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Characterization, sensory evaluation, and astaxanthin stability of isada krill under
various subcritical water conditions were investigated to optimize the quality of krill ex-
tract and residue for producing food seasoning. Raw krill (82 % wet basis moisture con-
tent) without additional water was treated in a pressure-resistant vessel for 10 min at a
temperature range of 100-240 °C. The yield of water-soluble protein was maximized by
treatment at 200 °C and decreased with treatment at higher temperatures. The degradation
of large molecules and the concomitant production of small molecules depended on the
treatment temperature. Astaxanthin in the krill was unstable at temperatures higher than
140 °C. The odour intensities of krill extract and residue increased with higher treatment
temperature; however, the highest intensity of pleasant shrimp-like flavour was obtained
by treatment at 140 °C. Subjective preference scores were the highest for extract and resi-
due obtained at 140 °C. Thus, treatment at 140 °C is the most promising method for pro-
duction of seasoning with shrimp-like flavour from isada krill.
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Introduction

Isada krill (Euphausia pacifica), also known as North
Pacific krill, is a small, shrimp-like crustacean (euphausi-
id) that is found mainly around the Sanriku coast in Ja-
pan. Krill readily deteriorates after harvesting, owing to
the action of endogenous proteases in the digestive tract,
with the production of unpleasant colour, odour and taste
(1), restricting its usage. The krill is mainly used in low-
-value-added products, such as animal and aquaculture
feeds, and fishing bait, and only a small amount is direct-
ly consumed by humans. High content of fluoride in exo-

skeleton reported for Antarctic krill (Euphausia superba)
and some other species of euphausiids raised concerns of
toxicity of using krill for a direct human diet (2). Howev-
er, krill is an abundant resource with high nutritional val-
ue, rich in protein, polyunsaturated fatty acids (PUFA),
such as eicosapentaenoic acid (EPA) and docosahexaeno-
ic acid (DHA), vitamin E and astaxanthin (2). Astaxanthin
has a role in determining the colour of crustacean prod-
ucts (3). Its stability during drying and storing processes
has been studied (4); however, its stability during a hy-
drothermal processing, as in subcritical water treatment,
has not been reported yet.
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Subcritical or superheated water is water in the liquid
state in the temperature range of 100-374 °C, at pressures
of 1-22 MPa. Under subcritical conditions, the relative di-
electric constant and polarity of water decrease with the
increase in temperature. The reduced polarity of subcriti-
cal water gives it properties of organic solvents; thus, it
can be used for extraction of organic compounds (5). An-
other feature of subcritical water is a high ion production,
which indicates that the water acts as a stronger acid or
base catalyst than water at lower temperatures and pres-
sures. Therefore, subcritical water has been widely used
to extract and hydrolyse the natural materials for produc-
tion of valuable compounds, such as proteins, essential
oils and bioactive compounds (including phenolic com-
pounds and antioxidants). Furthermore, the production
of hydrolysates from fish skin by using subcritical water
improved or modified their functionalities (6). Extraction
under subcritical water conditions in a closed vessel also
promoted the flavour development of tea (7).

Subcritical water has been used in the production of
protein hydrolysates and amino acids for use as food ad-
ditives, for example, from defatted krill (8) and squid vis-
cera (9). We have also applied the treatment to semi-dried
or raw krill by mixing the krill with water at a mass ratio
of 1:1, to produce extracts and residues having pleasant,
shrimp-like flavour (10,11). Using the products as season-
ing should be safe regarding fluoride toxicity because
only a small amount will be applied to food products.
However, mixing of the krill with water resulted in the
dilution of the extract, which decreased the flavour inten-
sity. Therefore, in this study, we described the direct treat-
ment of raw krill, without the addition of water, under
subcritical conditions, to produce extracts and residues,
which is possible because the water content of raw krill is
around 80 % of its fresh mass. The effects of treatment
temperature on the properties of the extracts and residues
were examined to determine the optimal treatment condi-
tions. Sensory evaluations of the extracts and residues
were also carried out.

