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Abstract To provide efficient antioxidant capacities,
proper carriers are needed to protect antioxidants against
oxidative stress. Collagen mesh structure or chitosan gel
was loaded with a-tocopherol and their effects were eval-
uated in bulk corn oil or oil-in-water (O/W) emulsion at
60 °C. Added collagen and chitosan enhanced oxidative
stability in corn oil and O/W emulsions at 60 °C compared
to corn oils without carriers or with addition of a-toco-
pherol (p < 0.05). Stability of o-tocopherol in corn oil
loaded in collagen or chitosan was significantly enhanced
compared to that in oils without carriers (p < 0.05). In
O/W emulsions, o-tocopherol loaded collagen showed
higher antioxidant properties than o-tocopherol loaded
chitosan (p < 0.05). Collagen mesh structure and chitosan
gel retarded the rates of lipid oxidation efficiently in both
food matrices when a-tocopherol was not loaded. Collagen
mesh structure and chitosan gel can be useful carriers for o-
tocopherol in bulk oil or O/W emulsion.
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Introduction

Lipid oxidations are inevitable chemical reactions in lipid-
rich foods during production and storage. The physico-
chemical changes in colour, aroma, and texture caused by
lipid oxidation can deteriorate the sensory attributes and
nutritional values of food products. Adding antioxidants is
one of the practical strategies to control the rate of lipid
oxidation [1]. Many factors can influence the oxidative
stability of foods, including the degree of unsaturation in
lipids, types and concentrations of oxygen molecules, the
presence of antioxidants and pro-oxidants, and the type of
food matrix [2, 3]. The interfaces of oil-water are known to
play important roles as major places for lipid oxidation and
antioxidant action of chemical compounds in diverse
matrix such as bulk oil and oil-in-water emulsion [2, 4, 5].
To control the rates of lipid oxidation, chemical potentials
(including bond dissociation enthalpy and one electron
reduction potential) and stabilities of compounds against
oxidative forces are critical factors in real food systems.
Therefore, it is necessary to protect antioxidant compounds
using carriers from oxidative stress including heat and
irradiation.

Carbohydrate based carriers including calcium-alginate-
inulin microbeads [6] and phytochemical grafted chitosan
[7], and protein based carriers such as gelatin [8] are some
examples of biopolymer-based antioxidant carriers. Colla-
gen is a major constituent of connective tissues. It is the
most abundant structural protein in skin and bones of all
animals. Collagen has been widely used in biomedical
applications to enhance the interaction between cultured
cells and biomaterials due to its good biophysical structure
and biochemical components [9]. Collagen has been
developed as carriers of food additives or extracts of nat-
ural resources in foods [10].
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Chitosan is a linear polysaccharide composed of glu-
cosamine and acetyl glucosamine. It is made by deacety-
lation of chitin which is found in exoskeletons of
crustacean shells. Chitosan has been studied in many areas,
including food, agriculture, biomedical, and pharmaceuti-
cal fields due to its beneficial properties such as antimi-
crobial activity, antioxidant activity, biodegradability, and
biocompatibility [11, 12]. The antioxidant ability of chi-
tosan is attribute to the radical scavenging abilities
including hydroxyl radicals and superoxide radicals
[12, 13] and metal chelating ability due to the presence of
primary amine groups [14]. It has been developed as drug
carriers and food packaging film materials as an alternative
to synthetic polymers [12]. Chitosan has been used as a
carrier for phenolic compounds such as gallic acid through
grafting method [15]. Our research groups tested the effects
of B-cyclodextrin, chitosan, and collagen on the stability of
a-tocopherol in heated oils [16] and collagen mesh com-
plexed with o-tocopherol with core/shell structures pro-
tected the oxidative stability of heated oil and of o-
tocopherol [17]. However, comparison studies of toco-
pherol loaded collagen mesh structure or chitosan gel in
food matrix such as bulk oil and oil-in-water (O/W)
emulsion are rare in the literature.

