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In this study, Saccharina japonicawas treatedwith pressurized hot water extraction (PHWE) at a temperature of
180 °C–420 °C and pressure between 13 bar and 520 bar. The obtained hydrolysate was investigated for their
yield, total organic carbon (TOC), pH, Maillard reaction products, viscosity, color, and amino acid, mineral, and
monosaccharide contents. The extraction yield increased with an increase in temperature and varied from
72.21% to 98.91%. TOC, pH, and potassium and sodium content increased, whereas viscosity decreased, with an
increase in temperature. Essential amino acids such as valine and lysine and non-essential amino acids such as
aspartic acid, glutamic acid, glycine, and tyrosine recoveredwell at low temperature. The content of heavymetals
such as arsenic, cadmium,mercury, and leadwas very low in the obtained hydrolysate. Themaximum amount of
total amino acidswas recovered at 180 °C/13 bar (761.95±14.54mg/g). The level ofmainmonosaccharides such
as glucose (6.70 g/L), fructose (8.40 g/L), andmannitol (17.50 g/L)was found to be very high at 180 °C/13 bar. The
results indicated that the pressurized hot water extract of S. japonica has good potential for use in the fermenta-
tion industry and can be used as human food.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Saccharina japonica (Dashi kombu) is an aquatic class of
Phaeophyceae (brown algae), a kind of kelp or seaweed, which is widely
cultured in China, Japan, and Korea. It is an industrially orientated
species. S. japonica, also known as “Kombu” (in China “Haidai,” in
Korea “Dasima”), is a vital part of the diet for people in Japan.
Bulky reaps are grown using rope farming, an easy way to cultivate
macroalgae byhanging them tomoving ropes along the sea. Recently, sul-
fated polysaccharides from the brown seaweed S. japonica were studied
for their structures and functional materials [1]. A recent study showed
that polysaccharides obtained from brown seaweeds were mainly com-
posed of fucose, galactose, and sulfate groups, along with a trace amount
of other monosaccharides [2]. Sulfated polysaccharides from S. japonica
are widely explored because they vary from common polysaccharides,
which mostly contain sulfated fucose. These sulfated galactofucans have
an extensive range of biofunctional properties [3]. Recent reports are fo-
cused on algae species because of their potential as a source of nutrition
and nutritional characteristics, including their composition of fatty acids
[4], amino acids [5], and dietary fiber [6]. The health benefits of the intake
of seaweeds have also been reported [7].
nce and Technology, Pukyong
an 608-737, Republic of Korea.
Water is a globally neutral solvent and nontoxic at room tempera-
ture, whereas H2Omolecule above its critical temperature and pressure,
which is known as supercritical water, can behave as an organic solvent
and acidic medium [8]. Because of the alteration in this condition, some
physical properties of water beyond their critical points (Tm N 374 °C
and Tp N 220 atm). It is an environmentally friendly processing agent
and can also offer greater extraction yields from various samples [9].
Pressurized hot water extraction (PHWE) is performed by means of
boiling water (from 100 to 374 °C) with a pressure (usually from 10
to 60 bar) to uphold the water in a liquid state. The key factor to study
the various types of extraction procedures is the inconsistency of the di-
electric constant with temperature. At room temperature, water is a
polar solventwith a dielectric constant of 80. The dielectric constant sig-
nificantly changes when the water is heated up to 250 °C, where the
value will be 27, but the liquid state can be maintained by retaining a
suitable pressure [10]. The equipment can be attached with a chilling
machine for fast chilling of the product for immediately obtaining the
pressurized hot water extract [11]. PHWE of biomass presents several
advantages comparedwith traditional technologies (acid, alkali, and en-
zymatic hydrolysis). Its main advantage is that it does not use organic
solvents, which is a factor of major importance in any process because
organic solvents must be recycled, incinerated, or submitted to an ap-
propriate unitary operation, resulting in a non-aggressive waste to the
environment [12]. Moreover, it does not require biomass pretreatment;
it is fast, presents lesser corrosion, lower residue generation, and lower
sugar degradation than conventional hydrolysis methods [13].
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mailto:bschun@pknu.ac.kr
http://dx.doi.org/10.1016/j.algal.2015.12.004
www.elsevier.com/locate/algal


247P.S. Saravana et al. / Algal Research 13 (2016) 246–254
On the other hand, it has been reported that during PHWE of
macroalgae [14], browning compounds, i.e., Maillard reaction prod-
ucts (MRPs), are formed due to the reaction of the carbonyl group of
a reducing sugar with the free amino group of amino acids. It was
identified to be useful as an antioxidant in herbal drugs and foods.
In particular, it was reported that the antioxidant activity increased
with the heating strength, in similar with color development and
MRPs were responsible for the majority of the antioxidant activity,
in hydrolysis macroalgae [14]. Therefore, it will be of good value to
measure changes in MRP levels.

Thus, the aim of this study was to calculate the use of PHWE under
different temperatures to identify the chemical composition of
S. japonica like total organic carbon (TOC), pH, MRPs, viscosity, color,
amino acids, minerals, and monosaccharides obtained. Our findings
could relate the nutritional composition of S. japonica obtained by
PHWE, which can be considered important in human health and also
in the fermentation industry.
2. Materials and methods

2.1. Materials

The brown seaweed S. japonica, J.E. Areschoug, 1851, Lane, Mayes,
Druehl, and Saunders was collected from Guemil-eup, Wando-gun,
Jeollanam-do, Republic of Korea. High-purity nitrogen gas (99.99%)
was supplied by KOSEM (Yangsan, Republic of Korea). All reagents
used were of analytical or high-performance liquid chromatography
(HPLC) grade, and galactose, glucose, fructose, arabinose, mannose,
mannitol, sorbitol, xylitol, and xylose standards (purity N 98%) were
purchased from Sigma-Aldrich (St. Louis, MI, USA).
Fig. 1. Flow diagram of pressurized
2.2. Sample preparation

After washing fresh S. japonica samples with fresh water, unused
materials, attached salts, and minerals were removed, and the samples
were cut into small pieces. The pieces were dried at −80 °C for 3 days
in a freeze dryer (Eyela FDU-2100, Tokyo Rikakikai Co., LTD, Japan)
equipped with a square-type drying chamber (Eyela DRC-1000, Tokyo
Rikakikai Co., LTD, Japan). The dried samples were collected into sealed
plastic bags. The samples were then finely ground using a mechanical
blender (PN SMKA-4000 mixer, PN Co., Ltd., Ansan-si, Korea) and
were sieved through a 710-μm stainless steel sieving mesh.
2.3. PHWE

PHWEwas performed in a 200-cm3 batch reactor made of Hastelloy
C276 (continuous-type supercritical water system, Phosentech, South
Korea) with a temperature control (Fig. 1). A total of 6 g of sample
material was loaded into the reactor with 150 mL of distilled water.
The vesselwas then locked and heated using an electric heater to the re-
quired temperature (180 °C–420 °C). Pressureswere determined on the
basis of saturated steam to be between 13 bar and 520 bar for the tem-
perature range studied. The temperature and pressure in the reactor
were controlled using a temperature controller and pressure gauge, re-
spectively. The samplewas stirred using a four-blade stirrer at 150 rpm,
and after reaching the desired temperature, 5 min of reaction time was
maintained. Hydrolysate samples from the reactor were collected after
reaching room temperature (within 1 or 2 h after stopping the reac-
tion), filtered using a Whatman nylon membrane filter (0.45 μm), and
stored at 4 °C. The residual samples recovered after PHWE were dried,
and their weight was measured in grams (g).
hot water extraction (PHWE).
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2.4. Extraction yield

The extraction yieldwas calculated according to Plaza et al. [15]with
a slight modification.