Materials and Methods

Materials

The average mass and length of krill, which were
purchased from Hamaichi (Wakayama, Japan) in a frozen
state and thawed before use, were (0.07£0.01) g and
(18.00+0.65) mm, respectively. The krill contained on wet
mass basis 0.82 g/g of water and 0.05 g/g of lipid. Astax-
anthin (from algae, 98 % purity), diethyl ether, Folin-Cio-
calteu reagent, trisodium citrate dihydrate, copper(Il) sul-
fate pentahydrate, bovine serum albumin (BSA) and
uracil were purchased from Wako Pure Chemical Indus-
tries (Osaka, Japan). Myoglobin, tri-L-tyrosine (Tyr-Tyr-Tyr),
di-L-phenylalanine (Phe-Phe), and r-phenylalanyl-L-alanine
dihydrate (Phe-Ala) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Glucose oxidase was purchased
from Nacalai Tesque (Kyoto, Japan). Other reagents were
of analytical grade.

Treatment under subcritical water conditions

The plastic wrapped frozen krill pack was thawed by
immersion in water, and 60 g of the thawed krill was put

into a 117-mL pressure-resistant batch-type vessel (Taiat-
su Techno, Osaka, Japan). The closed vessel was then
heated with a 200 W mantle heater (Heater Engineer, To-
kyo, Japan) equipped with a TXN 700B thermo-controller
(As One, Osaka, Japan) to temperatures of 100-240 °C, at
intervals of 20 °C. Extractions at these eight temperature
points were performed in triplicate. After reaching the de-
sired temperature, it was maintained for 10 min, and then
the vessel was immediately immersed in ice water to cool
it down to room temperature.

The treated krill was separated into liquid and solid
residues by filtration under reduced pressure, followed
by pressing as described previously (10). The liquid ob-
tained from the solid residue by pressing was combined
with the liquid extract from filtration.

Properties of the extracts

The total solid content of the extracts was determined
by hot-air drying of 1 g of extract at 135 °C for 2 h accord-
ing to ISO method 6496:1999 (12), and is reported as mass
fraction in kg per kg of extract.

The protein content of the extracts was determined
by the Lowry-Folin method (13), after centrifugation of
the extracts at 4270xg for 20 min at 4 °C. A standard curve
was prepared using BSA at concentrations of 100-500
mg/L. Diluted supernatant (0.4 mL) or BSA (0.4 mL) solu-
tion was mixed with 2 mL of Lowry reagent and 0.2 mL of
50 % (by mass per volume) Folin-Ciocalteu reagent. The
absorbance of the mixture was measured at 750 nm using
a UV-1600 spectrophotometer (Shimadzu, Kyoto, Japan).

The lipid content of residues and extracts was deter-
mined using the solvent extraction method (14) after hot
air drying of residues at 105 °C for 4 h and crushing into
powder, and dehydration of extracts with sodium sulfate.
A mass of 1 g of dried krill residue powder or dehydrated
extract was placed in an extraction thimble (Advantec,
Toyo Roshi, Tokyo, Japan) and set in a Soxhlet extractor
for over 10 h at 47.5 °C to extract lipids using diethyl
ether. The remaining solvent in the extracted oil was re-
moved by evaporation. The residual lipid was weighed
and the lipid content was expressed as mass fraction in kg
per kg of raw krill.

The pH of the extract was measured using a pH me-
ter (D-51; Horiba, Kyoto, Japan).