The objective of this study was to evaluate the antiox-
idant efficiency of collagen mesh structure or chitosan gel
loaded with o-tocopherol in different matrix. Antioxidant
carriers using proteins and carbohydrates were designed
and their enhancement effect for the stability of a-toco-
pherol was evaluated in bulk corn oil and O/W emulsions.

Materials and methods
Materials

Standard o-, y-, and &-tocopherols were purchased from
Sigma Aldrich (St. Louis, MO, USA). Corn oils were
purchased from a local market (Suwon, Korea). Karl Fisher
reagent was purchased from Fluka (Buchs, Switzerland).
Rubber septa and aluminum caps were purchased from
Supelco, Inc. (Bellefonte, PA, USA). Anisidine was pur-
chased from Kanto Chemical Co. (Tokyo, Japan). Other
reagent grade chemicals were purchased from Daejung
Chemical Co. (Seoul, Korea). Collagen solution (type I
collagen, Matrixen-PSP; Bioland Ltd., Cheonan, Korea)
was prepared in 0.05 M acetic acid (pH 3.2) at a fixed
concentration of 4 wt %.
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Sample preparation
Polymer based carrier preparation

In this work, type-I collagen (Matrixen-PSP; SKBioland,
South Korea) derived from porcine tendon was used. To
obtain collagen pore structure, a low temperature
(— 40 °C) printing system (DTR2-2210T; Dongbu Robot,
Bucheon, South Korea) was used. The structures of colla-
gen were produced using a nozzle with diameter of
300 pm. The nozzle moving speed was 10 mm/s, the
pneumatic pressure was 150 + 5 kPa, and the temperature
was maintained at — 40 °C for the manufacturing stage.
Fabricated collagen pore structure was placed in a freeze-
dryer (SFDSMO06; Samwon, Busan, South Korea) at
— 75 °C for 3 days. For cross-linking, the dried collagen
pore structure was immersed in 1-100 mM 1-ethyl-(3-3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC)
solution in 95% ethanol at room temperature for 24 h.
After cleaning, these cross-linked structures were freeze-
dried again [18].

For the formation of chitosan gel, low molecular weight
chitosan was dissolved in 1% acetic acid at the concen-
tration of 2 mg/mL (chitosan solution). Sodium
tripolyphosphate dissolved in deionized water (TPP solu-
tion) at the concentration of 1 mg/mL was mixed with the
chitosan solution through drop wise addition followed by
stirring for 30 min. Then 28% ammonia solution was
added to the mixture to make pH 9. The ratio of chitosan
solution and TPP solution was 4:2 based on volume. The
mixture was centrifuged at 100,000x g and the supernatant
was removed. The recovered chitosan gel was washed with
deionized water and centrifuge again. This washing pro-
cedure was repeated three times. Chitosan gel was dried
under nitrogen gas flow and freeze-dried in a freeze-dryer
(Ilshinbiobase, Gyeonggi, Korea).

Loading a-tocopherol in collagen mesh structure
and chitosan gel

First, a-tocopherol was dissolved in ethanol at concentra-
tion of 7200 ppm. Collagen mesh structure (500 mg) was
then immersed in 50 mL of o-tocopherol solution in
ethanol at room temperature for 120 min with gentle stir-
ring using a magnetic stir-bar. After the treatment, collagen
mesh structure was recovered and dried under nitrogen gas
flow. The content of a-tocopherol was determined using
HPLC.

For loading a-tocopherol to chitosan gel, 1.08 g of o-
tocopherol was dissolved in 150 mL ethanol solution and
added to 600 mL chitosan solution before adding TPP
solution. The ratio of chitosan solution, o-tocopherol
solution, and TPP solution was 4:1:2 based on volume.
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Procedures for chitosan gel production were the same as
described above.

