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Abstract The kinetics of astaxanthin degradation and lipid oxidation in shrimp oil from hepatopancreas of
Pacific white shrimp (Litopenaeus vannamei) as affected by storage temperature were studied. When shrimp
oil was incubated at different temperatures (4, 30, 45 and 60 °C) for 16 h, the rate constants (k) of astaxanthin
degradation and lipid oxidation in shrimp oil increased with increasing temperatures (p < 0.05). Thus,
astaxanthin degradation and lipid oxidation in shrimp oil were augmented at high temperature. When shrimp
oils with different storage conditions (illumination, oxygen availability and temperature) were stored for up to
40 days, astaxanthin contents in all samples decreased throughout storage (p < 0.05). All factors were able to
enhance astaxanthin degradation during 40 days of storage. With increasing storage time, the progressive
formation of primary and secondary oxidation products were found in all samples as evidenced by the
increases in both peroxide values (PV) and thiobarbituric acid reactive substances (TBARS) (p < 0.05). Light,
air and temperatures therefore had the marked effect on astaxanthin degradation and lipid oxidation in shrimp
oils during the extended storage.

Keywords Shrimp oil - Astaxanthin degradation - Lipid oxidation - Illumination - Oxygen availability -
Temperature

Introduction

Pacific white shrimp (Litopenaeus vannamei) is an important commercial species primarily cultured with high
market value. In 2013, the world production of 3,314,447 tons was reported (FAO 2015). Hepatopancreas, a
byproduct generated from the manufacturing of hepatopancreas-free whole shrimp, is approximately 5-7 % of
the total weight. It is the excellent source of oils with high polyunsaturated fatty acids (PUFA) (37.42 g/100 g
oil) and astaxanthin (2.02 mg/g oil), which are well known for their health benefits (Takeungwongtrakul et al.
2012). Nevertheless, astaxanthin and oil are susceptible to oxidation due to their highly unsaturated structures.
Environmental factors such as oxygen concentration, storage temperature and light also influence the oxi-
dation of astaxanthin and oil (Borsarelli and Mercadante 2010; Pristouri et al. 2010). Oxidation taken place
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during processing, storage and distribution reduces the nutritive value and affects the quality of astaxanthin
and oil (Nawar 1996). The assurance of stability and quality of oil rich in both astaxanthin and PUFAs is of
importance and necessity (Mancebo-Campos et al. 2008).

Better understanding of astaxanthin degradation and lipid oxidation kinetics in oils as well as factors
involved in those alterations could help in minimizing the loss in quality of oil rich in astaxanthin. Astaxanthin
degradation and lipid oxidation of the oil mostly depend on the storage temperature and storage time (Aidos
et al. 2002), and are associated with the limited shelf-life. Temperature is likely to be the most influential
factor in enhancing the oxidation and hydroperoxide decomposition intensely proceeds with increasing
temperature (Erkan et al. 2009). Kinetic data can be used to distinguish the origin of oil or to characterize the
differences or similarities in the oils (Tan et al. 2001). These data are very useful for predicting the oxidative
stability of oils under various heat processing, storage and distribution conditions (Huang and Sathivel 2008;
Tan et al. 2001). Nevertheless, scanty information regarding the kinetics of astaxanthin degradation and lipid
oxidation in shrimp oil and the effects of environmental factors on oxidative stability of shrimp oil has been
reported. Hence, the objectives of the present study were to determine the kinetics of astaxanthin degradation
and lipid oxidation of shrimp oil as a function of temperature and to study the oxidative stability of shrimp oil
as affected by different storage conditions.

Materials and methods
Chemicals

Ammonium thiocyanate was purchased from Sigma (St. Louis. MO, USA). Trichloroacetic acid, anhydrous
sodium sulfate, isooctane, ethanol and ferrous chloride were obtained from Merck (Darmstadt, Germany).
Cumene hydroperoxide, 2-thiobarbituric acid and 1,1,3,3-tetramethoxypropane were procured from Fluka
(Buchs, Switzerland). Isopropanol, hexane, chloroform, petroleum ether, hydrochloric acid and ammonium
thiocyanate were purchased from Lab-Scan (Bangkok, Thailand).

