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Abstract

The aims of this research project were to idergtifynctional protease and optimize
hydrolysis conditions for this enzyme to facilitatiéicient alcohol extraction of
phospholipid (PL)-rich oil from Antarctic krilEuphausia superbahe following
hydrolysis conditions tested were: frozen krill amater ratio (KWR), hydrolysis
temperature (HTe), pH, enzyme dosage (ED), andoyals time (HTi). These
conditions were studied by single factor and ortimal experiments. Finally, the
efficiency of various solvents used for extractihg krill oil was compared.

Alcalase was identified as the most suitable enzgmenzymolysis of Antarctic krill
among 5 commonly used enzymes based on the deigngdrolysis (DH).

The optimal conditions for enzymolysis Antarctidlkwvith alcalase were: KWR =
2:1, HTe = 55~60°C, pH = 8.0, ED = 3000 U/g and HTi h (end pH = 6.5~6.7).
Range analysis in orthogonal experiments gavedihenfing ranking of influencing
factors: KWR (R =6.2) > ED (R =2.3) > pH (R =P3HTi (R = 0.2). Under the
optimal conditions, the DH was 31.1 %. Meanwhileptides with an average length
of 3.2 and a molecular mass of 352 were obtained.

Extraction was performed from “PEF”, defined asfe dried lipid phase after 75~80
for 5 min after hydrolysis, and 600xG centrifugatfor 5min. Compared with 5
commonly used solvents, 99.5% ethanol gave the cwoosplete extraction of PL rich
krill oil (KO).

Under the conditions of extraction temperature (ET45°C, PEF and 99.5%
ethanol ratio (PER) = 1:10 and extraction time {ET8h, highest KO extractability
(m (KO) / m (PEF)) was 74%; PL concentration (m)Pm (KO)) was 32.1%; total
KO extractability (m (KO) / m (total lipid in PEF)yas 99.4%; total PL extractability
(m (PL) / m (total PL in PEF)) was 102.8%.

Under the conditions of ETe =25 PER = 1:6, ETi = 1h, highest PL concentration
was 33.9%; KO extractability was 61%; total PL extability was 89.5%; total KO
extractability was 82.0%.

Under the conditions of ETe =46 PER = 1:8, ETi = 2h, highest astaxanthin (AX)
concentration in the extract was 172.2 ppm; KOaetability was 72%; total AX
extractability was 103.9%; total KO extractabiltyas 91.1%.

High acid value (AV) and low PL concentration daéydrolysis during frozen
storage for 6 months, and lipase and phospholifRisese) during the time from
catch until the material was frozen, thawed andlyated. Under the conditions of
ETe = 28C, PER = 1:6, ETi = 3h, the minimum acid value w862ang KOH/g.
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In conclusion, this application of alcalase for rofglsis of Antarctic krill resulted in a
high degree of hydrolysis. As a result, lipid anatev phase were separated to two
layers, in which the upper layer enriched moreafat less protein. Extraction with
99.5% ethanol from this PEF resulted in total koilland phospholipid
extractabilities at nearly 100%.

Keywords: Enzymolysis, Antarctic krill oil, Phospholipid, Dege of hydrolysis
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1. Introduction

1.1. Background

1.1.1 Antarctic krill biological characteristics and fishery

Table 1. Classification dtuphausia superba.

Kingdom Animalia

Phvium Arthroaoda
Subphylum Crustcia
Class Crustcia
Superorder Eucarida

Order Euphausiacea
Family Euphausidae
Genus Euphausia
Species Euphausia superba

Aker FDA (2010)

Krill are in the family of pelagic marine plankt@nirustaceans, and there are more
than 80 species of krill widely distributed throwgth the world’s oceans. Antarctic
krill (Euphausia superBamostly live in the Southern polar seas. It swimbBuge
swarms that can be as large as six kilometersgtteand have a density of up to one
million individuals per m (Hamner et al., 1983). Antarctic krill grows tdeagth of 6
cm, weighs up to 2 g, and can live for up to siargelt is a key species in the
Antarctic ecosystem (Stephen & Yoshinari, 1997).

Despite their small size, krill likely has the lagg biomass of any multi-cellular
animal species on earth. The total annual captare &ll fisheries has been
approximately 130 million tons (MT) since 2000. 8ymparison, krill biomass has
been estimated at 400—-1550 MT with a sustainalsleebhat 70—-200 MT (Suzuki &
Shibata, 1990). However, newer estimates suggastha krill biomass may be lower
(Priddle et al., 1998; Smetacek & Nicol, 2005; Ni&d-oster, 2003) estimated the
annual krill capture to be 0.1 MT, making krill anderutilized species. However,
due to the role that krill play in marine ecology, internationally monitored and
governed ecosystem approach is a necessity forgateym sustainability of this
fishery (Everson, 2000; Laws, 1985).

Krill fishing began in 1961 by the Union of Sovietcialist Republics. International
studies on krill for processing and utilization bagaround the same time. Before that,
Japan, the United States, Poland, Norway and @hilesuccessively begun fishing

and research of krill (Chen et al., 2009). Thusewlhina took part in catching
7
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Antarctic krill in 2009, the era of processing artdization of Antarctic krill had
already begun.

1.1.2 Nutritional components in Antarctic krill

Table 2. Nutritional components in Antarctic kfitlapture in May, 2013).

Moisture  Crude Total PL in Ash Acid
content protein*  fat* total fat Value
(%)
Raw krill 77.8 13.2 4.6 31.1 2.9 18.1
Frozen krill 79.6 12.1 4.2 31.1 2.7 18.1
FD krill 3.6 57.3 20.0 31.1 12.3 18.1

(Analyzed in November, 2013)

FD: freeze dried

PL: phospholipidphospholipid

*Frozen krill = Raw krill+8%water

*Crude protein determined by the Kjeldahl method.
*Total fat determined by Soxhlet extraction

Currently, Chinese research on Antarctic krilltid 81 an early stage. Evaluation of
the nutritional content of Antarctic krill has beeomprehensive. Studies on human
health functions have started, while research oadtive components is
comprehensive and transparent. Specifically, Atitakeill has been found to be rich
in protein, and the essential animal acid compmwsis balanced. The lipid
composition is especially interesting from an immé&zmarketing point of view,
since the krill is rich im-3 PUFA. Analysis of whole Antarctic krill showed a range
of 77.9% to 83.1% for moisture, 11.9% to 15.4%darde protein and 0.5% to 3.6%
for total lipids (Chi et al., 2010). Krill totalgids concentration depends on season,
sex and maturity. Generally, the highest totadi§ptoncentration reaches during
March and June. PL concentration in Female krithige as much as than male. PL
concentration increases as krill age increase amayp after ovulation (Saether et al.,
1986).
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1.1.3 Comparison of amino acids profile

Table 3. Comparison of amino acid profiles in didiat krill species and in fish meal
(9/100g dry weight).

Euphausia Fenneropenaeus Metapenaeus FM
superba chinensis ensis

Asp 4.2 6.4 6.1 5.2
Thr* 1.7 2.4 2.2 2.0
Ser 15 2.4 2.1 2.3
Glu 10.9 11.5 10.1 8.1
Gly 2.8 7.1 5.2 3.8
Ala 5.3 6.6 8.8 3.4
Val* 3.1 2.6 3.6 2.6
Met* 2.4 2.1 2.4 1.3
lle* 3.3 2.6 3.6 25
Leu* 5.0 4.8 6.4 4.1
Tyr** 1.6 2.3 2.2 1.7
Phe* 3.7 3.1 3.1 2.2
Lys* 5.9 6.3 4.4 4.2
His 1.0 14 1.2 1.3
Arg 1.8 4.0 3.0 3.2
Pro 11 1.9 1.9 3.8
Trp* 0.8 0.7 0.7 0.8
Cys** 1.3 0.9 1.2 0.9
EAA% 25.9 24.6 26.4 19.7
NEAA% 315 445 41.8 33.7
TAA% 57.4 69.1 68.2 53.4
EAAITAA 45.1 35.6 38.7 36.9
EAA/NEAA 82.2 55.3 63.1 58.5
FAA% 23.2 315 30.2 20.5
FAAITAA 40.4 45.6 44.3 38.4
(Sun, et al., 2008; Zhang, et al., 2008)
*EAA
*Semi-EAA

EAA: essential amino acid
NEAA: non-essential amino acid
TAA: total amino acid

FAA: flavor amino acids

FM: fish meal

FM is imported from Peru

FAA = Asp+Glu+ Gly+Ala

The results in Table 3 show tHaiphausia superbhas lower total amino acid

9
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(57.4%) compared witkenneropenaeus chinengg9.1%)andMetapenaeus ensis
(68.2%), higher than fish meal (53.4%). Howeersuperbahas higher EAA/TAA

(45.1%) and EAA/NEAA(82.2%) thalA. chinensig35.6%, 55.3%)M. ensis(38.7%,
63.1%) and fish meal (36.9%, 58.5%).

