation of SPI-based films is that it reacted with amino acids and
increased cross-linking of the protein. It is interesting that the absorbance wavelength for ferulic acid-protein (or amino acids)
is much ionger than feruiic acid or protein {or amino acids) alone. The absorbance shift indicates the formation of a ferulic

acid-protein cross-link that may enhance the shelf life of foods by decreasing oxygen permeability.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Packaging is a necessary step for preserving the orga-
noleptic, nutritional and hygienic characteristics of food
during storage and commercialization. The wide variety
of packaging films can be divided into synthetic and edi-
ble or biodegradable. Constant progress in the techrol-
ogy of synthetic film preparation has expanded and
supported their utilization in the food industry. How-
ever, most synthetic films are petrochemical-based and
non-biodegradable, leading to environmental pellution
and serious ecological problems (Tharanathan, 2003).
In contrast, edible films use renewable resources as
raw materials and are bicdegradable, making them more
compatible with the environment. Additionally, other
adjuncts such as antimicrobials, antioxidants, nutrients,
colorants, etc. are easier to add to edible films, thus fur-
ther enhancing their protective functions.
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Edible films can be prepared from proteins, polysac-
charides, lipids or the combination of these components
{Gontard & Guilbert, 1994). Among them, proteins-
based edible films are the most attractive. These films
have impressive gas barrier properties compared with
those prepared from lipids and polysaccharides. When
they are not moist, the O, permeability of soy protein-
based film was 500, 260, 540 and 670 times lower than
that of low-density polyethylene, methyleellulose, starch
and pectin respectively (Cuq, Gontard, & Guilbert,
1998). The mechanical properties of protein-based edi-
ble films are also better than that of polysaccharide
and fat-based films because proteins have a unique
structure {based on 20 different monomers) which con-
fers a wider range of functional properties, especially a
high intermolecular binding potential (Cuq, Aymard,
Cuqg, & Guilbert, 1995). Protein-based edible films can
form bonds at different positions and offer high poten-
tial for forming numerous linkages.

Unfortunately, SPI films do not show satisfactory
mechanical properties or vapor barrier properties for
practical applications, and these properties become even
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poorer under conditions of high humidity (Gontard,
Guilbert, & Cug, 1993). It was reported that the addi-
tion of cross-linking agents into film forming solutions
or other physical methods might improve the mechani-
cal properties and water vapor permeability of protein-
based edible films. The cross-linking agents include
gossypol. formaldehyde, glutaralaldehyde (Marque,
Aymard, Cuq, & Guilbert, 1995), calcium salts, glue-
ono-8-lactone, carbodiimide, acetylated monoglyceride
and transglutaminase {Mariniello et al. 2003; Morel,
Bonicel, Micard, & Guilbert, 2000; Park, Rhee, Bae, &
Hettiarachchy, 2001), and thiol oxidation (Anker,
Berntsen, Hermansson, & Stading, 2002). The physical
methods include ultrasound or y-irradiation treatment
(Banerjee, Chen, & Wu, 1996; Sabato et al., 2001). How-
ever, there are no reports on the cross-linking properties
of ferulic acid in the preparation of edible films,
although it is a cross-linking agent in plant cell walls
(Livama, Lam, & Stone, 1984).

Ferulic acid, a health component of food with multi-
ple phytochemical functions {Ou & Kwok, 2004), is a
phenolic acid derivative existing ubiquitously in the
plant kingdom. It can cross-link with protein and poly-
saccharides by producing a resonance-stabilized free
radical intermediate (Hopkins et al., 2003; Oudgenoeg
et al., 2001). Ferulic acid was used to prepare satisfac-
tory gels from arabinoxylans and proteins or pectin
{Figueroa-Espinoza et al., 1999; Oosterveld, Beldman,
& Voragen, 2000).

As the quinone, (oxidized fernlic acid), it can react
with amino and thiol groups in protein (Figueroa-
Espinoza et al, 1999). Additionally, the free radical
formed from ferulic acid can react with tyrosine and with
itself to form diferulic acid (Oudgenoeg et al., 2001;
Vansteenkiste, Babot, Rouauw, & Micard, 2004), which
acl as a bridge between protein molecules. This suggests
that ferulic acid could act as a satisfactory cross-linking
agent in preparation of protein-based edible films.