Molecular mass distribution analysis

Molecular mass distribution was determined by size
exclusion chromatography, using an HPLC system con-
sisting of an LC-10AD pump (Shimadzu) and an YMC-
-Pack Diol-120 column (500 mm length, 8.0 mm internal
diameter; YMC, Kyoto, Japan). The filtered extract (20 uL)
was loaded onto the column and eluted with distilled wa-
ter at a flow rate of 1.0 mL/min. Elution was monitored
with an UV-Vis light detector (SPD-10A; Shimadzu) at
280 nm. The mass distribution in the extract was deter-
mined by comparison with molecular mass standards
comprising glucose oxidase (153 kDa), BSA (66 kDa), my-
oglobin (16.9 kDa), Tyr-Tyr-Tyr (507 Da), Phe-Phe (312
Da), Phe-Ala (236 Da), and uracil (112 Da), dissolved in
distilled water. The elution volume of the extract was con-
verted to the molecular mass using the calibration curve
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of the standards. The curve was expressed by the follow-
ing equation:
log M=7.31-0.334-V, /1/

where M and V, are molecular mass (Da) and elution vol-
ume (mL), respectively.

The freezing point depression, At; (°C), was also meas-
ured, using an osmometer (OM802; Vogel, Kevelaer, Ger-
many) to estimate the average molecular masses of solutes

(M) In the extracts, using the following equation:
Msolute=wsolute'Kf/Atf /2/
where w,,,. is the fraction of total solid content (g/kg)

and K; is the molal freezing point depression constant of
water (1.86 (°C-kg)/mol).

To quantify peak areas, the printed chromatogram
was carefully cut along a peak shape, and the paper was
divided into regions of high, medium and low molecular
mass by division at 10* and 10° Da. The divided chroma-
tograms were weighed to calculate the relative peak areas
of the regions of high, medium and low molecular mass
to the total area.

Astaxanthin analysis

Astaxanthin in the liquid extracts or solid residues
was extracted and saponified to convert it into its free
form. Krill residues were first dried in a hot air oven at 70
°C for 2 h and ground using a mortar and pestle to pro-
duce a powder. Extraction and saponification were per-
formed using a modified method of Yuan and Chen (15).
Residual powder (0.5 g) or extract solution (5 mL) was
mixed with 10 mL of an extraction solvent, which was a
mixture of dichloromethane and methanol (1:3, by vol-
ume) in a 50-mL screw-capped vial. The headspace was
flushed with nitrogen and the mixture was stirred in the
dark for 3 h. The vial was then centrifuged at 9600xg for 5
min at 4 °C. The precipitated residue or the upper layer of
the extract was separated from the solution containing
astaxanthin. The volumes of astaxanthin-containing solu-
tions obtained from residues and extracts were adjusted
to 10 and 5 mL, respectively, with the extraction solvent.
Astaxanthin in the solution was de-esterified by mixing
with 0.1 mol/L of sodium hydroxide in methanol at the
ratio 5:1. Headspace was flushed and kept at 4 °C in the
dark for 12 h. The solvent was then removed by evapora-
tion under a stream of nitrogen. Dry, free astaxanthin was
redissolved in chloroform for HPLC analysis. Standard
solutions of astaxanthin containing 5-25 pg/mL were pre-
pared from a stock solution of 25 ug/mL.

The astaxanthin content was determined using HPLC
(Shimadzu), with a Luna® 3 um Silica (2) 100 A column
(150 mmx4.6 mm; Phenomenex, Torrance, CA, USA) at am-
bient temperature. The mobile phase was a mixture of hex-
ane and acetone (82:18, by volume), and the flow rate was
1.2 mL/min. The sample injection volume was 20 pL.
Astaxanthin loss during the subcritical water treatment
was calculated in percentage using the following equation:

Astaxanthin loss=[A,,,~(AwtAes) [/ A 100 /3/

where A, A.. and A, are the absorbances that corre-
spond to astaxanthin concentrations in raw krill, liquid

extract and solid residue, respectively.

Odour intensity

Odour intensity was measured at 25 °C using an
odour concentration meter (XP-3291IIIR; Cosmos, Tokyo,
Japan) as an overall strength of perceived odour of the
krill extract (1 mL) or krill residue (1 g) in a 5-mL amber
glass bottle. The emitted odour compounds were detected
by an integrated sensor and were reported as numerical
values in an odour unit. The screw-capped bottle contain-
ing the sample was incubated in a water bath at 25 °C to
reach that temperature; then, the bottle was opened, and
the detection probe was immediately placed inside. Meas-
urement was conducted until the monitor displayed a
constant value. Odour intensity was expressed in odour
units (OU) per headspace volume of the bottle.