According to FAO/WHO (1985) recommended proteirtgratfor human adults and
infants, EAA/TAA from good quality protein shoultd@ve 40%, while EAA/NEAA
should be above 60%. As we can $eesuperbeEAA/TAA is 45.1%, EAA/NEAA is
82.2%. That mearis. superbds a good amino acid resource, which can meet the
human amino acid requirements. In addition to thena acid content, bioavailability
also must be assessed to determine protein qualdliotti et al., (2008) showeid
vivo analysis of protein quality indicated that protdigestibility corrected for amino
acid score and protein efficiency ratio was eqaaasein.

Flavor amino acid (FAA) is composed of Asp, Gluy@lla. The FAA/TAA ratio is
an important index for palatabilitie. superbacontains lower (40.4%) thdh
chinensig45.6%),M.ensis(44.3%), but higher than fish meal (38.4%). Antarktill
protein is still a suitable resource for makindlkrydrolysate and flavoring.

1.1.4 Autolysis and autolytic enzyme

Krill digestive glands have high activity hydrolytenzymes including proteases,
carbohydrases, nucleases and lipases. Autolysisdpgst mortem. Hydrolytic
enzymes are released into the surrounding tissighwasults in rapid tissue
liquefication and eventual spoilage. Fluoride frehell will also transfer to krill meat
at the same time. Thus, krill should be deshelldaeated to inactivate autolytic
enzymes immediately after capture. If Antarctidlksi processed for food, the
process should finish within 3h. By contrast, iflks to be used for feed, the process
should finish within 10h (Liu, 2011). Dai et al2012) argued that optimized krill
autolytic condition as hydrolysis time of 180 miemperature of 50 °C, pH value of
7.0, the time for UV radiation of 20 min and®aoncentration of 0.28 mol/L. The
maximal amino acid nitrogen concentration and tlagimal degree of hydrolysis
solution at optimized autolytic hydrolyzing conditiwere 0.875 g/L and 36.18%
respectively.

Anheller et al., (1989) and Sjodahl et al., (20@Horted krill has special protein
degradation system containing trypsin analog, ctigypein analog and
carboxypeptidase. Trypsin and chymotrypsin are prateases while
carboxypeptidase A and B belong to the exoprotedsesefore, krill autolytic
proteases have both endoprotease and exoproteasiy.ac

Autolysis becomes the biggest obstacle to overdarttee processing and utilization
of Antarctic krill. However, krill enzymes have bestudied in detail and exploit

many new industrial applications because of its temperature resistant and high
10
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activity. Proteases cleave different specific pigtionds can find application in
detergents, leather industry, pharmaceutical imgastd bioremediation processes.

1.1.5 Fluoride concentration and defluorination

Low doses of fluoride have positive effects on hardantal health, while high doses
of fluoride cause skeletal fluorosis. Soevik & Bdaan (1979) first described fluorine
levels in Antarctic krill reaching 2400 ppm / DWdhfiuorine concentration were
mainly distributed in the shell. Pan et al., (206£jorted fluoride distribution:
cephalothorax (1962 ppm, 49% F) > venter shell §3%3m, 30.7% F) > anal leg
(2177 ppm, 13.5% F) > muscle (250 ppm, 6.8% F)eesater (1.3 ppm F). Pan et.
al., (2000) also pointed that fluoride contributesarious cycles related to krill
molting.

Removal of the exoskeleton is important not onlydecrease fluoride concentration,
but also influent feed utilization. Ikegamie et §.990) argued that indigestible
polysaccharides such as chitin impede digestiora@isdrption. But the results were
not conclusive because animal species and lifestdfgrence.

Currently, there are many reliable and safe methodefluoride. Wang & Yin (2012)
used calcium phosphate ({RROy)2) and chitin as defluoridation agents. The results
suggested that calcium phosphate has a far gregtability than chitin for the
removal of fluoride (F) from water under similaaotion conditions. Li (2011)
studied three different methods, which were natrafibn, electrodialysis and

calcium chloride precipitation, aimed at removixgessive fluoride from Antarctic
krill hydrolysate. Calcium chloride precipitatiora&recommended because it is
simple, short time-consuming and effective. Fluer@dncentration from Antarctic
krill hydrolysate decreased from 70 ppm to 2 ppime Toss of amino nitrogen was
6.8% and the total nitrogen loss was 9.6%, by émeesprocedure.

11
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1.2 Chemistry and biological activity

1.2.1n-3 PUFA

Table 4. Krill oil fatty acid profile comparison thi various fish oils (%).

Fatty acid Anchovy oil Menhaden oll Salmon oll Kril oil
C14:0 7.4 7.3 3.7 7.7
C16:0 17.4 19.0 10.2 154
C18:0 4.0 4.2 4.7 0.9
Ci6:1 10.5 9.0 8.7 4.9
ci18:1 11.6 13.2 18.6 12.1
C18:2n-6 1.2 1.3 1.2 12
C18:3n-3 0.8 0.3 0.6 14
C18:4n-3 3.0 2.8 2.1 0.1
C20:1 1.6 2.0 8.4 0.9
C20:4n-6 0.1 0.2 0.9 0.4
C20:5n-3(EPA) 1.6 11.0 12.0 14.7
C22:1n-9 1.2 0.6 55 0.7
C22:5n-3 1.6 1.9 2.9 0.3
C22:6n-3(DHA) 8.8 9.1 13.8 6.2
> n-6 1.3 15 2.1 1.9
> n-3 15.8 25.1 30.9 24.0
n-3:n-6 12.2 16.7 14.7 12.6

Aker FDA (2010)

Table 4 shows that krill oil contains 14.7% EPA &2% DHA, with a ratio ofr(-3

n-6) at 12.6.n-3 polyunsaturated fatty acids-BPUFA) belong to an essential fatty
acid family characterized by their first double dat carbon atom number 3 counted
from the methyl end of the carbon chain constitytime backbone of fatty acids.

There are two subgroups {3 fatty acids. Oney-linolenic acid (ALA), derived from
plant oils such as canola oil, rapeseed oil argkba oil, is composed of 18 carbon
atoms with three double bonds (18:3). The otheugiie derived from seafood, and
the major marin@-3 fatty acids are EPA (20:5) and DHA (22:6). In humegALA
can, to a limited extent, be elongated and dedauita EPA and DHA. Otherwise,
EPA and DHA are mainly acquired from seafood.

Calder (2006) discussed the biological role andhaeism of action of long-chain
n-3 fatty acids. It is well known that the6 fatty acid, arachidonic acid, gives rise to
the eicosanoid family of mediators (prostaglandinsgmboxanes, leukotrienes, and
related metabolites). These mediators have inflafmpactions in their own right
and also regulate the production of other mediatmisiding inflammatory cytokines.

12
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An n-3index below 4% was associated with an increasédfor cardiovascular
disease, whereas ar3 index above 4% reduces the risk for heart dis@astala et

al., 2010). In the same context, a study investiggiatients with stable coronary
artery disease found that those withnaBindex above 4% had a 27% lowered risk of
death, compared to those withra8 index below 4%.

1.2.2n-3 PUFA Phospholipid

Marine animals have high amountsne8 polyunsaturated fatty acids (PUFA) such as
EPA and DHA. Unlike fish oil that most ofre-3 fatty acids in corporate into
triglyceride, the krill oil majority of EPA and DHAre contained in the phospholipid.
The percent of phospholipid in oil extracted froril ks typically 40 to 45%. Clinical
and pre-clinical studies that compare krill oil digth oil suggested that krill oil may
be more effective than fish oil in terms of biodaahility for tissue cells. Graf et al.,
(2010) studied that in older rats, the incorporatdd DHA was more than twice as
high from phospholipid than from triglycerides imgebrain, liver and kidney. In the
brain, DHA uptake was significantly higher in 11t @fi 14 brain regions after
phospholipid administration compared to triglyceradministration. Numerous
studies in humans, such as study the study by &sheteal., (2006), had linked low
DHA levels in blood plasma to brain-related disosdée Alzheimer’s disease, and
several different protective roles of DHA in brd&iad been suggested.

N-3 PUFA phospholipid not only exists in krill, butsalfound in shellfish and fish

roe, especially the pollock roe and squid eggs. §(20608) extracted squid egg to get
phospholipid product (more than 85% of phosphojiphtained over 60% of PC in
weight and over 30 % of DHA in fatty acids by etbbassisted SFE.

Kolakowska (1986) proved that phospholipid werey\aansitive in frozen krill stored
in-22°C. Meanwhile, triglyceride was quite stalfieozen process itself was only
slightly affected by the lipid composition. Howeyafter 30 days of storage, free
fatty acid concentration almost doubled. Storirgy42°C, 6 months, 70% of the
phospholipid were decomposed, and free fatty aandsunt increased to 6-20 fold.
Monoglyceride was absence in fresh krill, but ipe@red after several months frozen
storage.

Transesterification of soybean phospholipid ank &g catalyzed by immobilized
phospholipase Al in a solvent free system to switeephospholipid enriched with
n-3 polyunsaturated fatty acids is successful. Thexgltconditions were as follows:
20% immobilized phospholipase Al (basis of the phofipid mass), mass ratio of
fish oil to soybean phospholipid 8, the total mass of the substrate 510 g, water
dosage 5pL, temperature 55 °C, time 12 h. Under the opticaaiditions, the
concentration of EPA and DHA in the finished pradwes 8.0% and 17. 8% (Sun et
al., 2010).