Collection of hepatopancreas from Pacific white shrimp

Hepatopancreas of Pacific white shrimp (Lifopenaeus vannamei) with the size of 50-60 shrimp/kg was
obtained from the Sea wealth frozen food Co., Ltd., Songkhla province, Thailand during November and
December, 2014. For each lot, pooled hepatopancreas (3-5 kg), used as the composite sample, was placed in
polyethylene bag. The bag was imbedded in a polystyrene box containing ice with a sample/ice ratio of 1:2 (w/
w) and transported to the Department of Food Technology, Prince of Songkla University, Hat Yai, Songkhla
within approximately 2 h. The sample was stored at —18 °C until use, but the storage time was not longer than
1 month. Prior to oil extraction, hepatopancreas was ground in the presence of liquid nitrogen using a blender
(Phillips, Guangzhou, China) for 30 s.

Extraction of oils from hepatopancreas

Oil was extracted from hepatopancreas following the method of Takeungwongtrakul et al. (2014). The
prepared hepatopancreas (20 g) was homogenized with 90 ml of cold solvent mixtures (isopropanol: hexane,
50: 50, v/v) (4 °C) at the speed of 9500 rpm using an IKA Labortechnik homogenizer (Selangor, Malaysia) for
2 min at 4 °C. The extract was filtered using a Whatman filter paper No.4 (Whatman International Ltd.,
Maidstone, England). The residue was extracted with cold solvent mixtures for another two times. The hexane
fraction was pooled and repeatedly washed with an equal quantity of 1 % NaCl in order to separate the phases
and remove traces of polar solvents. Hexane fraction (approximately 135 ml) was then added with 2-5 g
anhydrous sodium sulfate, shaken very well, and decanted into a round-bottom flask through a Whatman No. 4
filter paper. The solvent was evaporated at 40 °C using an EYELA rotary evaporator N-1000 (Tokyo Rika-
kikai, Co. Ltd, Tokyo, Japan) and the residual solvent was removed by nitrogen flushing.
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Effect of temperatures on astaxanthin degradation and lipid oxidation of shrimp oil

Shrimp oil (15 g) was transferred into the amber bottle and capped. The bottles containing shrimp oil were
placed in the water bath at different temperatures (30, 45 and 60 °C). The samples were also stored at 4 °C.
The oil samples were taken randomly at 0, 2, 4, 8 and 16 h and analyzed for astaxanthin content and peroxide
value (PV). Kinetics for astaxanthin degradation and lipid oxidation were studied.

Analyses
Measurement of astaxanthin content

Astaxanthin content in the oil samples was determined according to the method of Saito and Regier (1971)
with a slight modification. Oil (30 mg) was mixed with 10 ml of petroleum ether and the mixture was allowed
to stand for 30 min. The absorbance of oil, appropriately diluted, was measured at 468 nm using a UV-1601
spectrophotometer (Shimadzu, Kyoto, Japan). The concentration (C) of astaxanthin in the sample was cal-
culated using the equation given by Saito and Regier (1971) with a slight modification as follows:

Ayeg X volume of solution x dilution factor

C lipid) =
(hg/g lipid) 0.2 x weight of sample used in gram

where 0.2 is the A4gg of 1 pg/ml standard astaxanthin, 10 is the volume of solution and 1 is the dilution factor
of solution.