Extraction yield %ð Þ ¼ dry extract weight=initial dry sample weight ð1Þ

The S. japonica hydrolysate was kept in an oven at 120 °C for 24 h to
obtain the dry extract weight, and the initial dry sample weight of the
freeze-dried S. japonica was calculated through the subtraction of
water content with the total weight. The freeze-dried S. japonica was
taken to dryness in an oven at 120 °C for 24 h. This process was con-
ducted in triplicate. The percent of water content in the freeze-dried
S. japonica was 10.69 ± 0.64%.

2.5. TOC

The carbon content of the S. japonica hydrolysate water was deter-
mined using TOC-Vcph, SSM (Shimadzu). The analysis was performed
using 1000 ppm of hydrolysate water of each condition.

2.6. pH measurement

The pH of the S. japonica hydrolysate water was measured using a
Mettler Toledo Five Easy Plus pH meter at 20 °C. Prior to the measure-
ments, the pH meter was calibrated using technical buffer solutions of
pH 4.01 ± 0.02, 7.00 ± 0.02, and 9.2 ± 0.02.

2.7. Determination of MRPs by absorbance measurement

The browning intensities of S. japonica hydrolysatewere determined
using MRPs (melanoidins). These extracts were filtered, and the
browning intensity was directly measured at 360 nm and 420 nm [14].
It was expressed as arbitrary absorbance units (A.U.).

2.8. Viscosity measurement

A Brookfield DVΙΙ+Pro viscometer (Brookfield Engineering Labora-
tories, Inc., Middleboro, MA, USA) was used to measure the viscosity of
S. japonica hydrolysate according to the method described by Ogawa
et al. [16] with slight modifications. In total, 8 mL of 0.1% (w/v) sample
in 0.1M acetic acidwas incubated at 25 °C for 10min and then placed in
a vessel. Spindle SC4-18 with agitation at 150 rpm was then used to
measure viscosity, which was expressed as centipoise (cP).

2.9. Color measurement

The color of the S. japonica hydrolysate was studied in the CIELab
color space using Minolta CM-2600d (Minolta Camera Co., Osaka,
Japan) with illuminant D65, 10° observer, SCI mode, 11-mm aperture
of the instrument for illumination and 8 mm for measurement. A low-
reflectance glass (Minolta CR-A51/1829-752) was placed between the
samples and equipment. The following color coordinates were deter-
mined: lightness (L*), redness (a*, ±red–green), and yellowness (b*,
±yellow–blue). From these coordinates, hue (H*) and chroma (C*)
were calculated as follows:

Hue ¼ tan‐1b�
a� Chroma ¼ a�2þb�2

� �1=2
ð2Þ

2.10. Amino acid composition analysis

The freeze-dried algae samples (400 mg) were hydrolyzed with 6 N
hydrochloric acid in an ampoule containing 0.1% phenol (for the protec-
tion of tyrosine) for 24 h at 110 °C. After acid hydrolysis, 30mL of citrate
buffer (pH 2.2) was added, and the pHwas adjusted between 0.5 and 1
with 7.5 NNaOHand to pH2.2with 1NNaOH. The sample obtainedwas
diluted to 100 mL with citrate buffer after adding 1 mL of 50 μM
norleucine solution (as an internal standard), while the S. japonica
hydrolysate obtained by PHWE was filtered (0.22-μm cellulose acetate
filter) and loaded onto a S430 (SYKAM) amino acid autoanalyzer
for free amino acid analysis. A cation separation column LCA K07/Li
(4.6 × 150 mm) with a column temperature of 37 °C–74 °C and buffer
pH range of 2.90–7.95 was used for free amino acid analysis. The
mobile phase was 5 mM of p-toluenesulfonic acid solution at a
flow rate of 0.45 mL/min. A mixture of 5 mM p-toluenesulfonic
acid, 20 mM of bis–tris, and 100 mM of EDTA was used as the
post-column reagent at a flow rate of 0.25 mL/min. Excitation and
emission wavelengths were kept at 440 and 570 nm, respectively.
The individual amino acid stock solutions were prepared in 0.1 M
HCl; tryptophan was prepared in water [17].

2.11. Mineral determination

The S. japonica hydrolysate and freeze-dried samples were prepared
as described by Rocha et al. [18] withminormodifications. The hydroly-
sate was filtered by 0.45-μm syringe filters (Sartorius), immediately
acidified with HNO3 to a pH of b2 and stored in a precleaned (rinsed
with 10% HNO3 followed by rinsing with MilliQ water) high-density
polyethylene vial. Filtrationwas done just beforemeasurement to elim-
inate tiny materials present in the sample, which are undesirable for
PerkinElmer Elan 6100 ICPMS (PerkinElmer, Waltham, MA, USA)
measurement.

2.12. Monosaccharide composition

The levels of galactose, glucose, fructose, arabinose, mannose, man-
nitol, sorbitol, xylitol, and xylose were measured using HPLC with an
evaporative light scattering detector. HPLC analysis was performed
using a JascoHPLC (Easton, USA)model 400 equippedwith a ChromNav
analysis software. High-purity nitrogen (99.99%) from KOSEM Co. was
used as the carrier gas. A Shodex (Japan) sugar column (SP0810) of
300 mm, thermostated to 80 °C, was used to analyze monosaccharides.
The water used for elution was filtered using a cellulose acetate filter
(0.22 μm) and then sonicated. The flow rate of the eluent was main-
tained at 0.6 mL/min. Monosaccharides of freeze-dried algae samples
(50 mg) were hydrolyzed with 1 M H2SO4 (3 mL) at 100 °C for 3 h.
The reaction medium was then neutralized with 1 mL N4OH (15 M),
and 1 mL of 2-deoxy-D-glucose (1 mg/mL) was added as the internal
standard, while the hydrolysate sampleswere diluted four fold usingfil-
tered and sonicated water (HPLC grade). The sample was filtered
through a 0.2-μm nylon filter before it was analyzed by HPLC [19].

2.13. Statistical analysis

All mean values were analyzed by one-way ANOVA. Values are
expressed as mean ± standard deviation. (SD; n = 3 replicates) (SPSS
software; version 20 for windows, IBM, Chicago, IL, USA). Statistical
analysis was performed using the Tukey test, and P b 0.05 was consid-
ered to be significant.

3. Results and discussion

3.1. Extraction yield

PHWE experiment temperatures ranged from 180 °C to 420 °C, and
the time taken to reach the desired temperature varied from 30 min to
105 min. The pressure was monitored using the pressure gauge, and it
ranged from 13 bar to 520 bar. Usually, the product acquired was a
solid–liquid mixture. After waiting (until it reaches room temperature)
for precipitation to occur, two layers of the hydrolysate were formed.
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The upper part was an aqueous solution,whichwas clearer and less vis-
cous, whereas the lower layer was a wet seaweed residue. Degraded
products obtained from the hydrolysis of S. japonica appeared dark
brownish and contained a blend of some liquid portion and little solid
substances. The hydrolysate had a toasty aroma at low temperature,
but it becamemore pungent with an increase in temperature. The sam-
ples were filtered using theWhatman nylonmembrane filter (0.45 μm)
and stored at 4 °C. The residual samples thatwere recovered after PHWE
were dried, and their weight wasmeasured in grams (Table 1). The res-
idue content varied from 1.56 (180 °C/13 bar) to 0.59 (420 °C/520 bar).
This clearly showed that a rise in temperature degrades the solid sam-
ple. Similar results were reported by Jung-Nam Park et al. [20].