13
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1.2.3 Astaxanthin

Astaxanthin 35,3°S
(3.3 -dihydroxy-4.4'-diketo-[-carotene)

Asgtaxanthin 3R 3'S

)

HO”

0 Astaxanthin 3R,3'R

Figure 1. Chemical structures of astaxantin stevemers.

Astaxanthin (AX) is a carotenoid widely used innsahoid and crustacean
aquaculture to provide the pink color. Like manlgestcarotenoids, AX is a
lipid-soluble pigment which has a conjugated doudded chain at the centre of
compound. Common sources of natural AX are thengaggaeHaematococcus
pluvialis, the red yeasEhaffia rhodozymaas well as crustacean byproducts.

AX has two chiral centers, at the 3- arigp8sitions. Therefore, there are three stereo
isomers; (3R, R), (3R,3S) (meso), and (3SS). Synthetic AX contains a mixture of
the three, in approximately 1:2:1 proportions. A¥nh P. rhodozymas (3R,3R)

isomer; AX from crustacean aquaculture &hdaluvialisis mainly (3S,5) isomer
which has better bioactivity for human.

AX is claimed to an antioxidant. It can protect thenan body against
neurodegenerative conditions, UV-light effects,carand improve its immune
system. It can reach into every part of the cellit svorks in each part of human body,
organs and skin (Higuera-Ciapara et al., 2006).

14
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1.3. Manufacturing Process

1.3.1 Different process comparison

Table 5. Advantages and disadvantages compareifferedt patented process.

Name of Critical process Advantages Disadvantages Patent
company
Aker Cooking, air drying, Easy, cheap, Poor KO quality Aker FDA

ethanol extraction  large capacity  and extractability 2010

Olympic  Enzymolysis, High KO quality Expansive, small US201302
vacuum drying, SFE and capacity 25794
extractability,

Neptune Acetone High Solvent residue, EP014172
dehydration, Astaxanthin explosive 11B1
ethyl acetate concentration
extraction

Chile Cooking, squeezing, Not apply Poor CN
Centrifugation solvent phospholipid 10231186

extraction extractability 8A

Extrusion Extrusion, air High Oxidation, Poor CN
drying, ethanol extractability KO quality 10295262
extraction 5A

KO: krill oil

SFE: supercritical fluid extraction

There are several process combinations usingrkal! to obtain krill oil. However,
extraction methods differ. MS® applied by Enzymotec (an Israely Company) is a
multi-stage solvent extraction process exclusidgyeloped and designed for krill ol
extraction and purification, with improved physigabperties include decreased odor,
increased fluidity and low TVN level. Patent EP2612 (by Aker Biomarine AS,
Norway)shows that krill oils can be obtained from krill av@sing supercritical fluid
extraction in a two stage process. Stage 1 remitreeseutral lipid by extracting with
neat supercritical C£or CQ, plus approximately 5% of a cosolvent. Stage 2aextr

the actual krill oils by using supercritical @@ combination with approximately 20%
ethanol.
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1.3.2SUPERBA™ Krill Oil Process

Raw krill

On board Cooked and dried

Krill meal

Ethanol — Ethanolextraction

Onland Filtrilﬁon —» Residual powder
Concentration Ethanol— Ethanol
Storage
Blending
Centrifugation ——» Salts
Final concentration — »Ethanol
Packaging/shipping
SUPERBAT Krill Oil
Figure 2. Manufacturing process diagram of SUPERBKrill Oil
Manufacturing process
The Superba™ method employed by Aker Biomarineig8escribed in Fig. 2. The
harvested Antarctic krill is cooked and dried oe tessel to prepare krill meal. The
raw material that is cooked and dried, krill mésk biomass composed of lipids,
carbohydrates, and proteins. Krill meal is cargfpthcked and ship to land. By using
food-grade ethanol extraction, the proteins and éabohydrates are removed.
Following extraction, the defatted krill meal at tethanol oil solution are separated,

The ethanol-oil solution is then concentrated bgparation and stored. The
ethanol-oil solution is analyzed for ethanol, nabénd polar lipids, and astaxanthin
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concentration. Several batches are blended arethla@ol-oil solution is clarified by
centrifugation. The ethanol is then evaporated ftbenoil solution and the final
product is analyzed to verify the conformity wittoduct specifications. The final
product is filled into suitable containers and stbat 2-8°C and can be shipped by
land, air, or boat.

1.3.3RIMFROST ™ Krill Oil Process

Sabosid Raw krill

Enzyvmolysis
Decanter separation ——  Shell
Heat to inactivate and precipitate
Sedicanter separation —*Liquid phase
Sediiment Concentration
1-’ﬂcuum'dr}'ing Olypep
Olymeg

On land SFE-Ethanol

RIMFROST™KTrill Oil
Figure 3.Manufacturing process diagram of of RIMFER®" Krill Oil

The Rimfrost™ method employed by Olympic is desadlin Fig. 3. As soon as
Antarctic krill is fished, protease is added togetwith autolytic enzyme for efficient
hydrolysis. Antarctic krill is liquefied and shédl separated. Since fluoride mainly
accumulated in exoskeleton, de-shelling will deseciuoride level in products
obtained further down the processing line. Themtlagerial is heats to inactivate
enzymes including lipase and PLag®reover, high temperature contributes to
lipid-protein precipitation. After that, sedicantsrapplied to form three layers:
neutral oil phase, peptide phase and lipid-pratemiment. Lipid- protein sediment
dries by vacuum drying afterwards. The dried pro@meiches krill lipids, named
“Olymeg” or PPC, is preserved below 0 °C. Concdattgpeptide phase, named
“Olypep”or CHF, contains 55-70% dry matter.

“Olymeg” is thawed before it is subject to ethaassisted SFE. Enzymolysis

combined with SFE will increase krill oil extractkty and have high comprehensive
17
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utilization.

1.4 Aim of study

Oil extraction based on enzymolysis is a promisiag technology as a result of its
high extractability, mild conditions and environmémendly. Enzymolysis applied in
krill oil extraction will get three products: krilydrolysate (peptide and salt), krill oil
and krill protein. In this case, oil extraction bdn enzymolysis will have better
comprehensive utilization and result in higher abidalue.

Krill PL enriched EPA and DHA account for more th&®6 (w/w) in krill oil.
However, PL in vegetable oil normally less than 18&yefore common extraction
methods (pressing or hexane extraction) is notgie for extract PL rich krill oil.

To increase PL rich krill oil extractability, enzyhysis was applied for degraded
protein and lipid complex structure. Enzymolysigifected by enzyme species, krill
and water ratio, temperature, pH, enzyme dosagktiae. This study targeted
maximi9zed degree of hydrolysis (DH) by optimizihgse affecting factors.

Extraction parameters (solvent species, ratio, tzatpre, time and frequency) were
also optimized by orthogonal experiment targetirgip lextractability, PL

concentration, AX concentration and low acid value.

To get high quality and high extractability PL rikhll oil, anti-oxidation,
defluorination and inactivation of lipase are alsmler consideration.
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2. Materials and methods

2.1 Materials and Chemicals

The Antarctic krill was supplied by a Chinese fagteessel. After catch, the krill
were drained and placed in molds for quick-freeahgbout -30°C on board the ship
after harvest. The resulting 13 kg blocks of Antiarkrill were individually wrapped
in plastic film and are packaged two per cartore phackaged Antarctic krill are
maintained at temperatures around -20°C.

The following proteases were used:

Neutral protease: fromacillus subtilis Nanning Pangbo biotech company, Guangxi,
China. Actual activity: 368 U/mg

Alkaline Protease: Trade name: Alcalase, fi@atillus licheniformisNanning
Pangbo biotech company, Guangxi, China. Actual/agti383 U/mg

Papain: fronCarieapapayaNanning Pangbo biotech company, Guangxi, China.
Actual activity: 220 U/mg

Flavorzyme: fromAspergillus oryzaegNanning Pangbo biotech company, Guangxi,
China. Actual activity: 35 U/mg

Trypsin: from porcine pancreas, Nanning Pangbaeblotompany, Guangxi, China.
Actual activity: 244 U/mg

95.5% ethanol was food grade, other reagents welgtecal grade.

2.2 Instrumentation

The following instruments were used for anlyasis

Automatic potentiometer Mettler Toledo ars

Kjeldahl protein analyzer Shengsheng (China) K06

Automatic fat analyzer Alvaro (China) E-86 (Soxhlet extraction)
UV-Vis spectrophotometer  Youke (China) WITCRT

GC system Agilent 7820A

(Chromatographic column 1m x 4mm (id), filled w&B~100 mesh supporter coated
with 10% DEGS/Chromosorb W DMCS, FID detector)
High speed freezing centrifuge Xiangyi (China) GL-21M

2.3 Analytical methods

Routineous analyses were carried out in accordaitbeChina National Food Safety
Standard Determination Methods, indicated by GB.
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Ash content: heat ignition method (GB 5009.4-2010)

Weighed 3.0~5.0g sample in crucible that driedaiestant weight. First used
electromagnetic oven to carbonize until no smoks eetected. Then the samples
were transferred to muffle furnace burning 4h iI@%¥5. When cooled below 200°C,
samples were transferred to a desiccator, and weigbain when room temperature
was reached.

