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ABSTRACT

Microalgae have provided great exploitation of biofuels and bioproducts production
over fossil fuels and other plabaised sourceswing to its high accessibilitynon
competition,and renewability advantages. The production of natural carotenoid
from microalgaeare safer than petrochemical feedstock due to the inherent toxicity
concerns for direct human consumption. However, the recalcitrant structure of
microalgae cell wallestricted the direct recovery and extraction of the carotenoids
accumtlatedinside the biomass which requiras additional pretreatment process.
The current conventional technologiés.g. bead beating, homogenizers, high
pressure heating and chemicaté)biomass processing are incompetent and not
feasible for the downstaen processing of microalgae. This creates an opportunity
of developing novel bioprocessing approache®tluce the overall cosand time

processing and enhance the efficient production of carotenoids

This thesis presents thdevelopment of liquid biphasicand ionic liquid
technologies for the downstream processing of carotenoids such as astaxanthin and
fucoxanthin from different microalgae strains. This thesis firsityoducesthe
application of liquid biphasic flotatiogystemin the extraction and partitioning of
astaxanthin fromHaematococcus pluvialisnicroalgae. The optimized liquid
biphasic flotation system is further employed with ultraseunand
electropermeabilizaticassisted technologies forsanultaneougpretreament and
extraction of carotenoids from microalgakhese integrated technologies with
liquid biphasic flotation system provide a estep rapid processing,

environmentally friendly, achiedehigher yield and separation efficiendy. fact,



the integratedtechnologies liquid biphasic flotation system was scgleto
investigate the feasibility for large scale and commercializing its usage for industrial
proposes. This thesis also presented a greener and sustainable solvent using ionic
liquids technology fothe cell permeabilization and extractionastaxanthin and
fucoxanthinfrom microalgaeThegreen concept of theroposed ionic liquid in this
researctwork utilized carbon dioxide as one of i=sactants and they can be easily
separated from the exttad bioproduct compared to conventional imidazaled
pyridinium-based ionic liquidsThe characterization of the synthesized ionic liquid
was comprehensively evaluated in this work. Besides, the cellular and surface
morphology after treated with the ieanliquid were investigated. This wordso
illustrated the recyclability studies of the proposed ionic liquid for subsequent
extraction. Moreover, the antioxidant properties of the extraastaxanthin and
fucoxanthinwere subjected for antioxidant anat/sThe research achievements in

these works anfiitureopportunities are highlighted in the last chapter of the thesis.
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CHAPTER 1 INTRODUCTION

1.1 Research Background

Astaxanthin, or known as3 ,-dhMroxy-b , -Gamdiened , -dioNg is a
bright red secondary carotendlthtis widely usedn food, cosmetic, aquaculture,
nutraceutical and pharmaceutical industri&hah et al., 2016) t Gtsoxidant
effect is beneficial for preventing cancer, diabetes, cardiovascular disease, ulcer,
immune response and inflammati¢¥iuan et al., 2011)The stereoisomersf
astaxanthinncludeall-cis( 3 S, ci8ttass) 3 R, 30 Srans(anRl, a3 dR)
(Yang et al., 2013)Astaxanthinis the pigment thagivesbright redcolourto the
fleshand shell of salmonids (e.g., salmons #&odt), shrimps ad crayfish(Koller
et al., 2014) Astaxanthin can be derived from natural soureeg. algae, yeast,
salmon, trout, krill,shrimp, and crayfishpr produced synthetically. In 2014,
commercial market of synthetic astaxanthétued at $447 million, corresponding
to the production of 280 metric tons per y@eoller et al., 2014, Panis and Carreon,
2016)

Synthetic &taxanthin has a lower production cost (approximately
$1000/kg), despite of its commercialized quantity being less than 1%, which is
relatively low when compared to microalgderived astaxanthi(Li et al., 2011a,
PérezLopez et al.,, 2014)The production of synthetiastaxanthin comprises the
complex synthesis route using petrochemical resources as raw material. The source
of synthetic astaxanthin has been a point of safety concern for consumers due to

inherent toxicity of raw material used in the production of astéaifLi et al.,



2011a, Milledge, 2011)lo-date,synthetic astaxanthin has yet to be approved for
direct human consumption as food supplements, but only be used as additive and
pigment for fish feed purposes onfyi et al., 2011a) Therefore, a greener and
sustainable approach should be attempted to produaairedtaxanthin for a wider
range of applications in food, animal feed, cosmetics and pharmaceuticals
industries. In addition, several works have reported that the antioxidant activity of
natural astaxanthin is significantly higher than the synthetic astiax and other

bio-c o mpounds s u c {taroéese, canthexanthinzeakanthir lutein and
Utocophero(Miki, 1991, Borowitzka, 2013, Koller et al., 2014, Pétamez et al.,

2014) Table 1.1 present a comparison of synthetic astaxanthin and natural

astaxanthin with regards to their advantages and disadvantages.



Table 1.1: A comparison summary of synthetic and natural astaxanthin for their

advantages and disadvantages.

Type Advantage Disadvantage References
Synthetic 1 Stereoselectivity 1 Use of (Milledge,
intermediates petrochemical 2011, Li et

astaxanthin f Low price of

biosynthesis
product

1 Long lifespan of
biosynthesis
product

I Low antioxidant
activity

1 High
availability  of
synthetic
astaxanthin

Natural 1 Safe for humar

consumption

astaxanthin 1 High

antioxidant
activity

T Low
environmental
impact

9 Sustainable an
renewable

1 Environmental
friendly

reactants which ar al., 2011a)
highly hazardous

Complex

biosynthesis route

High

environmental

impact

Not sustainable an

renewable

Costly biorefinery (Koller et
processes al., 2014,
Spacious and tim: Pérez
consuming for Lopez et al.,
complex 2014)
cultivation of H.

pluvialis

Short lifespan of

bioproduct

Expensive cost o

production of

natural astaxanthi

bioproduct

Low availability of

natural astaxanthir

Microorganisms such as algae (e@hlorella zofingiensis, Chlorococcum
and Haematococ®) and yeast (e.g.Phaffia rhodozymgaare the wetknown

sources of the natural astaxantlgdmbati et al., 2014)Amongst these natural



sourcestesearchers have put tremendous efforts on studying the natural astaxanthin
derived fromHaematococcus pluvialigH. pluvialis). It was reported thathe
accumulation of astaxanthin K. pluvialis can reach around 3.8 to 5.0 @hbdry
weight depending on the cultivation conditions and photobioreactor design
(Boussiba et al., 1999, Ranga et al., 2009, Wayama et al.,. ZDi#)e other hand,
some recent approaches utilized the mutagenesis strategy to genetically improve
algae strains for rapid growth rate and high accumulation of astaxg8tranon
Gojman et al., 2015, Hong et al., 2018)

However, a largescale biosynthesis of natural astaxanthin fidnpluvialis
still remains a challenge, due to the eneggtensive cultivation and downstream
processing. The cultivation ¢i. pluvialis consists of two major phases, namely
green motile stage and red nomtile stage. During the cultivation bf. pluvialis
under nutrient stress, the green vegetative cells will transform into rechoide
haematocyst cellwithin 12 to 15 dayg¢Fabregas et al., 200X)nce the maturation
stage of red nomotile haematocyst cell is reached, the harvesting strategies (e.g.,
centrifugation and sedimentation) take place to concentrate the biomass from the
depleted culture mediufiMan et al., 2013)To preservel. pluvialisbiomass, dying
techniques such as spray drying and freeze drying were often adopted to eliminate
moisture in the biomass for preventing the degradation of pigrfiemtsal., 2011a,
Milledge, 2013, Panis and Carreon, 2018&he dried bdmass was typically
pretreated with the mechanical disruption (e.g., milling and grindéftgng et al.,
2014)to lyse theH. pluvialis. The astaxanthin was often recovered tha solvent
extraction using solvents such as organic solviduds et al., 2013)concentratd

acid and alkaliMendesPinto et al., 2001, Sarada et al., 200@ggetables oils
4



(Kang and Sim, 2008, Dong et al., 2014hd pressurised liquid¢Jaime et al.,
2010) or the extraction assisted withitrasound(Zou et al., 2011) Recently,
alternative solvents were used in the extraction of astaxanthin, including
supercritical carbon dioxide (SCO.) (Machmudh et al., 2006, Nobre et al., 2006,
Wang et al., 2012, Reyes et al., 2014, Molino et al., 2018, Sanzo et al,,iBaiS3)
liquids (ILs) (Desai et al., 2016, Praveenkumar et al., 2015, Choi @049, Liu et
al., 2019b) magnetieassisted extractiofzhao et al., 2016a, Zhao et al., 2018hjl
supramolecular solvent (SUPRAS) extract{@alattiDorado et al., 2019)
Fucoxanthinis a xanthophyll with molecular formulae 6fi-HsgOs, Which
IS a major carotenoictontributing about 10% of total accumulation carotenoids
found only inmacroalgae and microalgae spedieso et al., 2017)Fucoxanthin
hasaunique $ructural features composed ofaltenic bond, a conjugated carbonyl,
a 5,6monoepoxide and an acetyl group which these attributes @ antenna
pigment carotenoidn the main lightharvesting complexes responsible in the
transfer of energy for photgsthesiselectron transport chains in both micend
macroalgaeBesides, the exploration of natural fucoxanthin over synthetic chemical
routes was mainly due to its beneficial antioxidant properties to prehese
chronic oxidative stress diseases ihatudes atherosclerosis, Alzheimatisease,
and cancerThe production of fucoxanthin has a higher quantity in microalgae (e.g.,
Phaeodactylum tricornutumOdontella aurita and Chaetoceros calcitrans
compared to the macroalgae (e.Bisenia bicyclis Laminaria digitate Fucus
vesiculosusSargassum muticuandSaccharina latissimijKim et al., 2012a, Xia
et al., 2013, Conde et al., 2015, Shannon and®@bannam, 2017)n fact, hese

bioactive compounds extracted from microalgae (i.e., fatty, got/saccharide,

5



phycobilin, carotenoids and phenolic compounds) are favourable feedstock for the
development of future food supplement as it has the ability to enhance beneficial
towards health effect in terms of antflammatory, antidiabetic, anticancer, anti
malarial, antiangiogenic and photprotection activities(Suchern et al., 2020,
Mohamadnia et al., 2020, Sathasivam and RiL.& Based on literatures studies,

the extraction of fucoxanthimicroalgae involves conventional organic solvents
using methanol, ethanol, isopropanol, acetone, hexane, tetrahydrofuron, ethyl
acetate and dimethyl sulfoxideespectively and thisiggered the consideration in
various aspects such as environmentalaicbptoxicity, high consumption volume

and sustainability of these organic solvglisrwenskus et al., 2019, Suchern et al.,
2020, Khoo et al., 2020e)

This research aims to explore tigeeen alternative approachés the
extraction and separatiorof carotenoidsfrom microalgae. A welkstablished
bioseparation technology namely liguitphasic system (LBS) technologies has
attracted numerous researchersodo attenti
biomolecules(Leong et al., 2019a)it is also known as liquitlquid extraction
technology in the downstream processing. The liquid biphasic extraction technology
is comprsed of two liquids which is separated by an interfacial layer when the
mixture of two incompatible liquids is beyond the critical condition. Generally, the
characteristics of the phag@ming components creates a physot@mical
interaction which can e#g acclimatize the target biomolecules to be partitioned to
either the top or bottom phase depending on the selectivity of the components.
Moreover the implementation ofarious assisted technologies such as bubbling

ultrasound and electrpermeabilizéion-assistechave been incorporated into the

6



LBS to enhance the effectiveness of biomolecules sepai@lang et al., 2018,
Phong et al., 2017a, Lee et al., 2016, Sankaran et al., 2018b)

In recent years, researchers have expended a tremendous amount of effort in
exploring ionic liquids (ILs), or the molten salts, as an environmentally friendly
alternative to the conventional volatile organic solvents (VORIsysicachemical
properties of ILs, sutas negligible vapor pressure, high melting point, and high
thermal stability, are desirable for many fields of chemidtee et al., 2015)Low
vapor pressure of ILs mitigates the issue of air pollution due to the minimal
evaporation of ILs during operation, as compared to VOCs. In addition, the high
melting point and thermal stability allow ILs to withstand intensive operational
conditions(i.e., high temperature and pressure). Since ILs compmfsasons and
cations, the interionic interaction forms hydrogen bonding that is important for
solvation purposeThe unique combinations of ions in ILs earn them a title of
designer solvent, as $L.can be specifically designed to fit a specific condition or
application by altering their functional groups and selectiosugfblecation and
anions(Wilkes, 2004) Despite the advantages brought by ILs in these processes, a
good understandg of toxicology and sustainability of these ILs is important for a
further effort in commercialization and marketing of theselliven technologies
1.2  Problem Statement

The increase of human population has put tremendous pressure on the
market demantbr food sources and dietary supplement in which high cost, supplies
and sustainability has to be throughout considefé@ production of synthetic

bioactive compound comprised of complex synthesis route using petrochemical



resources as its raw materig ,which has been a point of safety concern due to its
inherent toxicity and lack of sustainability to both human and the ecosystem. This
has driven the needs of renewable feedstock such as micrcadgdee key
compositionfor biofuels, bioproducts andidmctive compoursl production.The
high-valuecarotenoidsontent in microalgae has higher quality than then terrestrial
plant sourcesvhich can provide human benefitting properties such as excellent
antioxidant and aninflammatory that can be used replace synthetic colouring
and for direct human supplements. Howetee recalcitrant structure of microalgae
cell wall hindered the direct recovery and extraction otdretenoidsaccumulated
inside the biomass which requires an additional pretreatprenessin fact, the
current conventional extraction approaches utilizing volatile organic solvents
(VOCs) possess toxicity and hazardous propertdsch would contributes to

various environmental impacts in managing the disposal of solvent.

Therefoe, the development of novel bioprocessing approaches is much
needed to reduce the overall bioprocessing and effectively enhance the production
of carotenoids This research work proposed a green alternative and sustainable
extraction process using liquiphasic system and ionic liquid technojoigr an
efficient extraction and recovery cérotenoid$érom microalgae. The incorporation
of recent advances technologies such as ultrasamdl electropermeabilization
assisted with liquid biphasic flotatiogsgem can enhance the extraction process of
bioactive compound. Thevaluationof the proposed techniquess scaledup to
verify its feasibility in largescale system for the production of carotenoids. The

implementation of ionic liquids technology as eaftative green solvent was



proposed for the cell permeabilization and extraction of carotenoids from
microalgae. The green concept of the proposed ionic liquid in this research work
utilized carbon dioxide as one of its reactants and they can be easitatselpand
recycled from the extracted bioproduct for subsequent extraction procébses.
research would contribute an efficient, rapid extraction, greener and sustainable

technologies for the downstream processing of biomolecules from microalgae.

1.3 Research Objectives

This research work was aimed to explore the green alternative extraction
approach of astaxanthin and fucoxanthin from microalgae. The objectives of the
research were to identify the potential pretreatment approaches and alternative
extraction approach for the recovery of highlue carotenoid. The scopes of this

research are stated as followed:

1) To evaluate the application of liquid biphasic system technologies for the

extraction of astaxanthin and fucoxanthin from microalgae.

2) To ahieve a onestep pretreatment and extraction approach for the extraction of

astaxanthin and fucoxanthin from microalgae.

3) To perform astaxanthin and fucoxanthin extraction from microalgae using green

COr-based alkyl carbamate ionic liquids.



1.4  Reseach Contributions
The research scopes proposed in Section 1.3 were achieved and each scope
is described in detail in the followinghapter3 to Chapter 7The summary of the

research contributions of this thesis are as followed:

1) Extraction of natural astaxanthin from Haematococcus pluvialigsing liquid
biphasic flotation system Two stepapproach in which biomass are mechanically
disrupted by grinding usingortarand pestle as pretreatment followed by extraction
using liquid biphasic flotatio(LBF) system. The optimization of phase component
composed of food grade alcohol and e&the liquid biphasic flotation system were
evaluatedVarious parameters suchtgpes and concentration of alcohol and salts,
volume ratio, addition of neutral salt, flotation period, mass of biomass and scaling
up approach were investigated. Weparatiorefficiency, partition coefficient and

recovery yield of extracted astaxantiere examined.

2) Integrated ultrasonic assisted liquid biphasic flotation for efficient
extraction of astaxanthin from Haematococcus pluvialisAn efficient onestep
extraction process via integrated ultrasesssisted liquid biphasic flotation
(UALBF) was developed for simultaneous pretreatment and extraction of
astaxanthin fronHaematococcus pluvialisiomass.This work is the continuation

of previous optimized liquid biphasic flotation system condition with additional
parametergocuses more on the tdisoundassisted system. Various parameters
such as position of ultrasound horn, mode of ultrasonication (pulse and continuous),
amplitude of ultrasonication, air flowrate, duration of air flotation, and mabk of

pluvialis microalgae were evaluated. The extracted astaxanthin yield, separation
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efficiency and partition coefficient from UALBF were evaluated and compared with

optimized LBF system.

3) Permeabilization of Haematococcus pluvialignd solid-liquid extraction of
astaxanthin by COz-based alkyl carbamate ionic liquids Green and sustainable
extraction approach using G®ased alkyl carbamate ionic liquids) were
proposed as a promising solvent to permeabilize the robust microalgae cell wall for
an effective extraction of astaxanthibinlike conventional imidazolium and
pyridinium-based ILs, this C&based alkyl carbamate ILs can be a potential
substituent othese conventional ILs as they be easily distillate from the extracted
product under moderate temperature. Various parameters such as typebalseéd

IL, concentration of IL, extraction time and temperature were evaluated. The
DIMCARB-treated microalgaeeresubjectedo the surface morphology analysis

by a compound microscope and Field Emission Scanning Electron Microscope
(FESEM). Recyclability studies were also conducted to determine the efficiency of
the recycled ILs for multiple rounds of extractidm addition, the antioxidant
properties of the extracted astaxanthin were evaluated using Trolox equivalent

antioxidant capacity (TEAC) and total phenolics content (TPC).

4) Electropermeabilization-assisted liquid biphasic flotation for the recovery of
fucoxanthin from Chaetoceros calcitransnicroalgae Green and notthermal
extraction approach via electropermeabilizatssisted liquid biphasic flotation
for the recovery of fucoxanthin froi@haetoceros calcitranmicroalgae Owning
to its nonthermal nature unlike ultrasowadsisted technology,

electropermeabilizaticassisted extraction of carotenoid prevents the degradation
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of these temperatw®ensitive carotenoids. The optimization l@fuid biphasic
flotation systermand electropermeabilizaticassisted liquid biphasic flotation were
conducted to compare the effect of eleetigtd treatment. Various parameters such

as type and concentration of alcohol and salts, flotation time, flow rate, period of
electropermeabilizain, position of copper electrode, voltage applied, and biomass
concentration were evaluated. The antioxidant properties of extracted fucoxanthin
obtained fromoptimized LBF system and electropermeabilizatissisted LBF

systemwerealsoassessed.

5) Bioprocessing ofChaetoceros calcitranfr the recovery of fucoxanthin using
CO2-based alkyl carbamate ionic liquids A rapid cell permeabilization and
extraction of fucoxanthin fronChaetoceros calcitranmicroalgae by C@based

alkyl carbamate ILs. Thextraction conditions such as type of £liased alkyl
carbamate ILs, concentration of IL, incubation period and temperature were
investigated. Surface morphology of the permeabilized cells was analysed by light
microscope and Field Emission Scanning EtecttrMicroscope (FESEM).
Antioxidant properties of the extracted fucoxanthin, including Trolox equivalent
antioxidant capacity (TEAC) and total phenolic content (TPC) were assessed.
Studies on the recyclability of ILs were conducted to evaluate the perfoesiah

ILs for the successive batches of extraction

1.5 Outline of Thesis
The outline of thesis consists of eight (8) chapters and stated as followed.
CHAPTER 1 covers the research backgrounds and the current problem statement

faced in the downstream processing of carotenoids from microalgae. The research
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objectives and contribution of this research are highlighted asW¢APTER 2
coversthe literature review on the upstream and downstream of microalgae,
conventional and recent advances biorefinery approach for the recovery of
astaxanthin and fucoxanthin, liquid biphasic system technologiesustainability

of ionic liquids technology.CHAPTER 3 outlinesthe extraction of astaxanthin
from Haematococcus pluvialimicroalgae using liquid biphasic flotation syste
(manuscrippublished irBioresource TechnologyCHAPTER 4 depict a onestep
extraction approach for the extraction of astéxemfrom Haematococcus pluvialis
microalgae with integrated ultrasorassisted liquid biphasic systemmgnuscript
published inUltrasonics Sonochemisityy CHAPTER 5 report a greener and
sustainable extraction approach using®@@sed alkytarbamate ionic liquids (ILs)
were proposed as a promising solvent to permeabilize the robust microalgae cell
wall for an effective extraction of astaxanti{manuscript published i€hemical
Engineering Journgl CHAPTER 6 demonstratea greener and netmermal
extraction approach for the recovery of fucoxanthin fiGhaetoceros calcitrans
microalgae using electropermeabilizatiassisted liquid biphasic flotation system
(submitted tdSeparation and Purification TechnolgdyHAPTER 7 unveil a rapid

cell permeabilization and extraction of fucoxanthin fr@haetoceros calcitrans
microalgae by C@based alkyl carbamate ILs (manuscript publishégiénesource
Technology. Lastly, inCHAPTER 8 summarized the list of research achievement
along with future research works and recommendation of the remaining and

consecutive research gaps.
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1.6  Flow Diagram of the Research

The flow chart of illustrating the scopes in this research is showigure
1.1. The carotenoids fronaematococcus pluvialiand Chaetoceros calcitrans
microalgae were subjected to various pretreatment and extraction processes. Recent
advances technolags such as ultrasoundnd electropermeabilizatieassisted
were incorporated into the liquid biphasic flotation system and ionic liquids
technologies were implemented to process these valuable carotenoids from

microalgae.

Extraction Liquid Biphasic System Technologies

——— Y - -
)

|

Pretreatment

H % 4 L
\ Ionic Liquids
- G - - R, "
\ / [(CH:)NH)® - == O - Ol(CH;):NH-co0)
v R—N*—H C— N ’ o
'J | ’ "0 —OI(CH3)NH;)

// \ [(CHy)NH-co0> |

[P
L e o e o o o

Figure 1.1: Flow diagranof this research work

14



CHAPTER 2 LITERATURE REVIEW

2.1 Life science, morphologies and life cycle ¢laematococcuspluvialis
Haematococcus pluvialigH. pluvialis), also known asHaematococcus
lacustrisor Sphaerella lacustrigs a biflagellate volvocalean unicellular green algae
categorized under the class of Chlorophy@ayama et al., 2013H. pluvialisis
primarily found intemporary freshwater bodies such as rain pools, natural or
artificial ponds and birdbattBurchardt et al., 2006, Proctor, 195M) pluvialiswas
successfully isolated from the sources like the-ft@amding water containendhe
rooftop of the Goddard building at the University of Queensland St Lucia campus
(Ma et al., 2018)on coastal rock located on the seashore in R{Ssiekanov et
al., 2014)and freshwater fishpond in RomafieDr a g o kK e H. plavialisis 2 01 0)
capable of withstanding the intense environment and climate (e.g., light,
temperature and salt concentration) by turning into redmeotile encysted cell

enclosed with a thick membra(Proctor, 1957)

There are four types of cellular morphologies in the progrelis pluvialis
towards maturation, namely macoazd (zoopores), microzooid, palmella and
haematocyst (aplanospordgb)azen, 1899, Shah et al., 2016) the green motile
stage, the cell appeared in the forms of macrozooid, microzooid and palmtik.
red nonmotile stage, the cell is known as haematocyst wherein the astaxanthin is
accumulated in the thick membrane. Macrozooid, which appears in irregular
spherical or pear shape, is the starting stagé¢ pfuvialiso s | i f e cycl e. B

with an equal length is extended from the anterior end of the cell to allow the cell
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movement. Under the favourable culture condition, macrozooid grows rapidly in the
vegetative asexual reproduction stage. Macrozooid undergoes a process called
Amit osi slivdeswteimother cell into 2 to 32 daughter cells forming a

fragment of macrozooi(Pravenkumar et al., 2015, Wayama et al., 2013)

In contrast, unfavorable culture condition causes the macrozooid to undergo
morphogenesis by losing both its flagella, expandirgize,and forming a spherical
green normot i | e Apal mel I|caldongses lofi amorphdue multin n e r
layered extracellular matrix encapsulating the primary wall that protects the cell
composition when they become the resting vegetativgidatien et al., 2002At
this intermediate stage, the accumulation of small amount of astaxanthin in the
cytoplasm renders a greenisdd intermediate cell. The prolongedfavorable
cultivation stress (e.g., nutrient stress, high light intensity and high salinity) will turn
the fipamell ad cell into the nAdmatieoelit ocy st
becomes more hindrance to predominate the intense cultivationticondy
forming a new rigid trilaminar sheath, secondary and tertiary walls that are
composed of sporopolleniike biopolymer material (algaenafBoussiba et al.,
1999, Kobayashi and Okada, 200Q@)nder unfavourableoptimal cultivation
condition,H. pluvialiswas able to reach a fully mature haematocyst cell within the
time period in 2 week@Kobayashi et al., 1997bA mature haematocyst is capable
to accumulate a large amount of astaxanthin up to 5 % of cell dry weight. The
astaxanthin was deposited in lipid droplets in the cytoplasm, giving a reddish colou

pigment of the cel{Boussiba et al., 1999, Hagen et 2002, Wayama et al., 2013)
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When the culture condition becomes favourable for red-motile
haematocysts cell, gametogenesis occurs and up to 64 gametes known as
microzooids are produced. Microzooid is lesser than 10 um, which is relatively
smaller as compared to macrozooid with size of D pm in diamete(Hazen,

1899, Shah et al., 201&urthermore, the germination of haematocyst might occur,
resulting in a thinner and weaker cell wall of motile microzooid due to the breakages
of trilaminar sheath, secondary and tertiary cell wallsa Assult, the biorefinery of
astaxanthin is more efficienti. pluvialiscells are harvested after the germination

of haematocysfPraveenkumar et al., 2012)

2.1.1 Biosynthesis of natural astaxanthin fromH. pluvialis microalgae

Figure 2.1 shows the overview of the processes in biosynthesis of natural
astaxanthin fromH. pluvialis Many works have highlighted the importance of
optimized cultivation conditions for achieving high cell density and accumulation
of astaxanthin irH. pluvialis this included type of culture medium, temperature,
pH and light intensit{ D o mé fBgcanegra et al., 2004, Giannelli et al., 2015,
Sahaetal., 2013l is al® crucial to evaluate the stress condition at a certain period,
since there are several reports demonstrating the retardation of cell growth under
highly intense stress conditigBu et al., 2014)it has been proven thét pluvialis
can be cultivated in photoautotropic, heterotropic and mixotropic conditions
depending on the feasibility of the culture system for industrial production of
astaxanthir(Liu et al., 2017) Several cultivation techniqueslising the common

photobioreactors like flat type, airlift column, bubbling column, and tubular column
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have been develop¢dChoi et al ., 2011, Garc?a

Wang et al., 2013)

} Optimal parameters | ; Predator parameters H - gemmmmmeecmmcmmmeaan

Figure 2.1: Overview of the processes in the production of astaxanthin tom

pluvialis covering cultivation and downstream processing.