The extraction yield of the S. japonica hydrolysate at different tem-
peratures and pressures are shown in Table 1. They varied from 72.21
to 98.91 wt.% (dry weight). As can be seen in Table 1, temperature
and pressure directly influenced the extraction yield. The effect of in-
creasing yield with increasing temperature has been extensively ob-
served in PHWE [15], and it is explained by the increasing mass
transfer, lower surface tension, and higher solubility of numerous com-
pounds. Watchararuji et al. [21] reported that PHWE of rice bran and
soybean meal has a high hydrolysis yield because of strong accumula-
tion through hydrophobic interactions; the resultant protein matter
has low solubility in water at ambient temperature [22].

Corrosion in the PHWE environment is of concern. In particular, ox-
idizing and acidic environments can result in quick corrosion, and it will
be more severe at subcritical conditions than at supercritical conditions
owing to the relatively dense and polar character of subcritical water.
The reactor frequently used for PHWE was made of nickel alloys such
as Inconel 625 and Hastelloy C276; titanium alloys also have good resis-
tance [23]. In our experiment, we used Hastelloy C276 as it has a good
resistance to corrosion when used at high temperature conditions. The
hydrolysate obtained from various PHWE conditions was examined
for TOC, pH, MRPs, viscosity, color, and amino acid, mineral, andmono-
saccharide contents.

3.2. TOC analysis

The amounts of TOC in the S. japonica hydrolysate obtained in each
temperature condition are shown in Table 1. The 180 °C/13 bar condi-
tion contained 18.64 ± 0.13 mg/L of carbon in the S. japonica hydroly-
sate, which essentially comprised sugars and organic acids. TOC of
hydrolysate products obtained in each temperature condition varied.
The amount of TOC (75.20 ± 1.69 mg/L) dramatically increased for
the 420 °C/520 bar condition. Thus, the result showed that TOC in-
creases with an increase in temperature. Similar results were reported
by Garcia et al. [24]. Issara et al. [25] reported that the TOC content con-
stantly increased due to the raise in temperature and that these type re-
sults are found in some food items when we cook. Further, there was a
possible reduction of organic carbon into carboneous gas products
Table 1
Experimental summary of residue obtained after PHWE, yield, TOC, pH, Maillard reaction prod

Conditions (°C/bar) Residue obtain after PHWE (g) Yield (%) TOC (mg/L)

180/13 1.56 72.21a 18.64 ± 0.13j

200/17 1.35 75.01a 19.05 ± 0.00j

220/25 1.23 78.10b 20.01 ± 0.31j

240/34 1.18 79.82b 22.20 ± 0.13i

260/49 1.03 81.37c 25.53 ± 0.10h

280/72 0.95 85.64c 30.14 ± 0.06g

300/100 0.87 90.20c 39.45 ± 0.43f

320/120 0.79 92.45c 47.16 ± 0.22e

350/150 0.75 94.04c 56.50 ± 0.80d

375/260 0.71 94.15d 58.41 ± 0.21c

400/400 0.64 95.67d 61.19 ± 0.49b

420/520 0.59 98.91d 75.20 ± 1.69a

Values are expressed as mean ± SD. Different letters indicate significant differences (P b 0.05)
because of oxidation. Although vaporous content was not investigated
in this study, earlier studies described that some products released
from the oxidation of biomass contain volatile carbon and water [26].
3.3. pH analysis

The pH of the obtained S. japonica hydrolysate was measured; the
values are shown in Table 1. The pH values varied from 4.91 ± 0.00
(180 °C/13 bar) to 7.95±0.02 (420 °C/520 bar) in the S. japonica hydro-
lysate, and the values were found to increase with an increase in tem-
perature. The pH was increased at higher temperatures due to the
formation of salts and degradation of all organic matter. The low pH
was due to the degradation of sugars into organic acids, and these or-
ganic acids undergo a chain reaction, providing the acidity for increasing
the speed of subsequent reactions as an autocatalytic process [27]. Gao
et al. [28] reported that when sucrose was treated in subcritical water
or water ethanol mixtures, the pH decreases due to the degradation of
glucose and fructose products into acidic compounds. In subcritical
water, the pH decreased further after the sucrose was completely
hydrolyzed.
3.4. Absorbance measurement of MRPs

It was broadly recognized that the different intensities of brown
color can be efficiently used to observe non-enzymatic browning reac-
tions, including the Maillard reaction. Visual observation was one of
the simplest ways to detect the presence of MRPs. For this purpose,
the obtained MRP value has been frequently engaged as an indicator
of a wide range of Maillard reactions for the occurrence of
caramelization, also in foods. The increase in the browning effect is di-
rectly related to the advanced phases of the reaction. The absorbance
at 360 nm and 420 nm is usually engaged to check the development
of browning reaction of MRP [14]. The S. japonica hydrolysate had a sig-
nificant content of MRPs based on the browning measurements at
360 nm and 420 nm (Table 1). The MRP content was high at the 420
°C/520 bar (4.00 ± 0.01 A.U. at 360 nm, 2.01 ± 0.00 A.U. at 420 nm)
and very low at the 180 °C/13 bar (2.51 ± 0.00 A.U. at 360 nm,
1.90 ± 0.02 A.U. at 420 nm) conditions. These absorbance values were
employed as indicators of caramelization and formation of brown ad-
vanced MRPs in thermally processed foods. Our data showed an in-
crease in the formation of MRPs as the extraction temperature
increased in PHWE of S. japonica. The formation of MRPs during
PHWE of several samples has also been reported in other studies
[14,29]. MRPs include a wide range of compounds of significant im-
portance for the nutritional value of food and beverages. Some of
these compounds have strong antioxidant activities, but others
such as hydroxymethylfurfural can be toxic and mutagenic [30].
ucts (MRPs) and viscosity at different PHWE conditions.

pH MRPs (A.U.) Viscosity (c.p.)

Absorbance at 360 nm Absorbance at 420 nm

4.91 ± 0.00 2.51 ± 0.00g 1.90 ± 0.02e 6.80 ± 0.20l

4.94 ± 0.00 3.00 ± 0.00f 1.95 ± 0.02d 6.50 ± 0.15k

5.05 ± 0.00 3.21 ± 0.05e 1.96 ± 0.01c 6.10 ± 0.10j

6.03 ± 0.01 3.30 ± 0.01d 1.97 ± 0.00b 5.80 ± 0.05i

6.57 ± 0.00 3.40 ± 0.01c 1.97 ± 0.02b 5.50 ± 0.00h

6.75 ± 0.00 3.61 ± 0.01b 1.97 ± 0.02b 4.80 ± 0.45g

6.84 ± 0.03 3.61 ± 0.01b 2.00 ± 0.01a 4.50 ± 0.18f

6.96 ± 0.02 3.99 ± 0.11a 2.00 ± 0.00a 4.10 ± 0.90e

7.28 ± 0.01 4.00 ± 0.00a 2.00 ± 0.01a 3.90 ± 0.05d

7.45 ± 0.00 4.00 ± 0.00a 2.01 ± 0.01a 3.50 ± 0.00c

7.64 ± 0.01 4.00 ± 0.00a 2.01 ± 0.00a 3.10 ± 0.01b

7.95 ± 0.02 4.00 ± 0.01a 2.01 ± 0.00a 2.90 ± 0.05a

according to Tukey's multiple range test.



250 P.S. Saravana et al. / Algal Research 13 (2016) 246–254
3.5. Viscosity

The viscosity of the obtained S. japonica hydrolysate was measured,
and the values are shown in Table 1. The viscosity values varied from
6.8 ± 0.20 cP (180 °C/15 bar) to 2.90 ± 0.05 cP (420 °C/520 bar) in
the S. japonica hydrolysate. The viscosities showed decreasing trends
with an increase in temperature. Schrieber et al. [31] reported that the
molecular weight of hydrolysates can influence the viscosity of solu-
tions and that hydrolysates with lowmolecular weight have a tendency
to produce a solution of low viscosity that was easier to process even at
a relatively high concentration. Hawthorne and Opell [32] described
that a decrease in viscosity and surface tension with an increase in tem-
perature improves the mass transfer rates of compounds from plant
materials. Therefore, viscosity is an important measurement for the in-
dustry to monitor and control hydrolysis.