Acid value: KOH-EtOH titration method (GB/T 5530-2005)

Weighed 0.2~0.3g krill oil sample in plastic cugdad 50mL 99.5% ethanol,
dispersed uniformly by ultrasonication. The cup We transferred to an Automatic
potentiometer. Titrated to pH=7 with continuous K&HDH titration, indicated acid
value.

Astaxanthin concentration: Dimethyl sulfoxide (DMSQO) extraction (SN/T 2327)
Weighed 0.5g sample in centrifuge tube, added 21SD and water bath 70°C,
5min, then centrifuged in 3500 rpm/ min, 5min. Rapd DMSO extraction again.
Transfered all upper layer to 10mL measuring flakskited it to10mL, mixed well.
Sucked 1mL, diluted 10 times, measured 489nm abscebby UV-Vis
spectrophotometer.

Crude protein concentration: Kjeldahl method (GB 5009.5-2010)

Weighed 2.0~5.0g sample in tube, add 0.2g Cuf300, 6g K:SO, and 20mL 98%
H,SO,. Heated carefully until contents turned to blud green. Cooled down and
installed tube to Kjeldahl protein analyzer. Anaydropped NaOH (aq) and bubbled
steam, then NEkwas absorbed by boric acid in titration cup. At,lased standard

HCI (aq) titration.

Crude fat concentration: Soxhlet extraction (GB/T 14772-2008)

Weighed 4.0~5.0g sample, added petroleum ethetttacton tube volume 2/3,
refluxed 6h in Automatic fat analyzer , cooled doavid evaporated petroleum ether,
weighed again.

DH: formol titration method (GB/T 5009.39-2003)

Amino acid nitrogen determination:

Sucked 5.0mL sample, diluted it to 100mL, mixediw@lcked 20mL mixed with
60mL water, dropped 0.05 mol/L NaOH (aq) until pi8.2, then added 10mL formol
solution (36% HCHO) to fix Nk dropped.05 mol/L NaOH (aq) until pH = 9.2.

DH = Amino acid nitrogen / Total nitrogen (determihby Kjeldahl method)

DHA and EPA concentration: methanol esterified - GC method (GB/T
5009.168-2003)

Weighed 1.0~2.0g sample, dissolved by 10mL n-Hexsumeked 1.00~5.00mL to
another tube, added 2mol/L NaOH (methanol soluti6@)C water bath for methyl
esterification. Standard solution also esterifigdriethanol.
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Chromatographic column 1m x 4mm (id), filled witb~8.00 mesh supporter coated
with 10% DEGS/Chromosorb W DMCS.

Gas: N 50mL/min, B 70mL/min, air 200mL/min.

Temperature: Chromatographic column 185°C, inl€&°€] detector 210°C.

Enzyme activity: Folin-phenol method (GB/T 23527-2009)

Weighed 1.00g enzyme, diluted 10,000 times witHdsusuck 1mL, added 1mL
casein (aq), water bath 40°C, 10min, and then addddtrichloroacetic acid (aq) to
terminate reaction. After filtration, added JT4D; (aq) and Folin reagent, measured
680nm absorbance by UV-Vis spectrophotometer.

Fluoride concentration: fluoride electrode method (GB/T 5009.18)
Weighed 1.0g crushed sample, added 10 mL HCI (a&),and extracted 1h.
Combined fluoride electrode and calomel electrad@éasure fluoride concentration.

Moisture content: oven drying method (GB 5009.3-2010)
Weighed 5.00~10.00g sample in weighing bottle, it 95~105°C drier for 2~4 h,
weighed again.

Phospholipid concentration: molybdenum blue colorimetric method (GB/T
5537-2008)

Weighed 2.0~3.0g krill oil in crucible, added ZnG@, used electromagnetic oven to
carbonize until no smoke. Then put crucible to meufiirnace burning 4h in 550°C.
After cooled down, added HCI (aq) to free phospherdt last, added hydrazine
sulfate and sodium molybdate to create blue colbegsured 650nm absorbance by
UV-Vis spectrophotometer.

Peroxide value:Fe&* oxidation colorimetric method (GB/T 5009.37-2003)

Weighed 0.1~1.0g sample, add Fg£@x). Fé* was oxidized to F&. Fe*and SCN
created red colour, measured 500nm absorbance byis/$pectrophotometer.
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2.4 Process of extraction krill oil by enzymolysis

The scheme for hydrolysis and extraction followedhe experiments is presented in
Fig. 4.

Frozenraw krill
Thawing
Enzymolysis I (Heat to inactivate lipase )
Centrifugation —  Shell
Enzvmolysis 1T
Heat to precipitate

Centrifugation —— Water phase

Lipid phase Concentration
Drving Krill hyvdrolysate
PEF*

Extraction —» Proteins

Phospholipids rich krill oil

*PEF was defined as freeze dried lipid phase is shidy.

Figure 4. Scheme for hydrolysis and extraction

Due to lacking availability of fresh krill, frozenaw krill stored in -20°C was used for
this study. Krill hydrolysate was similar to “Olypeproduced by Olympic, but

contains a higher proportion of small peptides. céotration aimed at decrease water
activity, so krill hydrolysate can be stored inmotemperature.
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2.5 Orthogonal design and analysis

Several of the experiments were designed and athlyy orthogonal collocation, in
accordance with Ferguson & Finlayson (1970).

2.6 Individual experiments

The following experiments were conducted (Table 6):

Table 6. List of experiments

Experiment Aim

Enzymolysis | To identify the most suitable protease and enzyomeentration
for separation of krill shell

Lipase To ensure krill oil quality, keep low acid valuedahigh PL
inactivation concentration in krill oil.
Enzymolysis I To identify the most suitable protease and optinuaerditions

for decomposing complex of protein and lipid

Centrifugation To separate lipid and water phase without oil float

Drying To reduce weight and stability, and to facilitaighhkrill oil
quality

Extraction To extract PL rich krill oil as completely as pdssi and

maintain good quality of the krill PL

Expt. Enzymolysis I

As stated in introduction, krill shell concentratedost of fluoride, therefore,
exoskeleton removal is important for decreasingorflle concentration. An
experiment was set up to compare the efficienayenftral protease, alcalase, papain,
flavorzyme and trypsin for shell removal during molysis I. Incubation took place
under the conditions of HTe = 55~ KWR = 2:1, HTi = 15min (with
sufficient stirring). Enzyme doses of 0 (endogenengyme activity only), 750 and
1,500 U/g were tested. The evaluation criteriondus@s visually detectable shell
after centrifugation.

Expt. Lipase inactivation:

Lipase (including PLase) has adverse effect foll kil manufacturing that will
decompose triglyceride and phospholipid, increasd salue. Like pasteurization,
enzyme inactivation depended on both temperatuletiare. Both high temperature,

short time and low temperature, long time will itve@te lipase. This experiment was
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fixed time in 10 min, five temperature zone in gv#0°C was investigated: 50~55°C,
60~65°C, 70~75°C, 80~85°C, 90~95°C. Both acid vahtkePL concentration in krill
oil data was used for evaluating lipase activity.

Expt. Enzymolysis Il

Six single factor experiments and one orthogongledrment were conducted in
enzymolysis Il. Single factor experiment aimediatling control range of orthogonal
experiment parameters, while orthogonal experim@&nted at optimizing these
parameters. These single factor experiments wanRKvith DH (no water, 2:1, 1:1,
1:2); enzyme species with DH (neutral proteasalase, papain, flavorzyme, trypsin);
ED with DH (1000U/g, 2000 U/g, 3000 U/g, 4000 U/gydrolysis pH (7.0, 7.5, 8.0
8.5); HTe with DH (45°C, 50°C, 55°C, 60°C); HTi wiDH (Oh, 2h, 4h, 6h, 8h).
Chosen alcalase and HTe = 55°C, orthogonal expetiiné3’) KWR, pH, ED, HTi
were conducted.

Expt. Centrifugation:

Centrifugation was applied after heating for préatpn. Time was fixed at 5 min,
speed 266G (2000 rpm), 600G (3000 rpm), 1066G (4000 was investigated by
high speed freezing centrifuge. The evaluatioreaoh used was PEF solidity and
whether oil float by vision.

Expt.Drying:

Lipid phase contained around 50% (w/w) water. Atitlied in extraction procedure,
too much water resulted in krill oil bad fluidityd high acid value. Therefore, drying
was not only to shrink weight, but also guarantelédil quality. Air drying and

freeze drying was compared by PEF state and atue vAfterwards, PEF was
compared by Olymeg in chemical components aspects.

Expt. Extraction:

Conducted orthogonal experimdni(3®) PER (1:6, 1:8, 1:10), ETe (25°C, 35°C,
45°C), ETi (1h, 2h, 3h) and measured following lssextractability, PL
concentration, AX concentration, acid value. Eadult set was analyzed
respectively to optimize conditions.
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3. Results and discussion

3.1 Enzymolysis |

Only autolytic protease (no enzyme added) was foneffective, while all added
enzymes added at either concentration were effitberdeshelling during 55~6C,
15 min in sufficient stirring (Table 7). Insufficieenzymolysis lead to hydrolysate
viscosity increasing which can limit separationdaytrifugation.

Table 7. Visual observation of the effect of enzlysis | and enzyme dosage on
separation of shells from the krill meat fraction.