The most commonly used culture media for the cultivatiohl.gbluvialis
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(BG-11) (Rippka et al., 1979)KM1-basal (i.e., a modified variant of BBM)
(Kobayashi et al., 1997@nd Optimal Haematococcus Medium (OHWabregas
et al., 2001)Recently, the comon culture media was reformulated with additives,
such as melatonin (MLT) and diethyl aminoethyl hexanoate-§DAo trigger the
stressspecific effect and the expression of hormoned.ipluvialisfor increasing

the cell density and accumulation ofasinthin(Ding et al., 2019, Ding et al., 2018,

Sun et al., 2015)Theinduction of carotenogenesis happens when the cells are

exposed to stress conditions derived from nutrierg. (nitrogen and phosphorus)

starvation, high salinity, and the combination or multiple of stress factors which
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induce the astaxanthin accumulatidt was reported that the concentration of
astaxanthin (3.5%, w/w) iHl. pluvialis cultivated under nitrogen limitation was
two-fold as compared to that k. pluvialis cultivated under phosphorus limitation
(Niizawa et al., 2018)Nitrogen limitation during cultivation causes the cellular
rupture due to the breakdown of chlorophyll in the cell. In addition, only 8 days
were required for the accumulation of astaxanthin up to 4.0% (w/w) during the algae
cultivation under nitrogenrhitation, whereas the same concentration of astaxanthin
was accumulated only offers 14 days of algae cultivation under phosphorus
limitation (Boussiba et al., 1999Nonetheless, the biosynthesis of astaxanthin in
the fAhaematocysto cell could be #fncreas
(ferrous sulfate) and acetate. Severaldigtsl reported that the addition of
approximately 0.45 to 0.5 mM Fewas sufficient for the formation of hydroxyl
radicals that promote the biosynthesis of astaxanthin in haematocy$i@al et

al., 2016, Kobayashi et al., 1997a)

Besides, it is also important to maintain the cultivation temperature within
207 28°C for the optimum cell growth and astaxanthin accumulatidéh luvialis
(Giannelli et al., 2015, Kang et al., 2010, Wan et al., 20B¥)increasng the
temperature greater than°80) the vegetative green motile cells might turn into red
nonmotile haematocyst cells; the high temperature condition increased the
metabolic activity in the cell, giving the maximum growth rate during cultivation
stage a compared to optimum conditig@oldman and Carpenter, 197Fjahjono
et al. (1994) reported that the biosynthesis of astaxanthiniaB30C was 2.5 to 3

times higher than thabf in the optimum condition(Tjahjono et &, 1994)
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Furthermore, the authors reported that the green motile cells rapidly changed to the
large dark redhaematocyst cells within two days of cultivation. An increase in
temperature enhanced the biosynthesis of astaxanthin in the haematocist tell

the presence of reactivity oxygen radicals triggering their reactivity in the cell

(Halliwell and Guteridge, 2015)

An optimal pH condition is essential for the maximum growth of cell density
and the biosynthesis of astaxanthin. Several researchers have found that the pH
range of 7 7.85 was ideal for stressduced astaxanthin biosynthegitata et al.,
2001, Sarada et al., 2002b, Sarada et al., 206&ayever, the cultivation Of.
pluvialis strain under a neutral pH condition might encounter challenges such as
contamination cawsl by fungal parasites, zooplanktonic, cyanobacteria and various
microalgagGutman et al., 2009, Han et al., 2013, Shah et al., 28di@cent study
demonstrated thad. pluvialishad a rapid growth rate of more than 99% within ten
days under acidic culture condition (pH 3) could prevent the contamination by
a lethal fungusParaphysoderma sedebokerer{sisvang et al., 2019)his was due
to the successful prevention of contaminatiorPayaphysoderma sedebokerensis
which is a lethal fugus having an optimum growth in neutral or alkaline condition.
Therefore, the strategy of acidic cultivation condition emerges as an alternative
solution to overcome the contamination problem, although some modifications of
other cultivation factors sucls éight intensity and nitrogerelated limitation might

be requiredKim et al., 2009, Yeh and Chang, 2011)

Light intensity is the most prominent factor that influences the cell cycle,

morphological changes, and carotenogenesis inductidth. @luvialis SinceH.
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pluvialiswill undergo two stages of growth, namely green motile stage and red non
motile stage, different optimal light intensity is required to achieve best yield of cell
and astaxanthin. For the cultivation of green motile cells, the optilghtntensity
rangedbetween 2@o 90¢ mo I'2§ Independing on the different modification and
approacheg¢Kim et al., 2009, Ma et al., 2018, Park et al., 2014hen the cells
reached the exponential growth phase, the culture will be transferred into another
controlled medium and exposed to a higher light intensity raragmgnd 100 480

e mo "2 Infor the transformation of cells into red nowtile haematocsts
(Chekanov et al-Bocanegrdet a.,200D Maet al.g2018,5aha et
al., 2013, Zhang et al., 201HRecent studies showed that the exposure of culture to
the weak incident of blue light (wavelength of 480 nm) along with a low intensity
of white light could increase the bioghesis of astaxanthin in red namotile
haematocysfLee et al., 2018, Ma et al., 2018)he decrease in the light intensity
could be beneficial for reducing the cost of cultivation, thereby making the

cultivation process more feasible for commercial production.

The feasibility of implementing electricityreatment has shown a rapid
growth rate oH. pluvialis(Kim et al., 2018)Additionally, the present of electricity
treatment enhance the astaxanthin accumulation up to 32.6 mg/L in redotiten
haematocyst cell. On the other hand, it is crucial to increase the celiydefidi
pluvialis during the green vegetative stage as this would promote a higher
astaxanthin production in the red romtile haematocyst cell. The application of
direct current at 60 mA and 100 mA to the culture gave an increase in cell density

up to D% difference when compared to the cultivation without electrical treatment.
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However, at a high current (O 120 mA)

and the cell density could decrease.

2.1.1.1Harvesting of H. pluvialis

In most of the biorefinées, the harvesting step remains as a bottleneck for
the largescale application. The harvesting &f. pluvialis for recovery of
astaxanthin commences once the red -matile haematocyst cells reach
maturation. The gravitational settling and centrifugation are among the conventional
harvesting techniques used. These procest®s the red normotile haematocyst
cels to be preconcentrated and fully separated from culture medidan et al.,
2013, Péret.opez et al., 2014)Paniset al. (2016) reported a 95% of the recovery
of biomass using floatation and disk stack centrifuggfRanis and Carreon, 2016)
Despite the high efficiency of biomass recovery, the operations of both techniques
are often limited by their high cost and the narrow suitability for the selected species.
A recent study reported an electrocoagulation floatation technique for harvesting
microalgae, yielding 89 * 2 % of biomass concentreti@ndels et al., 2019 T he
approach utilizedcharged particles which is faatting and environmentally
friendly. Besides, bioflocculation of microalghacteria was recently applied for
enhancing microalgae harvesting and nutrient removal from wastewater effluent

(Nguyen et al., 2019)

2.1.1.2 Drying ofH. pluvialis
After the pretreatment of algae biomass, a drying process is required to
prevent the degradation of pigment and to extend the she{fMééa et al., 2010)

One of the most effective and fresquly used techniques is spray dryiihg et al.,
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2011a, Milledge, 2013, Panis and Carreon, 2016, Raposo et al., 3pid)drying
reduced the moisture content in red ymatile haematocyst cell to as low as 5%
(Pérezl dpez et al., 2014 Despite that, spray drying requires a high operation cost
due the requirement of high working temperature, i.e.,i1820°C(Grima et al.,
2003, Raposo et al., 201Freeze drying, or known as lyophilization, is another
drying method that involves the freezing of algae biomass usua@p«a® and the
temperature is maintained at 4(Choi et al., 2019)This technique is milder than
high-temperature spray drying; however, it is more expensivgetapplied in the

industrial scaléMilledge, 2013)

2.1.1.3 Pretreatment oH. pluvialis

It is vital for the red nommotile haematocyst cells to undergo a pretreatment
step for an effective recovery of astaxanthin from the rigid and recalcitrance
structure of haematocyst cell. The conventional pretreatments involve mechanical
methods such axpeller pressing, bead milling and grindifdercer and Armenta,
2011, Razon and Tan, 201However, high energy consumption is a fattobe
considered for largscale bioprocessing of microalgéeguirre and Bassi, 2014)
The expeller pressing subjects tHe pluvialis cell under compression at high
pressure for the disruption of sporopollenin wall. The technique has successfully
recovered 75% of algae oil in a one step pro@dsdhan et al., 204, Topare et al.,
2011) On the other hand, bead milling involves the agitation of tiny glass ceramic
or steel beads at a high speed. The effectiveness of cell disruption is dependant of
the time interval in the processif@reenwell et al., 2010Bead milling is still the

most effective technique of cell disruptionh@n compared to the enzymatic
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treatment, spray drying and chemical pretreatn{dbtendesPinto et al., 2001)
Once the cell walls are disrupted, it is recommended thastaxanthin must be
rapidly recovered within few hours, and the lysed cells must be minimally exposed
to the light condition to prevent the degradation of hggmsitive astaxanthin

pigment.

2.1.1.4 Recovery of astaxanthin froni. pluvialis

The conventioal solvent extraction techniques utilized aliphatic alcohols
(e.g., methanol, ethanol) or concentrated acids and alkalis [e.g., potassium
hydroxide, dimethyl sulfoxide (DMSOQ)] for the recovery of astaxanthin. However,
the type of solvent used is highly pdent on the industrial application; for
example, astaxanthin applied in food or pharmaceutical industries requires a milder
recovery methodNi et al., 2007) The use of concentrated acid is not favourable
due to its hazardous and toxicity that cause adverset éffi@ards human health.
Furthermore, conventional solvent extraction techniques might not be as effective
as other advanced technologies, including@Q extraction(MendesPinto et al.,
2001, Fujii, 2012, Pan et al., 2012, Reyes et al., 2014, Sanzo et al., 2018, Yen et al.,
2015) SGCOy extraction provides a short extraction tigmethin 20 to 120 mins)
a better quality of bioproduct, and a l@mest process. BesideSGCO; is a
sustainable and green solvastcompared to the conventional solvé@eedes et

al., 2011, Machmudah et al., 2006)

2.1.2 Biorefinery of natural astaxanthin
Various conventional and advanced extraction techniques for natural

astaxanthin were summarised and are reportedaiple 2.1 and Table 2.2
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respectively. Ongoing researches are putting effort to evaluate the impact of type of
solvents used for extractiopretreatment techniques (e.g., size of glass bead, acid
or alkali treatment), direct extraction using vegetables oils and micreveave
ultrasoundassisted solvent extraction for efficient recovery of natural astaxanthin

from H. pluvialis
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Table 2.1: Conventional biorefinery techniques of astaxanthin frbrpluvialis

Pretreatment Pretreatment  Biorefinery  of Strains Astaxanthin Astaxanthin
technique condition astaxanthin yield (mg/g) recovery (%)

Reference

Autoclave Acetone Acetone (2 mL, H. pluvialisCCAP 18.0 .85
(30 min) 16 h, 20 °C) 34/7 (dried)
Bol dés Bz«
1 °C, 80 umol
photon m?
s for 2 weeks
Acid pretreatment + Acetone Acetone (2 mL, H. pluvialisCCAP 19.0 .85
cell homogenisation 16 h, 20 °C) 34/7 (dried)
Bol dbés Bz«
1 °C, 80 umol
photon m?
s for 2 weeks
Acid pretreatment  HCI Acetone (2 mL, H. pluvialisCCAP 9.0 a 35
(30 min) 16 h, 20 °C) 34/7 (dried)
Bol dés Bz«
1°C, 80 umol
photon m?
s for 2 weeks

(MendesPinto et
al., 2001)

(MendesPinto et
al., 2001)

(MendesPinto et
al., 2001)
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Table 2.1 (Continue)

Pretreatment Pretreatment Biorefinery of Strains Astaxanthin Astaxanthin Reference
technique condition astaxanthin yield (mg/qg) recovery (%)
Alkali NaOH Acetone (2 mL, H. pluvialis 6.0 a 30 (MendesPinto
pretreatment (30 min) 16 h, 20 °C) CCAP 34/7 et al., 2001)
(dried):
Basal, 21+ 1 °C
80 pmol photon
mTZ
s 1 for 2 weeks
Acid HCI Acetone H. pluvialis - 96 +3 (Sarada eal.,
pretreatment + (2 N, 57 10 min (10 mL, SAG 19a (wet) 2006)

homogenisation heating at 70°C)
using mortar anc

pestle with
presence of
neutral glass
powder

centrifuged at

5000 rpm at 4°C

for 10 min)

Autotrophic
medium,25 + 1
°C, 3.0 Klux,
0.2% NaCl and
4.4 mM sodium
acetate for 2
weeks
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Table 2.1 (Continue)

Pretreatment Pretreatment Biorefinery of  Strains Astaxanthin Astaxanthin Reference
technique condition astaxanthin yield (mg/qg) recovery (%)

Acid DMSO Acetone H. pluvialis - 66.64 £ 0.78 (Sarada et al.,
pretreatment + (57 10 min (20 mL, SAG 19a (wet): 2006)

homogenisation heating at 70 °C

using mortar anc
pestle with
presence of
neutral glass
powder

Acid
pretreatment +

homogenisation heating at 70 °C

using mortar anc
pestle with
presence of
neutral glass
powder

Citric acid
(57 10 min

centrifuged at
5000 rpm at 4
°C for 10 min)

Acetone

(20 mL,
centrifuged at
5000 rpm at 4°C
for 10 min)

Autotrophic
medium, 25+ 1
°C, 3.0 klux,
0.2% NaCl and
4.4 mM sodium
acetate for 2
weeks

H. pluvialis
SAG 19a (wet)
Autotrophic
medium, 25+ 1
°C, 3.0 klux,
0.2% NaCl and
4.4 mM sodium
acetate for 2
weeks

3.44 +£0.11%

(Sarada et al.,
2006)
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Table 2.1 (Continue)

Pretreatment  Pretreatment  Biorefinery of astaxanthin  Strains Astaxanthin  Astaxanthin  Reference
technique condition yield (mg/g) recovery (%)
No - Vegetable oil direct H. pluvialis - Soybean: 91.7 (Kang and
pretreatment extraction using soybeal NIES-144 (wet): Corn: 89.3 Sim, 2008)
corn, grapeseed and olive ¢ 23°C, 5% CQ, Grapeseed:
(30 mL, vigorously stirring 200 € mo | 87.5
at 70°C) photon m?s'? Olive: 93.9
of light for 1
week
No - Soybean oil direct extractiol H. pluvialis 09+0.1 - (Dong et al.,
pretreatment (20 mL, 2 h agitation at (dried} Yunnan 2014)
20°C) Yunlin
Biological

Technology Co.
Ltd. (Yunnan,
China)




Table 2.1 (Continue)

Pretreatment Pretreatment Biorefinery of astaxanthin Strains Astaxanthin  Astaxanthin Reference
technique condition yield (mg/g) recovery
(%)

Grinding Repeating Pressurized liquid ethano H. pluvialis 21.0 - (Jaime et al.,
process of (10.3 MPa) BNA 10/024 2010)
freezing with (dried): Bold's
liquid nitrogen Basal, 25 °C,
and mashing in 200 ¢'hol
ceramic mortar s 1for 6 days

Grinding Repeating Methanol:dichloromethan H. pluvialis 23.0 - (Zhang et al.,
process of [3:1 (VIV)] SAG 341b 2014)

freezing with
liquid nitrogen
and mashing in
ceramic mortar

(dried),
University of
Gottingen,
Germany, 25 *
1 AcC, 3
m?2s? 1.5%
(viv) COzfor 10
days.
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Table 2.1 (Continue)

Pretreatment Pretreatment Biorefinery of Strains Astaxanthin Astaxanthin  Reference
technique condition astaxanthin yield (mg/qg) recovery (%)
Bead milling Glass bead (0.5 Acetone H. pluvialisINETI 33 18.0 - (Nobre et
mm) (dried): 1.8% (w/w), 25 al., 2006)
Ac, 1, 0w ¢
nitrogen starvation and
2% of NacCl
Bead milling Glass bead (2.5 Sucrose H. pluvialisFlotow 168200 pg/mL - (Peled et al..
mm) for4 min (0.2 M, 1844:nitratefreemBG- ol 2011)
centrifugedfor 11 medi um,
10 min) photon m? 't for 1
week
Bead milling Duplicate Acetone H. pluvialis (dried): 7.80 - (Boonnoun
process of glass Biogenic Co., Ltd, et al., 2014)
bead (1 mm) for Tokyo, Japan
10 min
Ultrasoundassisted Ultrasound Ethanol:  ethyl H. pluvialis(dried): 27.58 £ 0.40 - (Zou et al.,
solvent extraction irradiation of acetate Jingzhou natural 2013)
200 W for 16 [1:1, (VIV)] Astaxanhin Inc. (Hubei,
min with ethanol China)

and ethyl acetate
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Table 2.1 (Continue)

Pretreatment Pretreatment Biorefinery of Strains Astaxanthin Astaxanthin  Reference
technique condition astaxanthin yield (mg/qg) recovery (%)
No pretreatment - Ethanol:ethyl H. pluvialis(dried): 17.34 £ 0.85 - (Zou et al.,
acetate Jingzhou natural 2013)
(1:1 (v/v), 2 h)  Astaxanthin Inc. (Hubei
China)
Ultrasoundassisted Hydrochloric Acetone H. pluvialis(dried): 198+1.1 - (Dong et al.,
acid pretreatment  acid (1 mL) Yunnan Yunlin 2014)
Biological Technology
(20 min, ice bath) (1 mL,4 M, 2 Co. Ltd. (Yunnan,
min, 70°C) China)
Ultrasoundassisted Ultrasound Hexane: H. pluvialis(dried): 9.7+0.6 - (Dong et al.,
solvent extraction ~ assistant isopropanol Yunnan Yunlin 2014)
o (centrifuged at  Biological Technology
(20 min, ice 3500 rpm at 4°C Co. Ltd. (Yunnan,
bath) for 5 min) China)
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Table 2.1 (Continue)

Pretreatment Pretreatment Biorefinery of Strains Astaxanthin Astaxanthin  Reference
technique condition astaxanthin yield (mg/qg) recovery (%)
Ultrasoundassisted Ultrasound Two-step H. pluvialis(dried): 13.8+04 - (Dong et al.,
solvent extraction assistant extraction Yunnan Yunlin 2014)

(5 min, ice bath)

methanol/aceton: Biological Technology
(centrifuged at  Co. Ltd. (Yunnan,
3500 rpm at 4°C China)

for 5 min)
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2.1.2.1Conventional biorefinery technique of natural astaxanthin from H.

pluvialis

The conventional biorefinery oH. pluvialis utilizes organic solvents,
concentrated acids and ultrasotass$isted solvent extraction approaches. Sarada et
al. (2006) conductednaexperiment for extraction of astaxanthin frémpluvialis
SAG 19a using different solvents (acetone, methanol, DMSO) and acids
(hydrochloric acid, tartaric acid, citric acid, acetic acid and formic g&8djada et
al., 2006) Up to 96 + 3% of astaxanthin was successfully recovered from the
treatment oH. pluvialis SAG 19a using I 2 N hydrochloric acid within 5 10
min under heating at 70°C, followed by acetone extraction. In the same study, the
second highest recoveryd®&4 + 0.78%) was achieved by using DMSO, while the
treatment of cells with citric acid gave the lowest recovery of astaxanthin of (3.44
0.11%). A similar study conducted by Mendgigto et al. (2001) showed that the
physical pretreatment (e.g., auto&@aand mechanical disruption) prior to acetone
extraction improved the recovery of astaxanthin greater thanB&¥desPinto et
al., 2001) This might be due to the cleavage of some bomdise cell wall during
physical disruption process, causing an effective leaching of carotenoids due to the
extended disruption of the cell wall. Although these methods gave a higher recovery,
however, it is not favourable in the application of astaxaritiifood, additives and
pharmaceutical purposes. A greener recovery approach using vegetable oils (e.qg.,
soybean, corn, grapeseed and olive) gave an effective recovery up to(Bau@§o
and Sm, 2008) Although this approach is an alternative green extraction process
for astaxanthin used in the food industry, the long processing time (> 48 h) is often

required for a higher recovery of astaxanthin. On the other hand, it is more favorable
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to extract astaxanthin using an-@ased solvent due to the lipophilic characteristics

of astaxanthin. A similar solvent extraction approach conducted by Dong et al.
(2014) using soybean oil reported that only 0.9 + 0.1 mg/g of astaxanthin was
obtained; thisould be due to less effective disruption of thick cell wall of red non
motile haematocyst cel l under stirring

(Dong et al., 2014)

A study by Jaime et al. (2010) investigated the recovery of astaxanthin from
the driedH. pluvialis BNA 10/024 utilizing continuous grinding as pretreatment
(Jaimeetal.,2010) Then, foll owed by pressurized
with ethanol and hexane. The recovery yields of astaxanthin were 21.0 mg/g and
35.0 mg/g for which ethanol and hexane were used, respectiagtye et al., 2010)

The continuous grinding step enhanced the astaxanthin recovery due to the more
effective rupture of haematocyst cell. By using a similar approach without the
pressurized liquid, Zhang et al. (2014) reported that th&l yoé astaxanthin
recovered from the drield. pluvialis SAD 341b using a mixture of methanol and
dichloromethane (with a volume ratio of 3:1) was 23.0 nfgfpng et al., 2014)

On the other hand, the yield of astaxanthin from the diepluvialis INETI 33

with bead milling (glass bead with size of 0.5 mm) couplél acetone extraction
was only 18.0 mg/dNobre et al., 2006)A similar approach of extraction with
modification, namely a twstep bead milling viih glass bead (1 mm) gave an even
lower yield of astaxanthin (7.8 mg/¢Boonnoun et al., 2014)hus, the use of
different sizes of glass beads significantly affects the cell disruption of red non

motile haematocyst cell.
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Zou et al. (2013) examined the role of ultrasonic wave in an ultrasonic
assisted solvent extraction approach where the yieldtakanthin was 27.58 + 0.40
mg/g under ultrasound irradiation of 200 W for 16 min in ethanol and ethyl acetate
solutions(Zou et al., 2013)With the aid of ultrasonic wave, the cell disruption was
enhanced by the effect of acoustic cavitation produced in the s¢&eafoor et al.,

2009, Zou et al., 2011This allowed a greater penetration andudifon of liquid

phase into the rigid cell wa{Rostagno et al., 2003)n comparisa, the solvent
extraction technique utilising a mixture of ethanol and ethyl acetate (with a volume
ratio of 1:1) gave a lower yield of astaxanthin (17.34 + 0.85 mg/g) and required a
|l onger processing time (O 2-ajsftedsoDants pi t e
extraction, the selection of solvents used is critical for an effective mass transfer and
an optimal recovery of astaxanthin. Dong et(2014) applied ultrasonication in

both steps of acid pretreatment and solvent extraction for the re@d\astaxanthin
(Dong et al., 2014)The yields of astaxanthin were 19.8 + 1.1, 9.7 £ 0.6 and 13.8 £
0.4 mg/g for the solvent &actions using acetone, hexane/isopropanol and
methanol/acetone mixtures solvents, respectively. To prevent the degradation of
astaxanthin in the end products, it is recommended to control and monitor the

temperature along with the time period of irraiat{ Kaczor and Baranska, 2011)

2.1.2.2 Recent advanced biorefinery techniques
2.1.2.2.1Supramolecular solvent extraction

SUPRAS are made of nannsttured liquids of amphiphiles (e.g.,
carboxylic acids, alkanols, alkyl sulfates and alkyl phenols). A recent study adopting

SUPRAS and NLCs (called SUPRAB.Cs) showed an efficient extraction of
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astaxanthin fronH. pluvialis as compared to supercritical fluid extraction (SFE)
(SalattiDorado et al., 2019)The yield of astaxanthin recovered using SUPRAS
NLCs was 71 = 4%Moreover, these SUPRASLCs solvents were capable to
preserve the antioxidant activity of astaxanthin with a stability period up to 180 days
at 4°C. However, this approach required an optimal selection of SUPRAS
amphiphiles that fulfil the requirements iextraction, encapsulation and

stabilization of astaxanthin.