Peroxide value (PV)

PV was determined using the ferric thiocyanate method (Chaijan et al. 2006). To 50 pl of oil sample (tenfold
dilution using 75 % ethanol, v/v), 2.35 ml of 75 % ethanol (v/v), 50 pl of 30 % ammonium thiocyanate (w/v)
and 50 pl of 20 mM ferrous chloride solution in 3.5 % HCI (w/v) were added and mixed thoroughly. After
3 min, the absorbance of the colored solution was read at 500 nm using a spectrophotometer. Blank was
prepared in the same manner, except the distilled water was used instead of ferrous chloride. PV was
calculated after blank subtraction. A standard curve was prepared using cumene hydroperoxide with the
concentration range of 0.5-2 ppm. PV was expressed as mg cumene hydroperoxide/kg oils.

Kinetic studies
Astaxanthin degradation rate of shrimp oil

The first-order model was used to describe the astaxanthin degradation kinetics as described by Eq. 1 (Ni-
amnuy et al. 2008):

In(C/C’) = —kt (1)

where C' is the initial astaxanthin concentration (mg/kg oil); C is the astaxanthin concentration (mg/kg oil) at
time #; k is the degradation rate constant (h_l); t is the exposure time (h). A plot of In(C/C’) versus t was
constructed at different temperatures (4, 30, 45 and 60 °C) to determine the k values and the correlation
coefficients. The slope of the straight line and the correlation coefficient were obtained from the trend line of
the plot. The k values of shrimp oil were obtained from the slope of the plot.

The effect of temperature on the degradation rate was described using the Arrhenius relationship as shown
in Eq. 2 (Pu and Sathivel 2011).
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Ink = —E,/RT + Inky (2)

where k is the reaction rate constant; k., is the frequency factor; R is the universal gas constant
(8.3145 J/mol K); T is the absolute temperature (K); E, is the activation energy (J/mol). The resulting k values
from the first order model (In k) versus 1/T (i.e., 1/absolute temperature) were plotted and the activation
energy (E,) was obtained for astaxanthin degradation using the Arrhenius model. The magnitude of E, was
calculated as the slope of the trend line multiplied by the universal gas constant. The half-life (¢;,) was
calculated using Eq. 3.

fhy = In2/k (3)
Lipid oxidation rate of shrimp oil

A plot of PV versus time was constructed at various temperatures (4, 30, 45 and 60 °C). The resulting straight
line yielded the magnitude of the oxidation rate (mg/kg oil/h) at the corresponding temperature. The effect of
temperature on the oxidation rate was described using the Arrhenius relationship as shown in Eq. 2. The slope
of the straight line was obtained from the trend line of the plot. The magnitude of E, was calculated as the
slope of the trend line multiplied by the universal gas constant (Pu and Sathivel 2011).

Oxidative stability of shrimp oils as affected by different storage conditions

The oil (15 ml) was transferred into the bottles, capped and stored under different atmospheres (nitrogen and
air). To prepare sample with nitrogen atmosphere, the shrimp oil was flushed for 3 min with nitrogen gas. The
bottles containing shrimp oil were placed under different illumination conditions (dark and light) at two
temperatures (4 and 30 °C). Darkness was achieved by using amber glass bottles covered with aluminum foil.
Another sample was exposed to light with an intensity of approximately 600 Ix.

All samples (2 x 2 x 2 samples) were randomly taken at day 0, 10, 20, 30 and 40 for the determination of
astaxanthin content and PV as previously described. Additionally, thiobarbituric acid reactive substances
(TBARS) were also determined.

TBARS were determined as described by Buege and Aust (1978). Oil sample (0.5 g) was mixed with
2.5 ml of a solution containing 0.375 % thiobarbituric acid (w/v), 15 % trichloroacetic acid (w/v) and 0.25 M
HCI. The mixture was heated in a boiling water (95-100 °C) for 10 min to develop a pink color, cooled with
running tap water and centrifuged at 3600x g at 25 °C for 20 min using a centrifuge (Beckman Coulter,
Avanti J-E Centrifuge, Fullerton, CA, USA). The absorbance of the supernatant was measured at 532 nm
using a spectrophotometer. A standard curve was prepared using 1,1,3,3-tetramethoxypropane at the con-
centrations ranging from 0 to 6 ppm. TBARS were calculated and expressed as mg malonaldehyde/kg oils.