Preparation for bulk oil system

One gram of corn oil was mixed with 2.7 mg of collagen
mesh structure and 10 mg chitosan gel with or without
loading of a-tocopherol. The concentration of carrier was
determined based on the loading yield of a-tocopherol in
each carrier. As controls, a-tocopherol dissolved in n-
hexane was directly added to corn oils at a concentration of
1436 ppm and n-hexane was removed under nitrogen gas
flow. One gram of corn oil containing o-tocopherol or
carriers was put in 10-mL bottles which were sealed air-
tight with Teflon-coated rubber septa and aluminum caps.
Sample bottles were placed in a convection oven (HYSC,
Seoul, Korea) at 60 °C. Samples were prepared in tripli-
cates at each sampling time (0, 3, 4, and 5 days) and
analyzed.

Preparation for O/W emulsion

The O/W emulsions were prepared according to previous
reports [19]. Briefly, deionized water was mixed with
Tween-20 and then combined with corn oil with the con-
centrations of 2.5% (w/w) oil and 0.25% (w/w) Tween-20.
A coarse emulsion was made by homogenizing the mixture
for 3 min using a HB501 instrument (Tepal, Rumilly,
Haute-Savoie, France). Coarse emulsion was passed three
times in a high pressure homogenizer (APV, SPX Flow
Technology, Crawley West Sussex, UK) at 5000 psi.
Collagen mesh structure or chitosan gel loaded with o-
tocopherol was added to the O/W emulsion at a concen-
tration of 1.0 or 0.54% (w/w), respectively. The concen-
trations of collagen mesh structure or chitosan gel was
determined based on the loading yield of a-tocopherol. To
prepare samples without o-tocopherol loaded carriers,
collagen mesh structure or chitosan gel was added to O/W
emulsion at a concentration of 1.0 or 0.54% (w/w),
respectively. Corn oil was mixed with 57,440 ppm o-to-
copherol in n-hexane and the solvent was removed under
nitrogen flow. Corn oil with a-tocopherol was used as
dispersed phase in O/W emulsion. Because the oil content
in O/W emulsion was 2.5%, final a-tocopherol concentra-
tion was 1436 ppm in O/W emulsion. Samples with o-
tocopherol were used as controls. Two milliliters of each
O/W emulsion was put in a 10-mL bottle with an air-tight
seal. Sample bottles were stored in the convection oven
(HYSC, Seoul, Korea) at 60 °C and analyzed at different

time points (0, 2, 3, and 4 days). All samples were prepared
in triplicates at each sampling time.

Scanning electron microscopy (SEM) analysis
of carriers

The morphologies of collagen mesh structure and chitosan
gel were characterized by scanning electron microscopy
(SEM) (SNE-3000 M; SEC Inc., Suwon, Korea). Detailed
sample treatment and measuring procedure followed the
manufacturer’s instructions.

Headspace oxygen content analysis in bulk oil
and emulsion system

Headspace oxygen content in sample bottles was deter-
mined by injecting 30 pL headspace gas into a gas chro-
matograph (7890 A, Agilent Technologies, Inc., Santa
Clara, CA, USA) equipped with a thermal conductivity
detector (TCD). For stationary phase, a stainless steel
column (1.8 m x 0.32 cm) packed with 60/80 Molecular
Sieve 13 x (Alltech Assoc., Inc. Deerfield, IL, USA) was
used. For mobile phase, helium gas at flow rate of 200 mL/
min was used. The temperatures of the oven, injector, and
TCD were 60, 180, and 180 °C, respectively [20].

Conjugated dienoic acid (CDA) and p-anisidine
value (p-AV) analysis in bulk oil

CDA and p-AV of samples were determined according to
AOCS method Ti la-64 and AOCS Cd 18-90 method [21],
respectively.

A modified DPPH method for antioxidant capacity
in bulk oil

The 1 mL of 0.1 mM DPPH in methanol was mixed with
0.04 g of oil for one min mixing. The mixture was cen-
trifuged at 2208 x g for 3 min and then 0.75 mL DPPH in
methanol was mixed with 0.25 mL of supernatant in the
mixture of oil and methanol. The absorbance of the sample
mixture was measured at wavelength of 517 nm after
30 min standing in the dark using a UV/VIS-spectrometer
(Model Genesys 10uv, Thermo Fisher Scientific Inc.,
Waltham, MA, USA). If the absorbance of DPPH was
below 0.2, oils were diluted further. Absorbance of DPPH
was expressed as DPPH loss with the following equation
[22, 23]
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(DPPH absorbance of blank sample — DPPH absorbance of samples)