2.1.2.2.2 Supercritical carbon dioxide extraction

Among the recovery methods used, -SO; is the most efficient,
sustainableand widely used method for the biorefinery of astaxanthin frbm
pluvialis. Ethanol is often used as a polarsavent, mainly due to the high
solubility of astaxanthin in a mixture of SO, and ethanol that promotes a high
selectivity of astaxanthin in the solvdReyes et al., 2014Moreover, Cheng et al.
(2018) conducted an extraction study using@&® and 20% (v/v) ethanol under
thelow-pressureondition (8 MPa) at 55°C for 15 min; the recovery of astaxanthin
was 98.3%Cheng et al., 2018)n another study, the extraction of astaxanthin under
high pressure (40 MPa) of SCO; in the presencand absence of ethanol and
without ethanol yielded 292.70 mg/g and 277.1 mg/g of astaxanthin, respectively
(Molino et al., 2018) The results showed that the recovery of astaxanthin could be
enhanced by increasing the pressure rather than utilizksgleent and additional
pretreatment techniques that might increase the cost of the process. @inethe
hand, an increase in flow rate of €0@as a slight effect on the efficiency of

astaxanthin extractiofMachmudah et al., 2006)Till date, there is no study
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reporting an optimised condition of STO, extraction for the biorefinery of

astaxanthin.

2.1.2.2.3 Magnetieassisted extraction

Magneticassisted extraction has become the emerging technology for the
industrial biorefinery of microalme ( Z i e DaviEkiakaet al., 2012) The
presence of magnetic susceptible additives in the liquid generates a magnetic field
that attracts the target biomolecules and draw them towards the magnet. This
approach provides a quick and rapid phaggasgion in a shorter time period
(Wikstrom et al., 1987) However, the magnetassisted extraction approach is
rarely used in the extraction of astaxanthin fidnpluvialis. A recent study by Zhao
et al. (2016a) demonstrated the effectiveness of magmegisted extraction of
astaxanthin sm H. pluvidis using acetic ether as solvent; the recovery of
astaxanthin under the sonication with 5 mT of magnetic intensity for 50 min was
62.72%(Zhao et al., 2016a)t was reported that the increase in magnetic intensity
from 0 to 15 mT led to a noticeable increase in astaxanthin concentration (from 45.2
t052.7%). Hwever , when a higher magnetic i nte
recovery of astaxanthin decreased. It was found that the acetic ether acted as a
diamagnetic substance that produces a low magnetic field in the surrounding when
the magnetic induction intsity increasedYongli et al., 2007) Another study
reported that the magnedssisted extraction a@ved the highest yield of
astaxanthin (40.27%) as compared to other extraction techniques such as
maceration, ultrasoundmicrowave and magnetiassisted extractions wherein the

yields of astaxanthin were in the range of 3636.88%(Zhao et al., 2016a)lhe
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report highlighted that magnetassisted approach is affective alternative for the
biorefinery of astaxanthin. Apart from that, the selection of appropriate solvent that
is compatible with astaxanthin in magnedssisted extraction has yet to be

explored.

2.1.2.2.4 lonic liquidbased extraction

ILs have emerged a&nvironmentallyfriendly solvents for use in microalgae
biorefinery, owing to their distinctive characteristics including low vapour pressure,
low melting point, high thermal stability and recyclabil{Blechkova and Seddon,
2008) ILs have also been utilized for the pretreatment of thick and rigid cell wall of
microalgae, which further ease the extraction of intercellular valuable components
by organic solvenfKim et al., 2012h)A pretreatment study conducted by Desai et
al. (2016) used [Emim][DBP] as a permeabilising agent on the resistant cell wall of
H. pluvialisfor the extraction of astaxanthjDesai et al., 2016)l'he study showed
that the recovery of astaxanthin was up to 70%. Another simildy sif extraction
of astaxanthin from wetl. pluvialisNIES-144 using [Emim][EtS@ reported that
32.5 pg/ g.cell of astaxanthin was recovered under the maximal 12 h of cell
germination of 12 h and 24 h of extractitime (Praveenkumar et al., 2015)
Besides, a recent study reported that imidazchased ILs with HS®, CH:SGOs
and (CBSO). anions have a higher efficiency for pretreatmeihtd. pluvialis
wherein 99% of astaxanthin were successfully recovered under the optimized
conditions, i.e.6.7 % (v/v), 30 °C, 60 mi{Choi et al., 2019)The study proved that
imidazoliumbasedILs have a greater potential as compared to ammonanu

pyridinium-based ILs for the pretreatment of thick cell wall of microalgae. Owing
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to the expensiveness of ILs, a study of reusability and recyclability of ILs has
showed that the recovered ILs wertele to be reused for three times without any
regeneration or treatment requirgdu et al., 2019h) The reused [Bmim][CI] and
[Emim][CI] yielded 82.75% and 59.87% of astaxanthin peesively. A further
comparative study on various pretreatment techniques (e.g., pulsed electric field,
ultrasound, higipressure microfludisation and ILs) concluded that the pretreatment
of cells using ILs is more promising for astaxanthin extractiontduéeir mild
condition under ambient temperature, atmospheric pressure and low energy
consumption(Liu et al., 2018) Despite the benefits offered by ILs, it is
recommended to the elucidate the interaction between ILs and cell wdll of

pluvialisto understand the extraction principle.
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Table 2.2: Recentbiorefinery techniques of astaxanttiifom H. pluvialis

Extraction media + Pretreatment techniqu Biorefinery  of Strains Astaxanthin Astaxanthin Reference
any pretreatment astaxanthin yield recovery
(mg/g) (%0)
SUPRASNLCs SUPRAS SUPRAS H. pluvialis - 71+ 4% (Salattt
(Centrifuged at 100( (1 g biomass: £ (dried)} 3% (w/w), Dorado et al.,
rpm, 10 min) mL of 10 mM Pigmentos 2019)
HCL: 2 mL of Naturales
SUPRAS)
SCGCQO; SGCO; SGCQO; and H. pluvialis 22.0 124.0 (Reyes et al.
(7 MPa, 45°C, 120 min ethanol co (dried) 3% (w/w), 2014)
solvent Atacama Bio
(50%, v/v) Natural Products
Inc
SGCO, Hydrothermal SGCO. and H. pluvialis(wet). - 98.6 (Cheng et al.
olive oil, co 25°C, 2018)
solvent 60 Onfsl

(20%, viv)

Iconthin Biotech
Corp
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Table 2.2 Continue)

Extraction Pretreatment Biorefinery of Strains Astaxanthin Astaxanthin Reference
media + any technique astaxanthin yield (mg/g) recovery
pretreatment (%)
SGCO, Hydrothermal SGCQO; and ethanol, co H. pluvialis - 98.3 (Cheng et al.,
solvent (wet): 25°C, 2018)
(20%, VIv) 60 Onfat,
Iconthin

Biotech Corp

SCGCO:+ SGCO, SGCO: direct H. pluvialis 277.1 - (Molino et al.,
milling (55 MPa, 65°C, 2C extraction (dried): 2% 2018)

min) (wWiw)
SGCOx+ SGCO; SGCQO; and ethanol co H. pluvialis 292.70 - (Molino etal.,
milling (dried) 2% 2018)

(55 MPa, 65°C, 2C solvent (wiw)

min)

(12.5%, VIv)
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Table 2.2 Continue)

Extraction Pretreatment technique Biorefinery of Strains Astaxanthin Astaxanthin Reference
media + any astaxanthin yield (mg/g) recovery
pretreatment (%)
SGCO, SCGCO, SCGCO:direct H. pluvialis(dr - 98.6 (Sanzo et al.,
(55 MPa, 50 °C, 120 extraction ied): 20mg/g 2018)
min) Micoperi Blue
Growth
Magnetic Sonication withmagnetic Acetic ether H. pluvialis - 62.72 (Zhao et al.,
assisted intensity (5 mT, 50 min) (77:1, viw) (dried} 3% 2016a)
extraction (w/w), Jingzhou
Natural
Astaxanthin Inc.
China
Magnetic Magnetic intensity Ethyl acetate H. pluvialis 11.12 £ 0.01 40.27 (Zhao et al.,
assisted (20 mT, 60 min) (dried) H. 2016b)
extraction pluvialis (dried):
3% (w/w),

Jingzhou Natural
Astaxanthin Inc.
China
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Table 2.2 (Continue)

Extraction Pretreatment Biorefinery of Strains Astaxanthin  Astaxanthin Reference
media + any  technique astaxanthin yield (mg/g) recovery (%)
pretreatment
ILs Permeabilisation  1-ethyl3- H. pluvialis - O 70. 0 (Desaietal.
(45°C ,90 min) methylimidazolium (dried): 3.2% 2016)
di-butylphosphate, Feyecon (Weesp
([Emim][DBP]) The Netherlands)
ILs Germination 1-ethyl3- H. pluvialis 19.5 pg/cell - (Praveenkumar
(12 h) methylimidazolium NIES-144 (wet): et al., 2015)
ethylsulfate, NIES-N medium,
[(Emim)(EtSQ)], 25 °C, 5 (%, v/v)
(2 min) Co, 69 ¢
m'2d 1for 15
days
ILs Germination 1-ethyl3- H. pluvialis 32.5 pg/cell - (Praveenkumar
(12 h) methylimidazolium NIES-144 (wet): et al., 2015)
ethylsulfate, NIES-N medium,
[(Emim)(EtSQ)], 25 °C, 5 (%, V/v)
(24 h) Co, 69 ¢
m'2d 1for 15
days
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Table 2.2 (Continue)

Extraction Pretreatment Biorefinery of Strains Astaxanthin Astaxanthin Reference

media + any technique astaxanthin yield (mg/g) recovery (%)

pretreatment

ILs + milling 1-ethyl3- H. pluvialis - . 99.0 (Choi et al,
methylimidazolium (Iyophilized): 2019)
based ILs with industrial flue gas
o0 5%, 1)

(CRSQGy)2 anions 300'5 0 0 p
[6.7% (v/v), 30°C, photon m? s
60 min]

ILs 1-butyl-3- H. pluvialis (dried): - 85.42 (Liu et al.,
methylimidazolium 3.5% (wiw), 2019b)
chloride Kunming Biogenic
((Bmim][Cl]) gﬁi.n;_)td. (Yunnan,

[40% (viv), 60°C,
60 min]
ILs 1-ethyl3- H. pluvialis (dried): - 65.29 (Liu et al.,

methylimidazolium
chloride
([Emim][CI])

[40% (v/v), 60°C,
60 min]

3.5% (wWiw),
Kunming Biogenic
Co. Ltd. (Yunnan,
China)

2019b)
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2.2 Potential of fucoxanthin sources in microalgae

Fucoxanthin Cs2Hsg0s) is @ major carotenoid of microalgae found in the
diatoms from the clasBacillariophyceaesuch asPaeodactylum tricornuturand
Chaetoceros calcitranandbrown algae from clag8rymnesiophycea@-oo et al.,
2017) The presence of allenic bond, a conjugated carbonyl, a-By6noepoxide
and an acetyl groufoinctional grougontains in théucoxanthin structure functions
as the main lighharvesting complexes responsible in the transfer of energy for
photosynthesielectron transport chains in both micrand macroalgaeThese
carotenoids act as scavengrs by trapping radicals and add #lens to their
conjugated doubleond yielding a grounestate oxygen and a triplstate
carotenoid(Stahl and Sies, 2012pimilarly, the excess energy that excited the
carotenoid structure dissipate the energy into the surrounding environment by
returning to its ground stai@akashima et al., 2@). It has been proven that it
exhibit anttproliferative activities against cancer cells aability to enhance
beneficial towards health effect in terms of anflammatory, antidiabetic, ant
cancer, antmalarial, antiangiogenic and photprotedion activities(Suchern et al.,
2020, Mohamadnia et al., 2020, Sathasivam and Ki, 2018 main purpose for
the exploitation of natural fucoxanthin over synthetic chemical routes was mainly
due to its prevalent antioxidant properties to preteese chronic oxidative stress
diseases that includes atherosclerosis, Alzheimer'sséisaad canceBesidesthe
incorporatedfucoxanthininto conventional food such as riamjlk, and pasta as
bioactive ingredienthas creates a huge market of opportunity promoting

nutritional value and sensory qualities replace synthetic colouring food and
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nutricosmetics industryAbu-Ghannam and ShannoB017, Prabhasankar et al.,

2009)

2.2.1 Fucoxanthin extraction processes

The isolation of fucoxanthin from microalgae feedstock can be attained by
various extraction methods. The selection of extraction techniques is driven by the
cost ofoperation, complexity of feedstock, demand for the quality and the yield of
final bioproducts. For example, to commercialize fucoxanthin in the fields of
pharmaceutical, cosmetics, food or analytical testing, the bioactivity and purity of
fucoxanthin mustbe well preserved. The characteristics of microalgae biomass
possess a challenge to the extraction of fucoxanthin and one of them is the type of
cell wall (e.g. cellulosic or siliceou§) Shannon and Ab.iHenGhannam
the extraction parameters influencing the performance of extraction need to be
identified and optimized for maximizing the product yield while minimizing the
operation time, chemical consumption, utility cost and waste generation. In the past,
fucoxanthin extraction from microalgae feedstock was achieved by org@iment
based extramn with the aid of maceration or Soxhlet extraction. To date,
alternative extraction techniques have been adopted as an environmentally friendly
route to extract fucoxanthin. In the following sections, the conventional and
alternative methods for extramh of fucoxanthin were reviewed and compared in
the aspects of working principle, extraction performastengthand weakness of

the method.
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2.2.1.1 Conventional solvent extraction of fucoxanthin

The common techniques for extraction of carotenoidkidac maceration
(soaking or direct organisolvent extraction), Soxhlet extraction or steam/hydro
distillation (Khoo et al., 2019a, Kadam et al., 201B) general, the selection of
organic solvent and the operation cost must be taken into consid€zareRarizi
et al., 2019)when treating different types of macroalgae or microalgae for
carotenoid extraction. In addition, the operation involving organic solvents must be
handled with care because of the highly volatile and flammable characteristics of
these solvents. Example$ organic solvents used in the solvent extraction of
fucoxanthin are acetone, methanol, ethanchexane, dimethyl sulphoxide,
dichloromethane, tetrahydrofuran and ethyl acetate. The properties of solvent
systems, including dielectric constant and pojaritiex, affect the extraction yield
of carotenoids. Fucox#hin can be dissolved in nygblar solvent systems because
of the semipolar characteristic of fucoxanthin and the oxygen molecule in the
fucoxanthin structure, but water was found to be ineWectin solubilizing
fucoxanthin(Guler et al., 2020)Although acetone was commonly used in the direct
solvent extration of fucoxanthiShannon and AbGhannam, 2017}he yidd of
extraction was typically lesser than that by ethanol due to the lack of hydroxyl
functional group for a better hydrophilic interaction. Tetrahydrofuran was found to
be less efficient in extracting fucoxanthin because it generates peroxides that
degrale fucoxanthirfGuler et al., 2020)A previous study showed that the ethanolic
extraction of fucoxanthin from diatn Phaeodactylum tricornuturyielded 15.71
mg/g dried weightKim et al., 2012a) Similarly, a recent study found that the

extraction of fucoxanthin fronPhaeodctylum tricornutumwas governed by the
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type of solvent used; the selectivity of solvent for fucoxanthin was in the descending
order of dlimonene > ethyl acetate > ethyl lactate > ethddel Pilar Sdnchez

Camargo et al., 2017)

Moreover, the extraction of fucoxanthin froflhaeodactylum tricornutum
can be improved by the application of hot soaking process with ad&tasguet et
al., 2011) However, this approach caused the degradation of chloroplfisdim
diatom Cylindrotheca closteriummwhile the cold soaking process rendered the
chlorophyll a to be partially decomposed after 60 min. Similarly, the extraction
efficiency of fucoxanthin fronfPhaeodactylum tricornutumvas improved when the
temperature of ethanol (50%) increased frorfiC3@ 70C (Kim et al., 2012a)
Nonetteless, an extremely high temperature condition of solvent extraction (e.g.
above the boiling point of solvent) could cause the localized overheating effects on

the fucoxanthin that render its degradation and low recovery.

Soxhlet extraction is a soliiquid extraction approach that involves
continuous mass transfer of noalatile target compounds via reflux of organic
solvents. Efficiency of extraction depends on the selectivity of solvents for the
compounds, the diffusion rate of solvents, and the ditjubf target compounds in
the solventgKim et al., 2012a)Although Soxhlet extraction is a simple diffusion
process without applying shear stress to the biomass, it is unsuitable for the
extraction of temperatugensitive carotenoids as their bioactivity will be degraded

during the heating cycld&im et al., 2012a)

Although the maximum yield of product remains a priority, the selection of

solvents should thoroughly consider other criteria such as environmep&ttim
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toxicity and sustainability of the selected solveralfle 2.3). For instance, in the
extraction of fucoxanthin fromPhaeodactylum tricornutumthe extraction
efficiency ofmethanolvas higher than that of ethar{@uler et al., 2020However,

by considering the toxicity of solvents, methanol is relatively hazardous to both
environment and human use. Otlaéiernative organic solvents such as petroleum
ether and #hexane are typically incompatible to the extraction of fucoxanthin
because atheir hydrophobic properties. Moreover, solvent extraction often suffers
from the large consumption of organic solvékhoo et al., 2019a)Nonetheless,

the feasibility of recycling solvents via distillation and evaporation under vacuum
could mitigate the chemical consumption and waste generation. More importantly,
the extracted fucoxantihmust be depleted of organic solvents used in the solvent
extraction process if the final product is used as a functional ingredient in food or

supplements
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Table 2.3: Conventionakxtraction methods and fucoxanthin yield from microalgae and macroalgae

Extraction methods Type  of Species Class Temperature Fucoxanthin  Reference(s)
solvent yield
Solvent extraction o Ethanol Phaeodactylum Bacillariophyceae 30°C 15.71 mg/g (Kim et al.,

maceration
Ethanol

Solvent extraction o Ethanol

maceration (96%)

Solvent extraction o Methanol

maceration

Solvent extraction o Acetone

maceration

Ethyl
acetate

tricornutum
Odontella aurita Bacillariophyceae 45°C

Sargassum muticum Phaeophyceae 40°C

Chaetoceros calcitrans Bacillariophyceae 25°C

Phaeodactylum Bacillariophyceae 25°C

tricornutum

Phaeodactylum Bacillariophyceae 25°C

tricornutum

17.20 mg/g

0.55 mg/g

22.71%

4.60 mg/g

2.26 mg/g

2012a)
(Xia et al., 2013)

(Conde et al.
2015)

(Fooetal., 2015

(Kim et al,
2012a)

(Kim et al,
2012a)
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Table 2.3 Continue)

Extraction methods Type of solvent Species Class Temperature Fucoxanthin Reference(s)
yield

Solvent extraction Dimethyl Laminaria Phaeophyceae  25°C 122.10 pg/g (Wang et al,

or maceration sulfoxide japonica 2005)

Solvent extractior Acetone Fucus vesiculosu Phaeophyceae  30°C 0.70 mg/g (Shannon  anc

or maceration Abu-Ghannam,
2017)

Solvent extractior Tetrahydrofuran Phaeodactylum Bacillariophyceae 35°C 1.28 mg/g (Guler et al.,,

or maceration tricornutum 2020)

Solvent extraction Dichloromethane Phaeodactylum Bacillariophyceae 35°C 1. 28 mg (Guler et al.,

or maceration tricornutum 2020)

Solvent extractior Methanol Phaeodactylum Bacillariophyceae 35°C 0.57 mg (Guler et al,

or maceration tricornutum 2020)

Solvent extractior Acetone + Saccharina Phaeophyceae 25°C 0.48 mg/g (Sivagnanam e

or maceration japonica

methanol

(1:1, vh)

al., 2015)
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Table 2.3 (Continue)

Extraction Type of Species Class Temperature Fucoxanthin Reference(s)
methods solvent yield
Solvent extractior Acetone + Sargassum horneri  Phaeophyceae  25°C 0.71 mg/g (Sivagnanam e
or maceration methanol al., 2015)

(1:1, viv)
Solvent extractior Hexane Saccharina japonica Phaeophyceae  25°C 0.16 mg/g (Sivagnanam e
or maceration al., 2015)
Solvent extractior Hexane Sargassum horneri  Phaeophyceae  25°C 0.05 mg/g (Sivagnanam e
or maceration al., 2015)
Solvent extractior Ethanol Saccharina japonica Phaeophyceae  25°C 0.12 mg/g (Sivagnanam e
or maceration al., 2015)
Solvent extractior Ethanol Sargassum horneri  Phaeophyceae  25°C 0.08 mg/g (Sivagnanam e
or maceration al., 2015)
Solvent extractior Cold Sargassum binderi  Phaeophyceae  25°C 0.73 mg/g (Noviendri et
or maceration acetone al., 2011)

methanol

(7:3 viv)
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Table 2.3 (Continue)

Extraction Type of solvent Species Class Temperature Fucoxanthin  Reference(s)
methods yield

Solvent Cold acetone Sargassum duplicatur Phaeophyceae 25°C 1.01 mg/g (Noviendri et
extraction or methanol (7:3 al., 2011)
maceration vIv)

Solvent Acetone, 120 Cylindrotheca Bacillariophyceae 20°C 5. 34 ¢ g (Pasquetetal.,
extraction or min closterium 2011)
maceration

Solvent Acetone, 60 min Cylindrotheca Bacillariophyceae 56°C 5. 23 ¢ g (Pasquetetal.,
extraction or closterium 2011)
maceration

Soxhlet Ethanol (80%) Phaeodactydm Bacillariophyceae 80°C 15.42 mg/g (Kim et al.,
extraction tricornutum 2012a)
Soxhlet Ethanol Laminaria japonica  Phaeophyceae 4 0 191 pg/g (Kanazawa et
extraction al., 2008)
Soxhlet Ethanol Undaria pinnatifida ~ Phaeophyceae 78°C 50 €9/ g (Kandaetal.,
extraction 2014)
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2.2.1.2Alternative fucoxanthin extraction methods

The importance ofSustainable Development GoalSOG no. 12 (i.e.
responsible consumption and production) has become more prominent as the world
faces challenges in coping with pollution problems anddfa@®mand. The
sustainability in food supply chain and the toarbon footprint of the commercial
food products should begin with the growth of sustainable crops as well as the
greener extraction methods in processing of bioproducts. The emergence of
alterrative extraction methods has opened new avenue to the sustainable extraction

of fucoxanthin from algal sourcé$able 24).

2.2.1.2.1Supercritical fluid extraction

Supercritical fluid extraction (SFE) utilizes carbon dioxide gt high
pressure and constant temperature to extract bioactive components from feedstock
(Kanda et al., 2014)Supercritical fluids has a better transport performance than
liquid because of its low viscosity and high diffusiviiladam et al., 2013)
Moreover, the dissolving power of supercritical fluid is dependent on its density,
which is regulated by temperature and pressfgadam et al., 2013)Physical
appearance of the final product is typically in oily and concentrated forms. This
extraction method is deemed to be a sustainable processing method as it aligns to
SDGs via the usage of environmentally benign solv@ésnsey et al., 2009T he
utilization of CQ in its supercritical fluid state (SCO,) as an extraction solvent
reduces the reliance on organic solvents and minimizes the generation of hazardous
waste during processing. The low viscosity 0fSQ; ensures a more efficient mass

transfer for rapid penetration of solid matrices and extraction of compounds
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(Ramsey et al., 2009More importantly, the solvating strength and polarity of SC
CO, can be manipulated by controlling the densityS§-CO,, which can be
regulated by the temperature and pres¢iieglam et al., 2013)The low critical
temperature of C&(31°C) allows the extraction of carotenoid at a relatively lower
temperature as compared to other traditional extraction methods involving high

temperaturédRamsey et al., 2009)

A SFE study performed kganda et al. (2014howed that the extraction of
fucoxanthin fromUndaria pinnatifidaby SGCO; increased at least 46ld in the
presence of ethanol as an entrainer (3.23%). Similarly, the addition of entrainer
(15% ethanol) was effége in the extraction of fucoxanthin frorBargassum
muticumand the yield of fucoxanthin was improved marginélpnde et al., 2015)
Ethanol was commonly used as an entrainer irC&& extraction to increase the
polarity of CQ; this effect is beneficial to the performance of fucoxamth
extraction. A recent work b$uler et al. (20203howed that the yield of fucoxanthin
extracted fom Phaeodactylum tricornuturasing SGCO; was 0.69 mg/g, which
was comparable to the yield of fucoxanthin (0.57 mg/g) obtained by the

conventional solvent extraction with methanol.