Dosage of neutral 0 750 1500
protease or (endogenous
alcalase, U/g enzyme only)
Meat residual Visible Not visible Not visible
in shell

Alcalase was cheaper than neutral protease, ahdeibalymes were effective for
enzymolysis. Since industrial application was thalfaim for this research, alcalase
was chosen for further experiments.

3.2 Lipase inactivation temperature

Table 8. Acid value and PL concentration in kril| obtained by 10 min incubation
with alcalase at different temperatures.

(10min) 50~58C 60~63C 70~73C 80~83C 90~93¢C

Acid Value 33.2 26.3 26.1 26.5 27.2
PL in KO 31.3 30.5 30.3 30.3 30.1
(%)
PL: phospholipid
KO: krill oil

Table 8 shows that during 50~85(10min), the acid value was higher than for the
other incubation temperatures. This indicateslthases were active. When HTe >
60°C, the acid value was reduced, and both acid \atdePL concentration varied
little. This indicates that at HTe > ®D, the lipases were inactivated within 210min. In
this situation (68C, 10min), Alcalase was still active (table 7). §temperature
regime is also within the temperature range whichgases in krill are active,
according to Dai et al(2012), who found that krill autolytic protease Hagh

activity in 50~60C, and that maximum DH was achieved at HTe =°65The

autolytic proteases had both endoprotease and @eage activity. Thus, autolytic

protease combined with neutral protease or alcalasesave enzyme dosage, still
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obtaining a high DH.

Thus, HTe at 60~6& seemed to be optimal with respect to avoiding fedty acid
liberated from the lipids, efficient extraction ilitated by proteolysis, and moderate
heating to minimize heat-induced destruction ofRheoil.

3.3 Enzymolysis Il

3.3.1 Frozen krill and water ratio

Table 9. Degree of hydrolysis obtained by differeazen krill to water ratios.

KWR Protein DH
concentration %
%

1:0 13.1 21.9
2:1 7.8 31.1
11 5.8 24.3
1:2 3.7 22.7

DH: degree of hydrolysis
KWR: frozen krill and water ratio

Table 9 shows that when no water added, in comdited HTe = 55C, pH= 8.0, HTi

= 6h, alcalase 3000U/g, initial DH=20.7%, DH wasydi.9%. DH first increased,
and then decreased as the water content incrdaseginatic reactions are often
related to the concentration of substrate. If thoggdn concentration is too high,
protease wrapped by protein will decrease protddfeesion. Hydrolysis will be
inhibited. When the water content rose, proteintahh can release hydrolysis
inhibition. However, too high water content willaease the proteolysis, and DH will
consequently decrease.

The Picture 3 in Appendix Il also indicates tha¢ tnore water the hydrolysate
contained, the more effective was the separatioactordance with Stoke’s law,
particle free settlement velocity increases wittr@asing viscosity. Viscosity
decreases with increasing water (Jones & Talleg$31Jherefore, increasing water
content resulted in better separation. Howeverptaoh water may limit water phase
evaporation, energy consumption will increase.

Thus, KWR = 2:1 seemed optimal as it gave the lsgbél (DH=31.1%), and
required only moderate amounts of water to be added
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3.3.2 Enzyme selection

Table 10. Degree of hydrolysis obtained by différmmzymes in its best conditions.

Protease Enzyme HTe pH DH
species activity °C %
U/mg

Neutral 368 50 7.0 29.9

protease

Alcalase 383 55 8.0 31.1
Papain 220 50 7.0 25.8

Flavorzy 35 50 7.0 41.7

me
Trypsin 244 45 7.5 27.0

DH: degree of hydrolysis
ED: enzyme dosage
HTe: hydrolysis temperature

Table 10 shows that the use of flavorzyme resuttedde highest DH (DH=41.7%) in
conditions of KWR = 2:1, ED = 3000U/g, HTi = 6hjtial DH = 20.7%. It worth to
note that flavorzyme is an exoprotease that candiysk protein or peptide one by
one amino acid at the time. In this case, amind egntent in flavorzyme hydrolysate
was quite high. The aim of this study was to decaserotein-lipid complex, not to
obtain free amino acids. Alcalase was the endogagti giving the highest DH
(DH=31.1%). Alcalase was also heat stabile, &C6DH=31.4%, data from 3.3.5),
while other enzymes were partially or completelgativate during these conditions.
Alcalase was also the cheapest among these 5 gesteEhus, this enzyme was
chosen for the subsequent experiments.

3.3.3 Enzyme dosage

Table 11. Degree of hydrolysis obtained by diff¢@nalase dosages.

ED DH

U/g %
1000 27.6
2000 29.4
3000 31.1
4000 31.7

DH: degree of hydrolysis
ED: enzyme dosage
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According to Table 11, in conditions of KWR = 2HTe = 58C, pH= 8.0, HTi = 6h,
Alcalase, initial DH=20.7%, DH increased linearly dosage increased within
1000U/g~3000U/g. When the dosage reached 3000~4af)Oncreased velocity per
unit enzyme added decelerated. In considerati@mpyme cost and efficiency, 3000

U/g seemed to be optimal enzyme dosage.

3.3.4 Hydrolysis pH

Tablel2. Degree of hydrolysis obtained by differfeydrolysis pH.

Hydrolysis PHss ¢ pH2sc DH
pH after6 h after6h %
7.0 6.8 7.3 25.8
7.5 7.1 7.8 27.6
8.0 7.5 8.2 31.1
8.5 8.0 8.7 24.3

DH: degree of hydrolysis

Alcalase is an alkaline protease, meaning thaorke/best at pH>7. This was
confirmed by the results in Table 12, showing thatonditions of KWR = 2:1, HTe
= 55C, HTi = 6h, Alcalase 3000U/g, initial DH=20.7%etpH optimum for alcalase
was 8.0 (DH=31.1%). Lower or higher pH decreased DH

Enzymes are proteins. Enzyme activity is affectggtd due to pH difference can
change protein spatial (tertiary and quaternarycsires, both being essential for
enzyme activity.

3.3.5 Hydrolysis temperature

Table 13. Degree of hydrolysis obtained by diffédeydrolysis temperature.

Hydrolysis DH
temperature °C %

45 29.4

50 30.2

55 31.1

60 314

DH: degree of hydrolysis

Beside pH, hydrolysis temperature also affect pnagpace structure, low
temperatures will result in low hydrolysis rate doat DH. Overheating will
irreversible denature protein and cause oxidatod,thereby inactivate the enzymes.
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In conditions of KWR = 2:1, HTi = 6h, pH = 8.0, alase 3000U/g, initial DH=20.7%,
DH rose with temperature increasing from 45 to 60P&ble 13). Rising the
temperature from 55°C (DH=31.1%) to 60°C (DH=31.4f#) marginal effect.
Taking the increased energy consumption into cenattbn, 55°C was considered as
optimal hydrolysis temperature.

3.3.6 Hydrolysis time

Table 14. Degree of hydrolysis and pH obtained iffger@nt hydrolysis time.

Hydrolysis time pH DH %
h
0 8.0 20.7
2 7.6 26.6
4 7.5 30.4
6 7.5 31.1
8 7.4 31.9

DH: degree of hydrolysis

Table 14 shows that DH increased over time in doon of KWR = 2:1, HTe =

55°C, pH = 8.0, alcalase 3000U/q, initial DH=20.7%eTtydrolysis seemed to have
two stages: 0~4 hours, fast hydrolysis, since Ddfeased quickly by time; 4~8 hours,
slower hydrolysis, since DH increased slowly bydir@ui (2005) argued that the
slowdown of hydrolysis rate was due to decreaspatific peptide bonds available
for enzyme action.
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3.3.7 Orthogonal experiment (L¢(3%) KWR, pH, ED, HTi)

Table 15. Degree of hydrolysis obtained by orth@jexperiment (§3*) KWR, pH,
ED, HTi).

KWR pH ED HTi DH
%

1 1:0 7.0 2000 4 21.4
2 1:0 7.5 3000 6 23.3
3 1:0 8.0 4000 8 24.0
4 2:1 7.0 3000 8 29.5
5 2:1 7.5 4000 4 30.0
6 2:1 8.0 2000 6 27.7
7 11 7.0 4000 6 25.9
8 11 7.5 2000 8 23.7
9 11 8.0 3000 4 26.0
— 22.9 25.6 24.3 25.8
K1
7 29.1 25.7 26.3 25.6
73 25.2 25.9 26.6 25.7
R 6.2 0.3 2.3 0.2

DH: degree of hydrolysis

ED: enzyme dosage

HTi: hydrolysis time

KWR: frozen krill and water ratio
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Figure 5. Degree of hydrolysis as dependent ohwater ratio, pH, alcalase
concentration (ED), and hydrolysis time (HTi), arza&ld by orthogonal experiment
analysis

Range analysis in orthogonal experiments (Tabld-ip,5) gave the following
ranking of influencing factors: KWR (R =6.2) > KR = 2.3) > pH (R =0.3) > HTi
(R =0.2). Time was the least influencing factance DH was almost the same at 4h
as at 6 and 8h. Therefore, 4h was considered asalgtydrolysis time.