DPPH loss (umol DPPH/g oil) =

Sample volume (L)
Oil sample (g)

~ Slope of conversion of DPPH absorbance into DPPH concentration (L/umol DPPH)

Analysis of tocopherol content in bulk oils

A 0.1 g of corn oil dissolved in 1 mL of n-hexane was
filtered through a polytetrafluorethylene membrane filter.
Tocopherol content in oil was analyzed by HPLC with a
fluorescence detector (JASCO International Co. Ltd.,
Tokyo, Japan) with a u—PorasilTM column (3.9 x 150 mm,
10 pm ID, Waters, Milford, MA, USA). Mixtures of n-
hexane and isopropanol at a ratio of 99.8-0.2 (v/v) were
used as the mobile phase with an isocratic 0.7 mL/min. The
temperature of a column oven was 35 °C and the injection
volume of samples was 20 pL. Tocopherols were detected
at excitation wavelength of 290 nm and emission wave-
length of 330 nm. Calibration curves were constructed
using standard o-, y-, and d-tocopherols (Sigma-Aldrich)
dissolved in n-hexane [24].

Moisture content analysis in bulk oil

The moisture content in corn oil was analyzed by a
coulometric KF titrator (C20, Mettler-Toledo Intl.,
Columbus, OH, USA) according to the manufacturer’s
instructions.

Lipid hydroperoxide analysis for O/W emulsion

Lipid hydroperoxides were determined using a method of
Yi et al. [19]. Briefly, oil in emulsion samples (0.2 mL)
were recovered 1.5 mL of isooctane/2-propanol (3:1, v/v),
with centrifugation at 2000xg for 2 min. Recovered oil
was mixed with 2.8 mL of methanol/1-butanol (2:1, v/v)
and then 30 pL of thiocyanate/Fe*" solution was added to
the mixture. Absorbance of the mixture was measured at
wavelength of 510 nm using a UV/VIS-spectrometer (Je-
nesis 10UV, Thermo, Waltham, MA, USA) after incuba-
tion at room temperature for 20 min. The concentration of
lipid hydroperoxide was calculated using a cumene
hydroperoxide standard curve.

Headspace volatile compound analysis for O/W
emulsion

Headspace volatiles in samples were determined using a

Hewlett-Packard 6890 gas chromatograph (GC) equipped
with a 5971A mass-selective detector (Agilent
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Technologies) and a MultiPurpose Sampler (MPS) (Ger-
stel, Miilheim, Germany). The solid phase was a 50/30 pm
Divinylbenzene/Carboxen/Polydimethylsiloxane solid
phase microextraction (SPME) fiber. Sample bottles were
incubated in the MPS agitator at 30 °C for 30 min to and
SPME fiber was exposed at 30 °C for 10 min to extract
volatiles. Volatiles in the SPME fiber were desorbed in a
GC injection port for 2 min at 250 °C. Stationary phase
was a DB-5 ms column (30 m x 0.25 mm i.d., 0.25 um
film thickness) with gradient temperatures. Oven temper-
ature started at 40 °C for 2 min, increased at the rate of
5.5 °C/min to 160 °C and at 10 °C/min to 220 °C, and
stayed at 220 °C for 1 min. The flow rate of helium carrier
gas was 1.0 mL/min. The GC system was operated in
splitless mode [25]. All mass spectra were obtained at
70 eV and ion source temperature of 220 °C. Identification
of compounds was made by a combination of NIST Mass
Spectra and Kovat index.

Statistical analysis

All data were analyzed statistically by analysis of variance
(ANOVA) and Duncan’s multiple range test using SPSS
software program version 19 (SPSS Inc., Chicago, IL,
USA). A p < 0.05 was considered statistically significant.
Headspace oxygen content, CDA, p-AV, DPPH loss,
tocopherol content, and moisture content were evaluated in
bulk oil system while headspace oxygen content, lipid
hydroperoxides, and headspace volatiles were determined
in O/W emulsion system.