Statistical analysis

Experiments were run in triplicate using three different lots of samples. Data were subjected to analysis of
variance (ANOVA). Comparison of means was carried out by Duncan’s multiple range test at a significant
level (p < 0.05). For the design with interactions, a complete factorial experimental design was applied
(Armenta and Guerrero-Legarreta 2009). Statistical analysis was performed using the Statistical Package for
Social Science (SPSS for windows, SPSS Inc., Chicago, IL, USA).
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Results and discussion
Effect of different temperatures on astaxanthin degradation and lipid oxidation of shrimp oil
Kinetics of astaxanthin degradation

Astaxanthin is sensitive to oxidation because of its highly unsaturated structures. As a consequence, astax-
anthin undergoes degradation during storage (Ribeiro et al. 2005). Varying astaxanthin degradations were
observed at the various temperatures as shown in Table 1. The initial astaxanthin content for shrimp oil was
0.90 £ 0.01 mg/g oils. Shrimp oil had the lowest astaxanthin degradation, in which only 0.46 % of astax-
anthin was oxidized after 16 h of incubation at 4 °C. Shrimp oil incubated at 30, 45 and 60 °C showed the
higher percentage of astaxanthin degradation, 4.43, 10.92 and 16.51 %, respectively. Thus, astaxanthin
contents in shrimp oil decreased with increasing storage time and temperature (p < 0.05). Pu et al. (2010)
reported that astaxanthin in flaxseed oil stored at 30 and 40 °C was stable, whilst astaxanthin concentrations
decreased when kept at 50 and 60 °C. Since astaxanthin was considered as an effective antioxidant in oil (Pu
et al. 2010), the degradation of astaxanthin might be associated with the lower oxidative stability of fatty acids
and cholesterol in oil (Becerra et al. 2014). Due to the high content of PUFAs of shrimp oil, lipid oxidation
could take place with ease, leading to the formation of highly reactive species, such as alkyl and peroxyl
radicals, etc. Those species could increase the degradation of easily oxidisable compounds such as carotenoid
(Lavecchia and Zuorro 2008).

Thermal degradation of astaxanthin has been studied in several model systems (Niamnuy et al. 2008).
Astaxanthin degradation in oil from hepatopancreas of Pacific white shrimp at various temperatures was
described as the first order kinetics as evidenced by linearity of plot between In(C/C’) of astaxanthin and time
(h) (Fig. 1). The rate constant (k) of astaxanthin degradation was determined by linear regression of In(C/C’)
against time. The first-order kinetics demonstrated that the k of astaxanthin degradation in shrimp oil increased
with increasing storage temperature (p < 0.05) (Table 1), indicating that astaxanthin was degraded at a faster
rate at a higher temperature. The k values for shrimp oil stored at 4, 30, 45 and 60 °C were 0.03 x 1072,
0.29 x 1072,0.79 x 107> and 1.19 x 10~% h™", respectively. The R* of the first-order kinetics model were
0.93, 0.96, 0.94 and 0.96 for samples stored at 4, 30, 45 and 60 °C, respectively (Table 1). The results
indicated that the first-order kinetics could be used to describe the astaxanthin degradation in shrimp oil
samples kept at temperatures between 4 and 60 °C. Pu and Sathivel (2011) reported that the degradation of
astaxanthin in flaxseed oil containing crawfish astaxanthin was described by the first-order reaction kinetics.
Rao et al. (2007) also reported drastic reductions in astaxanthin concentrations at elevated heat processing
temperatures.