3.6. Color

Color is one of themost important quality parameters in foods.With
regard to color coordinates (Table 2), lightness (L*) values ranged be-
tween 24.06 ± 3.12 and 37.10 ± 0.80, obtained at different conditions
of the hydrolysate. Lightness is influenced by the presence of pigments
and hygroscopic substances, which when thermally treated increase
their volume and reflected light. The lower lightness values observed
in the hydrolysate at higher temperature could be associated with
higher browning reactions that could take place in these samples. The
coordinate redness (a*, red–green) showed values ranging between
3.20 and 4.00, while the coordinate yellowness (b*, yellow–blue)
showed values ranging between 1.36 and 2.34. The redness and
yellowness values of the hydrolysate obtained at the 420 °C/520 bar
condition were higher than those at other conditions. The lower hue
values (H) of the S. japonica hydrolysate could be related to browning
reactions because lower hue values indicate that higher redness is pres-
ent in the sample. The hue values increasedwith an increase in temper-
ature. The chroma value (C) was in the range of 4.33 ± 0.14 to 6.41 ±
0.23.

3.7. Amino acid composition

Amino acids play a key function in the human body to construct a
mass of proteins and as intermediaries in metabolism. Various amino
acids taste sweet and bitter and also give flavor to food. Therefore, hy-
drolysates rich in amino acids can be used as seasonings in foodstuff
production [33]. The non-essential amino acid (NEAA) and essential
amino acid (EAA) yields of the S. japonica hydrolysate generated by
treatment at various temperatures are shown in Table 3. The NEAA
yield was higher than the EAA yield in the extract. The highest yield of
total amino acids of the S. japonica hydrolysate was found at 180 °C
Table 2
Color properties of S. japonica at different PHWE conditions.

Conditions (°C/bar) Color

L* a*

180/13 37.10 ± 0.80a 4.89 ± 1.09a

200/17 34.56 ± 5.35b 4.78 ± 0.40b

220/25 32.68 ± 6.32c 4.00 ± 2.14c

240/34 31.38 ± 7.85d 3.82 ± 3.23d

260/49 30.97 ± 3.45e 3.20 ± 0.10d

280/72 30.08 ± 6.00f 2.89 ± 0.43e

300/100 29.10 ± 7.21g 2.71 ± 0.71e

320/120 28.49 ± 5.10h 2.56 ± 1.23e

350/150 27.99 ± 6.90i 2.21 ± 0.13e

375/260 27.45 ± 4.50j 2.01 ± 0.54e

400/400 25.12 ± 8.25k 1.97 ± 0.24f

420/520 24.06 ± 3.12l 1.89 ± 0.65g

L— lightness, a— redness, b— yellowness, C— chroma, and H— hue. Values are expressed as m
multiple range test.
(761.95 ± 14.54 mg/g). The amino acid yield was reduced at tempera-
tures above 240 °C. All EAAs, except phenylalanine and tryptophan,
were detected in the S. japonica extract. Among EAAs, threonine, valine,
isoleucine, and leucinewere abundant. The highest yields for individual
EAAs were for threonine (6.15 ± 0.37 mg/g), valine (12.63 ± 0.38 mg/
g), isoleucine (4.03± 0.48mg/100 g), and leucine (12.24± 0.65 mg/g)
at 180 °C. All NEAAs, except proline, were detected in the S. japonica ex-
tract. The highest yields for NEAA were found at 180 °C for serine
(6.70 ± 0.36 mg/g), aspartic acid (280.13 ± 2.06 mg/g), glutamic acid
(105.82 ± 1.54 mg/g), glycine (201.16 ± 7.14 mg/g), alanine
(71.08± 0.86mg/g), and arginine (61.66± 0.67mg/g). As the temper-
ature increased, the amino acid and total protein contents also de-
creased. At the 240 °C/34 bar condition, the total protein content was
(274.8 ± 12.48 mg/g). EAAs such as threonine (3.11 ± 0.30 mg/g), va-
line (6.26± 0.25mg/g), isoleucine (1.96± 0.30mg/100 g), and leucine
(3.90 ± 0.26 mg/g) and NEAAs such as serine (5.20 ± 0.01 mg/g),
aspartic acid (51.33 ± 2.68 mg/g), glutamic acid (63.63 ± 2.41 mg/g),
glycine (51.17± 3.02mg/g), alanine (34.88± 1.44mg/g), and arginine
(53.27 ± 1.80 mg/g) were found at the 240 °C/34 bar condition. The
freeze-dried S. japonica hydrolysate showed a total EAA content of
2533.61 ± 113.01 mg/g and total NEAA content of 4107.72 ±
169.96 mg/g.

Asaduzzaman and Chun [17] reported that amino acids are convert-
ed into organic acids or volatile resources during hydrolysis, resulting in
the substantial reduction of amino acid content using hydrolyzed pro-
cessing ofmarine resources. Therefore, it can be assumed that high tem-
peratures lead to the reduction of amino acids into organic acids or
other byproducts. Cheng et al. [34] reported that the yields of most
amino acids were high at reaction temperatures of 180 °C–220 °C. In
the report by Mabeau and Fleurenc et al. [35], the aspartic and glutamic
acid levels were high and were major factors for the taste and flavor of
seaweed. The total amino acid content in S. japonica was reported by
Shin et al. [36]; when compared with this result, even after hydrolysis,
almost all amino acid contents were maintained until 240 °C, after
which all amino acids were destroyed.

3.8. Mineral content

The dominant molecule in brown seaweed is a carbohydrate, with
alginate identified as the major constituent. Alginate is found in most
brown seaweeds as a physical constituent for the formation of cell
wall, and it forms an insoluble salt, chiefly comprising calcium, with
minor amounts of magnesium, sodium, and potassium [19]. In the pres-
ent study, various mineral components such as macrominerals (calci-
um, magnesium, sodium, phosphorus, and potassium), microminerals
(copper, iron, iodine, manganese, zinc, and aluminum), and heavy
metals (arsenic, cadmium, mercury, and lead) were determined in the
S. japonica hydrolysate (Table 4). The S. japonica hydrolysate contained
b* C H

1.36 ± 0.14g 5.08 ± 0.05b 15.54 ± 1.89g

2.1 ± 0.32f 5.22 ± 0.02b 23.71 ± 2.07f

2.34 ± 0.86f 4.63 ± 0.17c 30.32 ± 1.03e

2.46 ± 0.53f 4.54 ± 0.21c 32.78 ± 5.00e

2.91 ± 0.90e 4.33 ± 0.14c 42.28 ± 2.78d

3.01 ± 0.25d 4.17 ± 0.11c 46.16 ± 3.94d

3.6 ± 0.10d 4.51 ± 0.05c 53.02 ± 1.65c

4.29 ± 0.77c 5.00 ± 0.02b 59.17 ± 0.77c

4.56 ± 0.35c 5.07 ± 0.02b 64.14 ± 0.19b

5.10 ± 0.02b 5.48 ± 0.06b 68.48 ± 1.80b

5.48 ± 0.20b 5.82 ± 0.04b 70.22 ± 2.31a

6.12 ± 0.15a 6.41 ± 0.23a 72.83 ± 2.07a

ean ± SD. Different letters indicate significant differences (P b 0.05) according to Tukey's



Table 3
Total amino acid yield from S. japonica at different PHWE conditions.