Results and discussion
Preparation of carriers

SEM images of collagen mesh structure (A), collagen mesh
structure with a-tocopherol (B), chitosan gel (C), and
chitosan gel with a-tocopherol (D) are shown in Fig. 1,
Clear mesh structures (average pore size: 353 £ 27 pum;
average structure diameter: 307 & 16 um) of collagen are
shown in Fig. 1(A). After the loading procedure of o-to-
copherol, the mesh structure of collagen did not maintain
its original form. The collagen mesh structure was shrun-
ken and narrowed with irregular pattern. This change in
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Fig. 1 SEM of collagen mesh
structure (A), collagen mesh
structure loaded with o-
tocopherol (B), chitosan gel (C),
and chitosan gel loaded with a-
tocopherol (D)

structure of collagen mesh structure could be due to the
absorption of o-tocopherol and/or ethanol effects
[Fig. 1(B)]. In case of chitosan gel, porous, rough, and
dense structure on the surface of the gel was achieved
[Fig. 1(C)]. After the loading procedure of a-tocopherol,
the surface structure of chitosan gel was relatively sparse
and coarse and crumbled into pieces [Fig. 1(D)].

Oxidative stability in bulk corn oil

Changes in headspace oxygen content (A), CDA (B), and
p-AV (C) in corn oil for chitosan and collagen with or
without loading of a-tocopherol at 60 °C are shown in
Fig. 2. As storage time was increased to 5 days, headspace
oxygen contents over control samples were decreased from
20.9 to 17.0%. The samples containing collagen mesh or
chitosan gel showed significantly higher headspace oxygen
content than the controls (p < 0.05), indicating that the
added carriers retarded the consumption of headspace
oxygen molecules by unsaturated lipids.

Controls with o-tocopherol (Control 4+ T) had signifi-
cantly lower headspace oxygen content than controls
without a-tocopherol (Control), indicating that the added
a-tocopherol significantly accelerated the consumption of
oxygen molecules (p < 0.05). Samples of chitosan gel
loaded with a-tocopherol had higher headspace oxygen
content than those of collagen loaded with a-tocopherol
[Fig. 2(A)]. Therefore, oxidative stability in Chitosan + T

500 um

was higher than that in Collagen + T based on the con-
sumption of headspace oxygen content.

Results of CDA values indicating the degree of primary
oxidation products showed similar trend with those of
headspace oxygen contents. Control samples had signifi-
cantly (p < 0.05) lower CDA values than corresponding
samples containing carriers irrespective of o-tocopherol
loading. However, samples containing collagen showed the
lowest CDA values followed by those containing chitosan
gel [Fig. 2(B)], which was slightly different from the
results obtained for headspace oxygen content. p-AV
(representing the contents of secondary oxidation products)
in control samples with o-tocopherol was significantly
higher than other samples loaded with o-tocopherol
(p < 0.05). However, those samples without the addition of
carriers were not significantly (p > 0.05) different from
each other [Fig. 2(C)]. Depending on the types of assays,
different results were observed. Lipid oxidation, especially
autoxidation, has the following three steps: initiation,
propagation, and termination. Each assay has limited
validity due to difference in target compounds and princi-
ples. A combination of assays has been recommended to
cover different degrees of oxidation in samples [1, 19, 25].

Changes in DPPH loss in methanol (A) and total toco-
pherol contents (B) in corn oil containing collagen mesh
structure or chitosan gel with a-tocopherol at 60 °C are
shown in Fig. 3. DPPH loss in oils with a-tocopherol was
decreased significantly after 5 days of storage. It was lower
than that in oils with o-tocopherol loaded polymers
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Fig. 2 Changes in headspace oxygen content (A), CDA (B), and p-
AV (C) in corn oil containing chitosan or collagen loaded with o-
tocopherol at 60 °C. Different capital or small letters are significantly
different at 0.05 with o-tocopherol added samples or without o-
tocopherol added samples, respectively. ‘Control’, ‘Chitosan’, and
‘Collagen’ were oil samples without addition of o-tocopherol nor
carriers, with added chitosan gel, and with added collagen mesh
structure, respectively. ‘Control + T’, ‘Chitosan + T’, and ‘Colla-
gen + T° were oil samples with addition of a-tocopherol, with o-
tocopherol loaded chitosan gel, and with a-tocopherol loaded
collagen mesh structure, respectively