Yet, there are limitations in SFE of fucoxanthin because the optimal
extrection conditions are dependent on the characteristics of algae species and
fucoxanthin. For example, the vapour pressure of fucoxanthin is an important factor
influencing the extraction efficiency; the high vapour pressure of fucoxanthin at a
higher tempeature enhances its diffusion from the solid matrig@sitain et al.,

2013) In addition, the algae biomass subjected to SFE must undergo an-energy
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intensive drying step because the water layers on wet biomass obstruct the
penetration of SE&O, (Derwenskus et al., 2019Therefore, implementation of

SFE for industrial application may face some challenges. For example, the
requirement of pressurized gas and the expensive equipment may impose the greater
operational and investment costs. Nonetheless, €0ld be easily recycled by
separating the gas stream during the process depressurization. The application of
entrainer or o-solvents can improve the extraction efficiency of SFE but an
additional step of solvent separation from the extract is req@edain et al.,

2013) Moreover, polar impurities such as pigments may bextacted because

the entrainer tends to enharhe polarity of SGCO;.

2.2.1.2.2Pressurised liquid extraction

Pressurised liquid extraction (PLE) is an extraction technique utilizing high
temperature 507 200°C) and pressure (3.6 20 MPa) to improve solubility and
diffusion rate of biomolecules from complex crude extracts to the solvent phase
(Derwenskus et al., 2019, Kadamaét 2013) In PLE, the higkpressure condition
increases the fluid density and maintains the solvent in the liquid (subcritical) state
above their boiling point, while the higemperature condition accelezatthe
penetration of solvents by lowering the viscosity and surface tension of solvents
(Gilbert-Lopez et al., 2017)The major advantages of PLE over the direct solvent
extraction and Soxhlegxtraction techniques include the rapid extraction process
and the lower consumption of solvent. Ethanol was commonly used in the extraction
of fucoxanthin via PLE. Although the higkmperature condition of PLE enhances

the solubility and diffusivity chacteristics of compounds, it was not favourable for
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the extraction of fucoxanthin frogisenia bicyclidecause the yield of fucoxanthin

was only about 0.42 mg/ghang et al., 2011)he similar observation was also
reported byGilbertLopez et al. (2017Wwho discovered that the yield of fucoxanthin
dropped by 25% when the operating temperature of PLE increased ff@db0
17C°C. Fucoxanthin, which is éemperaturesensitive bioactive compound, can
undergo oxidation process at hitggmperature condition and result in the poor yield

of extraction. Therefore, it is envisaged that an optimal operating temperature for
the extraction of fucoxanthin is to beagssto preserve the extracted fucoxanthin and
subsequently its bioactivities. Furthermore, the safety of PLE operation must be
consideredbecause of the high pressure used. The operation period needs to be
optimized for ensuring a sufficient contact timéveen fucoxanthin and solvents

until the concentration gradient of fucoxanthin between solvent phase and plant
matrix reached a balance. However, a prolonged period of PLE was not encouraged
because fucoxanthin could undergo isomerization under the exipayscal

conditions of PLHGuler et al., 2020)

2.2.1.2.3 Ultrasoundassisted extraction

Ultrasoundassisted exaction (UAE) has proven useful in overcoming the
bottlenecks of conventional solvent extraction process such as extraction duration
and solvent consumptiofiPapadaki et al., 2017This approach haseen widely
used for the extraction of various carotenoids and-tajhe bioactive compounds
(e. g. l ut ei n, a s t a-casterted) i docpsahexaemoic haaik a nt h
eicosapentaenoic acid) from complex feedst¢Gloula et al., 2017, Dey and

Rathod, 2013, Cravotto et al., 2008, Taghi Gharibzahedi et al., 2015, Sankaran et
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al., 2018a, Chew et.aP018) The ultrasound technology induces cavitation bubbles
that collapse and produce heat energy along with ultrasonic (@emat et al.,
2017b) This generated mechanical shear forces are responsible for disrupting the
cell wall of algae, thereby releasing the target caimps into the solvent phase.

The advantage of UAE lies on the disruptesdractive forces that facilitate the
extraction of target compound from complex feedstock (e.g. algae with thick cell
wall) in a singlestep approach within a shorter period of esticm. Moreover, the
mixing effect caused by the acoustic streaming enhances the contact between
solvents and target compounds. In conjunction with SDGs, ultrasound technology
has been a potential extraction method for the green and sustainable proafessing

bioactive compounds from natural resourCEsvari, 2015)

The UAE can be achieved with either an ultrasound bath or an ultrasound
probe. It is recommenddd adopt probe instrument due to its effectiveness in cell
disruption and energy efficiency. However, the drawback of the ultrasound probe is
the overheating of the tip of ultrasound probe that could damage thé&albidat
compounds. To overcome the ovealting issue, the sample is usually chilled in an
ice bath prior to the ultrasonic treatment. In general, UAE with an ultrasound probe
gave a higher yield of fucoxanthin (15.96 mg/g), as compared to the ultrasound bath
yielding only 0.75 0.97 mg/g of extacted fucoxanthi(Kim et al., 2012a, Papadaki
et al., 2017, Raguraman et al., 2018l date, there is still insufficient literature

reporting the application of UAE of fucoxanthin from diatom species.
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2.2.1.2.4Microwave-assisted extraction

Microwaveassisted xraction (MAE) is a rapid and efficient extraction
process for the recovery of bioactive compounds. The heating of sample by
microwave can be typically done in less than a minute, and the homogenous heating
of the sample by microwave irradiation ensureshot spots or limitation in heat
transfer(Pasquet et al., 2011)icrowave irradiation induces heat energy through
molecular interaction between solid and lig¢&€hew et al., 2019b)The heating
effect generated from the incident electromagnetic waves promotes the rapid
dissolution of photosyn#tic membranes by a selective heating of the more polar
part of cellulosg(Banik et al., 2003)This hating effect is useful for releasing
fucoxanthin from the fucoxanthichl a/c-protein complexegXia et al., 2013,
Halim et al., 2012) Besides, the microwave facilitates an efficient release of
intracellular bioactive compounds by improving the penetratigolyent into the
matrix (Kadam etal., 2013) In aligning to the principles of green chemistry,
microwave technology is favoured for a green and clean process of extraction

without the need for higpressure condition.

Ethanol has been commonly chosen as the solvent for MAE of fuibixan
This biobased solvent favourably interacts with membyasiated lipid complexes.
MAE of fucoxanthin in ethanol has been applied to macroalgae sucamaearia
japonica, Undarigpinnatifida and Sargassum fusiformeinder the operating
conditions 0f300 W, 60C and 10 min. Among the tested macroalgae strains, the
yield of fucoxanthin obtained from brown seawetatgassunfusiformewas the

least, which might be due to the rigidity of the cellular wall structure of algae. On
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the other hand, there aredweparate studies demonstrating the rapid extraction of
fucoxanthin from microalga®haeodactylum tricornuturmia MAE in ethanol,
which could be completed withini12 min(del Pilar SGncheZamargo et al., 2017,
Zhang et al., 2018)'he higher yield of fucoxanthin extracted from microalgae was
attributed to the fact that cell wall of microalgae is less recalcitrant than that of
macroalgae. Tdate, the scalingp of MAE operation remains a challenge and the
operating parameters such as temperature and duration of treatment must be
optimized systematically. Preferably, the MAE of carotenoid should not exceed
60°C (Pasquet et al., 2011)he pulsed microwave processing or the continuous
interval microwave procesgy with a short period of treatment time could
circumvent the oveheating of sample, which effectively reduces the rate of

fucoxanthin degradation during the MAE process.

2.2.1.2.5Enzymatic-assisted extraction

Enzymaticassisted extraction (EAE) involves the use of hydrolytic enzymes
such as pectinase and cellulase to hydrolyse algal cell walls. Algal cell walls mainly
consist of cellulosglDomozych, 2001) The enzymatic treatment of algae is
effective in hydrolysing the cell wall to release the intracellular compomeotthe
extraction medium. Furthermore, EAE can be considered as a relativetyosiw
technology if common foedrade enzymes including amylase, cellulose, pectinase
o r-gafactosidase are used. In comparison to other alternative extraction techniques,
EAE does not depend on enefigyensive equipment and it can be applied for large
scale extraction of algal bioactive compounds. However, EAE can be inadequate for

largescale application due to the main drawbacks such as long enzymatic process,

61



low selectvity, and poor yield. Apart from the duration of enzymatic treatment, the

temperature condition of EAE must be optimized to maximize the extraction yield.

A recent work byShannon and Abude@bonstnatedatme ( 20 1
applicability of EAE of fucoxanthin in brown seaweeds -pyeated at low
temperature followed by drying and mechanical blending. A commercial enzyme
cocktail, Viscozyme, was found to be effective not only in hydrolyzing the cellulose
in cell wall of seaweeds but also in reducing the viscosity of mixture. However, the
efficiency of EAE was dependent on the physical texture and the target part (e.g.
blade, stipe or holdfast) of seaweed. EAE could also be used agregbmeent step
to improve the yield of fucoxanthin obtained from solvent extraction (dimethyl ether
and ethanol)a 9.3% increase in fucoxanthin yield was obtaifredn Undaria
pinnatifidabiomass that was pitecated by alginate lyag8illakanti et al., 2013)

EAE of fucoxanthirfrom microalgae was feasible, although the yield was lower as

compared to that from the conventional extraction approaches.
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Table 2.4: Emerging methods for extraction foicoxanthin from macroand microalgae.

Novel extraction Extractive solvents  Operating Algae strains Extracted References
techniques condition fucoxanthin
Supercritical SGCO 70 C, 40 Undaria 59. 51 &g (Kandaetal., 2014)
CO; pinnatifida

(seaweed)
Supercritical Entrainer (3.23%) 60 C, 40 Undaria 994. 53 ¢ (Kandaetal., 2014)
CO; pinnatifida

(seaweed)
Supercritical SGCO, 40 C, 1 0 Sargassum 1.50 mg/100g (Conde et al., 2015)
0] muticum

(seaweed)
Supercritical Ethanol (15%) 40 C, 1 0 Sargassum 135.00 mg/100g (Conde et al., 2015)
0] min muticum

(seaweed)
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Table 24 (Continue)

Novel  extraction Extractive solvents Operating condition Algae strains Extracted References

techniques fucoxanthin

Supercritical CQ  SGCO, 40 C, 40 NUndariapinnatifida 1.22 + 0.04 g/100g (Quitain et al.,
(seaweed) 2013)

Supercritical CQ  SGCO 60 C , 40IUndariapinnatifida 58 . 00 ¢ g/ (Gotoetal., 2015)

min (seaweed)

Supercritical CQ  SGCO; 40 C, 30N Saccharinajaponici2. 08 N 0. (Getachew et al.
(seaweed) 2018)

Supercritical C@  Methanol 35 C , 20 Phaeodactylum 0.69 mg/ g (Guleretal., 2019)

tricornutum
(diatom)
Pressurised liquic Ethanol:water (9:1), Eisenia bicyclis 0.42 mg/g (Shang et al., 2011

extraction (PLE) 10.3MPa (brown algae)
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Table 2.4 (Continue)

Novel extraction

techniques

Extractive solvents Operating condition Algae strains Extracted References

fucoxanthin

Pressurised liquic
extraction (PLE)

Pressurised liquic
extraction (PLE)

Pressurised liquic
extraction (PLE)

Pressurised  liquic
extraction (PLE)

Pressurised liquic
extraction (PLE)

Dimethyl ether

Ethanol:water (9:1),

Phaeodactylum tricornuturr 16.51 mg/g (Kim et al., 2012a)

(diatom)

Undaria pinnatifida 390. 0((Kandaetal., 2014,
(seaweed)

Eisenia bicyclis 0.42mg/lg (Shangetal., 2011

(brown algae)

1 0 Phaeodactylum tricornutun 7.73 mg/g (GilbertLopez et

(diatom) al., 2017)

1 0 Phaeodactylum tricornuturr 5.81 mg/g (Gilbert-Lopez et

(diatom) al., 2017)
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Table 2.4 (Continue)

Novel  extraction Extractive solvents Operating condition Algae strains

techniques

Extracted

fucoxanthin

References

Pressurised liquic Ethanol

extraction (PLE)

Ultrasoundassisted Ethanol

Acetone

Ultrasoundassisted Coconut oil

100 C, 10 Phaeodactylum
tricornutum

(diatom)

25 C, 7 0 Phaeodactylum

min tricornutum

(diatom)

10 W, 10 min, cold Cylindrotheca

soaking process. Closterium

(diatom)

450 W, 25 KHz, 15 Phaeodactylum
min (bath) tricornutum

(diatom)

26.1 £ 2.0 mg/g

15.96 mg/g

0.97 mg/mL

(Derwenskus et al.

2019)

(Kim et al., 2012a)

(Pasquet et al., 2011

(Papadaki et al., 2017
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Table 2.4 (Continue)

Novel
techniques

extraction Extractive solvents Operating condition Algae strains

Extracted References

fucoxanthin

Ultrasoundassisted 80% of ethanol

Microwaveassisted Acetone

Microwaveassisted 50% of ethanol

Microwaveassisted 50% of ethanol

Microwaveassisted 50% of ethanol

Microwaveassisted 50% of ethanol

230 W, 50 Hz, 30 Padina tetrastromatica

min

(seaweed)

(bath)

50 W, 5 min Cylindrotheca
closterium
(diatom)

300W,6 0 C, 1 Laminariajaponica
(seaweed)

300 W, 6 0 Undaria pinnatifida
(seaweed)

300 W, 6 0 Sargassum fusiforme

(seaweed)
300W,6 0 5@ins Undaria pinnatifida

(seaweed)

0. 75 mg (Raguraman et al
2018)

424 + 0.09 (Pasquet et al.

e g/ mg 2011)

5.13 mg/100 g (Xiao et al., 2012)

109.30 mg/10C (Xiao et al., 2012)
g

2.12mg/100 g (Xiao et al., 2012)

0.73 mg/g (Xiao et al., 2012)
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Table 2.4 (Continue)

Novel extraction Extractive solvents Operating condition Algae strains Extracted References
techniques fucoxanthin
Microwaveassisted Ethanol 850 W, 2455 MHz, Phaeodactylum tricornutum 4.59 mg/g (Gilbert-L6pez
2 min (diatom) et al., 2017)
Microwaveassisted Ethanol 700 W, 2 4 Phaeodactylum tricornutum5 8. 07 N (Zhang et al.,
1 min (diatom) 2018)
Enzymaticassisted Sodium buffer, 50°C, 80 min Laminaria japonica 18.30 mg/100 (Qin et al.,
Cellulase:pectinase (seaweed) g 2013)
Enzymaticassisted Sodium acetate 50°C, 100 rpm, 12 Fucus vesiculosus 0.657 mg/g (Shannon and
buffer (0.1M), hr (seaweed) Abu Gha
100 fungal 2018)

b-glucanase units /(
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2.3  Liquid Biphasic System

Liquid biphasic system (LBS) or commonly known as aqueousptvase
system (ATPS) has been long introduced for the separation, recovery and
purification of biomolecules, and it is the curreesearch trend adopted in the
separation and purification technology. It was started back in 1896 when Martinus
Willem Beijerinck accidentally mixed an aqueous starch solution with gelatin and
found that an immersible layer was formed between both theoasusolutions
(Grilo et al., 2016, van Berlet al., 1998) This idea of LBS as an analytical
separation technique was sparked by&ea Albertsson in 1960s who discovered
the phenomenon by mixing two different polymers (e.g., polyethylene glycol and
dextran) resulting in an aqueous medium comg two separable phases
(Albertsson, 1961, van Berlo et al., 1998his application was then extended to
several generations of scientists agnyineers who have been working in the
industrial biotechnology fieldFigure 2.2 shows a schematic diagram of the

principles of LBS.
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Figure 2.2: Schematic diagram of the principle in the ligbighasic system

LBS is weltknown for the extraction of different biotechnological materials
such as proteins, lipids and carotendidsenjo and Andrews, 2012, Khoo et al.,
2019b, Ooi et al., 2009)rhe specialty of BS compared to traditional organic
solvent extraction technique is the composition of the pfaas@ing components
which contains large amount of water while maintaining a low interfacial layer that
separates both phases. It can be either used to sqpataias from cellular debris
or to purify targeted proteins from contaminated proteins. Likewise, LBS has the
capability of directing the target biomolecules by partitioning them to the top phase
for extraction(Zhao et al., 2014)Corventional polymeibased LBS which possess
a low ionic system is generally used for the separation and purification of
biomolecules which are sensitive toward ionic conditi@ibertsson, 1961)
Nevertheless, polymdrased LBS was neglected due to lack of compatibility
between high ionic strength biomolecules, expensive gloasgeng components

and its high viscosity system. Further d®opment in LBS using different phase
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forming components such as alcohabnic liquids, deepeutectic solventand

surfactardbased was utilized to replace the conventional polymased LBS.

The selective partitioning of the LBS allows the extracbbbiomolecules
to be operated in a singgtep process compared to traditional extraction techniques
which require multiple operation steps. LBS possess an environrheerally,
inexpensive, ease of scaltug, rapid and efficient techniques for recgvand
purification of biomolecules. During the planning stage, it is crucial to understand
the complexity of the physical and chemical interaction reaction throughout the
partitioning process in the LBgRosa et al., 2010)The selection of various
parameters which are compatibtethe system properties are important to achieve
an optimal extraction, recovery and purification condition. It is also important to
evaluate the interactions during the selection of various parameters (e.g., salt
precipitation, crystallization and absermiebiphasic system) as it may affect the
findings. Lastly, is to assess the effect of each process parameters on the product

recovery and purityRosa et al., 2010)

Fundamental principles for the formation of LBS requires a phase diagram
or also called the binodal curve wheregh provide a set of information regarding
the twophase formation and their required concentration in the top and bottom
phasegRaja et al., 2011)A detailed study has been evaluated previously by Igbal
et al.(2016) on the tie line leng(TLL) and slope tie line (STL) for the construction
of phase diagran($gbal et al., 2016)Binodal curves can be gstructed using three
methods namely, turbidometric titration, cloud point and node determination

method for predetermined phase diagf&tatti-Kaul, 2000, Raja and Murty, 2012,
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Raja et al., 2011)Moreover, the artition coefficient (K) LBS is to evaluate the
equilibrium relationship between the top and bottom phase in the LBS. However,
there is still lack of studieseporting on the theory and chemistry of these phase
forming mixtures in the LBS which is a gaphefilled. Apart from that, factors

that affect the partition coefficient can be manipulated using electrical,
hydrophobicityphase forming components, EBpecific affinity, molecular size and
surface area to understand the physicochemical properti¢seopartitioning

mechanism in the LBS.

2.2.1 Phase component ofiquid biphasic system

2.2.11 Polymer-basedliquid biphasic system

The conventional polymerased LBS is typically made up of two polymers
(e.g., polyethylene glycol (PEG) and dextran) and RB&IE combinations (e.g.,
phosphate sulphate and citratebased) as the phags@ming components. The
purpose of using polymdyased LBS is that the chemical composition of a-non
ionic characteristics toward an ionic environment is compatible towards
biomolecules having low ionic streng(Albertsson, 1961)Aside from that, the
phase forming component from polyntgased has the ability to be recycled and
reused for subsequent extraction process and this reduces the cost of polymers
phaseforming component(Johansson et al., 2011Polymerbased LBS are
commonly used for protein extraction dudtpoor hydrophilic and hydrophobic
interaction in polymer/salhased LBEChew et al., 2019aHowever, it is important
to maintain concentration of salt solution as high salt concentration may denature

and damage the fragile protein in the system.
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In most work, conventional polymdased LBS has been replaced by using
thermoseparating polymeras the phasérming component to overwhelm the
limitation of polymerbased LBS such as high viscosity and difficulties in recycling
process(Hou et al., 2014, Tan et al., 2017)hermeseparating polymers are
random, diblock and triblock copolymers of ethylene oxide (EO) and propylene
oxide (PO)Leong et al., 2016)rhermaseparating polymers have a low cloud point
t emper at 6Q) whicl{ i®© suidale to achieve temperatiméuced phase
separation where a target protein can be recovered from the pg§hwv et al.,
2012) Generally, a backxtraction process such as ultrafiltration, diafiltration and
crystallization is needed to separate the target protein from the polymer. étpwev
an indepth understanding on the mechanism by the polymer {iwasing
component for the recovery of biomolecules is still poorly understood. This shows
a gap for future researchers to further explore the fundamental principles of this LBS

extractiontechnique.

Several studies have been conducted involving cyclodextrin
glycosyltransferase (CGTase) from Bacillus cereus. Ng €2@l1.2) reported that
the TLL of 41.2 % (w/w), volume ratio (VR) of 1.25, pH 7 and crude loading (w/w)
of 20 % were the ophal conditions to recover cyclodextrins using polysbased
LBS with ethylene oxidigoropylene oxide (EOPO) 3900 and two phosphate salts
(Ng et al., 2012)This experiment showed that the highest CGTase was purified up
to 13.Xfold with a yield of 87 % recovered in the EO#iCh top phase. However,
this experiment did not discuss the time period in cyclodextrins recovery. Another

research carried out by Liet al. (2015) with modified method using flotation
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technique and the combination of PEG 8000 and potassium phosphate salt. The
optimum conditions in cyclodextrins (CDs) recovery was optimized at 18 % (w/w)
PEG 8000 and 7.0 % (w/w) potassium phosphate Wil of 27.2 % (w/w), VR of

3.0, pH 7 and crude loading (w/w) of 20 @n et al., 2015) The experiment
showed that the recovery of CDs was affected by alternating each of the parameters
such as TLL, VR, and pH where the purification factor (PFT) which corresponded
to the highest CGTase purity up to 21.8 with a yield of 97.1 % was recovered in th

PEGtrich top phase within a short perifidn et al., 2015)

A similar approach utilizing @ymerbased LBS was employed for the
recovery of lignin peroxidase from Amauroderma rugosum (Blume & T. Nees)
(Jong et al., 2017However, this experiment usedoaver molecular weight (PEG
600) for a high purification of lignin peroxidase. Generally, this approach showed
that a higher molecular weight polymer reduces the purification factor of lignin
peroxidase due to the interaction of PEG and hydrophobic enZmeptimal
condition in lignin peroxidase recovery was optimized at 15 % (w/w) PEG 600 and
16 % (w/w) dipotassium phosphate with highest purification factor of 1.33 £ 0.62

and recovery yield of 72.18 + 8.50 %.

2.21.2 Organic solventbasedsystem

Organic solvenbased LBS consists of various wateiscible alcohols
(e.g., methanol, ethanol;gropanol and ropanol) and inorganic salts. This form
of LBS has been utilized to overcome the limitation of polybesed LBS to
improve the recovery of bmolecules from the phaserming componentKhoo et

al., 2019a)The use of alcohol as the phdseming components can easily recover
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the biomolecules by evaporating the alcohol from the top phase. A recent study also
showed a greener approach using food grade alcohol such as ethangrapdrzol
compared to the conventional polym®sed LBS for the extraction and recovery

of carotenoids from microalga@gkhoo et al., 2019a)Additionaly, the phase
forming component can reduce the cost of the process by recycling and reusing the
alcohol using rotary evaporator for the next extraction process. Despite its
advantages, the drawbacks of using alcohol especially methanol as the phase

forming component is the toxicity and hazardous effects towards the environment.

Ooi et al.(2009) reported a study on purification of lipase fidankholderia
pseudomalleiusing alcohol/salbased LBS(Ooi et al., 2009) The best lipase
recovery was achieved in LBS composed of 16 % (w/w)fapanol, 16 % (w/w)
of potassium phosphate and 4.5 % (w/v) sodium chloride with a purification factor
of 13.5 along withthe yield of 99 %. The presence of alcohol component in LBS
also did not inhibit the enzymatic activity of purified lipase. The effect of NaCl on
lipase partitioning was found to generate an electrical potential difference in the
LBS (Jong et al., 2017)An increase in the salt concentration could genexate
electrostatic potential that strongly expelled the negatively charge biomolecules
toward thewatermiscible alcohol in top phase, thus resulting in a high recovery

yield.

Lin et al. (2013) conducted a study using alcoholsatted LBS to recover
the intracellular human recombinant interfetdr2 b -OR BN Eschasichia
coli (Lin et al., 2013) A different variety of combinations between alcehaked

top phase (ethanol;dropanol and propanol) and salt phase (ammonium sulphate,
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dipotassium hydrogen phosphate andhosmdium citrate) were conducted. LBS
composed of 18 % (w/w) of propanol and 22 % (w/w) ammonium sulphate in 1 %
(w/w) sodium chloride was reported to be the optimal conditions for the purification

of IIN-U2b achieving a purifiegiald ofdh6 %. act or
Ammonium sulphate salt was selected due to its high level of pH in the system
which provided a high purification factor of IFN recovery. As the pH environment

in LBS increased, the contaminant protein and IFN protein were partitionadiow
watermiscible alcohol top phase. This is mainly due to the negatively charge protein
which tends to partition to the top phase and repels from thegahottom phase

(Lin etal., 2013)

A recent study conducted on a recyclability test utilizingrdpanol and
ammonium sulphate system for the phlorotannin recovery fadina australis
andSargassum bindei(Lin et al., 2013) The highest recovery of phlorotannin were
76.1 % and 91.67 % with purification factor of 2.49 and 1.59 fRamiina australis
and Sargassum binderrespectively. A consistent recovery of phlorotannin was
obtained after conaiting two cycles of the system. This showed a feasible ard eco

friendly approach of utilizing the alcohbhsed LBS for biomolecules extraction.