Qur previous preliminarily research proved that
ferulic acid could increase the mechanical properties of
edible films prepared from soy protein isolate (Ou,
Kwok, & Kang, 2004). In this study, the effect of the
addition of different amounts of ferulic acid to the film
forming solution was determined on both the mechani-
cal properties and water vapor permeability of the films.
Additionally, the O, barrier properties of the films were
determined by measuring the antioxidant properties of
the film in preventing the oxidation of fresh lard.

2. Materials and methods

2.1, Materidls

Soy protein isolate (SPI) with protein content 93%
was purchased from Hong Kong Advanced Science

and Technology Co. Ltd (Hong Kong); Glycerol, ferulic
acid and amine acids, including cysteine, lysine, tyro-
sine, phenylalanine, arginine, serine. tryptophane were
purchased from Sigma Chemical CO, St Louis, MO,
USA; Hydrogen peroxide (33%) from the Guangzhou
Chemicals Company Ltd {(Guangzhou, China).

2.2. Prepararion of filor added with ferulic acid

Film forming solution was prepared as follows: 5.0 g
50y protein isolate (SP1) was dispersed in approximately
50 ml deionized water by constant stirring, 3.0 g glycerol
was added, and different amounts of un-oxidized or oxi-
dized ferulic acid (50, 100, 150, 200 mg respectively).
The total weight of each solution was adjusted to 90.0
g with deionized water, the pH was adjusted to 8.0
and 9.0 respectively using 0.1 mmol/lL NaOH and
HCI, and then deionized water was added to a final
weight of 100.0 g.

The film forming solution was heated for 30 min at 85
°C in a water bath under constant stirring at 150 rpm,
then cooled to room temperature. 16.0 g portions of
the film forming solution were poured inte a polyethyl-
ene box (20 x 20 x 1 cm) and kept at 50 °C for 24h in an
oven, then cooled, and finally the film was conditioned
in a desiccator over saturated Mg(NO3), solution at 25
°C, 50% RH for 48 h.

Thickness of the films was measured with a micro-
meter with a sensitivity of 0.001 mm. Films were cut into
2.0 x 6 cm pieces and the thickness of each film was mea-
sured at five random positions.

Oxidized ferulic acid: Ferulic acid (50, 100, 150, 200
mg respectively) was mixed with 50 ml of 500 mg/L
hydrogen peroxide and kept at room temperature for
30 min, then the pH was adjusted to 9.0 to remove resid-
ual hydrogen peroxide. SPI and glycerol were added and
the pH was adjusted according to the method described
above, deionized water was added to a final weight of
100.0 g.

2.3, Determination of mechanical properties of films

Tensile strength and percentage elongation at break
{TE) were determined according to Jangchud & Chin-
nan (1999) with a TAS500 model Texture Analyzer
{(Harvey, Main & Co. LTD). Films were preconditioned
at 50% relative humidity for 48 h at 25 °C. Five repli-
cate samples, 2.0x4 cm, for each kind of film were
tested.

2.4. Water vapor permeahility

Water vapor transmission of films was measured
using the ASTM method {ASTM, 1993). Circular glass
cups with a diameter of 3 cm and depth 4 cm were used,
After placing 3 g of dried CaCl, in each cup, they were
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covered with vartous edible films prepared in our exper-
iment, cut circularly (¢ = 7 cm) and sealed using melted
paraffin. The cups were weighed along with their con-
tents and placed in desiccators kept at 25 °C. The rela-
tive humidity was maintained by placing 1000 mL of
pure water or saturated solutions of KBr, NaCl. and
MgCl, in the bottom of the desiccator to provide
100%., 83%, 75%, 33% RH respectively at 25 °C. Cups
were weighed every 12 h for one week. The water vapor
transferred through the films was determined from the
weight gain of the cups. Water gain velocity (slopes),
WVTR (water vapor transmission rate) and WVP
{(water vapor permeability} were calculated according
to Kaya and Kaya (2000). The vapor pressure of pure
water at 25 °C is 3.1671 kPa and the vapor pressures
of the saturated sohitions were equal to their RH times
the vapor pressure of pure water at the same
temperature.

2.5. Role of ferulic acid in film for prevention against
oxidution of fard

A 250 ml jar was filled with 20.0 g of fresh lard, cov-
ered with different films, sealed using melted paraffin,
and stored at 60 °C in an oven for 12 days. The peroxide
value of the lard samples was determined by sodium
thiosulfate titration (Ogungbenle, 2003).