(p < 0.05). High concentration of antioxidants can react

with high concentration of DPPH radicals. The results of
DPPH loss indicated that the oil containing o-tocopherol
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Fig. 3 DPPH loss in methanol (A) and total tocopherol contents
(B) in corn oil containing chitosan or collagen loaded with o-
tocopherol during 60 °C oxidation. Different capital or small letters
are significantly different at 0.05 with a-tocopherol added samples or
without o-tocopherol added samples, respectively. Abbreviations
were listed in the captions of Fig. 2

loaded polymers had more remained antioxidants than o-
tocopherol containing oil without polymers. The DPPH
loss is a concentration of DPPH radicals reacted by
antioxidants and it should increase when the concentration
of antioxidant is high. Song et al. [23] reported that cor-
relation between DPPH loss in methanol and the contents
of antioxidants such as TBHQ, sesamol, and o-tocopherol
in the thermally oxidized bulk oils was high.
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Table 1 Changes of o- o -

tocopherol (ppm) in corn oils Oxidation time (day)

with chitosan and collagen 0 3 4 5

loaded with a-tocopherol at

60 °C storage Control* 222 4 7°a° 200 £ 11a 107 £ 11b 67 £ 40b
Chitosan 222 + 7a 207 £+ 49a 194 + 5a 138 + 11a
Collagen 222 + 7a 209 + 24a 204 £+ 5a 173 + 13a
Control + T 1747 + 66A 1336 + 176A 1117 + 83A 115 + 30B
Chitosan + T 1747 + 66A 1528 + 145A 1405 + 173A 877 + 95A
Collagen + T 1747 + 66A 1413 4 266A 1232 4+ 390A 842 £ 339A

#“Control’, ‘Chitosan’, and ‘Collagen’ were oil samples without addition of a-tocopherol nor carriers, with
chitosan gel, and with collagen mesh structure, respectively. ‘Control + T, ‘Chitosan 4+ T’, and ‘Colla-
gen + T’ were oil samples with addition of a-tocopherol, with a-tocopherol loaded chitosan gel, and with
a-tocopherol loaded collagen mesh structure, respectively

"Mean =+ standard deviation (n=3)

“Different letters indicated significant differences in the same day at 0.05 in the same column

Total tocopherol contents in control samples without
added polymers were significantly (p < 0.05) lower than
those in samples with carriers after 5 days of storage
[Fig. 3(B)]. This trend was clearly observed in samples
with carriers loaded with a-tocopherol. Samples with o-
tocopherol added underwent higher degradation of o-to-
copherol than those without the addition of a-tocopherol
after 5 days.

Changes in o-tocopherols (ppm) in corn oil with chi-
tosan and collagen loaded with o-tocopherol at 60 °C are
shown in Table 1. Contents of o-tocopherols in control
samples were decreased gradually during 5 days of storage
at 60 °C. Added chitosan gel and collagen mesh structures
significantly (p < 0.05) enhanced the remained tocopherol
content. There was no significant (p > 0.05) difference in
the content of a-tocopherol between chitosan gel and col-
lagen mesh structures.

The stability of a-tocopherol has been reported to be
much lower than that of other tocopherols and it has been

reported that o-tocopherol disappears sooner than other
tocopherol homologs [26]. The lower bond dissociation
enthalpy value and standard one electron reduction poten-
tial of a-tocopherol which are 75.8 kcal/mol and 270 mV,
respectively, might explain the low stability of o-toco-
pherol [27]. The bond dissociation enthalpy value and
standard one electron reduction potential of y-Tocopherol
are 78.2 kcal/mol and 350 mV, respectively, which are
higher than those of a-tocopherol [27]. Added carriers
somehow protected the loss of a-tocopherol from oxidative
stress compared to control oils with o-tocopherols. Gim
et al. [16] reported that addition of B-cyclodextrin and
collagen could enhance the stability of tocopherols while
chitosan did not show such effects. This could be due to the
limitation of diffusion of molecular oxygens or other fac-
tors such as physical location.