Sensory evaluation

The preference scores and shrimp-like flavour inten-
sities of the extract solutions and solid residues were eval-
uated by 13 panellists. A five-point hedonic scale (-2=dis-
like extremely, -1=dislike, O=neither like nor dislike,
+1=like and +2=like extremely) was used for preference
scoring, and a five-point intensity scale (1=slight to
5=strong) was used for grading shrimp-like flavour inten-
sity. A volume of 1 mL of the extract or 1 g of the wet resi-
due was placed in an amber glass bottle with a cap, and
the bottle was served to the panellists at room tempera-
ture. The bottle was shaken well before being opened and
sniffed. The scores obtained from the panellists were sub-
jected to analysis of variance (ANOVA) to determine the
significance of differences. The least significant difference
(LSD) test for randomized complete block design (RCBD)
was used to compare the scores for different treatments
with statistical significance level of 0.05, using SPSS Sta-
tistics v. 17 (IBM, New York, NY, USA).

Results and Discussion

Appearance of extracts

The appearance of extract solutions and solid resi-
dues obtained by treatment of krill under subcritical wa-
ter conditions varied depending on the treatment temper-
ature (Fig. 1). The brown colour of extracts was more
intense at higher treatment temperatures (for colour im-
ages see: www.ftb.com.hr). Extracts obtained at 100 and
120 °C were light yellow, whereas extracts prepared at
140 and 160 °C were reddish-yellow. Extracts prepared at
higher temperatures gradually became brownish-yellow,
and the extract prepared at 240 °C was dark brown. The
residues treated at low temperatures were reddish-pink.
The residues of the treatment at 140-180 °C were light
brown, and residue colour became lighter with treat-
ments at temperatures above 200 °C.

Yields of extract solutions and solid residues

Raw krill was treated at various temperatures and
separated to give extract solutions and solid residues.
Yields of extracts and residues varied depending on treat-
ment temperature (Fig. 2). Inset of the figure shows the
temperature profiles during the treatment of the krill
using the batch-type vessel. The yields of extracts and
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Fig. 1. Photographs of the liquid extracts and solid residues obtained after subcritical water treatment of raw krill at various tem-

peratures (for colour images see: www.ftb.com.hr)
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Fig. 2. Yields of the liquid extracts (O) and solid residues (A)
obtained after subcritical water treatment of raw krill at various
temperatures. Inset: temperature profiles during the treatments

residues showed little variation with treatment tempera-
tures from 100 to 140 °C, but extract yields greatly increased,
and residue yields greatly decreased at the temperatures
from 140 to 180 °C. The yields of residues on wet mass
basis below 140 °C were around 0.3-0.4 kg per kg of raw
krill, decreasing significantly above 140 °C. The yields of
extracts increased with increasing treatment temperature.
At temperatures above 180 °C, the yields of extracts were
290 % of the raw krill. The respective increases and de-
creases in the yields of extracts and residues with increas-
ing temperature indicate that subcritical treatment at
higher temperature decomposed the krill more efficiently
by increasing the ability of the krill water content to act as
a solvent.

Total solid and protein contents and pH of extracts

Total solid material and protein contents, and pH of
extracts varied according to treatment temperature (Fig.
3). The total solid content in the extracts increased gradu-
ally from 0.06 to 0.13 kg per kg of extract with increasing
treatment temperature up to 220 °C, levelling off to 0.12
kg per kg at 240 °C. Protein content also increased from
0.03 to 0.11 kg per kg of extract at treatment temperatures
up to 200 °C, and slightly decreased to 0.10 kg per kg at
higher temperatures. The pH of the extracts showed simi-
lar variation and might result from the formation of
amines, which is a basic product obtained by cooking ma-
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Fig. 3. Total solid (d) and protein (<) contents, and pH (@) of
the liquid extracts obtained after subcritical water treatment of
raw krill at various temperatures

terials containing protein at high temperature (16). These
observations suggest that proteinaceous substances be the
main components in the extracts obtained at higher tem-
peratures (16). However, the decrease of protein content
at 220 and 240 °C suggested that at these temperatures
the degradation of proteins and the generation of small
components, such as organic acids, occur (17,18).