In conditions of KWR = 2:1, HTe = 55°C, pHB.00, alcalase 3000U/g, HTi = 4h, DH
= 31.1 % was found. Peptides with an average leofg2 and a molecular mass of
352 were obtained.

3.3.8 Effect of end pH
Table 16. Acid value and krill oil appearance oh¢ai by different end pH.

pH=6.6 pH=7.0 pH=7.4
Acid value 29.9 29.9 29.2
Krill oil Little opaque Opaque Opaque
appearance High fluidity Medium fluidity Low fluidity

Neutral pHgecis 6.5. This means that both 4=6.6, 7.0 and 7.4 were alkaline
(Table 16). As pH increased, krill oil turned opagand the fluidity decreased. This
can partly be rationalized by saponification of lipels. Higher fatty acid salts (e.g.
sodium stearate) are opaque and will cause dengefisidity. However, the acid
value did not vary much. Thus, adjusting acid vahreugh titration was not
considered practical.
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On the other hand, as can be seen from PictureAfpendix Ill, lipid and water
phase of end pH=6.6 separated more completely caupdi=7.0 and 7.4. Better
separation allows the centrifuge to be run at losyered and for a shorter time, both
resulting in increased capacity and reduced ensyggumption.

It is necessary to adjust end pH to 6.5~6.7 foalake hydrolysis. When neutral
protease was applied, incubation was simplifiedheut any need for pH adjustment.

However, neutral protease was more expensive ticatase and resulted in lower
DH.

3.4 Centrifugation speed

Table 17. Separation effect obtained by differamtifugation speeds.

(5min) 266xG 600xG 1066xG
separation effect Soft solidity PEF Medium solidity PEF  Medium solidity PEF
No oil float No oil float Little oil float

After adjusting end pH 6.5~6.7, T = 75~80°C, time = 5 min, heating tactivate
protease, separation occurred into a lipid phadeaamater phases in the same time.
Centrifugation was applied immediately for furtiseparation, when the hydrolysate
was still warm.

The effect of speed was investigated with timedigé 5Smin (Table 17). The speed
resulting in 600xG gave medium solidity and nofloiat. At lower speed (266xG),

more water remained in PEF. At higher speed (1066aiGwas floating on the top

(three layers). Based on this, 600xG gave optimaéasation.

3.5 Drying

3.5.1 Comparison of air drying and freeze drying

Table 18. Dried state and acid value obtained bgrging and freeze drying.

Air Drying Freeze Drying

Drying temperature 50°C -50°C
Dried state Paste Sticky powder

Acid Value (mg KOH/qg) 29.6 27.2

Two different drying methods were compared (Taldp Air drying has higher

processing capacity and is cheaper than freezadlridowever, freeze drying

resulted in better lipid quality (acid value 27.8 KOH/g), compared to air drying

(29.6mg KOH/Qg). Freeze drying also produced materiahwaibetter dried state:
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sticky powder, easy to disperse in solvent. ThiegZe drying was preferred
compared to air drying.

3.5.2 Comparison between PEF and Olymeg

Table 19. Chemical composition obtained by PEF@iytheg.

Moisture Crude Total fat PL in total Ash Acid
content (%) protein (%) (%) fat (%) (%) value
(mg
KOH/qg)
Olymeg 6.4 44.9 43.2 44.3 5.0 11.4
PEF 1.2 23.0 74.4 31.0 7.4 27.2

PL: phospholipid

Table 19 shows that after 4h alcalase hydrolydt$; €ontained more fat (74.4% >
43.2%) and less protein (23.0% <44.9%) than Olyriveast krill protein hydrolyzed
to small peptide and was recovered from the wdtas@. The rest protein or
non-water soluble peptide remained in PEF. Theegfarotein concentration
decreased and fat concentration increased by atelydrolysis. Furthermore, the
acid value increased from the value in frozen latll8.1 mg KOH/g to 27.2 mg
KOH/g in PEF.

The acid value from frozen krill was higher thary@ég (11.4 mg KOH/g). The most
probable reason was that the krill was capturdday, analyzed in November.
Although the frozen krill was stored in -20°Cdur@gnonths, low temperature still
cannot stop hydrolyzing. In another experimengndied krill meat stored in -20°C
for 2 years. After thawing, the texture of thisllkmeat was just like gravy. The acid
value was up to 100 mg KOH/g, and the PL concdntrah KO was as low as 5~6%.
However, the AX concentration did not change much.

Thus, the PEF manufacturing process should be miovéiek ship, immediately after

catching the krill, in order to avoid storage-indddydrolysis and deterioration of the
krill.
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3.6 Extraction

3.6.1 Solvent selection

Table 20. Krill oil extractability, phospholipid [P concentration, astaxanthin (AX)
concentration and acid value obtained by diffesaitents used for extraction.

99.5% 95.5% Acetone Ethyl Chloroform

Ethanol Ethanol acetate  methanol 2:1
Extractability (%) 70 54 50 62 79
PL (%) 33.0 40.4 9.4 30.5 30.3
AX (ppm) 166.5 113.8 223.8 181.1 151.1
Acid value (mg 28.0 46.2 30.6 27.8 30.6
KOH/qg)
PL: phospholipid
KO: krill oil

AX: astaxanthin

Table 20 shows that the use of different solverghli differed in extraction
efficiency in conditions of PEF: solvent = 1:10,&¥ 25°C, ETi = 2h.

Acetone is generally applied for industrial PL figation (removal of non-polar
lipid), as illustrated by the low proportion of Rithe lipid extract. However, krill olil
extracted from acetone still contained 9.4% PLsTd@monstrated that krill PL has
special features. The most striking feature ishilgla concentration afi-3 PUFA in
PL, leading to special physicochemical characiesst

Ethyl acetate also can be used as a solvent foicRIKO extraction (PL=30.5%), but
it is expansive and less commonly used than ethanol

99.5% ethanol had higher extractability (70% > 54@8Ve higher AX concentration
(166.5ppm=>113.8ppm), but lower PL concentrationq33< 40.4%) compared with
95.5% ethanol. This indicates that 99.5% ethanal avaefficient solvent to extract
both triglyceride, PL and AX.

The residue after extraction with 99.5% ethanol waswder, while 95.5% ethanol
residue was more like an oily paste.

The extract obtained with 95.5% ethanol extractthadcigher acid value (46r2g
KOHY/g) than that obtained with 99.5% ethanol (284 KOH/g) and other solvents.
One main reason for the differences in extractgtisithat 95.5% ethanol contains
more water than 99.5% ethanol. This may facilieastgaction of proteins and other
amphoteric substances that may increase acid dalireg KOH titration. However,
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protein concentrations did not differed much (K@nfr99.5% ethanol: protein
concentration 9.7%; KO from 95.5% ethanol: pro@ancentration 10.1%). A more
probable reason may be that 95.5% ethanol had higkeefatty acid extractability
than 99.5% ethanol and the other solvents.

As impurity extractability and PL concentrationirieased, KO from 95.5% ethanol
had bad fluidity and opaque appearance. Chlorofasthanol 2:1 is a standard
method to analyze total lipids concentration (Fadtlal., 1957). The use of the same
solvent system resulted in the highest extracts{ifi9%). However, chloroform and
methanol are toxic and their use is not allowefbod or pharmaceutical industry.

Both considering total extractability of total kihiPL and AX, and the acid value of
the extract, 99.5% ethanol seemed optimal to exk&c

3.6.2 Orthogonal experiment(Lo(3%) PER, ETe, ETi

Table 21. Krill oil extractability, phospholipid [P concentration, astaxanthin (AX)
concentration and acid value obtained by orthogerpériment (k. (3°) PER, ETe,
ETi).

ETe (°C) PER ETi(h) Extractabilty PL (%) AX Acid value

(%) (ppm) (mg KOH/g)
1 25 1:6 1 61 339 164.6 29.0
2 25 1:8 2 68 326 166.1 28.8
3 25 1:10 3 70 31.7 166.8 30.5
4 35 1:6 2 64 33.1 170.6 30.6
5 35 1:8 3 69 324 1684 30.3
6 35 1:10 1 69 32.2 165.6 30.9
7 45 1:6 3 68 323 167.0 29.5
8 45 1:8 1 70 320 1721 31.3
9 45 1:10 2 74 321 170.1 32.1

AX: astaxanthin

ETe: extraction temperature

ETi: extraction time

KO: krill oil

PER: PEF and 99.5% ethanol ratio
PL: phospholipid

Table 21 shows the values obtained by an orthogomqmériment (L9(3 PER, ETe,
ETi). These data were used in the subsequent antabgnalyses.
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3.6.3 Extractability

Table 22. Krill oil extractability obtained by odgonal experiment.