2.2.1.3 lonicliquid -basedliquid biphasic system

A new trend of research by using ionic liquids (ILs) have been an alternative
organic compound and namlatile green solvent in the downstream processes.
Their remarkable properties such as negligible vapor pressure, low melting point
and high thermal skality have received numerous attention from researcthes

etal., 2015, Smiglak et al., 200M)s are composed with tuneable physatemical
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properties of cationic and anionic iof&ang et al., 2006)he cationic part of ILs
usually consists of choline cation, ammonium cation, quaternary ammonium or
phosphonium and guanidium cation. As for the aniopast, it consists of
environmentally friendly sources such as carboxylic acid, amino acid and biological
buffers. Thus, replacing ILs as the phésening component in LBS would be
beneficial for the extraction and purification of specific target biomddscirom
complex crude extra¢tee et al., 2017aAdditionally, ILs has also been employed

for various applications such as electrolytes (e.g., fuel tateriesand sensors),

CO, capture]ubricants,and fuel additivesThe cost of reactant for the synthesis of
ILs are expensive. Therefore, it is important for ILs to be reewrid reusable to
ensure that IL$ased LBS are more feasible and applicable in the bioprocessing
industries for the next extraction processkseview by Ostadjoo et a{2017)
revealed the green and environmentally friendlyetiyl3-methylimidazolium
acetate ([@mim][OAc]) for its potential features in the field of lignocellulose
biomass dissolution and biopolymer procesgi@gtadjoo et al., 2018, Sun et al.,
2009, Swatloski et al., 2002)Yet, there is still insufficient studigelated to their
toxicity and ecefriendliness on scaling up these ILs, especially imidazatel
pyridinium-based ILs. Here we recommended that these ILs need to be further
fabricated by replacingnvironmentally friendlyanionic part such as carboxylic
acid, amino acid and biological buffers in order to minimize their toxicity in various

application.

Gutowski et al. (2003) reported that by mixing imidazodsed ILs and a

kosmotropic salt (i.e., #£Qs) would lead to the formation of a biphasic system
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(Gutowski et al., 2003)This research had ig&d interest investigating the phase
separatiorbehaviourof IL-based LBS. The study on protein extraction using IL
based LBS in a single step was conducted by Du et al. (2007). The researchers had
successfully extracted the protein from human urinetmgdL-rich top phase with

a distribution of 10 and enrichment factor i et al., 2007)Apart from that, Ng

et al. (2014) invagated the purification of CGTase from Bacillus cereus
fermentation broth in IL/salt LBS, composing of 35 % (w/w) of (Emimy)Bird 18

% (w/w) of sodium carbonate with the addition of 3% (w/w) of N&Oy et al.,

2014) The optimized operating conditions showed that thédked LBS was a
promising approach for the purification and recovery of CGTase in a single step
operation attiming a high purification factor of 13.86 and yield of 96.23 %. Ng et

al. (2014) also reported that it was crucial in the selection of salt such as citrate and
carbonate ions as they played an important role in LBS formation and was able to
attract water mlecules toward them by forming strong intermolecular interaction

(Ng et al., 2014)

Chang et al. (2018) used a series of alkybmide imidazole for the
extraction of Gphycocyanin (CPC) from Spirulina platensis and found that the
longer the alkyl chain, §MIM-Br enhanced the extraction efficiency of CPC
(Chang et al., 2018)The results indicated that by usingMIM-Br/salt LBS the
maximum extraction efficiency, partition coefficient and separation factor of CPC
were 99.0 %, 36.6 and 5.&spectively. ILshased LBS demonstrated an efficient
and feasible separation technique for the extraction of various biomadouhe

complex crude extract. This was supported by a recent study that evaluated the
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protein partitioning in ILdbased LBS composed of lolilyte 221 PG and citrate salts
was found to be feasible but complex depending on various factors such as
concentratia of phasdorming component, pH, temperature, ionic strength and
chemical nature of the target biomoleculgzarcia et al., 2018)Proteins &
negatively charged particles therefore
the isoelectric point of protein. Moreover, the partition coefficient felirieelength

within 381 76 % were reference points for specific protein (e.g., bovine serum

abumin and rubisco) to be partitioned at the top phase.

2.2.1.4 Deegeutecticsolventbasedliquid biphasic system

Deepeutectiesolvents (DESs) are defined as subclass from ILs because of
their similarity in physical and chemical properties of (Abbott et al., 2004)The
behaviourexhibited from DESsra contributed from hydrogen bonding, whereas
ILs are dominated by ionic interactiofShishov et al., 2017)DESs are more
environmentally friendly as compared to ILs (e.g., imidazahel pyridiniumbased
ILs) which are toxic and nehiodegradable. The synthesis of DESs isdimlgining
hydrogen bond acceptors (e.g., quaternary ammonium and phosphonium salts) and
hydrogen bond donors (e.g., alcohols, carboxylic acid and amide). A major
advantage from DESs are their charge delocalization properties which are
responsible for the deease in melting point of mixture relative to the raw material
(Paiva et al., 2014)rhe bottleneck from using ILs such as high cost and complex
synthesis route have been solved by these DESs. By having the similatesisdi@ac

as ILs and exhibiting some distinguishing features, including ease of synthesis, low
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cost and valuable for industrial application, DESs have gained interest in many

fields especially in LBDai et al., 2013)

Choline chloride (ChClI) is a convention quaternary salt usegrihasize
DESs. ChGbased DESs have the same advantages with ILs besides showing
excellent biodegradability and low toxiciffPang et al., 2017¥eng et al. (2014)
had performed the extraction of bogiserum albumin (BSA) using four different
kind of DESs, namely, choline chloride (Ch@bea, tetramethylammonium
chloride (TMACI)urea, tetrapropylammonium bromide (TPMBirea and ChCl
methyluregZeng et al., 2014)The extraction efficiency of BSA under the optimum
LBS conditions composed of 0.7 g mhLChClureaand 2.0 mL dipotassium
phosphate, BHPOQw could reach up to 100.5 % that collectively highlighted the
advantages of the DES$ased LBS for the extraction of protein. Unfortunately, this
work was unable to baedxtract the target protein free from the DESS because

of the hydrophilicity characteristic of DES in the aqueous solution.

A similar work with different DESs was investigated by Pang et al. (2017)
using DESbased LBS which composed of choline chlonmbdyethylene glycol
(ChCFPEG or DES) and sodiu carbonate were applied for the extraction of
specific protein (i.e., BSA and papai(Pang et al., 2017 ChCltbased DES was
prepared by mixing two compounds, 0.68 gh@hCl and 0.1 g mtt PEG 2000 at
the molar ratio of 20:1, stirring up to 10Q until a homogenous colourless liquid
was formed. The result showed that the ENESCQ LBS under the optimum
condition had successfully obtained a high extraction efficiency of BSA (95.16 %)

and @pain (90.95 %). Moreover, the baektraction of target protein was
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performed by extracting 1 mL DES top phase followed by the addition of
ammonium sulfate (Ng>SQs and 0.45 mL ethanol to form a new LBS. However,
it was found that by increasing the contation in the saltich bottom

concentration would lower the efficiency of the back extraction.

A modified DESbased LBS using ultrasorassisted were employed for the
extraction of ursolic acid fror@ynomorium songaricuRupr(Zhang et al.2019)
This approach was compared to the convention ultrasoiaction method. The
recovery yield of ursolic acid was comparable. However, the presence of LBS
promotes a higher purification of ursolic acid. The recovery yield of ursolic acid
was 22.0 + 0.44 mg/g with purification factor of 42.41 + 0.84 % as compared to
conventional ultrasoniextraction method where the recovery yield was only 20.9

+ 0.79 mg/g with a low purification factor of 20.17 £ 0.77 %.

2.2.1.5 Surfactant/detergentbasedliquid biphasic system

Surfactantbased LBS is the transformation of ph&sening component
from conventional polymebbased LBS. The surfactabased LBS is formed when
both cationic and anionic surfactants are separated into two immiscible liquid phases
which consist of a high concentration than critical micelle concentration (CMC) and
at certain molar ratio of cationic and anionic surfactant composition. This novel
approach of surfactaiBS has gained interest mainly due to the combination phase
which e&ist in many different forms (i.espherical micelles, retike micelles or
vesicles) by simply alternating different composition and concentration of
surfactantfWeschayanwiwat et al., 2008)he principle of surfactafiased LBS

used the cloud point extramh (CPE) system in which the ndonic surfactant is

81



heated above the cloud point temperature, causing dehydration of detergent for the
phenomenon of phase separation to o¢8etber et al., 2004 he surfactartBS

consists of one surfactanth phase and the other is the surfattilute phase. The
organic contaminant will partition into the surfactaich phase and will then
aggregate and concentrate at that phase. The presence of small amount of remediated
water in the contaminant will remain in the surfactdihite phase. Stactantbased

LBS is commonly used to separate hydrophobic and amphiphilic molecules by

solubilisation and partitioning of membraheund substances.

Surfactantbased LBS composed of 24 % (w/w) Tritor1B0 and 20 %
(w/w) xylitol was used for the purifation of lipase from pumpkiseedq4Amid et
al., 2015) The results showed that the surfactaased LBS had the ability to
partition the lipase into the top surfactaich phase and leave the impurities at the
bottom xylitotrich phase. Theproposed optimized method had successfully
recovered the enzyme with purification factor of 16.4 and yield of 97 %. This study
also demonstrated that the recovery phase component could be recycled up to five
runs with a high percentage of recovery of 97H6éwever, it was noted that there
was a significant decrease in recovery of the phase component after the fifth cycle
in which could be mainly due to the accumulation of impurities present in the phase

component.

An example of surfactafitased LBS exticdion was conducted by Sankaran
et al. (2018) using surfactant and xylitol under the optimum operation condition of
25 % wiw of xylitol concentration, 15 % (w/w) Triton-X00, 80 % w/w of crude

lipase, 4 mL of top phase, 35 mL of bottom phase, pH 7 anari6f flotation time
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showed the maximum lipase extraction and efficiency of 3.63 and 86.46 %
(Sankaran et al., 2018d)n addition, the recyclability of dih components in
surfactardLBS extraction makes this an excellent process, as this innovative
method was practical and feasible to be applied in the biotechnology industry for
extraction of other biomoleculesTable 2.5 summarize the extraction of

biomolecules using various types of phésening component in LBS.
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Table 2.5: Extraction of biomolecules using various types of pHas&ing component ifiquid biphasic systa.

" Purific
Type of Composition of Type Partition ation Recovery
LBS LBS teedstock Biomolecule  Selectivity c?(eﬁlment factor,  yield (%) Reference
' Pet
Polvmer/s EOPO 3900 anc cBa;Icl)l(lexfrei)r:eus Cyclodextringl (Ng et al
y two phosphate y ycosyltransfer 3.19 17.54 5.30 87.0 g N
alt-based glycosyltransfe 2012)
salts ase (CGTase)
rase
18 % (w/w) PEG Bacillus cereus Cvelodextrinal
Polymer/s 8000 and 7.0 % cyclodextrin y g (Lin et al.,
: ycosyltransfer - - 21.8 97.1
alt-based (w/w) potassium glycosyltransfe 2015)
ase (CGTase)
phosphate salts rase
15 % (w/w) PEG
Polymer/s 600 and 16 % Amauroderma Lignin ) ) 1.33 =+ 218 + 8.50 (Jong et
alt-based (w/w) dipotassium rugosum peroxidase 0.62 R al., 2017)
phosphate

84



Table 2.5 (Continue)

Type of Composition Type of
LBS of LBS feedstock

Biomolecule Selectivity

Partition
coefficient,
K

Purification
factor, Pet

Recovery
yield (%)

Reference

18 % (w/w)
2-propanol

0,
Alcohol- and 22 % Escherichia

based (wiw) coli

Interferon
(IEN)/

ammonium Glycoproteins

sulphate,
(NH4)2SQu

16 % (w/w)
2-propanol
Alcohol- and 16 % Burkholderia
based (wiw) pseudomallel
potassium
phosphate

33.5 % (w/w)
of 2-propanol
Alcohol- and 10 % Padina
based (w/w) australis
ammonium
sulphate

Lipase

Phlorotannin

0.82

16.24

135

2.49

74.64

99.3

76.1

(Lin et al.,
2013)

(Ooi et al.,
2009)

(Chia et al.,
2018)




Table 2.5 (Continue)

Partition

Type of Composition Type of _. - - Purification Recovery
LBS of LBS feedstock Biomolecule Selectivity cKoefflc:lent, factor, Per  yield (%) Reference
25 % (w/w)
of 2-propanol
Alcohol- and 12.5 % Sargassum : (Chiaetal.,
based (Wiw) binderi Phlorotannin 1.59 91.67 2018)
ammonium
sulphate
35 % (w/w)
of
onic- (Emim)BF, Bacillus  cereus
liauid and 18 % Fgrmentation cyclodextrin ] 510 96.00 (Ng et al.,
bq q (wiw) of proth glycosyltransferas: ' 2014)
ase sodium (CGTase)
carbonate
NaeCOs
lonic- CsMIM -Br
- and trt  Spirulina C-phycocyanin i (Chang et
liquid potassium platensis (CPC) >8 36.6 99.00 al., 2018)
based
phosphate
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Table 2.5 (Continue)

Partition

Type of Composition of Type of _. o Iy Purification  Recovery
LBS LBS feedstock Biomolecule Selectivity cKoefflc:lent, factor, Per yield (%) Reference
Dee 0.7 g mL! ChCH
P urea and 2.0 ml : 99.6 99.7
eutectic : . . Bovine serum (Zeng et
dipotassium Protein : - - - and 100.0
solvent albumin (BSA) al., 2014)
based phosphate, BSA
K2HPQy
Bovine
Sliiztic Choline chloride Bovine serum Z?brlljmin (Pan ot
and PEG 2000 Protein albumin and - - - g
solvent : _ : (95.16), al., 2017)
molar ratio of 20:1 papain .
based papain
(90.95)
36 % (w/w)ChCI
glucose
Deep
eutectic and 25 % (w/w) : : Cynomorium 2210 £ (Zeng et
solvent  dipotassium Ursolic acid songaricumRupr. 4241084 0.44 mg/g al., 2014)
based phosphate,
K2HPQy
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Table 2.5 (Continue)

Partition

Composition Type of _. - - Purification Recovery
Type of LBS of LBS teedstock Biomolecule Selectivity ::(oeffluent, factor, Per  yield (%) Reference
24 % (wiw)
Surfactant/deterger Triton X-100 Cucurbita . (Amid et
based and 20 % moschata  -P2S® i ) 164 97.0 al., 2015)
(w/w) xylitol
25 % wiw of
Surfactant/deterger xylitol Burkholderia (Sankaran
based 98T concentration cepacia Lipase 2.62 - 2.56 86.46 et al.,
15 % (wiw) °°P 2018d)
Triton X-100
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2.2.2 Advance technologies integrated withiquid biphasic system

2.2.2.1Bubble-assistediquid biphasic system

Bubbleassisted LBSor known as liquid biphasic flotation (LBF) is the
combination of LBS and solvent sublation (SS), in which the biphasic medium
composed of organic solvent and aqueous salt solution is aeratad liybbles
(e.g., nitrogen and oxygen) in promoting the adsorption of target biomolecules
during the separation procefiseong et al., 2018)SS is an adsorptive bubble
separation technique introduced by Sebba who suggested that the use of an
immiscible thin organic solvent layer overlaid on top of the liquid bulk as a
modification of ion flotation(Sebba,1962) LBF has accommodated the ease for
extraction of high value biomolecules such as protein, lipase, astaxanthin and
betacyanin(Khoo et al., 2019a, Leong et al., 2018, Phong g2@lL7b, Sankaran et
al., 2018c) The theory of LBF system is the phenomenon of swdéatge
biomolecules having a sorption mechanism between the air bubbles surfaces. The
bubbles then arise and dissolve in an organicest phase on top of the aqueous
solution in the systerfLee et al., 2016)With the presence of bubbéessistance in
LBS, this could intensively strengthen the adsorption mechanism produced by the
bubble transportation; thus, this system is feasible for separatioexamadtion of

biomoleculesFigure 2.3 illustratedthe setup of bubbleassisted LBS.
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Figure 2.3: Schematic diagram of bubb#ssisted LBS

A pilot-scale LBF consist of 0.9 L of 50 % (w/w) dfpropanol and 1.5 L of
250 g/L ammonium sulfate salt, (MASQs had been developed for direct recovery
of lipase derived fromBurkholderia cepacianMathiazakan et al., 2016)The
purpose of this study was to conduct a comparison between the recovery of lipase
on pilotscale and smabcale LBF processedvathiazakanet al. (2016) had
reported that the pilegcale alcohol/salt LBF system acquired a purification factor
of 12.2, efficiency of 88 % and a recovery yield of 93.27 % which was feasible for
purification of lipase to be implemented into the industrial scalecgases

(Mathiazakan et al., 2016)
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Leong et al. (2018) utilized LBF which composed of 10 mL160 %
ethanol, 20 mL of 200 g/L K2ZHPO4 salt solution, 1 g FE (peel or flesh gfugale
pitaya) and 15 mins flotation time for betacyanins extradfi@ong et al., 2018)

The results under the optimum conditions of LBF revealed that the betacyanins
extractions from 1 g FE of peel in alcohath top phase was 95.989 + 1.708 % with
separation efficiency and partition coefficient of 88.361 208.% and 24.168 +
2.949 %, respectively. The recovery from 1 g FE of flesh was 95.488 + 0.213 %
with separation efficiency and partition coefficient of 94.886 + 0.060 % and 21.195
+ 1.030 %, respectivelj.eong et al., 2018)The objective of this work showed that

the LBF has a great potential in bioseparation technology as compared with other
extraction techniques such as diffusion extractiahrafiltration and reverse

osmosis in which only able to recoveri7@5 % of betacyanin@i et al., 2010h)

Rather than using alcohbhsed LBS, a recent study had showed the
e X t r a c iLacw@lbumia fromWhey used a different phase forming component
(i.e., PEG 1000 and citrate salts) along with bulaisigisted technologies showed a
separation efficiency anglrification fold of 87.54 % and 5.33iang et al., 2020)
The advantages of this study had showed the feasibility of balsklsted
technology compared to conventionaluiid-liquid extraction providing a low
processing cost, rapid and good separation yield. However, a further study is
required to fulfil the gaps in the bubkdssisted technology. This is to ensure a better
understanding regarding the mass transfer andabelopment of kinetics model of

LBF in the separation of biomolecules.
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2.2.2.2Ultrasound-assistediquid biphasic system

In the biotechnology processes, cell disruption is considered as the most
important process for higher extraction aadovery yield. Ultrasoundssisted LBS
is an integrated technique which has been extensively acknowledged by researchers
due to its effective properties of cell disrupti®iang et al., 2014, Wu et al., 2011)
The advantages of ultrasouadsisted LB3ncludelow operating cost, less energy
consumption and short period of time requiren{@wdrde et al., 201Z}5erde et al.,
2012). The fundamental of ultrasound irradiation is the high shear forces produced
from cavitation bubbles of ultrasonic waves and mechanical shears which enhanced
the cell disuption for effective biomolecules extractig€hemat et al., 2017b)

Figure 2.4shows a schematic sep of ultrasounehssisted LBS.

! Probe

Mixture of
phase-
forming
solvents and
crude extract

Ultrasound I
generator

Figure 2.4: Schematic diagram of ultrasowadsisted LBS
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A recent study conducted by Sankaran et al. (2018) utilized the application
of ultrasounéassisted LBS for extraction of protein from Chlorella vulgaris-ESP
microalgagSankara et al., 2018a)The authors found that the ultrasotassisted
LBS had the ability to break down the rigid cell wall, followed by the release of
protein for extraction. The maximum efficiency and yield of protein were 75 % and
65.4 %, respectivel{Sankaran et al., 2018a)\n integrated system of ultrasound
and LBF was used to compare the effectiveness recovery of the release protein into
the solution for extractio(Pakhale et al., 2013l was reported that the ultrasound
assiseéd LBF had better advantages over the ultras@sststed LBS, driven by its
higher concentration coefficient and a better separation efficiency. This was mainly
due to the presence of air bubbles which enabled the adsorption of satiaee
proteins fran the bottom phase to the top phase. As a result, this led to a higher
separation efficiency and recovery yield. This integrated sugathgltrasound
assisted LBF under the optimum conditions composed of 100 % (w/w) acetonitrile,
200 g/L glucose conceanition, biomass concentration of 0.6 % with 5 min of 5 s
ON/10 s OFF pulse mode and at a flow rate of 100 cc/min had given rise to the
protein separation efficiency and recovery yield of 86.38 % and 93.33 %,

respectively.

Aside from that, ultrasourdsssted extraction has also been widely
employed for the cell disruption of lignocellulose biomass from plgRéhim et
al., 2019) The extraction of phenylethanoid glycosides (e.g., echinacoside and
acteoside) fromCistanche deserticolastems using ultrasoni@ssisted LBS

successfully recovere?l’.56 and 30.23 mg/g, respectivéBong et al., 2015)This
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approach showed that ultrasosissisted LBS were efficient, efwendly and
cheap method for extractingné enriching biomolecules from lignocellulose
biomass. However, it is crucial to monitor the process temperature when dealing
with ultrasonic irradiation. The high shear forces produced from the cavitation
bubbles of sonic wave would generate a high teatpez process which will
degrade or deform the target biomolecules resulting inufiavourablelow
extraction yield. Another supporting research of using the application of ultrasound
assisted LBS was the extraction and separation of antioxidants such as
xylooligosaccharides (sugar) and phenolic compound from wheat. In ultrasound
assisted LBS composed of 23.8 % (w/w) ammonium sulphate, 24.3 % (w/w)
ethanol, 1.2 % (w/w) biomass loading with ultrasound wave (30Hz, 500 W, 10
mins), extraction yielded the hight recovery of sugar and phenols were 16 mg/g
and 2.67 mg/g dry materigl nor Levi | a n d Thi& shoveed that 2 0 1 7))
implementation of ultrasound improved the efficiency of extraction of wheat chaff

in LBS yielding 1.3/ 2 times higher, respectively than those without ultrasound.

2.2.2.3 Electricity-assistediquid biphasic system

Electricity-assistd LBS (seeFigure 2.5 is a promising mild cell
disintegration extraction technique for recovery of biomolecules. For instance, the
electricity treatment such as pulsed electric field (PEF) demonstrates the
conceptualization of the initiation of short elécal pulses in the order of magnitude
of ms or ps subjecting the charge in the cell membrane which is sufficient to perform
a rearrangement or disruption of membrane and lead to the pore formation. This

process is also known as electroporation. Howeaar,optimum condition is
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required as PEF is dependent on the intensity of the treatment and cell characteristics
in which pore formation is reversible or irreversifgng et al., 2009, Kotnik et al.,

2015, Luengo et al., 2014PEF treatment also increased the mass transfer energy
of the system. By combining both PEF and LBS would be an advantage for an
efficient extraction of treated sample. This combination is known as an
electropermdailization where the presence of electric and extractive solvent
improves the release of intracellular compound from treated sqibgmeg et al.,
2019a) Moreover, electricity treatment not only provides higher extraction
efficiency of biomolecules but also a greener approach in the biotechnology

industries.
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Figure 2.5: Schematic diagram of electricipssisted LBS
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Lam et al. (2017) investigated the operating condition required to release
selective proteins from the cell wall @Ghlamydomonas reinhardtjcc-124) strain
and the cell walldeficient mutant strain (e400) using PEF treatment without
presence of LB$ 6t L a m eTheresllts showddthht7affer PEF treatment
with operating condition of 5 7.5 kV/cm, 1i 10 pulses and a pulse length of 0.05
i 0.2 ms on the cell wall deficient mutant{4@0) was on average three times higher
than cell wall strain (cd24) with average ptein yield of 31 + 6 % protein and 11
+ 3 % protein. Additional experiments utilizing PEF treatment with low energy input
(range between 0.01 and 0.5 kWh/kgDW) were also conducted on cell wall deficient
mutant strain (cel00) with a maximum recovery of 3% at 0.04 kWh/kgDW.
Furthermore, the results obtained from PEF treatment with low energy input was

compared with bead beating which only obtain an average of 34 + 4.2 % proteins.