Molecular mass distribution profiles

Molecular mass distribution profiles of liquid ex-
tracts varied depending on treatment temperature. The
molecular masses ranged from 10' to 10° Da (Fig. 4a).
Chromatograms of extracts obtained at 100-140 °C
showed similar patterns, although the signal intensity of
the extract at 140 °C was greater than those of the extracts
at 100 and 120 °C. Similarly, the extracts obtained at 220
and 240 °C showed similar distribution profiles.

The chromatograms were divided into regions of
high, medium and low molecular mass, and peak areas of
the regions were measured (Fig. 4b). The peak areas of the
regions of high and medium molecular mass increased
with increasing treatment temperature up to 180 °C, and
decreased at higher temperatures. The total solid content
of the extracts showed little variation from 180 to 240 °C
(Fig. 3). Therefore, the decline could be ascribed to hydro-
lysis of high-molecular-mass substances such as protein.
The peak area of the low-molecular-mass region sharply
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Fig. 4. Size exclusion chromatograms (a) of liquid extracts ob-
tained from subcritical water treatment of raw krill at 100-240
°C, and the mean molecular mass (in kDa) of the liquid extract
(b) estimated by freezing point depression (@), and the relative
peak areas of regions of high (<), medium (O), and low (A)
molecular mass of the chromatograms

decreased at temperatures above 140 °C, suggesting deg-
radation of low-molecular-mass substances. Small-molec-
ular-mass substances were observed in the extracts ob-
tained from treatments at 100-160 °C, but their levels
were much reduced with treatments at higher tempera-
tures. A small peak at <10' Da was observed at 220 and
240 °C, and might be ascribed to low-molecular-mass
substances, such as organic acids, amines, aldehyde, and
imines, formed by the thermal decomposition of amino
acids (19). Yoshida et al. (17) reported that pyroglutamic
and acetic acids were generated by the hydrolysis of fish
meat protein after treatment for 5 min under subcritical
water conditions at 513 K (240 °C) and 533 K (260 °C), re-
spectively. These results indicated that a greater number
of lower-molecular-mass compounds were produced dur-
ing subcritical water treatment at higher temperatures.

Lipid content

Lipid contents of extracts and residues varied de-
pending on treatment temperature (Fig. 5). Lipids moved
more easily from the krill to the liquid extract at higher
treatment temperatures. With increasing treatment tem-
perature, the lipid contents of liquid extracts increased
from 0.006 to 0.031 kg per kg of raw krill (from 12 to 58 %
of total lipid content), whereas those of solid residues de-
creased from 0.045 to 0.022 kg per kg (from 88 to 42 % of
total lipid). Because subcritical water has a low relative
dielectric constant (like an organic solvent), which de-
creases with increasing temperature, more lipids should
be extracted and solubilized in the liquid phase at high
temperatures (20). For instance, the use of subcritical wa-
ter to pretreat the oil seed of Datura stramonium increased
the yield of extractable lipids by 50 % (21). In addition,
collapse of krill shell material could become increasingly
important at elevated temperatures, facilitating lipid ex-
traction. Chitosan and protein, which are the shell com-
ponents of the crustacean organism (22), could be decom-
posed by subcritical water hydrolysis (23).
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Fig. 5. Lipid content of the liquid extracts (O) and solid residues
(A) obtained after subcritical water treatment of raw krill at
various temperatures