2.6. Absorhance spectra of ferulic acid in films and its
complex with SPI solution and several amino acids

The absorption spectra of ferulic acid solutions, the
ferulic acid-amino acids adducts and the SPI films with
ferulic acid added {(determined by covering the cuvetie
on one side), were scanned by using a UV-2101 PC
UV-VIS Scanning Spectrophotometer (Shimadzu).
The data was transferred to Excel format for illustrating
figures. Ferulic acid and amino acids adducts were pre-
pared by reaction of 20 pg/mL ferulic acid with 1 mg/mL
of cysteine, lysine, tyrosine, phenylalanine, arginine, ser-
ine, tryptophane respectively at 85 °C, pH 9.0 for 30
min, cooling the mixture and diluting to 100 ml with
deionized water.

2.7. Statistical analysis

Statistics on a completely randomized design were
determined using SPSS 10.0 for Windows. Duncan’s
multiple-range test {» < 0.05) was used to determine sig-
nificance of differences between means.

3. Results and discussion

3.1. Effect of ferulic acid on mechanical properties und
wuter vapor perneability of films

The addition of ferulic acid into the film forming
solutions at two different pH levels improves the
mechanical properties in the films of both {Table 1). In
our experiment, the optimal level, judging by increased
mechanical properties of film and of ferulic acid in the
film forming solutions is 100 mg and 150 mg/100 g
respectively at the two-pH levels. When the level of feru-
lic acid was increased to 200 mg/100 g, the tensile
strength and percentage clongation at break decreased
slightly.

Ferulic acid did not significantly decrease the vapor
permeability of the SPI films, and even increased water
vapor permeability at higher levels (Table 2). However,
oxidized ferulic acid significantly decreased the water
vapor permeability of the films, possibly due to the for-
mation of gquinones which have a higher protein cross-
linking capacity (Figueroa-Espinoza et al., 1999} and
the production of free radicals which also promote
cross-linking (Oudgenoeg et al., 2001).

3.2, Effect of ferulic acid in film on prevention of oxidation
in lard

In this experiment, edible films were used to cover
fresh lard-filled jars to test their O» barrier properties
in the prevention of the oxidation of lard. The results
showed that the addition of ferulic acid into film form-
ing solutions significantly decreased the peroxide value
of the lard covered by those films. Furthermore, the oxi-
dation prevention capacity of the oxidized ferulic acid

Table |
Elfect of ferulic acid on tensile strength (TS) and percentage of elongation at break {EY*
Ferulic acid (mg/100 g) TS {(Mpa) E ("4} Thickness (pm)

pH=8.0 pH=9.0 pH=28.0 pH=9.0 pH=8.0 pH=9.0
0 1.472 £ 0.044" 1.598 * 0.056" 61.7+ 7.8 156.3 £ 7.1° 70.3 + 0.4" 70.8+ 1.6
50 1.688 £ 0.135" 2.065 + 0.138" 94.7 + 3.9 167.0 £3.5" 7241372 728+ 15"
100 1.622 + 0.057" 2.602 £ 0.073¢ 85.1 109" 165.3 £ 7.2° 710+1.2 70.2 % 1.0°
150 1.638 + 0.098" 2.438 £ 0.059° 93.0% [2.4 166.5 + 5.3" 714+ 18" 71.8+1.3"
200 1.476 + 0.062* 2.172 £ 0.175" 86.4 + 7.6" 155.4 * 8.5 jLax07e jri+ 1.3

" Values {means + SD. p = 5) with different letters within a column are significantly different at 5% level.
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Table 2
Effect of ferulic acid on water vapor permeability of films and their
prevention capacity against oxidation of fresh lard

Films Peroxide value WVP Thickness
(mglafkg) (gmm/m*dkPa) {um)