A recent work conducted by Leong et al. (2019) on betacyanins extraction
from peel and flesh of repurple pitaya using the liquid biphasic electric flotation
(LBEF) (Leong et al., 2019ahad been reported that this new integration process of
electricity supplied in LBF system could cause an electropermeabilization-of red
purple pitaya membrane structure and improve the betacyanins extraction from red
purple pitaya. An optimum system cposed of 100 % (w/w) ethanol, 200 g/L of
dipotassium hydrogen phosphateklQs) with 15 min floatation time (flow rate
of 207 30 cc/min) and applied up to 3 V of voltage using graphitic electrodes
showed the highest separation efficiency of betacyaronsentration (98.383 +

0.215 % for peel and 96.576 + 0.0083 % for flesh, respectiyeBong et al.,
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2019a) Table 2.6 summarized the advance technologies integrated with LBS for

the extraction of biomolecules.
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Table 2.6: Extraction of biomolecules using various types of advance technologies integragediibiphasic system

. . T f . Partiti
Assisted Composition of yp.e © Type of _. . Extraction artlt.lo_n Recovery
assisted Biomolecule Time . coefficient . Reference
technology LBS feedstock Efficiency, E (%) yield (%)
employed , K
Bubble 50 % (w/w) of :
: c :
Z‘fs's’tedu tiE;‘ g;%pano' o :'Zt;tr']‘:” Burkhold (Mathiazak
: . g : g y eria Lipase 30min  88.0 - 93.27 an et al,
biphasic ammonium (compressed cepacian 2016)
flotation sulfate salt, air 0.5 bar) P
(LBF) (NH4)2SOQy
K value of ;fcovsgel
0,
100 % ethanol Flotation Hylocere E for peel anc peel - and and flesh
20 mL of 200 ~ flesh were
IL diootassium system ous Linase 15 min flesh were 88.36: 24168 + were (Leong et
gt dip (compressed  polyrhizu P + 1.708%, 94.88¢ = * 95488 + al., 2018)
phosphate . 2.949,
air 0.5 bar) S + 0.060%. 0.213,
KoHPOy 21.195 +
1.030 94.886 +
RN 0.060.
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Table 2.6 (Continue)

Type of

Extraction Partition

gisr:zt;g (C):fO[anSOSItIOH assisted ;reipdztoc?l: Biomolecule Time Efficiency, coefficient, Riglch\(/;)r)y Reference
9 employed E (%) K y
0.5 g/mL PEG Flotation
Bubble 1000, 35 mL of System
a;sugteo! LBS_o 0..40. g/mL (30 Whey  42min 8754 ) ] (Jiang et
Liquid biphasic trisodium mL/min lactalbumin al., 2020)
flotation (LBF) citrate flow
Na'SC6H507 Ve|ocity)
Ultrasound
irradiated
for 5 min
0
100 /.().(W/W) of 5 s Chlorella 93.33 of (Sankaran
Ultrasound acetonitrile anc : . : :
assisted LBS 200 a/L. alucose ON/10 s vulgaris  Protein 5min  86.38 - protein et al.,
g g OFF pulse FSRE recovered 2018a)
solution.
mode and
flotation
system
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Table 2.6 (Continue)

. . Type of Extraction Partition
Assisted Composition . Type of _. . . . Recovery
technolo of LBS assisted toedstock Biomolecule Time Efficiency, coefficient, ield (%) Reference
%y employed E (%) K y
Echinacoside Echinacoside
0 and and
Ultrasound EShafol(Wg\rll)c U Itrqsound Cistanche i acteoside
. iradiated  geserticola Phenylethanoid 37  acteoside were (Dong et
assisted 235 % : . were 535 -
: (300 W, 37 Y. C. Ma glycosides min : al., 2015)
LBS ammonium mins)  stems and  6.22 2756  and
sulphate mg/lg  dry 30.23 mg/g
weight dry weight
24.3 % (w/w) Ultrasound Recovery of ,
. . . . (nortL
ethaml and irradiated Wheat Xylooligosaccharides sugar anc =’
23.8 % (w/w) (30  Hz, (sugar) and phenoli 72.79 £3.98 3.91 phenols were
. chaff Antov,
ammonium 500 W, 10 compound 16 mg/g and 2017)
sulphate mins), 2.67 mg/g
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Table 2.6 (Continue)

Type of

Extraction Partition

gisr:zt;g (C):fO[anSOSItIOH assisted :—eépdestoclff Biomolecule Time Efficiency, coefficient, Riglc;m(/;r)y Reference
9y employed E (%) K y °
Cell wall
gell wall strain (ce
PEF treatmen reinhardtii ii:iis:td (22”
- (57 7.5 kV/cm, strain (ce .
Electricity- . 400) with .
. . 17 10 pulses 124) and . 10 (ot L
assisted Without LBS Protein . - - average
LBS and a pulse cell wall min/pulse rotein_ vield al., 2017)
length of 0.05 deficient gf o1 Y )
0.2 ms) mutant o
strain (ce protein and
400) 11 + 3
protein.
100 % (W/W) pEE treatmen E for peel K for peel Betacyanins
ethanol,  20C (3 v of voltage Peel  and and flesh and flesh concentration
g/L of using graphitic flesh  of were were (98.383  + (Leong et
dipotassium  gjectrodes) Betacyanins 15min  98.383 + 100.814 =+ 0.215 for peel
Hylocereus al., 2019a)
hydrogen _ olvrhizus 0.215 and 7.324 and and 96.576 4
phosphate ~ and 15 mins POY 96.576 + 24.883 + 0.0083 for
(K2HPQy) flotation system 0.083 1.052 flesh
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2.2.3 Key Parameters Affecting LBS

2.2.3.1Type and molecular weight of polymer

In polymersalt based LBS, the polymer phase component is crucial as it
exhibits different degrees of hydrophobicity on target biomolecules partitioning. As
the molecular weight of polymer increases, the hydrophobicity alseeises due to
the long hydrocarbon chain of monomers. This effect causes a reduction in free
volume of the polymerich top phase, forcing the target biomolecules to be
partitioned to the bottom phase. On the other hand, low molecular weight polymer
will decrease the purification factor for target biomolecules as it will be partitioned
together with contaminant proteins at the polymen top phaséLin et al., 2015,
Ng et al., 2012)Therefore, it is important in selecting an optimum condition for the

hydrophobicity of polymers to obtain the maximum recovery of target compounds.

The effect of molecular weight has been discussed with the used of polymers
such as PEG and potassiunphosphate salt for the recovery of
cyclodextringlycosyltransferase (CGTase) fr@acillus cereugLin et al., 2015)

In this work, the different molecular weights of PEG (e.g., PEG 4000, G000,

10000 and 20000) were used in the LBF system for the CGTase extraction at a
constant crude extract to volume ratio of 1.0:3.0. It was found that the maximum
purification factor of 7.26 and 97.1 % recovery of CGTase were achieved composed
of 18.0 %(w/w) PEG 8000 and 7.0 % (w/ w) potassium phosphates LBS. Well, as
for the lowest molecular weight, PEG 4000 and highest molecular weight, PEG
20000 showed a purification factor of 2.25 and 3.23, respectively. This indicated

that the low molecular weightotymer (PEG 4000) withdraw contaminant
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biomolecules to the polymeich top phase and the high molecular weight (PEG
20000) would engender a more viscous phase, resulting in the decrease of free
volume of polymetrich top phase caused by volume exclusiib@ct. In most cases,

it is recommended to start with a low molecular weight, depending on the product

compatibility while optimizing the partitioning condition.

Also, one of the limitations of using PEG and salt as the pioaseng
component in LBS ithat most of them cannot be recycled for the next process. The
nonrecyclable phaserming component makes the overall LBS in downstream
processes to henfavourables it causes environmental pollution and increases cost
operation(Phong et al., 2018)To improve therecyclability of phasdéorming
component in LBS process, another similar research replaced using thermo
separating polymer (EOPO) as the phase component for the purification and
recovery of CGTasgNg et al., 2012)The recovery of EOPO after recyclability was
more than 80% verifying the viability of recyclable characteristics. This simple,
rapid and recyclable feature show that the LBS process is a promising and attractive

approach forhe recovery and purification of target biomolecules.

2.2.3.2 Type and concentration of alcohol
The use of different alcohols (e.g., methanol, ethanpkopanol,and 2
propanol) with different concentrations in the LBS will affect the overall recovery
yield of target biomolecules. The exposure of active site from the implementation
of organic solvent helps to maintain th

target compounds to the alcohwth top phase. A larger amount of alcohol is
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favorable as it will enhance the target biomolecules buoyancy and stability towards

the interface layer.

Santos et al. (2016) conducted an experiment on extraction of caffeime fro
coffee bean and guarana seed and reported the possibilities to manipulate the
partitioning of caffeine to either the alcokhath top phase and saith bottom
phasgSantos et al., 2016kor caffeine to be partitioned at alcohigh top phase,
an increase in the concentrationgf2 opanol caused the incre
watero i nteract i oathebidrholealesstd bt gaditionedatthd p r c
alcoholrich top phase. Meanwhile, methanol was selected for caffeine to be
partitioned at the salich bottom phase. The purpose of selecting methanol was due
to its low partition coefficient; therefore, incetag the tendency of caffeine to be

partitioned at the satich bottom phase.

A recent study on recovery of glycyrrhizic acid (GA) and liquiritin (LQ)
from Chinese licorice roo3lycyrrhiza uralensig-isch) reported that 87 % GA and
94 % LQ were succeks obtained at alcohelich top phase under the optimum
condition of 25 % (w/w) ethanol and 30 % (w/w)HP Qs in the LBS(Huang et al.,
2018) The effect of alcohol concentrations from 14 to 34 % (w/w) he@xktraction
efficiency and partition coefficient were studied. By increasing the alcohol
concentration to 26 % in the system, the extraction efficiency and partition
coefficient increased for both GA and LQ biomolecules. However, the extraction
efficiengy and patrtition coefficient decreased when the alcohol concentration was
increased to 34 %. This was due to the large amount of-a@ltgsle alcohol in the

alcohotrich top phase interacting with the water molecules and causing the
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biomolecules to be patibned to the saltich bottom phaséWang et al., 2011)

This term was al so sie®fmerredd exd . AVonl e e
of alcohol is mainly dependent on the target biomolecules from the complex crude
extract. Each target biomolecule has their respective phgbemical properties

and therefore, it is difficult to govern a specifistionum condition for extraction

and separation in LBS.

2.2.3.3 Type and concentration of salt

In the LBS, it is critical in selecting the type of salts as the pfaassng
component since it can significantly affect the solubility and interaction ¢dtpet
biomolecules. When the salt is added into a solution, the surface tension of water
will increase which then leads to the increase of hydrophobic interaction between
protein and watefWingfield, 2001) Few studies had shown that a high saturation
level of salt concentration will cause a reduction in solubility of target biomolecules
due to the higher saltingut ability of sal{Smiglak et al., 2007, Zhao et al., 2014)
Lu et al.(2016) reported that the ability of salt solution and hydrophilic alcohol
solution to form a biphasic system was mainly dependent on the Gédsbenergy
of salt hydratior(Lu et al., 2016)The alteration in environmental phase system and
behavior of biomolecules partitioning is utilized by the different salt component
(Yang et al., 2010)Different salts used for the LBS were based on their capability
to support hydrophobic interaction between biomolecij@sja et al., 2013)
According to the Hofmeister series, the sakmg ability of anions are arranged in
the following order: S& ">HPQ? > CeHsO7* '>F >CI' >Br' >I' >NOs' >CIlO4

(Raja and Murty, 2012)However, an optimum condition is required in order to
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obtan the maximum recovery of target biomolecules. It is also important to select a
biodegradable and edgendly salt to ensure a more sustainable green approach in

utilizing the LBS.

The effect of various salts used has been studied with the use ofyutass
dihydrogen phosphate (KkHQs;), magnesium sulphate (Mg®Qand ammonium
sulphate ((NH).SQy) for the extraction of protein fronChlorella sorokiniana
microalgae(Phong et al., 2017b)n this study, the salt concentration of 250 g/L
were selected for each salt (KM, MgSOQr and (NH)2SQy) as an optimum
condition in the LBF. It was found that the PO, MgSQ and (NH;)2SQ
exhibited high separation efficiency of 97.85 %, 97.74 % and 97.74 %, respectively.
However, an observation was found using2R& solution where a white solid was
formed and deposited around the interface at flotation time of 1.5 mins, showing its
incapality for the separation process. This formation happened when the
properties of salt having a low solubility. Thus, an addition process is required to
melt the solid salt solution. Another observation found using Mg®{ition was
the absence of interfadn the LBF after a flotation time of 4 mins. In contrast, it
was observed that only (NHSQs solution could clearly render the highest recovery
yield and purification values of 56.06 % and 68.99 %, respectively. The possible
explanation was (NB.SQ: has a lower molecular weight as compared with
KH2PQs and MgSQ. As a conclusion, the extraction of protein is more favorable in
the alcoholrich top phase with increasing partitioning coefficient (K) when a low

molecular weight salts is usgésenjo and Andrews, 2012, Lin et al., 2013)
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However, the selection of various salts is g@pendent on the compatibility of LBS

and interaction among biomolecules.

The study of salt concentration was continued by using ammonium sulphate
at the concentration range of 100 to 300 g/L. The effect of increasing salt
concentration tends to increabe protein recovery yield. As supported by Phong
et al. (2017), stated that the saltingut effect would occur at a higher salt
concentration, the presence of ions tended to decrease the solubility of protein in the
saltrich bottom phas@hong et al., 2017bA further increase in salt concentration
would decrease the protein recovery percentage. It was recommended to start with
a minimumsalt concentration of 20 % (w/w) until the optimum condition was

obtained rather introducing a high salt concentration abruptly.

2.2.3.4 pH system

The partitioning of target biomolecules can be affected by the pH system in
LBS, due to a change in charges and solute properties of solute. The net charge of
the target biomolecule becomes negative when the pH value is greater than the
isoelectric point §l) and positive when pH value is lower than the pl. If the net
charge is equal to zero, both pH and pl values are i@t et al., 1986)
Generally, it is found that in higher pH system would induce a positive dipole
moment causing the partition coefficient to mase; therefore, favor the partitioning
of negatively charge target biomolecules towards the polyclertop phase

(Andrews et al., 2010, Olivetfidappa et al., 2004)

The partitioning of polyhydroxyalkanoate (PHA) frddupriavidus necator

H-16 in the thermoseparatifizpsed LBS showed a good setup in altering the pH
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system as compared with comi@enal PEGbased LBS(Chakraborty and Sen,
2016) PHA showed a purification factor dimecovery yield of 3.67 % and 63.5 %,
respectively, at the pH 6 which was better than the conventionalb@&€l LBS

that had zero recovery of PHA in the top phase when pH was less than 7. However,
there was a sudden drop in PHA recovery yield of 46.4#nwthe pH was adjusted

to 8.0 to 8.8 in the system. In another study of extraction of BSA had shown that the
different pH values could alter the net charge of targeted comg@av et al.,

2015) It was reported that the pH value increased from 6.0 to 9.0 which was larger
than the isoelectric point of BSA (pl = 4.8) resulteca maximum recovery yield

of 84.32%. However, the high pH value is f@tourablein the LBS since it can

induce the protein denaturation.

Another experiment of antioxidants (i.e., xylooligosaccharides and phenol)
extraction from wheat chaff explorétk effectofpHonLB$ nor Levi | and
2017) The influence of pH value ranging from 2.5 to 7.0 was studied in the case of
partitioning parameters of antioxidant such as recovery and partition coefficient. A
maximum recovery of sugar ranging from 96 % to 99 % was obtained at pH 7.0 but
the recoveryf phenol decreased which could be explained by the phenol compound
having a low pKa value of 4.5. In extend, at pH values near pKa such as pH 4.0 was
reported that the partitioning of xylooligosaccharides was more towards the ethanol
rich top phase and phol was more toward saith bottom phase at the highest
recovery of 75 % and 77 %, respectively. Hence, it is important to examine the effect

of pH at the optimum condition to enhance the purification factor and recovery yield
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of the target biomoleculess it could be damaged or denatured by varying the

sensitivity of pH conditions.

2.2.3.5 Temperature

The effect of temperature is dependent on the type of ghaséng
components used in the LBS and stability of target biomolecules from denaturation.
A change in temperature also affects the viscosity and density of the interface in the
LBS. In most cases, the optimuemperature within the range of 20 to 4D was
utilized for maximum recovery and partitioning of target biomolecules. The effect
of tempeature on the extraction efficiency Gfphycocyanin CPQ from Spirulina
platensismicroalgae was studied and the maximum extraction efficiency up to 99.0
% was achieved near the temperature rang#5dIC (Chang et al., 2018}t was
found that by lowering the temperatwioe298 K caused the rate of CPC recovery to
decrease, resulting in a low extraction efficiency. The influence of temperature on
extraction efficiency study of BSA and papain was evalu@®ehg et al., 2017)
However, the studies showed that the extraction efficiency of both BSA and papain
decreased when the temperature was increased. This phenomenon was due to the
increasing temperature which could inhibi interaction of amino acid and surface
water of protein, resulting in less efficiency of protein extracti©makraborty and
Sen, 2016)Hence, the effect of temperature should be taken into consideration as
the extraction efficiency of the biomolecule is dependent on the range of

temperature in the LBS.
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24  How does ionic liquid plays a role in sustainability for biomass
processing
Development of the next generation industrial chemical processes
emphasizes aspects related to sustainability, gieemistry and eceefficiency. In
recent years, researchers have expended a treseacthount of effort in exploring
ionic liquids (ILs), or the molten salts, as an environmentally friendly alternative to
the conventional volatile organic solvents (VOCs). VOCs possess negative impact
on the environmental and human health due to theiesirable inherent properties
such as volatility, flammability and toxicifaus et al., 2005)Therefore, a shift to
ILs technology in many industrial sectors is considered viable as ILs can mitigate

these concerns and offer comparative performance as to the conventional solvents.

Physicechemical properties of ILs, such as negligible vaporgumes high
melting point, and high thermal stability, are desirable for many fields of chemistry
(Lee et al., 2015).ow vapor pressure of ILs mitigates the issue of air pollution due
to the minimal evaporation of ILs during operation, as compared to VOCs. In
addition, the high melting point and thermal stability allow ILs to withstand
intersive operational conditions (i.e., high temperature and pressure). Since ILs
comprises tuneable anions and cations, the interionic interaction forms hydrogen
bonding that is important for solvation purpose; the unique combinations of ions in
ILs earn thema title of designer solvent, as ILs can be specifically designed to fit a
specific condition or application by altering their functional groups and selection of

appropriate cation and anions (Wilkes, 2004). Till today, imidazebased ILs are
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widely usedfor the dissolution of cellulose, extraction of bioproduct from

microalgae, C@capture, electrolysis and catalysis technologies.

Emerging technologies such as microwaaed ultrasoundgssisted
applications have been coupled with ILs for a greater advantage, such as the
provision of a more economical route as compared to otherdepandant
processegkhoo et al., 2020c)The heating effect adopt&a microwave is mainly
due to the dielectric polarization. This happens when a molecule irradiated with
microwaves naturally aligns itself with the applied field at frequency near 2.45GHz.
Consequently, the molecule continually attempts to align itselbrdong to the
rapidly change in electric field, and this produces heat energy which will be
absorbed by the molecull€adam et al., 2013By adopting ILs media, microwave
assisted processing can be rapid and more efficient. On the other hand, the utilization
of ultrasound in chemical aetion produces ultrasonic propagation in the ILs media
that can emulsify two immiscible liquids and speed up the reactions. The generation
and collapse of cavitation bubbles release energy and promote mass transfer in
heterogenous system of ILs, thereloyh@ncing the overall procesgg&arimi et al.,

2014) Despite theadvantages brought by ILs in these processes, a good
understanding of toxicology and sustainability of these ILs is important for a further

effort in commercialization and marketing of theseadtiven technologies.

2.3.1 Dissolution oflignocellulosicand microalgaebiomass
In the progression of 21st century, issues related to climate change and
efficient energy management have driven the ideology for a sustainable and greener

production. Many developed countries have applied the $ablai Development

111



Goals (SDGSs) as a traaéf and an important tool to eliminate and limit the use of
hazardous organic solvent; one of the solutions is to replace them by the
environmentally benign solvent. Over the years, ILs have made tremendous impact

in various applications owing to their distinguish attributes (i.e., high thermal
stability, high vapor pressure, recyclability, and tuneable ionic properties) but most

i mportantly, as an Kiudlgalkl . tregoliestudie® 0sl &bl) v
demongtated the feasibility of these ILs for the pretreatment of lignocellulose
biomasgMaki-Arvela et al., 2010)imidazolium is the common cation used in the
conventional ILs for the dissolution of lignocellulosic biomass. There aeraev
criteria of ILs0O0 traits for an effectivi
should possess a low melting point as this prevents the degradation of cellulose;
other desirable characteristics include good stability and storability, easyergc

of ILs for recyclability purposes, newxicity, odourless, biodegradable. and low

cost of synthesis. There are a number of patents filed for the applications related to

the dissolution of cellulose and woods, biofuels production, and extraction of
biopolymers(Argyropoulos, 2011, Hummel et al., 2010, Myllymaki and Aksela,

2008, Rahman et al., 2014, Scott and Piskorz, 158§)re 2.6shows an overview

of the utilization of ILs from the cradle to grave.
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Figure 2.6: Overview of the utilization of ILs from cradle to grave.

2.3.1.1Factors affecting the dissolution of lignocellulosicand microalgae
biomass
It is important to evaluate the effects of size and functional group of the
cation in ILs as they maynprove the dissolution of lignocellulose biomass. Due to
the compact extracellular biopolymer structure of lignocellulosic biomass, small
cations are often efficient in solubilizing the cellulose. A recent study conducted by
Alayoubi et al. (2020) concledl that lethyl3-methylimidazolium, [Emim],
which has a smaller cation than that Hbutyl-3-methylimidazolium, [Bmim],
dissolved cellulose (up to 90%, w/w) more effectiv@ayoubi et al., 2020)The
main reason behind this improvement is the steric hindrance effect preventing the
large molecule in forming hydrogen bonding with cellulose. As the alkyl chain
increases (i.e., £x0 Cig), the dissolution powenf solvent decreases significantly

(Erdmenger et al., 2007Aside from this, the dissolution of lignocellulose biomass
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may be influenced by the functional g
containing hydroxyl group-QOH) in their structure may decrease the solubility of
cdlulose in the ILs. The tendency e®DH group to form hydrogen bonding with

anions such as acetate and chloride is higher than that with cellulose; thus, this

reduces the performances of ILs comprisi® group(Zhao et al., 2008)

Anion in the ILs plays a significant role as a hydogond acceptor for an
effective cellulose dissolution. An ideal anion should possess a good hydrogen
bonding basicity. Chloride anions,”CGdre the smallest anion commonly used in the
applications of cellulose dissolution. Small polarizing cation ino@i@d with
small CI is more interactive with cellulose because the oxygen atoms presence in
cellulose are attacked by th®@H growp (Zhang et al., 2005 previous study by
Vitz et al.(2009) confirmed the poor dissolution effect of IL made of {Br]tz et
al., 2009) On the other hand, anions such as formate and acetate were reported as
an excellent anion for delose dissolution(Zavrel et al., 2009)In addition, ILs
with a higher hydrogen bond basicity exhibit a greater capability in cellulose
dissolution, based on the KamilEaft equation, where the quantification of
solvation effects of solvents on an observabilgsical parameter X is shown in

Equation 1, as described biMaki-Arvela et al., 2010)

Tiec 0 o o] & of ()

where ~*, a, U and b define the pol ari

basicity, respectively, whereas X, y, a, and b are parameters valuesaf/grgs.

114



Besides, another approach in determining the solvation effects is the
Hildebrand solubility paramete(see and Lee, 2005 his approach is much more
favourable as the experiments can be performed to determine the viscosity of ILs,

but this approach is limited to applications involving cellulose and lignocellulose.