Astaxanthin content and stability

Astaxanthin is the main carotenoid that has a role as
a pigment in the krill and it exhibits excellent antioxidant
capacity. The overall astaxanthin contents in krill extracts
and residues obtained by subcritical water treatment, as
well as astaxanthin loss during treatment (determined by
comparison with total astaxanthin composition of raw
krill) vary depending on treatment temperature (Fig. 6).
The overall astaxanthin content in the extracts prepared
at 100-140 °C increased with increasing treatment tem-
perature, and the highest yield was achieved at 140 °C,
with a corresponding reduction in residual astaxanthin
content in the residues. This increase in the extraction of
astaxanthin from the krill might be due to the reduced
viscosity and polarity of subcritical water at higher tem-
peratures, increasing the ability to solubilize the hydro-
phobic astaxanthin (5). In addition, heating of the krill
also helped releasing astaxanthin from protein complex
(3). Nevertheless, it was found that the overall astaxan-
thin content under subcritical conditions at 100-140 °C
remained constant even though some astaxanthin was ex-
tracted into the liquid solution.
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Fig. 6. Astaxanthin content in the liquid extracts (gray bars) and
solid residues (white bars), and astaxanthin loss (@), after sub-
critical water treatment of raw krill at various temperatures
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Astaxanthin loss was determined as the difference
between the astaxanthin content of raw krill and the sum
of the contents of the extracts and residues. In the treat-
ment temperature range of 160-240 °C, the levels of asta-
xanthin in both the extracts and residues decreased with
increasing temperature, resulting in a sharp increase in
astaxanthin loss, presumably due to degradation. Almost
all the astaxanthin was lost at 220-240 °C (Fig. 6). Asta-
xanthin has previously been shown to be thermally labile,
with Becerra et al. (24) reporting that 14.2 % of astaxanthin
was degraded by boiling shrimp in brine (5 % NaCl, by
mass per volume) for 15 min.

Odour intensity and sensory evaluation

Treatment temperature had a remarkable influence
on the odour intensities of krill extracts and residues (Fig.
7). The odour intensity became stronger as the treatment
temperature increased of both the extracts and residues.
Degradation of proteins and other substances, which are
precursors of odour compounds (25), can increase at
higher treatment temperatures.
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Fig. 7. Odour intensity of the liquid extracts (O) and solid resi-
dues (A) obtained from subcritical water treatment of raw krill
at various temperatures

Shrimp-like flavour intensity and preference scores
of the krill extracts and residues at various treatment tem-
peratures were measured (Fig. 8). The preference score
expressed an indication of the overall quality of the ex-
tract or residue as a seasoning. Shrimp-like flavour inten-
sity was evaluated as the magnitude of cooked shrimp
aroma. Both the extract solutions and solid residues ex-
hibited a shrimp-like flavour, but its subjective intensity,
measured by panellists, did not correlate with the objec-
tive odour intensity, measured electronically (Fig. 7). The
strongest shrimp-like flavour was detected in the extracts
and residues prepared at 140-160 °C. These results are
similar to those for the treatment of raw krill mixed with
water (10). The temperature dependence of preference
scores was similar to that of the shrimp-like-flavour inten-
sity (Fig. 8). The extract and residue obtained at 140 °C
had the highest values of both preference score and
shrimp-like flavour intensity. Burnt odour, which is as-
cribed to very dark roast and ash-like substances, was rec-

a) f I

Flavour intensity

b)

Preference score

100 140 180 220 260
t/°C
Fig. 8. Shrimp-like flavour intensity (a) and preference score (b)
of the liquid extracts (O) and solid residues (A) obtained from
subcritical water treatment of raw krill at various temperatures.

Different upper- and lowercase letters indicate significant dif-
ferences (p<0.05) for the residue and extract, respectively

ognized in extracts and residues prepared at tempera-
tures of 180-240 °C, and the preference scores and
shrimp-like flavour intensities for these treatment tem-
peratures were low, especially for the extract and residue
obtained at 240 °C. Consequently, treatment of the krill at
140 °C was the most promising for producing a seasoning
with the desired shrimp-like flavour.