The Arrhenius plot of In (k) versus 1/T for astaxanthin degradation of shrimp oil is presented in Fig. 2. The
slope corresponds to the activation energy (E,) divided by the molar gas constant. The k values of shrimp oil
was well described by the Arrhenius equation, in which a high R* (0.9821) was obtained. The activation
energy (E,) of astaxanthin degradation in shrimp oil was 52.01 kJ/mol, which was lower than that previously
reported for carotenoids degradation in flaxseed oil containing astaxanthin during heat treatment
(E, = 88.44 kg/mol) (Pu et al. 2010). E, is the least amount of energy that must be overcome for a chemical

Table 1 Kinetics of astaxanthin degradation in shrimp oil

Temperature (°C) kx 1072 (™Y R? t12 (h) Astaxanthin degradation (%)
4 °C 0.03 £ 0.01¢ 0.9314 2,888 + 816.88° 0.46 + 0.09¢

30 °C 0.29 + 0.02¢ 0.9554 299 + 27.76° 443 + 1.80°

45 °C 0.79 £ 0.04° 0.9417 91 + 4.18° 10.92 + 0.72°

60 °C 1.19 + 0.04° 0.9607 62 + 2.16° 16.51 + 1.62%

Ea (kJ/mol) 52.01 & 5.08

Data are expressed as mean £ SD (n = 3)
Different lowercase superscripts in the same column indicate significant differences (p < 0.05)

k rate constant, t;,, half-life, Ea activation energy
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Fig. 1 The first-order kinetic plots of astaxanthin degradation in shrimp oil at various temperatures. C is the concentration of
astaxanthin at time, C’ is the initial concentration of astaxanthin. Bars represent standard deviations (n = 3)
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Fig. 2 The Arrhenius plot for the astaxanthin degradation of shrimp oil. Bars represent standard deviations (n = 3)

reaction to occur (Farhoosh and Hoseini-Yazdi 2014). A chemical reaction occurs when sufficient energy is
present in one or more molecules to produce rupture or formation of covalent bonds amongst atoms of these
molecules when they are in proximity (Toledo 2007). To assess the storage stability of astaxanthin in shrimp
oil, their apparent half-life was determined. Half-lives of shrimp oil stored at 4, 30, 45 and 60 °C were 2888,
299, 91 and 62 h, respectively. The results indicated that the storage life or shelf-life of astaxanthin in shrimp
oil was directly governed by temperatures.

Kinetics of lipid oxidation

Changes in PV of shrimp oil stored at different temperatures as a function of time are presented in Fig. 3.
Hydroperoxides are the primary products of lipid oxidation and a classic indicator for quantification of
oxidative rancidity (Bakkalbasi et al. 2012). PV mainly represents the amount of hydroperoxides formed
during lipid oxidation and is usually used to evaluate the primary oxidation degree of oil (Teets and Were
2008). PV increased with increasing incubation time and temperature. The continuous increase in PV was
observed at all incubation temperatures throughout 16 h of incubation. Nevertheless, PV slightly increased
within the first 4 h of incubation at 4 °C (p < 0.05). Thereafter, no difference in PV of shrimp oil was
obtained during 4 and 16 h of incubation (p > 0.05). Generally, shrimp oil incubated at 4 °C exhibited the
lowest PV, whereas that incubated at 60 °C showed higher PV, compared with others, for all incubation times
(p < 0.05). The result indicated that increasing incubation time and temperature could accelerate the for-
mation of hydroperoxides. Thus, the shrimp oil incubated at lower temperature (4 °C) was more stable than
that kept at higher temperatures (30, 45 and 60 °C).

The kinetic behaviour of the primary oxidation products is presumably zero order (Gémez-Alonso et al.
2004). The oxidation rate is dependent on several factors including temperature, the presence of inhibitors or
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catalysts, the nature of the reaction environment and compounds (Min and Boff 2002). At low or moderate
temperature, the formation of oxidation compounds during the induction period is slow. At high temperature,
the formation of new compounds is very rapid (Velasco and Dobarganes 2002). Additionally, the lipid
oxidation at low and high temperatures may go through different steps or reaction pathways (Tan et al. 2001).
The temperature also affects the degree of oxygen solubility in vegetable oils. The solubility of oxygen
decreases by almost 25 % for each 10 °C rise in temperature (Robertson 2000). Therefore, the results of such
predictions may lead to uncertainties and errors, and can only be considered as approximate values (Farhoosh
et al. 2008). The k of lipid oxidation for shrimp oil incubated for 16 h increased from 1.08 to 5.12 when
temperature increased from 4 to 60 °C (Table 2).