Other factors that influence the dissolution of biomass are the process
conditions, (i.e., temperature, time, stirring rate), particle size, and the presences of
water, organic solvent, and salt. Since some of the ILs are miscible with water or
organic solventthe viscosity of ILs could be reduced by the addition of these
solvents, which further decreases the solubility of cellulose i(Liuset al., 2019a)

The presence of water allows thefoemation of hydrogen bonding in celade that
resists the interaction between the cation and anion dtBeset al., 2017c, Marks

et al., 2019) On the contrary, the presence of water could improve dissolution of
lignin and hemicellulose, depolymerization, and hydrolysis of ligrairbohydrate
complex of hardwood bioma¢Roselli et al., 2017, Sun and Xue, 2018, Viell et al.,
2016) Several studies have revealed that the addition of salts such as LiCl and
NaSiOz in IL media helped in deconstructing and enhancing the selectivity of
dissolution process to wd polymer(Pang et al., 2016, Sun et al., 2016, Xu et al.,
2010) It has been proven that the implementation of ultrasound and microwave
processing in the IL media could effectively enhance the dissolution of
lignocellulosic biomas$Ab Rahim et al., 2020, Kohli et al., 2020, Rahim et al.,

2019)
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2.3.1.2Molecular and mechanstic studiesof ionic liquids

Mechanism studies is essential to evaluate the interaction occurred during
the dissolution of lignocellulosic biomass by ILs. Up to date, numestudies
indicated that hydrogen bonding formation between anions-@#t group of
cellulose is the main dring force for cellulose dissolution in ILs. A previous study
by Zhang et al. (2010) evaluated the 1H Nuclear Magnetic Resonance, NMR
spectrum of cellulose to identify the interaction-OH group in cellulose with-1
ethyl3-methylimidazolium acetate, [Emifi@§H3:COOQO], as well as the longer chain
of imidazoliumbased ILgZhang et al., 2010)'he 1H NMR spectrum of cellulose
in DMSO-d6 revealed the proton signal of hydroxyl (Bt chemical shift ranged
from 4.5 ppm to 6.8 ppm. However, for a mixture of [Emim]ECIDO], cellulose
and DMSQds, the peak broadened and gradually shifted toward the downfield,
indicating the interaction of oxygen atom of Qtith acidic proton of Emirh On
the other hand, the dowald shifted of OH was due to the formation of hydrogen
bonding and electronegative atom between the hydrogen atom (hydroxyl of
cellulose) and the anion GBOO (Zhang et al., 2010)These findings wer
supported by Endo et al. (2016), who investigated the interaction between cellulose
and [Emim][CHCOO)] using a widangle %ray scattering (WAXS) antfC NMR
spectroscopy(Endo et al.,, 2016) The results showed that 40 mol% of
[Emim][CH3COO] completely deconstructed the crystalline structure of cellulose
due to the anion bridging phenomenon induced by the hydrogen bdgahdg et
al.,, 2016) Aside from imidazoliurbased ILs, disopropylethylammonium
chloride, [DIPEA]CI, and disopropylethylammoniumbenzoate, [DIPEA]BnN, are

the ammoniunrbased ILs exhibiting an effective depolymerizationigriin for the
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conversion of lignin into higlvalue aromatic compounddolesa et al., 2020)
Fouriertransform infrared (FIR) spectroscopy is an analytical method widely
used in the analysis of cellulose dissolution; the induced structural change of
polymer composed of oligomers, aliphatic and aromatic monomers could be
interpreted from the spect(keng et al., 2016)A comprehensive review by Li et

al. (2018) covers the mechanism and physicochemical aspect of cellulose

dissolution in ILS(Li et al., 2018)

2.3.2 lonic liquid technology for microalgae extraction

In recent years, microalgae have received gati@ntion as one of the
sustainable biomass feedstocks for the production of biofuels and biochemicals
(Khoo et al., 2020a)Unlike other generation of biomass including terrestrial crops,
microalgae camnassively grow within two weeks, which are significant shorter in
the growing stage. Microalgae also have great adaptability that allows them to
consume carbon dioxide, GArom the environment; they can be a good agent of
bioremediation, which involvehé uptaking of excess nutrients [i.e., ammonium
ions (NH:"), nitrate ions (N®) and phosphate ions (R from wastewater
treatment planfLeong et al., 2019b, Tang et al., 2020pids from microalgae can
be a promising source for biofuel production as the microalgal biofuels are more
environmentafriendly than the fuels derived from petrochemicals feedstocks
(Piemonte et al., 2016Aside from their contbution to energy sector, microalgae
are known to contain great proportions of higtlue phytochemicals such as
proteins, lipids and carotenoids for various biotechnological applicaiitimswy et

al., 2017, Khoo et al., 2019b)
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Somemicroalgae consist of rigid cell wall that demands the cellular disruption to
release the intracellular component for further processing. Numerous strategies have
been proposed for the extraction of bioactive compounds from microalgal biomass.
Conventionalextraction approaches mainly utilize the concentrated acid or alkali
solutions, bead milling, homogenisation, supercriticapGd grinding treatment

for the disruption of microalgal cells. However, the applications of concentration
acid or alkali are ot favourable due to their inherent toxicity and hazardous
characteristics being not applicable for direct human consumption. On the other
hand, mechanical pretreatment methods like bead milling, grinding, and
homogenisation are energy intensive procegsegs, high temperature and pressure
conditions) that renders a high treatment cost. Assisting technologies based on
ultrasound, microwave, electric, liquid biphasic system and ILs have been
implemented for the extraction of bioactive compounds from migaedKhoo et

al., 2020d, Khoo et al., 2019a, Khoo et al., 2020c, Leong et al., 2009ahg all

the extraction approaches, ILs have been known to be an effective green solvent for
the optimal extraction of various bioactigempounds from microalga&€able 2.7

shows the attributions of ILs to the 12 Principles of Green Chemistry.
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Table 2.7: Attributions ofionic liquidsto the 12 Principles of Green Chemistry

Principles

Definition

Justification

Prevention

Atom Economy

Less

Hazardou:

Chemical Syntheses

Designing
Chemicals

Safel

Safer Solvents an

Auxiliaries

Design
Degradation

for

It is better to prevent waste than to treat or clear
waste after it has been created.

Synthetic methods should be designed to maxir
incorporation of all materials used in the process
the final product.

Synthetic methods should be designed to use
generate substances that possess little or no toxic
human health and the environment.

Chemical products should be designed to pres
efficacy of function while reducing toxicity.

The use of auxiliary substances (e.g., solve
separation agents, etc.) should be made unnece
wherever possible and, innocuous when used.

Chemical products should be designed so that at the
of their function they breakdown into innocuous
degradation products and do not persist in
environment.

ILs can be separated, recycled, biodegraded afte
utilization.

The synthesis of ILs incorporates almost all of
starting raw materials into the final product.

lls composed of distinguished characteristic (i.e., |
melting point, negligibleapor pressure and high thern
stability) compared to conventional volatile orga
solvents.

The design of ILs is dependent ondtsplication and thu:
its toxicity can be controlled and optimized.

Taskspecifc ILs are designed to facilitate the limitatic
of organic solvents. Therefore, the use of ILs can e
replace or act as a solvent or catalyst.

Researches have also proven the degradability of 1
ILs that ensures a safer disposal. Such degrad
approaches involve chemical, thermal and enzyn
routes.
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Table 2.7 (Continue)

Principles

Definition

Justification

Design for Energy Efficiency

Use of Renewable Feedstocks

Reduce Derivatives

Energy requirements should be recogni.
for their environmental and econornr
impacts and should be minimize
Synthetic methods should be conductec
ambienttemperature and pressure.

A raw material or feedstock should |
renewable rather than depleting whene
technically and economically practicable

Unnecessary derivatization  (use
blocking groups, protection/deprotectic
temporary modification 0]
physical/chemical processes) shoute
minimized or avoided if possible, becat
such steps require additional reagents
can generate waste.

Conventional approaches are somer
intensive and laborious due to high ene
consumption. The implementation of Il
could overcome the limitation ove
conventional approaches by promoting ¢
efficient and low energy consumption
the processes.

ILs can be reused and recycled for -
subsequent processes. Unldanventional
organic solvents which are easily volat
and decomposable under harsh conditic

The utilization of ILs as a mediated solve
is highly selective in the end product
process compared to the use
conventional organic solventswhich
would result in the unnecessary-psoduct
and derivatives.
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Table 2.7 (Continue)

Principles

Definition Justification

Catalysis

Realtime analysis for Pollution
Prevention

Inherently Safer Chemistry for Accident
Prevention

Catalytic reagents (as selective as possi In fact, ILs aremediator, also known as i
are superior to stoichiometric reagents. catalyst, catalyst and solvent in varic
organic chemical synthesis.

Analytical methodologies need to I The degradation o
further developed to allow for retime, i approximately 28 days according
process monitoring ancbntrol prior to the Organization for Economic Cooperatic
formation of hazardous substances. and Development (OECD) standard.

Subsances and the form of a substar Based on their distinguish properties (i.
used in a chemical process should high melting point, negligible vapc
chosen to minimize the potential f pressure and high thermal stability) of IL
chemical accidents, including releas They are relatively more stable th
explosions, and fires. conventional organic solvents.
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ILs have been used for direct extraction of intercellular bioactive compounds
from the microalgal biomass via c@lérmeabilization approach. This approach is
milder than the conventional mechanical pretreatment as the cellular structure of
microalgae was not disrupted. In addition, ILs could avoid the degradation of
biomolecules under high extraction temperature ardsure conditions. ILs allow
the immersible bioactive compounds to permeate or diffuse across the cell
membrane through ionic bonding between the cations and anions of ILs, as opposed
to hydrophobic bonding between bioactive commb{xfoung et al., 2010Besides,
alternative assisting technologies such as microwave and ultrasound treatments have
been implemented along with ILs to enhance the extraction process. However, the
incorporation of these assistirigchnologies in Ikbased extraction requires an
intensive evaluation on the optimization stage as this is to ensure an ideal operating
condition without damaging or degrading these highly sensitive bioactive
compounds from microalga€able 2.8 summarizeshe assisting technologies used
along with ILs for the extraction of biomolecules from microalgae. Up to date, there
IS no study utilizing electricity as an assisting tool inbksed extraction of

biomolecules from microalgae; this remains as a gap fitldxein future research.
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Table 2.8: Assisting technologies usedionic liquidsbased extraction of biomolecules from microalgae

Assisted Type of ILs Biomass Conditions Biomolecule Recovery References
technologies
Microwave 1" butyl" 3- Chlorella 5 g of IL, Lipid 0.23 g/g (Pan et al.,
methylimidazolium hydroger Sorokiniana 800W, 120°C dry algae  2016)
sulfate [Bmim][HSOq]
Microwave [BMIim][HSO4] Nannochloropsis 5 g of IL, Lipid 0.10 g/g (Pan et al.,
salina 800W, 120°C dry algae  2016)
Microwave [BMIim][HSO4] Galdieria 5 g of IL, Lipid 0.19 g/dry (Pan et al.,
sulphuraria 800W, 120°C algae 2016)
Microwave 1-ethyl3- Nannochloropsis 3.3% wt IL- Lipid 13.9% (Motlagh et
methylimidazolium chloride gaditana water, 800 W, al., 2020)
[Emim]CI 80°C
Microwave 2-hydroxyethylammonium  Arthrospira 10 mL. g* of Phycocyanin 8.40 mg/g (Rodrigues
acetate (HEAA), 2- platensis L, 62 W, 2 et al., 2020)
hydroxyethylammonium min

formate (2HEAF)
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Table 2.8 (Continue)

Assisted Type of ILs Biomass Conditions Biomolecule Recovery References

tecmologies

Microwave (2-HEAA) and(2-HEAF) Arthrospira 10 mL. g of Allophycocyanin 13.3 mg/g (Rodrigues

platensis IL, 62 W, 2 et al., 2020)
min

Microwave 1-octyl-3- Chlorella vulgaris 700 W, 60°C, Lipid 19.2% (Krishnan et
methylimidazolium acetate 5 min al., 2020)
[Omim][OAC]

Microwave 1-ethyl3- Nannochloropsis 700 W, 65°C, Biodiesel 36.79% (Wahidin et
methylimidazolium sp. 15 min al., 2018)
methylsulfate,

[Emim][MeSQy]

Ultrasound 1-butyl-3- Galdieria 5 g of IL, Lipid 0.16 g/dry (Pan et al.,
methylimidazolium hydroger sulphuraria 120W, 120°C, algae 2016)
sulfate, [Bmim][HSQ] 1lh

Ultrasound 1-butyl-3- Chlorella vulgaris 5 mL of IL, Lipid 47 mglg (Kim et al.,
methylimidazolium  methy! 60°C 2013)

sulfate, [Bmim][MeSQ]
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Table 2.8 (Continue)

Assisted
technologies

Type of ILs Biomass

Conditions

Biomolecule Recovery References

Ultrasound

Ultrasound

Ultrasound

Ultrasound

Ultrasound

Cholinium 2hydroxy-3- Chlorella vulgaris 400 W, 5 s Protein

morpholinopropanesulfonat
[Ch][MOPSO]

[2-HEAA] and formate, [2 Spirulina
HEAF] platensis

[2-HEAA] and[2-HEAF] Spirulina
platensis

[2-HEAA] and [22HEAF] Spirulina

platensis
1-butyl-3-methyl Spirulina
imidazolium chloride, platensis

[Bmim]CI

on/5 s off
pulse, 2 min
25 kHz,
min
25 kHz,
min
25 kHz,
min
25 kHz,
min

9.9+0.1% (Lee et al.,
2017b)

Allophycocyanin 6 . 3 4 1 (Rodrigues
et al., 2018)

Phycocyanin 5. 95 1 (Rodrigues
et al., 2018)

Phycoerythrin 2 . 6 2 1 (Rodrigues
et al., 2018)

Phycocyanin 0.36 mg/g (Rodrigues
et al., 2018)
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2.3.2.1Cell permeabilization and recyclability studies ofionic liquids for

microalgae extraction

The mechanism of ILs in lignocellulose dissolution is relevant to the
extraction of biomolecules from microalgae. ILs can solubilize polysaccharides
such as celladse and pectic from lignocellulosic biomass, indicating that ILs also
play a role in permeabilizing the cell walls of microalgae. The ability of ILs to
permeabilize cell I's attributed to the
surface, therebyatilitating the ionic bonding among the cations and anions of ILs
and the intercellular target bioactive compounds (Desai et al., 2016). Hydrophilic
ILs with low viscosity and high hydrogen bond capacity are especially more
efficient in the solubilizatioprocess. Previous studies demonstrated tedihyl-3-
methylimidazoliumbased IL with [DBP] [HSQy]", [CH3SOs]” and [(CRSOz)2N]
anions were able to recover up to 7099% of astaxanthin from intact
Haematoccocus pluvialimicroalgae(Choi et al., 2019, Desai et al., 2016he
mechanism in dissolving cellulose is associated with the role of ILs as an electron
donorelectron acceptor (EDA) between oxygen and hydrogen atoms of cellulose
and the ions of ILs. Though, the dissolut@apacity is based on the hydrogen bond

basicity.

Itis important to recycle these pretreated ILs as the cost of synthesizing these
ILs is expensive. The performance of [Emim][Et$@fter 5 cycles of extraction
process achieved an average lipid yield98f0 + 5.2% (w/w) fromChlorella
vulgaris (Orr et al., 2016)Similarly, Liu et al.(2019) reported the capabilities of

[Bmim]CI and [Emim]CI in sustaining their high extractability for astaxanthin, i.e.,

126



82.75% for [Bmim]Cland 59.87% for [Emim]CI, even after three subsequent
pretreatment cycle@.iu et al., 2019h)Besides, a recent study by Lu et(@019)
reported the feasibility of conventional [Bmim]Cl to be reused up to 10 times for
the lipid extraction fromChlorella pyrenoidosgLu et al., 2019) However, the
performance of lipid extraction dropped when the [Bmim]Cl was repeated used for
five times. Similarly, performance of ILs was found to decrease significantly after
several cycles of microalgae treatment, as evidenced in the subsequent extraction of
astaxanthin fromH. pluvialis microalgae by Desai et al. (2016) as well as the
dissolution & Gigantochloa scortechirbiomass by Rahim et g)2019)(Desai et

al., 2016, Rahim et al., 2019)he poor performance may indicate the incomplete
recovery of ILs thawere lost on the cell debris, causing a decrease in the
concentration of recycled IL used in the next treatment. In fact, the performance of
these recycled ILs may decrease after each cycle of cell permeabilization because
of the residual of cell debrig.e., cell wall, hydrolysed cellulose, chlorophyll, and
impurities), water content contributed by distillation, and presence of antisolvents
(e.g., ethyl acetate and methanol). Based on these issues, it is suggested that these
recycled ILs should undergm step of purification process to remove the excess

impurities before subjecting these ILs for the subsequent treatment.

2.3.2.2 Sustainable aibnic liquids technology

Regardless of numerous efforts dealing with the potential of ILs for various
applications, many published papers and magazine still debate on whether the
toxicity issues of these ILs should be negled®dbalo et al., 2014, Pham et al.,

2010) Statement made on the inherent toxicity of ILs will lead people to think that
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all ILs aretoxic. However, this is uncertain as the development of sustainable
chemical products requires ardepth evaluation on their toxicity potential along
with proper procedure, knowledge and information about the impact on the
environment, human health andhimals (Ranke et al., 2007)For instance,
nanoparticles havieeen implemented in several industrial sectors due to their ideal
physicachemical properties, but concerns over their biological impact (i.e.,
environmental and human health) are valid because of the ability of nanoparticles
to permeate into cell membranand affect living organism biological behaviour at

a molecular leve(AshaRani et al., 2009, Lewinski et al., 2008, Nel et al., 2006)
Thus, the scientific communities shoulda@nsider these generalizations on the
toxicity of ILs by properly understanding the toxicology study. Ostadjoo et al.
(2017) have comprehensively evaluated the toxicological data for imidazolium
basedL and this information is beneficial for researchers to further understand the
6greend | ©Ostadboset ab, 2018 recent published article has also
revealed the potential of these ILs as the future so(Verib, 2020) As mentioned
previously, imidazoliunrbased ILs are a commonly used solvent for dissolution of
lignocellulosic biomass. -gthyt3-methylimidazolium acetate, [Emim][OAc] has
been run at the pilot scale for the dissolution of cellulose in lignocellulose biomass
(Hermanutz et al., 2008By implementing ILs as the future solvent for biomass
treatment or other applications, a more efficient process could then mitigate the
intensive process operational cdrahs (i.e., high temperature and pressure) and
could lower the overall toxicity impa¢Li et al., 2013) In addition, the use of IL
technology allows a higheruglity product compared to those obtained from

conventional approaches. There are already a good number of companies and
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research institutions (e.g., BASF, BASI
Joint BioEnergy Institute) invested into ILs technologydellulose dissolution and

biofuel productionBASF, 2020, JBEI, 2015)n addition, chemical manufacturers

such as Sigma Aldrich (Darmstadt, Germany) and lolitec (Heilbronn, Germany)
have beenwgplying various types of ILs for customers at scales ranging from grams

to ton(lolitec, 2019, SigmaAldrich, 2020)

2.3.2.3 Environmental sustainability ofionic liquids technology

It should be noted that ILs can reduke burden of air pollution due to their
low tendency to volatile and be released in vapour form. Nonetheless, some ILs have
good solubility in water the aqueous mixture of ILs may be released into the
environment via effluent discharge. Hence, the emvirental fate of ILs faced a
complex decision tde or notto-be implemented as an alternative industrial solvent
due to their toxicity and biodegradability of ILs, which remains cautiously
unquestionable. Environmental substitution of these ILs as catalystaction
media is vital as the utilization of conventional organic solvents in industrial has to
be eliminated or drastically reduced because most of them are ecologically harmful
and toxic in nature. In some cases, water is an impractical solveno diselow
solubility and it may even exist as a contaminant in many organic reactions
(Breslow, 1991, Li, 2005)n addition, the environmental fate of these ILs has to be
assessed to ensure a safer disposal after usage. The risk assessment of ILs could be
done via an environmental analysis indicatgprimciples such as multidimensional
risk analysis (MRA), life cycle assessment (LCA), 12 Principles of Green

Chemistry, and Sustainable Development Goals (SGDs). So far, major questions on
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environmental contamination, environmental fate, environmentatifution and

safety aspect of these ILs have yet to be fully answered or addressed.
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CHAPTER 3 EXTRACTION OF NATURAL
ASTAXANTHIN FROM HAEMATOCOCCUS PLUVIALIS

USING LIQUID BIPHASIC FLOTATION SYSTEM

........................................................................................

" ©® 0 @

[ Microzooid ] [ Green palmella cell ] [ Red palmella cell ] [ Haematocyst cell ]

This chapter covers the application of liquid biphasic flotation system for the
extraction of natural astaxanthin froHaematococcus pluvialignicroalgae
biomass. The performance of the liquid biphasic flotation system was optimized in
achieving the maximarecovery of astaxanthin. The optimized liquid biphasic
flotation systenmwasscaledup to evaluate the feasibility of extracting astaxanthin
is larger scaleThis chapter consists of thesisrsion of work published in the
Bioresource Technologyboo, K. S. et al., 2019Bioresource Technologg90:

121794DOI: https://doi.org/10.1016/j.biortech.2019.121Y.94
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3.1 Abstract

Liquid biphasic flotation (LBF) is a separation technique integrating liquid biphasic
system and bubblassisted extraction methotlere we report the successful
application of LBF for the efficient and rapid recovery of astaxanthin frbm
pluvialismicroalgae. The performance of LBF for the extraction of astaxanthin was
studied comprehensively under different operating conditioicfyding types and
concentrations of foedrade alcohol and salt, volume ratio, addition of neutral salt,
flotation period, and mass of drigdl pluvialis biomass powderThe maximum
recovery, extraction efficiency and partition coefficientastaxanthin obtained
from the optimum LBF system were 95.11 + 1.35%, 99.84 + 0.05% and 385.16 *
3.87, respectivelyA scaledup LBF system was also performed, demonstrating the
feasibility of extracting natural astaxanthin from microalgae at a larger. Jdate
exploration of LBF system opens a promising avenue to the extraction of

astaxanthin at lower cost and shorter processing time.

Keywords: Astaxanthin; Haematococcus pluviatisLiquid biphasic flotation;

Recovery; Microalgae
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3.2  Introduction

Astax ant hi n, al s o k nbo,wandjenes ,-dbNp3i6di hydr
bright red carotenoid. Astaxanthin belongs to xanthophylls groups, which is widely
utilized in food, cosmetic, aquaculture, nutraceutical and pharmaceutical industries.
The stereoisomserof astaxanthinincludeali s ( 3S-tr 868) ( 3Rj s30S
al-t r ans ((JdRg et 8.0 W)3)Astaxanthin is attractive for its highly
valuable antioxidant capacity, which is responsible for its protective properties
against cancer, diabetes, cardiovascular diseases, ulcer, immune response and
inflammation (Yuan et al., 2011) Therefore, the commercial application of
astaxanthin as a supplentén food and dietary has been growing in recent years.

Astaxanthin can be either derived from natural sources (e.g., microalgae,
yeast, and fungi) or chemically synthesizgdmbati et al., 2014) Synthetic
astaxanthin is less desirable for application in food industry because its production
route is comfex and involves petrochemical resources as raw matériait al.,
2011a) Hence, natural astaxanthin originated from living organisms has been
widely explored for the largecale production of astaxanthin. Additionally,
antioxidant activity of natural astaxanthia significantly higher than that of
synthetic astaxanthifiPérezLopez et al., 2014, Chew et al., 2017)

Haematococcus pluviai(H. pluvialis) is one of the microalgae species
containing an abundance of natural astaxanthin, which could be up to 3.8 to 5.0%
of mi croal gaeds drcyltivatioa cogditiong\Vdagamea et @li, ng o n
2013) Despite this advantage, the extraction of natural astaxanthiifrpiavialis
remains a challenge in the downstream processing. Conventionally, natural

astaxanthin is extracted from the cells with solvents such as concentrated
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hydrochloric acid, dimethyl sulfoxide, methanotlichloromethane sodium
hydroxide and aceton@oonnoun et al., 2014, Sarada et al., 2006, Zhang et al.,
2014) These solvents are not favourable due to their inherent toxicity and hazardous
characteristics for direct human consumption usage. Recently, natural astaxanthin
has been successfully extracted fridnpluvialisusing alternative approaches such

as supramlecular solvent extraction, supercritical £@xtraction, magnetic
assisted extraction, ionlguid-mediated extractiofCheng et al., 2018, Choi et al.,
2019, SalattDorado et al., 2019However, these alternative methods often suffer
from the high costs of equipment and operating conditions. For instances,
supercritical CQ extraction requires high pressure condition (10G&D00 psia),

while the ionic liquid is relatively expensive and toxic.

Liquid biphasic flotation (LBF) is a bubblessistedseparation system
combining the working principles of solvent sublation (SS) and liquid biphasic
system (LBS). LBF consists of two aqueous phases wherein the target compounds
will be extracted from one phase (e.g. sah bottom phase) to the other (¢.9
organicsolvent phase) by the selective adsorption of target compounds on air
bubble (e.g., nitrogen or oxygefl)eong et al., 2018)The asorption of target
compound on the air bubble is based on the sudatiee properties of compound
and the interfacial properties of air bubble. The ascending gas stream in the bottom
phase carries the adsorbed compounds to the top phase and is gvesiteaded
from the system, while the target compounds are accumulated in the top phase over
the gas sparing period. LBF has been widely utilized in the recovery of biomolecules
such as protein, lipase, and betacya(@Cisa et al., 2019, Leong et al., 2018he

properties of the phaderming component used in this liquid biphasic extraction
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affect their physica&chemical interaction with target biomolecsil@endering them
to be partitioned to either the top phase or the bottom ghaseet al., 2015)

The application of LBF system in extraction of astaxanthin frbrpluvialis
has not been explored and reported before. In this study siy&Em was applied
for the recovery of astaxanthin frarh pluvialis Alcohol and salt were selected as
the types of phas®rming components based on the following reasons: (i) lower
viscosity and less expensive than the conventional polpased LBS; {) more
environmentally friendly due to their recyclability; (iii) ethanol angrapanol are
food grade, which are safe for human consumptidhoo et al., 2019b)The
extraction condition for the recovery of astaxanthamfH. pluvialiswas optimised

by varying the operation parameters of alcoholsatied LBF.