Conditions (°C/bar)

Freeze dried
S. japonica

180/13 200/17 220/25 240/34 260/49 280/72 300/100 320/120 350/150 375/260 400/400 420/520

Essential amino acids (EAA)
Threonine 432.17 ± 10.02a,b 6.15 ± 0.37a 5.69 ± 0.12a 5.22 ± 0.20b 3.11 ± 0.30c N.D N.D N.D N.D N.D. N.D. N.D. N.D.
Valine 451.07 ± 18.24a,b 12.63 ± 0.38a 11.14 ± 0.31b 11.88 ± 0.46b 6.26 ± 0.25f 4.18 ± 0.25c 3.00 ± 0.34d 1.02 ± 0.11e 0.11 ± 0.02g N.D. N.D. N.D. N.D.
Methionine 201.15 ± 14.17 b,c 0.03 ± 0.01a 0.02 ± 0.01b 0.01 ± 0.01c 0.01 ± 0.01c N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Isoleucine 301.78 ± 20.41b 4.03 ± 0.48a 3.27 ± 0.40b 3.26 ± 0.30b 1.96 ± 0.30c N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Leucine 419.19 ± 4.74a,b 12.24 ± 0.65a 9.74 ± 0.37b 8.25 ± 0.30c 3.90 ± 0.26d 2.25 ± 0.25e 1.02 ± 0.01f N.D. N.D. N.D. N.D. N.D. N.D.
Histidine 320.19 ± 26.06 a 0.05 ± 0.00c 0.05 ± 0.00c 0.02 ± 0.00d 0.08 ± 0.00a 0.06 ± 0.00b 0.06 ± 0.00b 0.06 ± 0.00b 0.05 ± 0.00c N.D. N.D. N.D. N.D.
Lysine 408.06 ± 19.37a,b 0.09 ± 0.00c 0.05 ± 0.00b 0.02 ± 0.00a N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Total EAA 2533.61 ± 113.01 35.22 ± 1.89 29.96 ± 1.21 28.66 ± 1.27 15.32 ± 1.12 6.49 ± 0.50 4.08 ± 0.35 1.08 ± 0.11 0.16 ± 0.02 N.D. N.D. N.D. N.D.

Non-essential amino acids (NEAA)
Serine 400.10 ± 39.10a,b 6.70 ± 0.36b 5.78 ± 0.14a 5.51 ± 0.26a 5.20 ± 0.01a N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Aspartic acid 1040.22 ± 12.50a 280.13 ± 2.06a 226.82 ± 1.16b 87.88 ± 1.44c 51.33 ± 2.68d 41.84 ± 0.08e 30.33 ± 1.35f 9.49 ± 0.27g N.D. N.D. N.D. N.D. N.D.
Glutamic acid 987.41 ± 17.86a 105.82 ± 1.54a 83.24 ± 2.25b 77.34 ± 1.02c 63.63 ± 2.41d 22.29 ± 1.32e 10.05 ± 0.23f N.D. N.D. N.D. N.D. N.D. N.D.
Glycine 519.20 ± 26.89a,b 201.16 ± 7.14a 177.34 ± 2.07b 83.98 ± 1.77c 51.17 ± 3.02d 38.12 ± 1.02e 35.26 ± 1.55e 10.05 ± 0.73f N.D. N.D. N.D. N.D. N.D.
Alanine 508.47 ± 30.35a,b 71.08 ± 0.86a 61.82 ± 0.62b 50.03 ± 0.60c 34.88 ± 1.44d 20.67 ± 0.54e 5.00 ± 0.23f N.D. N.D. N.D. N.D. N.D. N.D.
Cysteine 98.76 ± 11.09c 0.10 ± 0.01a 0.05 ± 0.01a N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Tyrosine 143.25 ± 13.88c 0.08 ± 0.01a 0.05 ± 0.01a 0.01 ± 0.01a N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Arginine 410.31 ± 18.29a,b 61.66 ± 0.67a 59.82 ± 0.24b 58.38 ± 0.12b 53.27 ± 1.80c 50.47 ± 0.64d 49.82 ± 0.76e 30.42 ± 0.72f 10.51 ± 0.15g N.D. N.D. N.D. N.D.
Total NEAA 4107.72 ± 169.96 726.73 ± 12.65 614.92 ± 6.50 363.13 ± 5.22 259.48 ± 11.36 173.39 ± 3.60 130.46 ± 4.12 49.96 ± 1.72 10.51 ± 0.15 N.D. N.D. N.D. N.D.
Total amino acid 6641.33 ± 282.97 761.95 ± 14.54 644.88 ± 7.71 391.79 ± 6.23 274.8 ± 12.48 179.88 ± 4.1 136.37 ± 4.47 51.04 ± 1.83 10.67 ± 0.17 N.D. N.D. N.D. N.D.

Values are expressed as mean ± SD and in mg/g. Different letters indicate significant differences (P b 0.05) according to Turkey's multiple range test. N.D., not detected. Phenylalanine, tryptophan and proline were not detected in all the conditions.

Table 4
Macro-minerals, micro-minerals and heavy metal contents obtained from S. japonica during different PHWE conditions.

Conditions (°C/bar)

Freeze dried S. japonica 180/13 200/17 220/25 240/34 260/49 280/72 300/100 320/120 350/150 375/260 400/400 420/520

Macrominerals
Calcium 4570.41 ± 40.80c 0.32 ± 0.01g 0.60 ± 0.03e,f 0.55 ± 0.00f 0.70 ± 0.05e 0.68 ± 0.01e 1.31 ± 0.05d 1.48 ± 0.02c 1.59 ± 0.04b,c 1.59 ± 0.05b 1.60 ± 0.02b 1.60 ± 0.02a 1.71 ± 0.04b

Magnesium 4190.38 ± 30.06c 0.57 ± 0.02g 0.60 ± 0.02g 0.56 ± 0.00f,g 0.89 ± 0.05f 0.30 ± 0.02e 1.47 ± 0.03d 2.01 ± 0.02c 2.23 ± 0.12c 2.20 ± 0.05b 2.30 ± 0.02b 2.37 ± 0.03b 2.46 ± 0.02a

Phosphorus 1500.26 ± 10.47d 0.52 ± 0.02a 0.35 ± 0.00b 0.30 ± 0.01b 0.23 ± 0.01c 0.22 ± 0.01c 0.08 ± 0.00d 0.09 ± 0.04d 0.09 ± 0.00d 0.09 ± 0.00d 0.09 ± 0.00d 0.01 ± 0.00e 0.01 ± 0.00e

Potassium 35,870.47 ± 19.21a 4.92 ± 0.22k 6.59 ± 0.06j 6.55 ± 0.05j 9.18 ± 0.09i 9.89 ± 0.26h 10.35 ± 0.10g 13.19 ± 0.09f 16.35 ± 0.07e 16.48 ± 0.07d 17.70 ± 0.28c 20.48 ± 0.10b 24.34 ± 0.18a

Sodium 9980.24 ± 37.89b 1.34 ± 0.01l 1.71 ± 0.01k 2.41 ± 0.11j 3.14 ± 0.08i 4.25 ± 0.13h 5.00 ± 0.14g 6.23 ± 0.12f 7.00 ± 0.14e 8.23 ± 0.12d 10.10 ± 0.05c 10.19 ± 0.09b 12.65 ± 0.08a

Microminerals
Iron 2.14 ± 0.10i 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a N.D. N.D. N.D. N.D. N.D. N.D.
Iodine 30.60 ± 0.48e 0.03 ± 0.01b 0.02 ± 0.01a 0.02 ± 0.01b,c 0.02 ± 0.01b,c 0.01 ± 0.01c 0.09 ± 0.01a 0.07 ± 0.01a 0.08 ± 0.01a 0.07 ± 0.01a 0.07 ± 0.01a 0.09 ± 0.01a 0.08 ± 0.01a

Manganese 1.98 ± 0.50i 0.01 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a