Moisture contents in corn oils with chitosan and colla-
gen with a-tocopherol at 60 °C are shown in Table 2. The
moisture content in control was increased after 5 days of

Table 2 Moisture contents

(ppm) in corn oils with chitosan Samples Oxidation time (day)

and collagen loaded with a- 0 3 4 5

tocopherol at 60 °C
Control® 446 + 3°a° 601 £ 46abc 521 £ 68c 801 £ 66a
Chitosan 446 + 3a 575 £ 14bc 694 + 94ab 771 £ 136ab
Collagen 446 + 3a 675 £ 16ab 766 + 43a 843 £ 59a
Control + T 446 + 3a 495 + 98¢ 560 £ 72bc 556 £ 50c
Chitosan + T 446 + 3a 587 £ 60bc 660 + 72ab 659 =+ 34bc
Collagen + T 446 + 3a 707 £ 71a 690 £ 72ab 561 £ 69¢

#Control’, ‘Chitosan’, and ‘Collagen’ were oil samples without addition of a-tocopherol nor carriers, with
chitosan gel, and with collagen mesh structure, respectively. ‘Control + T’, ‘Chitosan + T’, and ‘Colla-
gen + T’ were oil samples with addition of a-tocopherol, with a-tocopherol loaded chitosan gel, and with
a-tocopherol loaded collagen mesh structure, respectively

®Mean =+ standard deviation (n = 3)

“Different letters indicated significant differences in the same day at 0.05 in the same column
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Fig. 4 Changes in headspace oxygen content (A), lipid hydroperox-
ides (B), and volatiles (C) in oil-in-water emulsion containing
chitosan or collagen loaded with o-tocopherol at 60 °C treatment.
Different capital or small letters are significantly different at 0.05 with

storage while that in sample containing a-tocopherol was
significantly decreased (p < 0.05) after 5 days of storage.
Addition of chitosan or collagen in oils did not significantly
(p > 0.05) change the moisture content compared to their
corresponding controls during storage. The decrease in the
moisture content in oils containing carriers were also
observed in heated oils containing B-cyclodextrin and
chitosan [16]. Reduced moisture content in oils may affect
the rates of lipid oxidation in bulk oils.

Oxidative stability in O/W emulsions
Changes in headspace oxygen content (A), lipid

hydroperoxides (B), and volatiles (C) in O/W emulsions
containing chitosan or collagen with loaded o-tocopherol at

@ Springer
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2-Heptenal 1-Octen-3-ol

a-tocopherol added samples or without a-tocopherol added samples,
respectively. Abbreviations were listed in the captions of Fig. 2. *The
unit of total volatile compound is 1 x 10® pA

60 °C are shown in Fig. 4. Headspace oxygen contents in
control O/W emulsions were significantly (p < 0.05) lower
than those in samples containing carriers irrespective of o-
tocopherol loading after 4 days of storage. Interestingly,
O/W emulsions containing o-tocopherol had significantly
higher headspace oxygen contents than those without o-
tocopherol, which was different compared to bulk corn oil
results. Samples with collagen had the highest headspace
oxygen content, followed by samples with chitosan
[Fig. 4(A)]. Also, oils with a-tocopherol loaded collagen
had significantly higher headspace oxygen content than oils
with a-tocopherol loaded chitosan.

In the results of lipid hydroperoxides, the addition of
collagen and chitosan showed strong antioxidant proper-
ties. The sample containing collagen had lower lipid
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hydroperoxide value than the sample containing chitosan
[Fig. 4(B)].