ETe (°C) PER ETi(h) Extractability

(%0)
1 25 1:6 1 61
2 25 1:8 2 68
3 25 1:10 3 70
4 35 1:6 2 64
5 35 1:8 3 69
6 35 1:10 1 69
7 45 1:6 3 68
8 45 1:8 1 70
9 45 1:10 2 74
—_ 66.3 64.3 66.7
K1
— 67.3 69.0 68.7
H2
— 70.7 71.0 69.0
£3
R 4.4 6.7 2.3

ETe: extraction temperature
ETi: extraction time
PER: PEF and 99.5% ethanol ratio

Range analysis in orthogonal experiments (Tablega2g the following ranking of
influencing factors: PER (R =6.7) > ETe (R = &4Ti (R = 2.3)

Extractability, %
72

. ). o
L / 4

. {

G2

80 T T T T T T T T T T 1
25 35 45 1:6 18 110 1 2 3

ETe, 2C PEF:ethanol ETi, h
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Figure 6. Extractability as dependent on extractenperature (ETe), PEF: 99.5%
ethanol ratio, extraction time (ETi), analyzed lshogonal experiment analysis

The orthogonal experiment (Fig. 6) showed high EZB8C < 35°C < 45°C), high
PER (1:6 <1:8 < 1:10) and long ETi (1h < 2h < B#gulting in high extractability.

In condition of 45°C, 1:10, 3h, the highest extaadity from PEF was 74%; PL
concentration was 32.1%.

Total krill oil extractability was 74% / 74.4% = 99
Total krill PL extractability was 74%x32.1% / (7%431.0%) = 103%
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3.6.4 Phospholipid concentration

Table 23. Phospholipid concentration obtained lyagonal experiment.

ETe (°C)  PER ETi (h) PL (%)
1 25 1:6 1 33.9
2 25 1:8 2 32.6
3 25 1:10 3 31.7
4 35 1:6 2 33.1
5 35 1:8 3 32.4
6 35 1:10 1 32.2
7 45 1:6 3 32.3
8 45 1:8 1 32.0
9 45 1:10 2 32.1
_ 32.7 33.1 32.7
K1
- 32.6 32.3 32.6
_ 32.1 32.0 32.1
i3
R 0.6 1.1 0.6

ETe: extraction temperature

ETi: extraction time

PER: PEF and 99.5% ethanol ratio
PL: phospholipid

Range analysis in orthogonal experiments (Tablega8g the following ranking of
influencing factors: PER (R =1.1) > ETe (R = O=Ti (R = 0.6)
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Figure 7. Phospholipid concentration in krill o dependent on extraction
temperature (ETe), PEF: 99.5% ethanol ratio, etttna¢cime (ETi), analyzed by
orthogonal experiment analysis

PL concentration in KO is a major quality criterj@amd PL in commercial KO
normally is between 40%-45%.

The orthogonal experiment (Fig. 7) showed that ove (25°C > 35°C > 45°C), low
PER (1:6 > 1:8 > 1:10) and short ETi (1h > 2h > @&sulted in high PL

concentration.

In condition of 25°C, 1:6, 1h, the highest PL carication was 33.89% in KO;
extractability from PEF was 61%.

Total krill PL extractability was 61%x33.9% / (74431.0%) = 90%
Total krill oil extractability was 61% / 74.4% = &2
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3.6.5 Astaxanthin concentration

Table 24. Astaxanthin concentration obtained blgagonal experiment.

ETe (°C) PER ETi(h) AX

(Ppm)
1 25 1:6 1 164.6
2 25 1:8 2 166.1
3 25 1:10 3 166.8
4 35 1:6 2 170.6
5 35 1:8 3 168.4
6 35 1:10 1 165.6
7 45 1:6 3 167.0
8 45 1:8 1 1721
9 45 1:10 2 170.1
—_ 165.8 167.4 168.1
K1
= 168.9 168.9 168.9
— 169.7 168.1 167.4
£3
R 3.9 15 15

AX: astaxanthin

ETe: extraction temperature

ETi: extraction time

PER: PEF and 99.5% ethanol ratio

Range analysis in orthogonal experiments (Tablegadg the following ranking of
influencing factors: ETe (R =3.9) > ETi (R = 15PER (R =1.5)
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Astaxanthin concentration, ppm
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Figure 8. Astaxanthin (AX) concentration in kriil @as dependent on extraction
temperature (ETe), PEF: 99.5% ethanol ratio, etttna¢cime (ETi), analyzed by
orthogonal experiment analysis.

The orthogonal experiment (Fig. 8) showed that gl (25°C < 35°C < 45°C), PER
=1:8 and ETi = 2h resulted in high AX concentratio

In condition of 45°C, 1:8, 2h, the highest AX comication was 172.2ppm;
extractability from PEF was 72%.

Total krill AX extractability was 72%x172.2ppm /9% x 151.1ppm) = 104%
Total krill oil extractability was 72% / 79% = 91%
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3.6.6 Acid value

Table 25. Acid value obtained by orthogonal expenim

ETe (°C)  PER ETi (h) Acid

value
(mg
KOH/qg)

1 25 1.6 1 29.0
2 25 1.8 2 28.8
3 25 1:10 3 30.5
4 35 1.6 2 30.6
5 35 1.8 3 30.3
6 35 1:10 1 30.9
7 45 1.6 3 29.5
8 45 1:8 1 31.3
9 45 1:10 2 32.1
— 29.4 29.7 30.4
K1
e 30.6 30.1 30.5
—_ 31.0 31.2 30.1
K3
R 1.6 15 0.4

ETe: extraction temperature
ETi: extraction time
PER: PEF and 99.5% ethanol ratio

Range analysis (Table 25) in orthogonal experimgat® the following ranking of
influencing factors: ETe (R = 1.6) > PER (R = 25Ti (R = 0.4)
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Acid value, mgKOH/g
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Figure 9. Acid value in krill oil as dependent odraction temperature (ETe), PEF:
99.5% ethanol ratio, extraction time (ETi), analyby orthogonal experiment
analysis

The orthogonal experiment (Fig. 9) showed that love (25°C < 35°C < 45°C), low
PER (1:6 <1:8 < 1:10) and ETi = 3h resulted in md value.

In condition of 25°C, 1:6, 3h, the lowest acid walas 28.6ng KOH/g.

Based on these results, it is recommended that kit first processed to PEF and
stored carefully in ship, then krill oil may be edted from the PEF on land. PEF
concentrated most of krill lipids without water dighse activity, therefore, the acid
value will be much less than starting material @étkat has been stored frozen for a
long period of time.
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3.7 The deep enzymolysis process

Table 26. Advantages and disadvantages compar@dyiypic process and improved
process.

Process name Advantages Disadvantages
Olympic SFE (no solvent remaining) Expansive
Low enzyme cost Three layers (part of AX and n-3

triglyceride loss)

Improved Cheap (99.5% Ethanol High enzyme cost
process extraction) Long incubation time
High extractability

AX: astaxanthin
SFE: supercritical fluid extraction

The improved process, suggested by this thesissimalarities to the Olympic
process by using enzymolysis and solvent extra¢tiable 26).

However, applied deep enzymolysis achieved highgrek of hydrolysis and formed
two layers: lipid phase on the top and water plosssthe bottom. According to
Olympic patent CN102170795A, three layers formeadrafentrifugation: The first
layer consists of neutral oil. The second laygretide enriched layer. The bottom
layer consists of a complex of protein and lipid.

Two layers are easier to handle compared with tlangss.

As deep enzymolysis decreased soluble protein odrat®n, hydrolysate viscosity
decreased. At the same time, the lipid phase amdanore lipids as water phase
extracts more peptide. The division into an aqugpegtide rich phase, and a lipid
phase is also characterized by a high differencensity. This is evident based on
Stokes' Law,

V. = 21%9(pp — Py)
s 9 7

Vs: Particle free settlement velocity, m/s
r: Lipid particle radius, m

pp: Water phase density, kgim

pr: Lipid phase density, kg/fin

g: Acceleration of gravity, mfs

1 : Kinetic viscosity of system, Pa

In condition of fixed lipid particle diameter andcaleration of gravity, both
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increasing density differencpyfpr) increasing, and kinetic viscosity of the system
decreasing can lead to increased particle frelesetht velocity. System viscosity
also depends on temperature and soluble proteiceatration.

In other words, as temperature and DH increasid, éipd water phase are prone to
separate spontaneously. This is illustrated byyapgpl6000 U alcalase/g, heating to
55’ C, and incubating for 12 h. Under these condititipg] and water phases
separated spontaneously at room temperature, aaltllgna particles accumulated to
big particles automatically.

According to krill oil analysis presented in Tallé, phospholipid concentration was
only 32.1g/100g, far below the 40 g/100g limitsmally set for high-quality
commercial products. However, the EPA concentratias 11.9 g/100g and DHA
concentration was 7.6 g/100g, which are in noreal.n-3 fatty acids are mainly
combined with phospholipid in krill oil, thereforlew phospholipid concentration
will result in low EPA and DHA concentration.

Table 27. Krill oil composition analysis (1:10,°45 2h, krill oil extractability is
74%).

Item Content Assay method

Total lipids (g/100g) 93.4 GBI/T 14772-2008*
Protein (g/100g) 8.7 GB 5009.5-2010*
Phospholipid (g/100g) 32.1 GB/T 5537-2008)
EPA (g/100g) 11.9 GB/T 5009.168-2003
DHA (g/100g9) 7.6 GB/T 5009.168-2003
Ethanol and water (g/100g) 1.9 GB 5009.3-2010
Astaxanthin (ppm) 168.0 SN/T 2327

Fluoride (ppm) 2.8 GB/T 5009.18

Acid value 30.6 GB/T 5530-2005
Peroxide value (mEq peroxide/kg) 2.5 GB/T 5009.37-2003

* GB/T 14772-2008 is Soxhlet extraction
* GB 5009.5-2010 is Kjeldahl method

Table 28. Freeze dried extraction residue commosdnalysis.