Fluoride mass fraction in krill, which has been re-
ported to be as high as 1.37 and 2.40 mg per g of dry mass
of Euphausia crystallorophias and Euphausia superba, respec-
tively (26), raised concerns of utilizing of krill for direct
human consumption because the Recommended Daily
Allowance (RDA) values of fluoride are only 4 and 3 mg
for male and female adults, respectively. However, using
the extract and residue as seasoning ingredient should be
possible because the amount that needs to be added to
food products is usually low.

Conclusions

Raw isada krill, without any addition of water, was
treated under subcritical water conditions in the tempera-
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ture range of 100-240 °C. The yields of the liquid extract
and solid residue increased and decreased, respectively,
as the treatment temperature increased. The total con-
tents of solid material and protein in the extracts were
higher at higher treatment temperatures. Treatment at
high temperatures (220-240 °C) caused degradation of
high-molecular-mass substances. Degradation of astaxan-
thin in both the extracts and residues was significant at
treatment temperatures above 160 °C. The highest prefer-
ence score and shrimp-like flavour intensity were record-
ed for both the extract and residue prepared at 140 °C.
Although suboptimal for overall yields, treatment at 140
°C would seem to be the most promising method for
avoiding degradation of krill components, and for pro-
ducing a shrimp-like flavour seasoning from the krill.

Acknowledgments

This study was performed under the project ‘The
Creation of Innovative Technology for Marine Products
Industry’ of the Program for Revitalization Promotion,
which was supported by Japan Science and Technology
Agency (JST).

References

1. Kawamura Y, Nishimura K, Igarashi S, Doi E, Yonezawa D.
Characteristics of autolysis of Antarctic krill. Agric Biol Chem.
1981;45:93-100.
http://dx.doi.org/10.1080/00021369.1981.1086448

2. Tou JC, Jaczynski J, Chen Y. Krill for human consumption:
nutritional value and potential health benefits. Nutr Rev.
2007;65:63-77.
http://dx.doi.org/10.1111/j.1753-4887.2007.tb00283.x

3. Belitz HD, Grosch W, Schieberle P. Food chemistry. Leipzig,
Germany: Springer; 2009.

4. Niamnuy C, Devahastin S, Soponronnarit S, Raghavan GSV.
Kinetics of astaxanthin degradation and color changes of dried
shrimp during storage. ] Food Eng. 2008;87:591-600.
http://dx.doi.org/10.1016/j.jfoodeng.2008.01.013

5. Toor SS, Rosendahl L, Rudolf A. Hydrothermal liquefaction
of biomass: a review of subcritical water technologies. Ener-
gy. 2011;36:2328-42.
http://dx.doi.org/10.1016/j.energy.2011.03.013

6. Asaduzzaman AKM, Chun BS. Hydrolyzates produced from
mackerel Scomber japonicus skin by the pressurized hydro-
thermal process contain amino acids with antioxidant activi-
ties and functionalities. Food Sci Technol. 2014;80:369-80.
http://dx.doi.org/10.1007/s12562-014-0705-2

7. Etoh H, Ohtaki N, Kato H, Kulkarini A, Morita A. Sub-criti-
cal water extraction of residual green tea to produce a roast-
ed green tea-like extract. Biosci Biotechnol Biochem. 2010;74:
858-60.
http://dx.doi.org/10.1271/bbb.90800

8. Ali-Nehari A, Kim SB, Lee YB, Chun BS. Production of value
added materials by subcritical water hydrolysis from krill
residues extracted by supercritical carbon dioxide. Afr ] Bio-
technol. 2011;10:18450-7.
http://dx.doi.org/10.5897/AJB10.2450

9. Uddin MS, Ahn HM, Kishimura H, Chun BS. Production of
valued materials from squid viscera by subcritical water hy-
drolysis. ] Environ Biol. 2010;31:675-9.