Arrhenius plot for PV of shrimp oil is shown in Fig. 4. Regression analysis indicated that the hydroperoxide
formation rate in shrimp oil increased with increasing temperature as indicated by a high R* value (0.9863)

Peroxide value (mg cumene
hydroperoxide/kg oils)

40

—+—4°C <@ 30 °C 45°C —x--60°C

Fig. 3 Peroxide values of shrimp oil during the incubation at different temperatures. Bars represent standard deviations (n = 3)

Table 2 Kinetics of lipid oxidation in shrimp oil

Temperature (°C) k(™Y R?

4 1.08 £ 0.11¢ 0.8582
30 2.81 4+ 0.10° 0.9497
45 3.91 + 0.45° 0.9160
60 5.12 £+ 0.30% 0.9398
Ea (kJ/mol) 21.59 £+ 0.96

Data are expressed as mean & SD (n = 3)
Different lowercase superscripts in the same column indicate significant differences (p < 0.05)

k rate constant, Ea activation energy

y =-2596.8x + 9.4964

R?=0.9863
3

0.8 -+

Ln Oxidation rate

0.4 1

0.0 T T T |
0.0030 0.0032 0.0034 0.0036 0.0038

T-1 (/)

Fig. 4 The Arrhenius plot for the peroxide values of shrimp oil. Bars represent standard deviations (n = 3)
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obtained. E, of lipid oxidation in shrimp oil was 21.59 kJ/mol, which was lower than that previously reported
(33.2 kJ/mol) for lipid oxidation in the unrefined pollock oil (Sathivel et al. 2008). The k value increased as
the temperature increased. Takeungwongtrakul et al. (2012) reported that shrimp oils consisted of 28.51 %
saturated fatty acids (SAT), 29.95 % monounsaturated fatty acids (MUFA) and 37.42 % PUFA. Adhvaryu
et al. (2000) showed that a high PUFA content would lower the E, value for lipid oxidation. PUFAs are more
susceptible to radical-initiated triplet oxygen oxidation than MUFA. The lower E, in the initiation of free-
radical formation in PUFA was reported, compared to that of MUFA (Lea 1952).

Oxidative stability of shrimp oil as influenced by various storage conditions
Changes in astaxanthin in shrimp oil

Astaxanthin is sensitive to photodegradation (Niamnuy et al. 2008); nevertheless other variables such as
temperature and oxygen availability also have the effect on its degradation during storage (Christophersen
et al. 1991). Astaxanthin contents of shrimp oils stored under different conditions during 40 days of storage
are presented in Table 3. Astaxanthin contents in all shrimp oil samples decreased throughout 40 days of
storage (p < 0.05). However, astaxanthin contents in shrimp oil varied with storage conditions.

When comparing astaxanthin contents of all samples, the sample exposed to ‘light 4 air’ at 30 °C
(35.27-40.53 % degradation) had the highest astaxanthin degradation after 40 days of storage (p < 0.05). The
result was in accordance with Armenta and Guerrero-Legarreta (2009) who reported that the combination of
full light, oxygen (air) and high temperature (45 °C) caused the pronounced oxidation of astaxanthin. This
result indicated that the combination of light, air and high temperature should be avoided during storage. The
concentration of astaxanthin was decreased by 22.87 and 17.33 % for the samples exposed to ‘dark + air’ at
30 °C and ‘light 4 nitrogen’ at 30 °C, respectively after 40 days of storage. Nevertheless, the samples with
‘light + nitrogen’ at 30 °C, ‘light 4 air’ at 4 °C, ‘light 4 nitrogen’ at 4 °C, ‘dark 4 nitrogen’ at 30 °C and
‘dark + air’ at 4 °C had no difference in astaxanthin degradation after storage (p > 0.05). In addition,
astaxanthin degradation in samples with ‘dark + air’ at 4 °C, ‘dark + nitrogen’ at 30 °C and ‘light + ni-
trogen’ at 4 °C was similar to the sample with ‘dark + nitrogen’ at 4 °C (p > 0.05). Minimal astaxanthin
degradation (8.8 %) was observed when samples were stored in the dark under nitrogen atmosphere at low
temperature (4 °C) after 40 days of storage. The result indicated that the absence of light and oxygen in
combination with low temperature was the best condition to enhance the stability of astaxanthin in shrimp oil.
Nevertheless, the exclusion of light, oxygen and high temperature in food products during processing and
storage may not be practical.