Volatiles are secondary oxidation products from lipid
oxidation. They are useful indicators for determining the
degree of oxidation in O/W emulsion [25, 28]. Addition of
a-tocopherol in controls did not show significant
(p > 0.05) decrease in total volatiles in O/W emulsion
controls. Total volatiles in oils with collagen were signif-
icantly (p < 0.05) lower than those of controls and samples
with chitosan. However, total volatiles in oils with o-to-
copherol loaded collagen or o-tocopherol loaded chitosan
were significantly (p < 0.05) lower than those of controls
with o-tocopherol. This trend can be observed in the
changes of selected volatiles including 1-octen-3-ol and
2-heptetenal which are commonly detected in the oxidation
of linoleic acid [25]. Hexanal, a typical oxidation volatile
from linoleic acid oxidation, showed a little different pat-
tern in samples without a-tocopherol loading. However, in
samples with o-tocopherol added, emulsion containing
carriers showed significantly (p < 0.05) lower hexanal
content than controls. Overall, the addition of collagen
significantly reduced the rates of lipid oxidation in O/W
emulsion. Especially, a-tocopherol loaded chitosan or
collagen greatly reduced the formation of volatiles in O/W
emulsion at 60 °C storage condition. Antioxidant proper-
ties of chitosan has been utilized coating materials in
liposome [29].

In bulk oil systems, carriers itself and carriers loaded
with o-tocopherol had higher protection ability against
headspace oxygen consumption. They inhibited the for-
mation of primary and secondary oxidation products. It is
known that a-tocopherol can efficiently donate its hydro-
gen atom to the peroxyl radical (LOO-), resulting in the
formation of more lipid hydroperoxides [1]. Interestingly,
adding o-tocopherol accelerated the rates of lipid oxida-
tion. This could be due to the over production of radicals
from tocopherols. It is well-known that tocopherol has
optimum concentration. Once over such concentration,
tocopherol can act as a prooxidant [30].

Contents of moisture could play pivotal roles in the rates
of lipid oxidation because interfaces between oil and
moisture are believed to be major places for lipid oxidation
and action of antioxidants. Moisture may incorporate with
diverse amphiphilic compounds (including free fatty acids,
monoacylglycerols, diacylglycerols, phospholipids, and
moisture) to form association colloids or supramolecular
structures [2, 31]. Also, moisture content in bulk oils reg-
ulated by relative humidity from saturated salt solution can
greatly influence the stability of antioxidant compounds,
including lipophilic tocopherols [24] and hydrophilic
ascorbic acid [32]. To act as efficient antioxidants, it is
necessary to position the chemical compounds near these
interfaces of oil and water. In addition, the reactivity of

transition metals should be considered to understand the
antioxidant role of tocopherol homologs [33, 34]. The
concentration of cupric ion is related to the decomposition
of o-tocopherol [33]. It is known that o-tocopherol can
reduce ferric ion (Fe*") into ferrous ion (Fe>*) and ferrous
ion can accelerate the decomposition of lipid hydroperox-
ides rapidly [35]. Addition of carriers with shapes like
mesh structures may hinder the migration of metal ions and
limit the prooxidative action of transition metals, which
will make more tocopherol contents in oils. On the other
hand, adding a-tocopherol without polymers may not be
able to protect against oxidative stress such as attacks of
transition metals and increased decomposition rates of o-
tocopherol. Other possibilities of low stability of o-toco-
pherol in oils without carriers might come from the
involvement of o-tocopherol in supramolecular structures
with moisture based on the decrease in moisture content
compared to control oils (Table 2). However, further
studies are needed to confirm this possibility.

In conclusion, collagen mesh structures and chitosan gel
were designed to deliver a-tocopherol and their antioxidant
properties were tested in bulk corn oil and O/W emulsion at
60 °C. Collagen mesh structures and chitosan gel loaded
with a-tocopherol provided greatly enhanced the oxidative
stability. Also, carriers showed antioxidant properties in
both food matrices when a-tocopherol was not loaded. In
this study, the applicability of collagen mesh structures and
chitosan gel as carriers for liphophilic antioxidants was
confirmed in both bulk oil and O/W emulsion systems.
Current study can help to extend the oxidative stability in
foods with diverse matrix using carriers as antioxidant
carriers.
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