Zinc 10.80 ± 0.21g 0.01 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a 0.01 ± 0.01a N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Aluminum 31.46 ± 0.17e 0.36 ± 0.05a 0.20 ± 0.07b 0.20 ± 0.01b 0.20 ± 0.01b 0.21 ± 0.01b 0.19 ± 0.01b 0.18 ± 0.01b 0.18 ± 0.01b 0.18 ± 0.01b 0.18 ± 0.01b 0.18 ± 0.01b 0.18 ± 0.01b

Heavy metals
Arsenic 20.89 ± 0.10f 3.25 ± 0.01a 3.25 ± 0.01a 3.25 ± 0.01a 3.25 ± 0.01a 3.25 ± 0.01a 3.25 ± 0.01a 3.25 ± 0.01a 3.25 ± 0.01a 3.25 ± 0.01a 3.25 ± 0.01a 3.25 ± 0.01a 3.25 ± 0.01a

Cadmium 0.50 ± 0.01j 0.03 ± 0.00a 0.03 ± 0.00a 0.03 ± 0.00a 0.03 ± 0.00a 0.03 ± 0.00a 0.03 ± 0.00a 0.03 ± 0.00a 0.03 ± 0.00a 0.03 ± 0.00a 0.03 ± 0.00a 0.03 ± 0.00a 0.03 ± 0.00a

Mercury 5.06 ± 0.01h 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a

Lead 0.35 ± 0.01k 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00a 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a

Values are expressed as mean ± SD and in μg/g in DM (dry matter). Different letters indicate significant differences (P b 0.05) according to Turkey's multiple range test. N.D., not detected. Copper was not detected in all the conditions.
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significant amounts of macro- and microminerals. Magnesium,
calcium, potassium, and sodium contents were increased with an
increase in temperature. The amount of each mineral between the
180 °C/13 bar and 420 °C/520 bar conditions was as follows: calcium
[0.32 ± 0.01 μg/g in dry matter (DM) to 1.71± 0.04 μg/g in DM], mag-
nesium (0.57 ± 0.02 μg/g in DM to 2.46± 0.02 μg/g in DM), potassium
(4.92 ± 0.22 μg/g in DM to 24.34 ± 0.18 μg/g in DM), and sodium
(1.34 ± 0.01 μg/g in DM to 12.65 ± 0.08 μg/g in DM). The most abun-
dant element in the S. japonica hydrolysate was potassium, and the
sodium content strongly increased with an increase in temperature. In
contrast, the aluminum content decreased with an increase in tempera-
ture from 180 °C/13 bar (0.36 ± 0.05 μg/g in DM) to 420 °C/520 bar
(0.18 ± 0.01 μg/g in DM). Iron, iodine, manganese, and zinc were
found in trace amounts from 0.01 ± 0.01 μg/g in DM to 0.03 ±
0.01 μg/g in DM in all hydrolysis conditions. The increase in sodium
and potassium and decrease in aluminum contents clearly show
that the decomposition of the seaweed solid matter occurred very
rapidly at high temperature. Heavy metals are considered as the
major component in mineral composition. These heavy metals are
considered as one of the important causes for polluting the environment
due to their toxicity, tenacity, and ability to bioaccumulate [37]. The
heavy metal composition of the S. japonica hydrolysate (arsenic, cadmi-
um, mercury, and lead) is shown in Table 4. The heavy metal content of
the S. japonica hydrolysate did not vary in any of the conditions. Arsenic
was the most abundant heavy metal (3.25 ± 0.01 μg/g in DM); other
heavy metals were found in very trace amounts in the S. japonica hydro-
lysate. The freeze-dried S. japonica showed 20.89 ± 0.10 μg/g in DM.

Taking these results into consideration, we can say that the contri-
bution of aluminum from this seaweed hydrolysate is well below the
specified provisional tolerableweekly intake (PTWI). TheWorldHealth
Organization (WHO) technical report series 959 has reported that
worldwide, the total arsenic value ranges up to 236 ppm for 953 food
samples (WHO, 2011). In addition, the European Commission (EC)
has mentioned in food surveys conducted in Denmark and UK that
more than 50% of arsenic in daily diet comes from seafood. The PTWI
values specified by both the Joint Expert Committee on Food Additives
(JECFA) and EC for Pb and Cd are 7 ppb and 25 ppb, respectively (EC,
2004; JECFA, 2003). The JECFA has recommended a PTWI value of
6 ppm for arsenic in foods (JECFA, 2010). Khan et al. [38] reported
that Al and As were found in high amounts in S. japonica (4.89 and
3.04 ppm, respectively), Hg content was very low (only 0.006 ppm),
whereas the total arsenic content was below 4.49 ppm. Considering
the various research findings and guideline values, the concentration
of heavy metals was very low and their contribution to the total intake
was very small. Thus, all S. japonica hydrolysates that were studied
could be declared safe.

3.9. Monosaccharide composition

The PHWE processes can be used to break down the polysaccharide
polymer in S. japonica. The extracts obtained were analyzed for their
contents of sugars (Table 5). This table shows that various types of
monosaccharides were identified such as galactose, glucose, gulose,
fructose, arabinose, mannose, mannitol, sorbitol, xylitol, and xylose.
Previously, in a study conducted at our laboratory, Meillisa et al. [19]
stated the presence of mannose and gulose at the subcritical level,
which also has been included in Table 5. Therefore, we continue to con-
duct research at high temperature conditions to check the degradation
ability of brown seaweeds. The sugar contentwas changed in each con-
dition. Glucose, gulose, fructose, mannitol, and xylose were the most
abundant monosaccharides found in the S. japonica hydrolysate. The
amount of galactose (2.33±0.25 g/L), glucose (6.70±0.00 g/L), gulose
(9.80 ± 0.40 g/L), fructose (8.40 ± 0.18 g/L), arabinose (1.50 ± 0.13
g/L), mannose (1.50 ± 0.20 g/L), mannitol (17.50 ± 0.07 g/L), sorbitol
(1.30±0.05 g/L), xylitol (3.48±0.33 g/L), and xylose (5.30±0.31 g/L)
were high at the 180 °C/13 bar condition. The recovery of sugars was
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high at the 180 °C/13 bar condition, but when the temperature and
pressure were increased up to 420 °C/520 bar, the concentration of
sugars in the S. japonica hydrolysate gradually decreased: galactose
(12.68 ± 1.81 g/L), glucose (8.15 ± 1.17 g/L), arabinose (12.15 ± 0.70
g/L), mannose (4.21 ± 0.52 g/L), mannitol (89.47 ± 12.04 g/L), and xy-
lose (6.90 ± 0.10 g/L). Therefore, we can say that monosaccharides are
not stable at higher temperature and pressure. The freeze-dried sample
showed galactose (2.33 ± 0.25 g/L), glucose (6.70 ± 0.00 g/L), gulose
(9.80 ± 0.40 g/L), fructose (8.40 ± 0.18 g/L), arabinose (1.50 ± 0.13
g/L), mannose (1.50 ± 0.20 g/L), mannitol (17.50 ± 0.07 g/L), sorbitol
(1.30 ± 0.05 g/L), xylitol (3.48 ± 0.33 g/L), and xylose (5.30 ± 0.31
g/L). From our result, it seems that the monosaccharide content de-
creased as a function of temperature. Probably caramelization and
MRPs are being promoted by the increase in temperature.

Our S. japonica hydrolysate showed very high content of mannitol
(17.50 ± 0.07 g/L) at the 180 °C/13 bar condition. In S. japonica, the
mannitol content is approximately 5% of its dry weight, but it increases
in summerup to N30%of its dryweightwhen the growth of kelp ismax-
imum [39]. Ito and Hori [40] reported that 24.3% of dry weight is be-
cause of mannitol in S. japonica.