These results indicated that the individual factor (illumination, oxygen availability and temperature) had the
effect on degradation of astaxanthin in shrimp oils (p < 0.05). When the factor interactions were elucidated,
only the interaction between illumination and temperature was significant (p < 0.05). The exposure to light in
combination with high temperature seemed to make a significant synergistic contribution to the increase in
astaxanthin degradation (p < 0.05). Anarjan and Tan (2013) reported that the k£ value of astaxanthin degra-
dation was dependent on temperature, atmosphere and illumination conditions. Increasing storage temperature
or light intensity increased the k value of loss of astaxanthin nanodispersion. Polyene structure of carotenoid
provides them with valuable antioxidant properties; but also causes the compounds to be easily degraded in the
presence of light and/or heat (Handelman et al. 1991; Minguez-Mosquera and Jaren-Galan 1995). The
bleaching of carotenoids is mediated by photooxidation and autooxidation (Boon et al. 2010; Pérez-Galvez
et al. 2005). Carotenoid oxidation mechanism is similar to the lipid oxidation. It is accelerated by heat, and the
reaction is catalyzed by the presence of oxygen and light (Ishiwatari 1980). Zeb and Murkovic (2011) revealed
that astaxanthin and B-carotene were found to significantly increase the PV in olive oil. After astaxanthin
underwent oxidation or degradation, the radicals generated might be involved in chain reaction of lipid
oxidation.
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Lipid oxidation in shrimp oil
PV

Changes in PV of shrimp oils stored under different conditions during 40 days of storage are shown in Fig. Sa.
The increase in PV of all samples indicated that the samples were in propagation stage of lipid oxidation.
Lipid hydroperoxides are formed by various pathways including the reaction of singlet oxygen with unsat-
urated fatty acids or the lipoxygenase-catalyzed oxidation of PUFA (Nawar 1996). However, PV values varied
with different storage conditions.

When comparing PV of all samples, that exposed to ‘light + air’ at 30 °C had the higher PV than others
throughout 40 days of storage (p < 0.05), followed by those exposed to ‘light + air’ at 4 °C, ‘dark + air’ at
30 °C, ‘light 4 nitrogen’ at 30 °C, ‘dark + air’ at 4 °C, ‘light + nitrogen’ at 4 °C or ‘dark + nitrogen’ at
30 °C and ‘dark + nitrogen’ at 4 °C, respectively (p < 0.05). The lowest increase in PV after 40 days of
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storage was observed in the sample with ‘dark and nitrogen’ at 4 °C (p < 0.05). With the same oxygen
availability and temperature, the sample kept in dark had the lower increase in PV in shrimp oil, compared
with that exposed to light (p < 0.05). Schaich et al. (2013) reported that visible light lacks the energy to
produce radicals directly, but it can initiate lipid oxidation indirectly through photosensitisers that absorb low-
level light energy, and transform it to chemical energy sufficient to drive reactions. Within the same illu-
mination and temperature, the sample stored under nitrogen atmosphere had a lower PV than that stored in air
(»p < 0.05). Oxygen in air is a primary reactant in lipid oxidation which fuels the fatty acid decomposition
pathway that causes rancidity (Chen et al. 2011). The removal of oxygen from extra virgin olive oil by
nitrogen purging lowered PV (Masella et al. 2010). The sample stored at 4 °C showed the higher oxidative
stability than that stored at 30 °C when the same oxygen availability and illumination were used (p < 0.05).
Autoxidation, which proceeds once the initial free radicals are formed, is affected by temperature (Andersen
et al. 2006). During storage at low temperature, the oxidation processes are retarded but not stopped. In fact,
some oil-soluble radicals may even be more stable at lower temperatures, thereby propagating the oxidation
(Kanner 1994).