Item Content Assay method
Total lipids (g/1009) 12.2 GBI/T 14772-2008
Protein (g/100q) 50.5 GB 5009.5-2010
Phospholipid from total lipids (%) 3.0 GB/T 5537-2008)

The lack of decrease in EPA and DHA with low PL cemtration represents an
apparent controversy. However, Kolakowska (198&)ted that stored in -22°C for 6
months, up to70% of the phospholipid was decompamedi free fatty acids increased
by 6-20 fold.
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In this study, phospholipid was measured by theybd#num blue colorimetric
method that meant low phosphorus concentrationl@alll to low phospholipid
concentration.

Figure 10. PLase subgroups and site of action.
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Fig.10 shows that PLase has four subgroups: PLadeldseA2, PLaseC and
PLaseD, acting on different part of the PL molec@aly PLaseC had
dephosphorilation function and keap$8 fatty acids remaining in the basic structure.
In other words, the current result indicates higtivay of PLaseC during autolysis of
krill PL.

The Kjeldahl method is used for the quantitativeéedaination of nitrogen in
chemical substances. In krill oil, not only protetontained nitrogen, but also
phospholipid, including PC, PE and PS. The mairoPkrill are PC and PE. PC and
PE concentration of krill was 80.4% and14.9% o&l®lL, respectively. Pl was also
present but with very low percentage (0.7%) ofltBla(Abdelkader 2012).

The MW of PC can be calculated as MW(PC) = (2EPA-Z3Hs + PG + (Choline-1)
= 842. This means that N (%) = 14 / 842=1.66%. &mnmeously, MW(PE) =
(2EPA-2) + GHs + PGy + (Ethanolamine -1) = 782; N (%) = 14 / 782 = 249
MW(PI) = (2EPA-2) + GHs + PQ; + (Inositol-1) = 901; N (%) = 14 / 901= 1.55%.

Thus, N(from PL) = N(from PC) + N(from PE) + N(froRl)= 40%x80.4%x%1.66% +
40%x%14.9%x%1.79% + 40%%*0.7%x1.55%= 0.6448%.

By the Kjeldahl method, 40% PL of krill oil equaléd background protein values:
N(from PL)x6.25 = 0.6448%%x6.25 = 4.03%.

According to Table 26, extra% = Total lipids% + tin% + Ethanol and water% -
100% = 93.38%+ 8.74% + 1.86% - 100% = 3.98%. Theaiéy, 33.11% PL equaled
to 3.34% background protein values, closed to 3.@8%a value. The true protein
value was 8.74% — 3.34% = 5.40%.
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4. Conclusions

Antarctic krill is an abundant source 3 PUFA phospholipids, with considerable
application potential to secure good human hebltdwever, extraction of
phospholipids from intact krill is complicated. Tjwenzymolysis should be employed
to facilitate efficient extraction of phospholipigth krill oil.

The current research shows that most efficientelitn is achieved by two step
proteolysis. For the first step, aimed at liquefythe krill and separating shells to
reduce the content of fluoride, a combination afa@genous proteases from the krill
and added protease should be employed. Alcalas@@maiified as the most suitable
enzyme for enzymolysis of among 5 commonly usegmes based on degree of
hydrolysis. This first step hydrolysis should berimated by heating, especially in
order to deactivate endogenous phospholipase tgcipiunce high concentration of
free fatty acids reduces the quality of the krill o

The aim of the second step is to decompose lipidpaotein complexes, thereby
facilitating high krill oil extractability. The ophal hydrolysis conditions for alcalase
were found to be:

First step hydrolysis: Frozen krill and water rati@:1, hydrolysis temperature =
60~65°C, hydrolysis time = 15min, alcalase dosa86@9U/g. Centrifugation:
400xG, filter cloth 50~200 mesh.

Second step hydrolysis: Hydrolysis temperature 2G5H = 8.0, hydrolysis time =
4 h, end pH = 6.5~6.7. Five min heating at 75€8(s needed for precipitation.
Centrifugation: 600xG, 5min.

The phospholipid enriched fraction (PEF) was defias freeze dried lipid phase after
centrifugation. Extraction from PEF aimed at highi oil extractability, high PL
concentration, high astaxanthin (AX) concentraton low acid value. Comparing 5
commonly used solvents (99.5% ethanol, 95.5%ethacetone, ethyl acetate and
chloroform methanol 2:1), concluded that 99.5% eth&as most suitable for
extraction, based on a combined evaluation of etehality and consumer safety.

Maximum krill oil extractability was obtained attexction temperature of 45 °C, a
PEF and 99.5% ethanol ratio at 1:10, and extra¢iime at 3h. Under these
conditions, krill oil extractability was 74%.

Maximum phospholipid concentration was obtaineextaction temperature of 25
°C, PEF and 99.5% ethanol ratio at 1:6, and extratime at 1h. Under these
conditions, the PL concentration in krill oil wa3.8%.
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Maximum astaxanthin concentration was obtainedietion temperature of 45 °C,
PEF and 99.5% ethanol ratio at 1:8, and extrad¢ima at 2h. Under these conditions,
astaxanthin concentration in krill oil was 172 ppm.

High acid value (AV) and low PL concentration doestorage was seen in frozen
krill. This was probably due to hydrolysis durirrgZen storage for 6 months, and
lipase and phospholipase (PLase) during the tioma fratch until the material was
frozen, thawed and incubated. It is recommendeditésh krill is processed to PEF
immediately after capture, rapidly frozen, and etioat stable, low temperatures in the
ship. Extraction on land should occur rapidly afterding. If frozen krill is the raw
material for krill oil extraction, high concentrati of free fatty acids represents a
potential risk of inferior quality.
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Appendix | Technical summary

Frozenraw krill
Thawing
Enzymolysis I (Heat to inactivate lipase )
Centrifugation —  Shell
Enzvmolysis 1T
Heat to precipitate

Centrifugation —— Water phase

Lipid phase Concentration
Drving Krill hyvdrolysate
PEF*

Extraction ——» Proteins
Phospholipids rich krill oil

*PEF was defined as freeze dried lipid phase is shudy.

Thawing: KWR = 2:155’ C water bath (speed up thawing)

Enzymolysis I: Alcalase 3000U/g, 60~65°C, 15min

Centrifugation for shelling: link-suspended batemtrifugal, 400xG, filter cloth
50~200 mesh

Enzymolysis II: 55°C, start pH = 8.0, 4h, end$H8.5~6.7

Heat to precipitate: 75~80°C, 5min

Centrifugation for lipid and water phases sepamatt®0xG, 5min

Drying: Freeze drying or vacuum drying

Extraction: 99.5% Ethanol, PER=1:10, ETe%=@5ETi=2h.
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Appendix Il Mass balance

Frozen krill*1 Enzymolysis]
and water —— Hydrolysate——»Lipid phase——» PEF —— Kiill oil
m+0.5m 2 Centrifuge

1.5m=86%

1 EnzymolysisII

2 .Centnfuge

Drving

1.5mx86%x9%
1.5m=86%=9%=50%
1.5m=86%=x9%x

00.3% ethanol extraction

50%x74%
Moisture | Crude | Total PLin Ash NFE Acid
content | protein fat total fat Value
(%)

Frozen krill* 79.6 12.1 4.2 31.1 2.7 14 18.1
PEF 1.2 23.0 74.4 31.0 7.4 27.2
Krill oil 1.9 8.7 93.4 32.1 30.6
Freeze dried residue 50.5 1242 3.0

*Frozen krill caught in May, analyzed in Novemb20,13

KWR = 2:1: m+0.5m

Yield of frozen krill and water to hydrolysate: 86%

Yield of hydrolysate to lipid phase: 9%

Lipid phase water content: 50%

Yield of PEF to KO in condition of 99.5% EthanollQ, 45C, 2 h: 74%

Total lipids conversion ratio from frozen krill REF: 1.5x86%x%9%x50%x74.4% /
4.2% = 103%

Total PL conversion ratio from frozen krill to PEE5x86%x9%x50%x74.4%x31.0%
/ (4.2%x31.1%) = 103%

Total krill lipids extractability from PEF: 74%x98% / 74.4% = 93%

Total PL extractability from PEF: 74%x%32.1% / (/%431.0%) = 103%

Total KO vyield from frozen krill: 1.5x86%%9%x50%x%A= 4.3%

Total KO extractability from frozen krill: 4.3%/472 = 102%

Total krill lipids extractability from frozen krill103%x%93% = 96%

Total PL extractability from frozen krill: 103%x193= 106%
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Appendix Ill Photographs
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Picture 1. Frozen raw Antarctic krill

Picture 2. Krill shell and hydrolysate after Enzygsis | and centrifugation
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100
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Picture 3. Lipids and water phase separation effedifferent KWR.

Picture 4. Lipid and water phase separation etiedifferent end pH
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Picture 5. Lipid and water phase separation afd®G5 5min centrifugation

el R

Picture 6. Freeze dried phospholipid enriched ivactPEF)
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Picture 7. Ethanol rotary evaporation
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