Mannose is a type of sugar that is most commonly used as a source
for bioethanol production [41]. Mannose is reduced to mannitol,
which has various industrial uses and is mostly used to make tablets
or medicine [42]. Mannitol is classified as a sugar alcohol. Further,
byproducts of sugar alcohols consist of xylitol and sorbitol. These two
are isomeric sugars; the lone variance is the positioning of the hydroxyl
group on carbon [43]. TheWHOhas listedmannitol as one of the impor-
tant drugs; it was also listed as a very vital medicine for the well-being
of humans. The globalmarket for sugar alcohols in 2000was $1.3 billion.
The largest sugar alcohol in terms of volume and dollar sales was sorbi-
tol. The bulk prices for liquid and crystalline sorbitol are approximately
$0.55–0.65 per kg and $1.61–2.26 per kg, respectively. The annual man-
nitol market was estimated at approximately 30,000 tons. However, ac-
cording to a recent issue of the ChemicalMarket Reporter, the bulk price
of mannitol (powdered) is $7.32 per kg. For most sugar alcohols, the
market is mature, and volume growths are expected to follow the
trends of large-scale consumer products in which sugar alcohols are
used [44].

4. Conclusion

This study showed that PHWE of S. japonica affects the yield, TOC,
pH, MRPs, viscosity, and amino acid, mineral, and monosaccharide con-
tents during different temperature conditions. High temperature causes
TOC, pH, and the MRP content to increase. EAAs were recovered well at
180 °C than at other conditions. The contents of minerals such as calci-
um, magnesium, potassium, and sodium were found to be increased
with an increase in temperature, whereas cadmium, mercury, arsenic,
and lead were found in trace amounts under all conditions. The mono-
saccharide profile showed that the increase in temperature decomposes
sugars. The mannitol content (17.5 g/L) was very high at 180 °C com-
paredwith other sugars. It can be concluded that 180 °C is the optimum
condition to have a good nutritional composition of amino acids,
minerals, and sugars. At high temperature conditions, all chemical com-
positions were degraded in the brown seaweed. Therefore, the pressur-
ized hot water extract of S. japonica can be used as a good source of
bioenergy, raw material source in the fermentation industry, and
human food. Further research is ongoing to isolate and detect the
structure of monosaccharides such as gulose and mannitol from
S. japonica extracts.

Author contributions

All the experimental work was conducted by P.S. Saravana, J.H. Choi,
Y.B. Park, and H.C. Woo. Manuscript was prepared by P.S. Saravana. B.S.
Chun supervised thiswork and provided all experimental and analytical
equipment. All authors read and approved the final manuscript.

Acknowledgments

This work was supported by the Ministry of Oceans and Fisheries,
Korea (20140559).

References

[1] O.S. Vishchuk, S.P. Ermakova, T.N. Zvyagintseva, Sulfated polysaccharides from
brown seaweeds Saccharina japonica and Undaria pinnatifida: isolation, structural
characteristics, and antitumor activity, Carbohydr. Res. 346 (2011) 2769–2776.

[2] A. Synytsya, W.-J. Kim, S.-M. Kim, R. Pohl, A. Synytsya, F. Kvasnička, J. Čopíková, Y.I.
Park, Structure and antitumour activity of fucoidan isolated from sporophyll of Korean
brown seaweed Undaria pinnatifida, Carbohydr. Polym. 81 (2010) 41–48.

[3] J. Wang, Q. Zhang, Z. Zhang, H. Zhang, X. Niu, Structural studies on a novel
fucogalactan sulfate extracted from the brown seaweed Laminaria japonica, Int. J.
Biol. Macromol. 47 (2010) 126–131.

[4] M. Schmid, F. Guihéneuf, D.B. Stengel, Fatty acid contents and profiles of 16
macroalgae collected from the Irish coast at two seasons, J. Appl. Phycol. 26
(2014) 451–463.

[5] L. Mišurcová, F. Buňka, J.V. Ambrožová, L. Machů, D. Samek, S. Kráčmar, Amino acid
composition of algal products and its contribution to RDI, Food Chem. 151 (2014)
120–125.

[6] E. Gómez-Ordóñez, A. Jiménez-Escrig, P. Rupérez, Dietary fibre and physicochemical
properties of several edible seaweeds from the northwestern Spanish coast, Food
Res. Int. 43 (2010) 2289–2294.

[7] F.J. Sánchez-Muniz, Dietary fibre and cardiovascular health, Nutr. Hosp. 27 (2012)
31–45.

[8] P. Gallezot, Conversion of biomass to selected chemical products, Chem. Soc. Rev. 41
(2012) 1538–1558.

[9] M.Z. Özel, F. Göğüş, Subcritical water as a green solvent for plant extraction, Alternative
Solvents for Natural Products Extraction, Springer 2014, pp. 73–89.

[10] A.G. Carr, R. Mammucari, N. Foster, A review of subcritical water as a solvent and its
utilisation for the processing of hydrophobic organic compounds, Chem. Eng. J. 172
(2011) 1–17.

[11] M. Herrero, A. Cifuentes, E. Ibanez, Sub-and supercritical fluid extraction of function-
al ingredients from different natural sources: plants, food-by-products, algae and
microalgae: a review, Food Chem. 98 (2006) 136–148.

[12] Y. Yu, X. Lou, H. Wu, Some recent advances in hydrolysis of biomass in hot-
compressed water and its comparisons with other hydrolysis methods, Energy
Fuel 22 (2007) 46–60.

[13] Y. Zhao,W.-J. Lu, H.-Y.Wu, J.-W. Liu, H.-T.Wang, Optimization of supercritical phase
and combined supercritical/subcritical conversion of lignocellulose for hexose pro-
duction by using a flow reaction system, Bioresour. Technol. 126 (2012) 391–396.

[14] M. Plaza, M. Amigo-Benavent, M.D. Del Castillo, E. Ibáñez, M. Herrero, Facts about
the formation of new antioxidants in natural samples after subcritical water extrac-
tion, Food Res. Int. 43 (2010) 2341–2348.

[15] M. Plaza, V. Abrahamsson, C. Turner, Extraction and neoformation of antioxidant
compounds by pressurized hot water extraction from apple byproducts, J. Agric.
Food Chem. 61 (2013) 5500–5510.

[16] M. Ogawa, R.J. Portier, M.W. Moody, J. Bell, M.A. Schexnayder, J.N. Losso, Biochemical
properties of bone and scale collagens isolated from the subtropical fish black drum
(Pogonia cromis) and sheepshead seabream (Archosargus probatocephalus), Food
Chem. 88 (2004) 495–501.

[17] A. Asaduzzaman, B.-S. Chun, Hydrolyzates produced from mackerel Scomber
japonicus skin by the pressurized hydrothermal process contain amino acids with
antioxidant activities and functionalities, Fish. Sci. 80 (2014) 369–380.

[18] S.R. de la Rocha, F. Sanchez-Muniz, M. Gómez-Juaristi, M.L. Marín, Trace elements
determination in edible seaweeds by an optimized and validated ICP-MS method,
J. Food Compos. Anal. 22 (2009) 330–336.

[19] A. Meillisa, H.-C. Woo, B.-S. Chun, Production of monosaccharides and bio-active
compounds derived from marine polysaccharides using subcritical water hydrolysis,
Food Chem. 171 (2015) 70–77.

[20] J.-N. Park, A. Ali-Nehari, H.-C. Woo, B.-S. Chun, Thermal stabilities of polyphenols
and fatty acids in Laminaria japonica hydrolysates produced using subcritical
water, Korean J. Chem. Eng. 29 (2012) 1604–1609.