These results indicated that the individual factor (illumination, oxygen availability and temperature) had the
influence on PV in shrimp oils (p < 0.05). When considering factor interactions, only the interaction between
illumination and oxygen availability was significant (p < 0.05). The exposure to light in combination with
oxygen seemed to make a significant synergistic contribution to the enhanced lipid oxidation. Lipid oxidation
can occur through autoxidation or photo-oxidation. Thus, shrimp oil in the presence of light or air could have
the accelerated formation of hydroperoxide with decreased stability, especially when stored at high
temperature.

TBARS

Changes in TBARS of shrimp oils stored under different conditions during 40 days of storage are given in
Fig. 5b. TBARS value of all samples increased during 40 days of storage (p < 0.05). Changes in TBARS
values showed a similar trend with PV. Oils were more likely oxidized and hydroperoxides were subsequently
decomposed into the secondary products, including malonaldehyde (MDA) and other carbonyl compounds
during storage (Ganhdo et al. 2011).

When comparing TBARS values of all samples, shrimp oil exposed to ‘light + air’ at 30 °C showed the
highest TBARS value throughout 40 days of storage, followed by those exposed to ‘light + air’ at 4 °C and
‘dark 4 air’ at 30 °C, respectively (p < 0.05). Shrimp oil stored with ‘light + nitrogen’ at 4 °C and
‘dark 4 nitrogen’ at 30 °C showed no differences in TBARS values after 40 days (p > 0.05). Shrimp oil
stored in ‘light + nitrogen’ at 30 °C had the similar TBARS value to that stored in ‘dark + air’ at 4 °C during
the storage (p > 0.05). At the end of storage (40 days), the lowest TBARS value was obtained in the sample
with ‘dark + nitrogen’ at 4 °C (p < 0.05). These results indicated that lowering illumination, oxygen avail-
ability and temperature led to the lower TBARS values. According to the results of Pristouri et al. (2010), the
exposure of olive oil samples to light, high storage temperatures and large headspace volumes caused the
substantial deterioration in product. The most pronounced effects were temperature and light, whilst the
smallest effects were headspace volume and packaging material permeability to oxygen (Pristouri et al. 2010).

These results indicated that the individual factor (illumination, oxygen availability and temperature) had the
effect on TBARS values in shrimp oils (p < 0.05). Illumination showed the interaction with oxygen avail-
ability in enhancing lipid oxidation process. Thus, the exposure of packaged shrimp oil to light, air or heat
should be avoided since it could stimulate the oxidation of shrimp oil.

Conclusion

Astaxanthin degradation and lipid oxidation in shrimp oil increased with increasing incubation temperature.
Astaxanthin degradation and lipid oxidation of the shrimp oil as a function of temperature could be well
described by the Arrhenius equation. Oxidative stability of shrimp oil varied with different storage conditions
during storage for 40 days. All individual factors such as oxygen available, light and temperature had the
effect on astaxanthin degradation and lipid oxidation in shrimp oils. However, light and air were found to
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show the interaction on astaxanthin degradation and lipid oxidation of shrimp oil during the storage. Thus, the
best storage condition of shrimp oil was the dark and nitrogen atmosphere at low temperature (4 °C). The
storage of shrimp oil with light under air atmosphere at higher temperature was found as the worse condition.
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