10. Koomyart I, Nagamizu H, Khuwijitjaru P, Kobayashi T, Shi-
ga H, Yoshii H, Adachi S. Subcritical water treatment for

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

producing seasoning from semidried Isada krill. ] Food Pro-
cess Eng. 2014;37:567-74.
http://dx.doi.org/10.1111/jfpe.12110

Koomyart I, Nagamizu H, Khuwijitjaru P, Kobayashi T, Shi-
ga H, Yoshii H, Adachi S. Compositions, flavour and anti-
radical properties of products from subcritical water treat-
ment of raw Isada krill. Int ] Food Sci Technol. 2015;50:1632-9.
http://dx.doi.org/10.1111/ijfs.12799

ISO 6496:1999. Animal feeding stuffs — Determination of mois-
ture and other volatile matter content. Geneva, Switzerland:
International Organization for Standardization (ISO); 1999.
Lowry OH, Rosebrough NJ, Lewis FA, Randall R]. Protein
measurement with the Folin phenol reagent. ] Biol Chem.
1951;193:265-75.

AOAC Official Method 2003.06. Crude fat in feeds, cereal
grains and forage. Gaithersburg, MD, USA: AOAC Interna-
tional; 2006.

Yuan JP, Chen F. Purification of trans-astaxanthin from a high-
-yielding astaxanthin ester-producing strain of the microalga
Haematococcus pluvialis. Food Chem. 2000;68:443-8.
http://dx.doi.org/10.1016/S0308-8146(99)00219-8

Iwazaki M, Kataoka H, Ishihara J, Takachi R, Hamada GS,
Sharma S, et al. Heterocyclic amines content of meat and fish
cooked by Brazilian method. ] Food Compost Anal. 2010;23:
61-9.

http://dx.doi.org/10.1016%2Fj.jfca.2009.07.004

Yoshida H, Terashima M, Takahashi Y. Production of organic
acids and amino acids from fish meat by sub-critical water
hydrolysis. Biotechnol Progr. 1999;15:1090-4.
http://dx.doi.org/10.1021/bp9900920

Wiboonsirikul J, Kimura Y, Kadota M, Morita H, Tsuno T,
Adachi S. Properties of extracts from defatted rice bran by its
subcritical water treatment. ] Agric Food Chem. 2007;55:
8759-65.

http://dx.doi.org/10.1021/jf0720411

Lien W, Nawar WW. Thermal decomposition of some amino
acids: valine, leucine and isoleucine. ] Food Sci. 1974;39:911-3.
http://dx.doi.org/10.1111/j.1365-2621.1974.tb07274 .x
Khuwijitjaru P, Adachi S, Matsuno R. Solubility of saturated
fatty acids in water at elevated temperatures. Biosci Biotech-
nol Biochem. 2002;66:1723-6.
http://dx.doi.org/10.1271/bbb.66.1723

Go A, Liu YT, Ju YH. Application of subcritical water treat-
ment on oil seeds to enhance extractable lipid. Bioenerg Res.
2014;7:711-9.

http://dx.doi.org/10.1007/s12155-013-9397-1

Arbia W, Arbia L, Adour L, Amrane A. Chitin extraction
from crustacean shells using biological methods — a review.
Food Technol Biotechnol. 2013;51:12-25.

Ouitain AT, Sato N, Daimon H, Fujie K. Production of valu-
able material by hydrothermal treatment of shrimp shells.
Ind Eng Chem Res. 2001;40:5885-8.
http://dx.doi.org/10.1021/ie010439f

Becerra JAH, Flores AAO, Valerio-Alfaro G, Soto-Rodriguez
I, Rodriguez-Estrada MT, Garcia HS. Cholesterol oxidation
and astaxanthin degradation in shrimp during sun drying
and storage. Food Chem. 2014;145:832-9.
http://dx.doi.org/10.1016/j.foodchem.2013.08.098

Zhang ], Yao Y, Ye X, Fang Z, Chen J, Wu D, et al. Effect of
cooking temperatures on protein hydrolysates and sensory
quality in crucian carp (Carassius auratus) soup. ] Food Sci
Technol. 2013;50:542-8.
http://dx.doi.org/10.1007/s13197-011-0376-2

Sands M, Nicol S, McMinn A. Fluoride in Antarctic marine
crustaceans. Mar Biol. 1998;132:591-8.
http://dx.doi.org/10.1007/s002270050424