[21] K. Watchararuji, M. Goto, M. Sasaki, A. Shotipruk, Value-added subcritical water hy-
drolysate from rice bran and soybean meal, Bioresour. Technol. 99 (2008)
6207–6213.

[22] J.M. Prado, T. Forster-Carneiro, M.A. Rostagno, L.A. Follegatti-Romero, F. Maugeri
Filho, M.A.A. Meireles, Obtaining sugars from coconut husk, defatted grape seed,
and pressed palm fiber by hydrolysis with subcritical water, J. Supercrit. Fluids 89
(2014) 89–98.

[23] S.S. Toor, L. Rosendahl, A. Rudolf, Hydrothermal liquefaction of biomass: a review of
subcritical water technologies, Energy 36 (2011) 2328–2342.

[24] J.L. Garcia-Moscoso, W. Obeid, S. Kumar, P.G. Hatcher, Flash hydrolysis of microalgae
(Scenedesmus sp.) for protein extraction and production of biofuels intermediates, J.
Supercrit. Fluids 82 (2013) 183–190.

[25] I. Sereewatthanawut, S. Prapintip, K. Watchiraruji, M. Goto, M. Sasaki, A. Shotipruk,
Extraction of protein and amino acids from deoiled rice bran by subcritical water
hydrolysis, Bioresour. Technol. 99 (2008) 555–561.

http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0005
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0005
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0005
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0010
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0010
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0010
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0015
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0015
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0015
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0020
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0020
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0020
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0025
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0025
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0025
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0030
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0030
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0030
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0035
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0035
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0040
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0040
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0045
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0045
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0050
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0050
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0050
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0055
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0055
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0055
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0060
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0060
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0060
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0065
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0065
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0065
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0070
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0070
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0070
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0075
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0075
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0075
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0080
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0080
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0080
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0080
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0085
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0085
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0085
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0090
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0090
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0090
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0095
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0095
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0095
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0100
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0100
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0100
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0105
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0105
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0105
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0110
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0110
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0110
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0110
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0115
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0115
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0120
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0120
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0120
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0125
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0125
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0125


254 P.S. Saravana et al. / Algal Research 13 (2016) 246–254
[26] N. Sato, A.T. Quitain, K. Kang, H. Daimon, K. Fujie, Reaction kinetics of amino acid
decomposition in high-temperature and high-pressure water, Ind. Eng. Chem. Res.
43 (2004) 3217–3222.

[27] M. Sasaki, B. Kabyemela, R. Malaluan, S. Hirose, N. Takeda, T. Adschiri, K. Arai,
Cellulose hydrolysis in subcritical and supercritical water, J. Supercrit. Fluids
13 (1998) 261–268.

[28] D. Gao, T. Kobayashi, S. Adachi, Kinetics of sucrose hydrolysis in a subcritical water-
ethanol mixture, J. Appl. Glycosci. 61 (2014) 9–13.

[29] L. He, X. Zhang, H. Xu, C. Xu, F. Yuan, Ž. Knez, Z. Novak, Y. Gao, Subcritical water
extraction of phenolic compounds from pomegranate (Punica granatum L.) seed
residues and investigation into their antioxidant activities with HPLC–ABTS+

assay, Food Bioprod. Process. 90 (2012) 215–223.
[30] J. Vergara-Salinas, M. Vergara, C. Altamirano, Á. Gonzalez, J. Pérez-Correa, Character-

ization of pressurized hot water extracts of grape pomace: chemical and biological
antioxidant activity, Food Chem. 171 (2015) 62–69.

[31] R. Schrieber, H. Gareis, Gelatine Handbook: Theory and Industrial Practice, John
Wiley & Sons, 2007.

[32] A.C. Hawthorn, B.D. Opell, Evolution of adhesive mechanisms in cribellar spider prey
capture thread: evidence for van der Waals and hygroscopic forces, Biol. J. Linn. Soc.
77 (2002) 1–8.

[33] J. Wiboonsirikul, S. Hata, T. Tsuno, Y. Kimura, S. Adachi, Production of functional
substances from black rice bran by its treatment in subcritical water, LWT Food
Sci. Technol. 40 (2007) 1732–1740.

[34] H. Cheng, X. Zhu, C. Zhu, J. Qian, N. Zhu, L. Zhao, J. Chen, Hydrolysis technology of
biomass waste to produce amino acids in sub-critical water, Bioresour. Technol.
99 (2008) 3337–3341.
[35] S. Mabeau, J. Fleurence, Seaweed in food products: biochemical and nutritional
aspects, Trends Food Sci. Technol. 4 (1993) 103–107.

[36] T.-S. Shin, Z. Xue, Y.-W. Do, S.-I. Jeong, H.-C. Woo, N.-G. Kim, Chemical properties of
sea tangle (Saccharina. japonica) cultured in the different depths of seawater, Clean
Technol. 17 (2011) 395–405.

[37] V. Dauvalter, S. Rognerud, Heavy metal pollution in sediments of the Pasvik River
drainage, Chemosphere 42 (2001) 9–18.

[38] N. Khan, K.Y. Ryu, J.Y. Choi, E.Y. Nho, G. Habte, H. Choi, M.H. Kim, K.S. Park, K.S. Kim,
Determination of toxic heavy metals and speciation of arsenic in seaweeds from
South Korea, Food Chem. 169 (2015) 464–470.

[39] M. Honya, T. Kinoshita, M. Ishikawa, H. Mori, K. Nisizawa, Monthly determination of
alginate, M/G ratio, mannitol, and minerals in cultivated Laminaria japonica, Bull.
Jpn. Soc. Sci. Fish. 59 (1993) 295-295.

[40] K. Ito, K. Hori, Seaweed: chemical composition and potential food uses, Food Rev.
Int. 5 (1989) 101–144.

[41] M. Balat, Production of bioethanol from lignocellulosic materials via the biochemical
pathway: a review, Energy Convers. Manag. 52 (2011) 858–875.

[42] Y. Wang, K.-Y. San, G.N. Bennett, Cofactor engineering for advancing chemical
biotechnology, Curr. Opin. Biotechnol. 24 (2013) 994–999.

[43] S.H. Song, C. Vieille, Recent advances in the biological production of mannitol, Appl.
Microbiol. Biotechnol. 84 (2009) 55–62.

[44] N. Weymarn, Process Development for Mannitol Production by Lactic Acid Bacteria,
Helsinki University of Technology, 2002.

http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0130
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0130
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0130
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0135
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0135
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0135
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0140
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0140
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0145
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0145
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0145
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0145
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0150
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0150
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0150
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0155
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0155
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0160
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0160
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0160
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0165
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0165
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0165
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0170
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0170
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0170
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0175
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0175
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0180
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0180
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0180
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0185
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0185
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0190
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0190
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0190
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0195
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0195
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0195
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0200
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0200
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0205
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0205
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0210
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0210
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0215
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0215
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0220
http://refhub.elsevier.com/S2211-9264(15)30118-1/rf0220

	Evaluation of the chemical composition of brown seaweed (Saccharina japonica) hydrolysate by pressurized hot water extraction
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Sample preparation
	2.3. PHWE
	2.4. Extraction yield
	2.5. TOC
	2.6. pH measurement
	2.7. Determination of MRPs by absorbance measurement
	2.8. Viscosity measurement
	2.9. Color measurement
	2.10. Amino acid composition analysis
	2.11. Mineral determination
	2.12. Monosaccharide composition
	2.13. Statistical analysis

	3. Results and discussion
	3.1. Extraction yield
	3.2. TOC analysis
	3.3. pH analysis
	3.4. Absorbance measurement of MRPs
	3.5. Viscosity
	3.6. Color
	3.7. Amino acid composition
	3.8. Mineral content
	3.9. Monosaccharide composition

	4. Conclusion
	Author contributions
	Acknowledgments
	References