SPI film with no FLA 23[.7+9.7 231 + 0.06° 724+2

FLA 50 mg/i00 g 1943+ 7.8¢ 2.27 + 0.05° 7l18%3

Oxidized FLA 100473 2012013 71412

50 mg/100 g

FLA 100 mg/100 g 173.9 + 7.4 2.31 £ 0.06° 70813

Onidized FLA 748+ 34" 1.81 £ 0.05¢ Ngx3

100 mp/100 g

FLA 150 mg/100 g 177.5+£50° 2.38 £ 0.08° 708 +3

Oxidized FLA 67.8 £ 1.3° 1.88 + 0.06" 7103

150 mg/100 g

FLA 200 mg/100 g 195.4 £ 7.6" 2.61 +0.08 708%3

Oxidized FLA 784 42" 26+ 007 71212

200 mg/100 g

Polyethylene film 2495+ 6.3 10.210.3

* Values {means + SD. »r = 5) with different letlers within a column
are significantly different at 5% level. FLA, ferulic acid.

quinone is much greater than that of its native ferulic
acid form (Table 2}, One possible mechanism for the
prevention of oxidation in lard is that ferulic acid has
decreased the oxygen permeability of the film. This is
consistent with the results of our previous study {Kwok
& Ou, 2002), which showed that adding 100 mg/100 g
ferulic acid to SPI film forming solution decreased the
permeability of O, CO,; and N, by 18.8%, 18.1% and
14.9% respectively.

3.3. Absorbance specira of ferulic acid-added SPI film and
Jerulic acid-added film forming solution

UV-VIS scanning results showed that the absorbance
peak of ferulic acid-added film moved from 300 nm
(with no ferulic acid added) to 360-380 nm (Fig. 1).
Fig. 2 indicates that the absorbance peak shift toward
longer wavelengths is not caused by ferulic acid itself
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Figz. I. Absorbance spectra of films.
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Fig. 2. Absorbance spectra of solution of ferulic acid, SPI and their
complex at pH 9.0.

but by the complex of SPI and ferulic acid. The ferulic
acid solution reaches an absorbance peak at 320 nm,
but the reaction selution of ferulic acid and SPI has a
peak of 360 nm (Fig. 2). This suggests that ferulic acid
reacied with the soy proteins.

3.4. Absnrbance spectra of ferulic acid reacting with
aming velds

The absorbance spectra of ferulic acid reacting with
cysteine, lysine, tyrosine, phenylalanine, arginine, serine,
tryptophane was obtained by UV-VIS scanning. The re-
sults showed that there are two different absorbance
spectra models for these aminc acids after reacting with
ferulic acid. Cysteine, tyrosine, phenylalanine, serine,
tryplophane have similar absorbance spectra after react-
ing with ferulic acid, with their highest absorbance a1
360 nm. While lysine and arginine have another similar
spectra after reacting with ferulic acid, with their highest
absorbance at 400 nm (Fig. 3). These resulis indicate
that the reaction with amino acids shift the ferulic acid
absorbance spectra toward longer wavelengths, a batho-
chromic shift, since these amino acids alone showed no

- —— Cysteine-FLA
— Lysine-FLA
P
0
o l —
0 |
2*)() 400 600
i wavelength (nm)

Fig. 3. Absorbance spectra of ferulic acid reacting with cysteine and
lvsine at pH 9.0.
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light absorbance at wavelengths longer than 320 nm
{data not shown). This is further indication that ferulic
acid has reacted with the amino acids.

2.5, Pussible mechanising of fervlic acid in baproving
properties of films prepared from SPI

Ferulic acid can react with amino acids in protein
thus cress-linking the proteins by several mechanisms.
First, ferulic acid is oxidized to its quinone and then
the quinone further reacts with amines on proteins
{Hurell & Finot, 1984; O'Connell & Fox, 1999). Second,
ferulic acid cross-links with tyrosine and other amino
acids through a free radical mechanism (Oudgenoeg
et al., 2001). A third possible way is esterification with
hydroxyl amino acids such as serine. The cross-linking
ability of ferulic acid with proteins has improved the
mechanical properties of SPI-based edible films.

4, Conclusion

Ferulic acid, a protein cross linking agent, can form
adducts with amino acids through various mechanisms.
The cross linking activity of ferulic acid was applied to
improve the mechanical properties of SPI based films
by reaction with amines on proteins. The SPI films
cross-linked with ferulic acid demonstrated increased
tensile strength, increased percent elongation at break,
and decreased oxygen permeability. The SPI films
cross-linked with the ferulic acid quinone demonstrated
further enhanced mechanical properties and also de-
creased water vapor permeability. These data indicate
that ferulic acid act as a satisfactory cross-linking agent
in preparation of protein-based edible films. Additional
work is indicated to improve the mechanical properties
and packaging film applications of SPI films.
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