3.3 Material and methods

3.3.1 Chemicals

Ethanol © .9%), 2-propanolO .998) ammonium sulphate [(NSQy],
di-potassium hydrogen phosphat&-:HPQ), sodium bicarbonatgNaCOs),
magnesium sulphattMgSQs), sodium citratgNasCsHs07) and sodium chloride
(NaCl) wereobtainedfrom R&M Chemicals (Malaysia). All theabovementioned
chemicalsusedwere of analytical gradeH. pluvialisp o w d e3% agta®anthin
contentwaspurchasd from Qingdao China Wanwuyuan Bicechnology Co., Ltd.
(China). Astaxanthinstandard ©7% HPLC grade)was purchasd from Sigma

Aldrich (Germany)
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3.3.2 Apparatus

The setupf LBF apparatus was adapted from previous work &éyng et
al. (2018) A glass filter funnel apparatus was utilized for LBfstem. A 5émL
glass chromatography column (diameteen® and height: 26m). A sintered glass
disk (porosity of G4 grade) was installed at the funnel site of the column for bubble
generation. The bottom joint of column was connected with a rubberantehe
air flow rate was monitored by an air flowmeter. The air bubbles with size range of

515 em were created through the sinterec

3.3.3 Liquid biphasic flotation technique for extraction of astaxanthin

Two types of food-grade alcoholi(e., ethanol and propanol) and various
types of salts were used in the LB¥ystemfor extractionof astaxanthin from the
dried H. pluvialis biomass powder. The drieH. pluvialis powder was first
mechanicdl disruped by grinding with mortar and pestleThe disrupted
microalgae cells were then dissolved in the salt solution and transferred to the LBF
column. Subsequently, the alcohol was added gently to the coluperating
parametersuch agypesandconcentrationsf alcohol andsalts,addition of NaCl,
volume ratio,flotation period and massf dried H. pluvialis biomass powdewas
studied systematically for their effects on the extraction of astaxarnthise
parametersof LBF systemwere optimized using oractorat-a-time (OFAT)
approach. The initial setting and the variables afperating conditions for
alcohol/sakbased LBF system faecoveryof astaxanthin from drie#l. pluvialis

biomass powdeare shown imable 3.1
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Table 3.1: Initial operating conditions of LBF system

No. Operating Unit Initial Other settings
conditions setting

1. Type of alcohol - Ethanol 2-propanol

2.  Type of salt solution - (NH4)2SQ:  KzHPOy, N&COs,

MgSQsand NaCsHsOy

3. Concentration ol % (w/w) 100 60, 70, 80 and 90
alcohol

4.  Concentration of sal g/L (w/w) 250 150, 200, 300 and 350
solution

5.  Volume of alcohol mL 15 10 and 20

6. Volume of salt mL 15 10 and 20

7.  Concentration ol molarity - 0.2,0.4,0.6,0.8 and 1.
neutral salt

8.  Flotation time min 15 5, 10, 20 and 25

9. Mass of driedg 0.01 0.0075 and 0.0125
biomass powder

10. pH - 7 4,5,6and 8
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3.33 Analytical procedures

3.3.4.1 Spectrophotometric determination of astaxanthin concentration

The stock solution of astaxanthin standard was first prepared at 10 pg/mL
using ethanol or-propanol. The absorbance of astaxanthin was determined using a
UV-vis spectrophotometer (U¥800, Shimadzu, Japanyith alcohol as
background reference. Based on the screening of absorbance spectrum ranging 300
i 600 nm, the maximum absorbance for astaxanthin wastiaal densityODazs.
The standard curve was then generated using the stio¢ciosaliluted in the range
of 05 eg/ mL. Fr om t Hgeatiosst(H and @) were deaved/fer s

the determination of astaxanthin concentration in ethanol apdoganol,

respectively:

. L wpwr 8

o] a "qa o — (1)
114 r 0, 14 ”n 8

0 a a0 — (2)

whereCaethanoly and Ca-propanol) @re the concentration of astaxanthin using ethanol

and 2 propanol.

3.34 Calculations of partition coefficient, extraction efficiency, recovery
yield
Partition coefficient K) of astaxanthin in LBF system was calculated

according to Egation(3) (Leong et al., 2018)
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o — (3)

whereAS andAS are the concentrations of astaxanthin (mg/mL) in alcolbl

top phase and salich bottom phase, respectively.

Volume ratio ¥r) of LBF system was calculated usinguatjon(4) (Chew et al.,

2019a)
w — (4)

where \frand \k are the volumes of the top and bottom phases, respectively.

Extraction efficiency Eas) was used to evaluate the recovery of astaxanthin from
saltrich bottom phase to alcokath top phase. The calculation Bfswas based

on Equation(5) (Chew et al., 2019a)

o — (5)

Total recovery of astaxanthi&, %) from H. pluvialis powder was calculated

using Eaation(6):
0YY — pmnumnb (6)

where Mg is the total mass dfl. pluvialis powder andCas is the percentage of

astaxanthin iH. pluvialispowder (3%).
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3.35 Statistical analysis

For the statistical analysis, the data presented was the average of triplicate
reading. The values were expressed as mean + standard deviatiexp&hment
was conducted three times to further verify the results. The data was subjected to
oneway ANOVA using Microsoft Excel to evaluate the significant differences

where p O 0.05.

3.4  Results anddiscussion
3.4.1 Effect of type of alcoholand salts

Ethanol and zropanol were chosen as the candidates of aldmdms®d
phase component in the LBF system for the extraction of astaxanthin frontHdried
pluvialis biomass powder. As compared to the extraction methods utilizing
hazardousconcentrated hydrochloric acidylkali, or solvents i(e., dimethyl
sulfoxide and dichloromethaneg¢thanoland 2propanol are more suited to the
astaxanthin processing due to their fgpdde statusThe performance of LBS
systems made of differeatcohol and salts shown inTable 3.2 From the results,
it can be seen that ethanol could form biphasic systgthsnost of the tested salts
except for MGQ: andNasCsHsO7. According to a past study, ethanol was not able
to form biphasic systems witfNH4)2SQi, K2HPOs and NaCOs (Phong et al.,
2017b) This could probably due to the stronger saling effect of ethanol at the
higher concentrations (250 g/L) of aladltand sal{Grundl et al., 2017)Another

study conducted bieong et al. (20183howed thathe higher concentrations of
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ethanol and salt could induce the biphasic systemm to thehydrophobic and
hydrophilic interactionsOverall, the highesA& values obtained from LBF system
made of ethanol and propanol were 50.12 £+ 3.97% and 74.55 + 0.38%
respectively The correspondingas valueswere 93.75 #.50and 99.97 #.11%,
respectively.The good performance of LBS system made gr@anol could
mainly due to its longer hydrocarbon chain and higher hydrophobiditich may
facilitate its interaction with astaxanthin in the alcehioh top phaseHence, 2

propanol was selected to be further optimized in the LBF system.
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Table 3.2: Effect of various typgof alcohol and saltsntheextractionof astaxanthin froni. pluvialis Thedefault operating conditions

of LBF systemwere10 mg of driedH. pluvialisbiomass powder, 15 mL of alcohol, 15 mL of 250 salt solution 1:1 of &, and 15

min of flotation period

Type of Type of salts Biphasic formation in ASR (%) Ens (%) K

alcohol LBF AS; ASe

Ethanol K2HPOy Yes 2257 +4.13 0.17+0.a 99.18 £+ 0.02 32.04+0.8
(NH4)2SQu Yes 20.85+0.16 1.50+0.13 93.68+0.2 3.49+0.39
NaeCOs Yes 50.12 + 3.97 3.49+0.03 93.47+0.@ 5.68+0.38
MgSQy No - - - -
NagCeHsO7 No - - - -

2-Propanol  KoHPOy Yes 73.18 + 9.46 0.15+0.03 97.75+0.05 207.96 +48.72
(NH4)2SQu Yes 75.55+0.9 0.63%0.27 99.10 £+ 0.52 43.40 +19.36
NaCOs Yes 104.28 +9.05 0.26+0.11 99.74 £+ 0.11 211.69+42.73
MgSQu Yes 42.86 + 4.8 - - -
NagCsHs07 Yes 62.13 £ 0.75 0.03+0.@ 99.51 £ 0.02 59.55 + 11.55
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In this studyyvarious salts includingNH4)>SQi, Ko2HPQi, NaeCOs, MgSOQu
and NaCeHs0O7 weretestedn the alcohol/salbased LBF systenfor ethanol/sait
based LBF systemd)e¢ highesA& (50.12 £+ 3.97%was achieved witiNaCO:s.
However, the formation of salt crystal Ne.COz-rich bottom phase indicates the
nonequilibrium of both liquid phases in ethandeeCOz-based LBF system,
making the system less desirable for the separation process. Aprigpahol/sak
based LBF systesthe highesAS (74.55+ 0.3%%) was achieved witfNH4)>SOu.
(NH4)2SQs has been a promising salt usedliquid-liquid separatiorof various
biomoleculegChew et al., 2019a)8Q* ion from (NH).SQsinteracts well with
water, forming an excellent hydration capacity éacludeastaxanthin to the top
phaseMoreover, the acidic solution §NH4)>SQ: (pH =4.51 5.5 wasconducive
to astaxanthinwhich is more stable in acidic condition. On the other hahd,
alkaline solution ofphosphatéased salt¢pH = 6 i 8) might have caused the
degradation of astaxanthin prior to the flotation procéknce, (NH).SQs was

selectd for the following experimest

3.4.2 Effect of the concentrations ofalcohol and salt

The concentratiaof alcohol and saihfluence the equilibrium dbiphasic
systemas well ashe properties of the LBH.e., interfacial tension, density and
viscosity); any change in the concentration of pheening componentwill cause
the discordancehat affects thesolute partitioning(Chew et al., 2019a)in our
studies, the partitioning of astaxantharthe alcoholrich top phase was conducted

by altering theeoncentrations adlcohol[607 100% (w/w) and sal{15071 350 g/L).

144



Figure 3.1(a) shows the effects of alcohol concentrationbmth AS and
Easof astaxanthinBased on our observation, 5@&/w) of 2-propanol was not able
to form a biphasic system wi#60 g/L of (NH;)2SQu solution Thiswas due to the
weak saltingout ability caused by the diluted@opanol which have more water
molecules interacting with the salt ions and reduceghdency to form a biphasic
system(Leong et al., 2018)By increasing the concentration of alcohol to 60%
(w/w), there was initially no formen of biphasic system but after some settling
time, the two phases formed successfully. This is explained through the poorer
partitioning between the alcohnth top phase and saith bottom phaseK( =
34.31 = 1.67) collected in the tube after the LPBFocess. As the alcohol
concentration increases, tKeof the biphasic system also increases. It was also
found that a higher concentration of alcohol would increase the volume of top phase
(VT = 20 mL) where the free volume available for the partitioning of astaxanthin to
the alcohalrich top phase is higher. When the concentrationiopanol increased
to the range of 7000% (w/w), the values &S, EasandK also increased. Results
showedhat the optimal LBF system comprising 100% (w/w)-gir@panol and 250
g/L of (NH4)2SQ: gave the satisfactory resultsA$ (74.55 + 0.38%)EAs(99.75 +
0.05%) and K (179.99 + 7.19), respectively. The recovery of astaxanthin was
significantly affected § < 0.05) by theconcentration of alcohol. Based on the
results, 100% (w/w) of alcohol was selected for the subsequent study of 2

propanol/NH4)>SQs-based LBF system

The concentration of salt was varigdthe range of 150 to 3501lgin 2-

propanol/NH4)>SQs-based LBF systesm Figure 3.1(b) shows the effect of salt
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concentration oboth AS andEas By loweringthe concentration olNH4)2SOs to

150 g/L, theAS valuedecrease significantly to 50.86 + 0.14% but th&s value

was maintained at 99%.was also found that a lower concentrationMif§)>SCu
would cause an increase in volume of top phase. However, this is not favorable as
an increase in the free volume would insedhe probability of accommodating
impurities from the driedH. pluvialisbiomass in the alcohaich top phasélLee et

al., 2016) Meanwhile, ly increasing the concentration of salt, the top phase volume
(Vr = 17.5 mL) will be lowered at the same tinTde statistical analysis showed
that the recovery of astaxanthin was significantly affected (p < 0.05) by the different
concentration of salt. Clelctively, the LBF system comprising 100% (w/w) ef 2
propanol and 350 g/L oNH4)>SOs was optimal for the extraction of astaxanthin,

as evidenced bR (95.11+ 1.35%), Eas(99.84 + 0.05%pndK (385.16 + 3.87),
respectively. According to owanalysis, 350 g/L 0fNH4).SQs was chosen for the

following experiments.

EE Astaxanthin recovery yield, AS, EEm Astaxanthin recovery yield, AS,
[ Extraction efficiency, E,s [ Extraction efficiency, E,g
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Figure 3.1: A& andEasof astaxanthin fronH. pluvialisat different concentrations

of (a) 2-propanol andb) (NH4)2SQy.
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3.4.3 Effect of volume ratio

Based on previous experimental results, alcoholbssed LBFsystem
conprising 100% (w/w) of 2-propanol and 350 g/L ofNH4)2SQOs was further used
in investigation ofeffect of Vr on the performance @istaxanthin extractiorvr of
LBF could affect the equilibrium of biphasic systems, which could therefore impact
the A, EasandK of astaxanthinin this study, three different sets &fzr were used,
namelyl:2, 1:1 and 2. Figure 3.2(a) shows theA& andEas of astaxanthin in the
top phase of LBF system. As the volume of alcohol incre@s&dp exceed beyond
the initial concentration which is 3% astaxanthin in the ddeg@luvialis biomass
powder. Based on our statement above, thatseshowed that an increase in free
volume at the top phaseould mainly partition not only astaxanthin. We assumed
that the impurities were also partitioned towards the alenbtioltop phase which
causes the recovery yield to rise beyond the initiateotration of astaxanthin. The
highestAS value (170.35 £+ 3.96%) was obtainedVat= 2:1, which includehe
impurities from the driedH. pluvialisbiomass powder. However, increasing e
of salt phase caused a significant decrease in the volume of top phase. This
eventually decreased the free volume of the top phase 11.25 mL), resulting in
a lowerAS (48.01 = 2.58%). A lower volume in the top phase would also a shorter
path for theascending air bubbles to escape the top phase and release the
astaxanthin. On the other handp@panol/NH4).SOs-based LBF system withr

at 1:1 gave the highest At value and is optimal for the recovery of astaxanthin.
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3.4.4 Effect of the addition of neutral salt

The optimized Zoropanol/NH4).SQi-based LBF system wasllisedfor the
study of the effect of the addition of neutral salt forrdmveryof astaxanthin from
dried H. pluvialis biomass powder. In our experimental studtes, additionof 3
mL of diluted NaCl solution(0.27 1.0 M) in 2-propanol/NH4).SQs-based LBF
systemwas carried outto determinetheir effects onthe recovery yield of
astaxanthin. Based on previous literature studies, the addition oila€dsedhe
recovery yield andK of lipase using the alcohol/sddased aqueous twuhase
system(QOoi et al., 2009)It was postulated thahe presence of Nand Ci ions
could change the electrostati@and hydrophobigenteraction of astaxanthin and
phaseforming componentsn the biphasic systentHowever, lased onFigure
3.2(b), therewasno significant improvement iAS, yet a decline ilA& andE
values wasobtained Therefore, the addition of neutral salt does not necessarily
improve the recovery yield of astaxanthin utilizing the LBF syst@ur. results
showed that the LBBystem comprisin@00%(w/w) of 2-propanol and 350 g/L of
(NH4)2SQs without addition of NaClsuccessfully obtained th@aximum values of

AXR(95.11+ 1.3%%), Eas(99.84 + 0.04%andK (85.16 + 3.87, respectively.
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Figure 3.2: A& andEas of astaxanthin front. pluvialisat different(a) volume

ratio of 2propanol to (NH).SCQi, and(b) concentration of NaCl added.

3.4.5 Effect of flotation period

According toSankaran et al. (2018dhe effect of flotatiorperiodin the
LBF system isan important@aspect to be taken into consideration as thevater
interface per unit volume of aqueous solution was affected by the flofsrord
Based on our experiment@sign the flotationperiod was varied from 5 to 25 min
in the LBF system composed of 10 mg of diegluvialispowder,15 mL of 100%
(w/w) 2-propanol and 15 mL of 350 g/INH4)-SO for the recovery of astaxanthin.
Increasing the flotatioperiodincreases the transportatiohtbe astaxanthin from
the saltrich bottom phase to alcohath top phase. Whethe flotation period
increasedrom 5 to 15 min, théAS increases. However, when the flotatiseriod
subsequently increagep to 25 min, théS decrease to approximatelyabout 5%.
This finding was supported by previous research work on the effect on flotation

periodwhich indicate that by increasing the flotation time to extended period does
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not enhance the recovery yield agxtraction efficiency yet worsethe situation
(Phong et al., 2017bkigure 3.3(a) clearly shows théS and Eas of astaxanthin
were affected by flotatioperiod The statistical analysis also showed that the
flotation periodwas significantly affecte(p < 0.05) for the recovery of astaxanthin.
Hence, the flotation period of 15 min was chosen as the most apprajuiat®sn

of aeration for the extraction of astaxanthin.

3.4.6 Effect of the mass loading of driedH. pluvialis powder

Previous studies have shown that the concentration of loaded feedstock
would affect the partitioning behavior biomolecules in LBF systeiiChew et al.,
2019a, Selvakumar et al., 2018 increase in mass bif. pluvialisbiomass powder
loaded in the LBF system would cause the biphasic system to be more viscous,
making it difficult for the recovery and partitioning process. A higgtosity in
medium of LBF system is not favorable for the continuous aeration of air bubble
because an undesirable emulsification may occur in the bottom phase. Additionally,
a smaller loading of biomass also reduced the effectiveness of recovery of bio
compoundgChia et al., 2019)n our studies, the mass of driddpluvialisbiomass
powder was loaded in the range df 52.5 mg. Based oRigure 3.3(b), neither an
increase nor a decrease in the mass of loaded biomass powder a#é&atahdEas
significantly. However, increasing the mass of dkkgbluvialisbiomass powder is
not recommended as a higher mass of dried powder demanded a higinean eegtea
for the air bubbles to transfer the astaxanthin to the top phase. Additionally, a higher

biomass load would also cause the impurities to be extracted from theHdried
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pluvialis biomass powde(Show et al., 2011, Chew et al., 20198he mass of
loaded H. pluvialis biomass significantly affecte¢p < 0.05) the recovery of
astaxanthin in LBF systerBased on our quantification analysis, the mass of dried
H. pluvialisbiomass powder at 10 mg gave the most optimal valua§adndEas

of astaxanthin. As a result, the optimal composition of biplssitem used in LBF
system include 15 mL of 100%w/w) 2-propanol and 15 mL of 350 g/L of

(NH4)2SOs solution.
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Figure 3.3: A& andEas of astaxanthin froni. pluvialisat different(a) flotation

period andb) mass of dried biomass

3.4.7 Scaling-up approach on the LBF system

The LBF system was subsequently scaled up to examine the reliability and
effectiveness of this extraction system for potential application at pilot scale. For
this study, the optimized parameters based on the-soa# LBF system were kept
constant. Inle scaleup study, the volume for LBF system was increased up to ten

folds. A total working volume of 300 mL composed of 100 mg of ddegluvialis
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biomass, 150 mL of 100% (w/w) of-@opanol and 150 mL of 350 g/L of
(NH4)2SQ4 were usedTable 3.3 showsthe comparison study between the scaled
up LBS system and the initial scale of LBF system. The relatively higher values of
A (78.38 + 0.93%) anBias(99.86 + 0.05%) were obtained as compared to that of
the initial scale of LBF. The yield obtained fronethcaleup approach was 15%
lower compared to the initial scale of LBF. This was because scaling up operation
determined the actual reality of this initial system in the pilot scale compared to
laboratory scaléSankaran et al., 2018cJhis also indicates that the largeale
operation of the LBF system using similar optimized parameter can yield better
results and the LBF system can be scalpdvithout compromising the yield of
astaxanthin. Thiscaling up approadhowedthe potential of LBF as an alternative
approach dr the recovery of astaxanthin fromh. pluvialis after verifying its
reliability in alarger scalesetting as well as evaluating its feasibility to be applied

in food industry.

Table 3.3: Performancef astaxanthin extraction 800 mLand30 mL 2-propanol

and(NH4)SOs LBF systens

Volume of LBF systems (mL) ASR (%) Eas (%)
30 95.11+1.35 99.84 + 0.04
300 78.38 £ 0.93 99.86 + 0.05
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3.5 Conclusion

An efficient technology utilizing foodrade alcohol/sabased LBF offers
an alternative route for the recovery of natural astaxanthin Hopiuvialis. The
optimized condition for the LBF system were 15 mL of 100% (w/vpy@anol,
350 g/L of NH4)2SQy, 1:1 of VR, 15 min of flotation period and 10 mg of dried
pluvialis biomass powder. The optimal LBF system successfully obtained the
maximum values oA (95.11+ 1.35%), Eas (99.84 + 0.04% andK (385.16 *
3.87), respectively. The scaligp approach verified the feasibility of this LBF

system for the extraction of natural astaxanthin.
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CHAPTER 4 INTEGRATED ULTRASONIC ASSISTED
LIQUID BIPHASIC FLOTATION FOR  EFFICIENT
EXTRACTION OF ASTAXANTHIN FROM HAEMATOCOCCUS

PLUVIALIS

This chapter covers thategration of ultrasoundssisted technology witlhquid
biphasic flotation system for the extraction of astaxanthin frteematococcus
pluvialis microalgae biomassThe optimized condition from the previous chapter
was further subjected for ultrasonication treatment to studgethdisruptioneffect
of untreated and ultrasonicationtreated performancefor the extraction of
astaxanthinVarious operating conditios suchasthe effect of ultrasonicatioon
cellular morphology, the position of ultrasound hglse and continuousode of
ultrasonication, amplitude, air flowratair flotation time,and addition of H.
pluvialisbiomass powdewere evaluatedlhis chapter consists of thesisrsion of
work published in theUltrasonics Sonochemistry(Khoo, K. S.et al, 202Q
Ultrasonics Sonochemistry, 67 105052 DOIl:

https://doi.org/10.1016/j.ultsonch.2020.105052).
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4.1  Abstract

The purpose of this investigation is to evaluate thdempntation of ultrasound
assisted liquid biphasic flotation (UALBF) systeior the recovery ofnatural
astaxanthin from Haematococcuspluvialis microalgae. Various operating
conditiors such ashe effect of ultrasonicatioon cellular morphology, the pagin
of ultrasound hornpulse and continuousiode ofultrasonication, amplitude, air
flowrate air flotation time,and addition of H. pluvialis biomass powdewere
evaluated using the UALBF. Undehe& optimzed operating conditios of
ultrasoundassisted LBFthe maximum recovery yield, extraction efficienand
partition coefficienbf astaxanthirwere95.08 + 3.02, 99.74 + 0.05%and 185.09
+ 4.78, respectivelyln addition, the applied scalg operationhas verified the
practcability of this integrated approach fdne effectiveproduction of natural

astaxanthin.

Keywords: Ultrasound;Cavitation;Haematococcus pluvialig\staxanthin Liquid

biphasic flotationfxtraction.
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4.2  Introduction

Astaxanthin (3 , -dhMdroxy-b , -éamdiened ,-dioNp is a secondary
carotenoidandis widely used in many industries (e.g., food, cosmgdiguaculture
and pharmaceuticgl owing to its high antioxidant activity compared to synthetic
astaxanthin(Ambati et al., 2014) The production of natural astaxanthin over
synthetc astaxanthin idundamentally vital assynthetic astaxanthin has been
pinpointed by safety concesdueto its toxicity arising fromusing petrochemical
resources as raw matesauringits synthesigShah et al., 2016 he production
of natural astaxanthin provides a higher antioxidant activity compared to other
car ot enoi d-earoterfee .aghaxanhin, b zeaxanthin, and lutein).
Haematococcus pluvialidd. pluvialis) compared to other microorganisms such as
algae and yeastasthe most accumulation of astaxanthin up to 3.8 to 5.0% of dry
weight depending on the cultivation processditiors (Wayama et al., 2013)
Regardless of the high accumulation of astaxanthin, the extraction and recovery of
natural astaxanthin remain kindrancein the biotechnologal downstream

processg.

Cell disruption isa necessargrocesgo obtainahigher extraction efficiency
of astaxanthin Generally,two typesof cell disruptioni.e., either amechanical
approachor a nonmechanical approach are followedThe ron-mechanical
approach includechemtal, osmotic shockand enzymatic treatmerfn the other
hand, the mechanical approacimvolves utilizing high-pressure homogenizer
(HPH), bead milling, grindingandultrasonication pretreatme(itee et al., 2017b)

The advantages of usinghe ultrasonication approachare lower energy
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consumption which is beneficial forreducing the operation cost,greener
processinglargescale processg, and effective cell disruptioto more widespread
algal specie$WWang et al.2014) The principle of utilizing ultrasound due tohigh
shear forcesrising from the cavitation bubbles of ultrasonic waves along with
mechanical sheeng, which promote the cell disruption of microalgae for high
valueaddedextraction of biomolecules (e.g., proteins, lipidsand carotenoids)
(Chemat et al., 2017b)he drawbacks associatedth conventional extraction
techniqus via concentrated acid and alkaduch ashydrochloric acid(HCI),
dimethyl sulfoxide((CH3).SO), methanol(CHsOH), dichloromethangCHCl>),
sodium hydroxidgNaOH), and acetong¢(CHz)>CO). The characteristics of these
concentrated solvents are noxious angdahdous, which are not suitable as direct
supplement for humanAlternative extraction techniquesich as supercritical GO
extraction and ionitiquids-mediated extractignare often subjected to high
process1g costsBased on literature studies, ultrasotassisted extraction hasen
provento bea promising and effective approach for the separatiorsindction of
biomolecules over conventional extraction technig@sula et al., 2017, Jiang et
al.,2017) Besi des, the concept of fAGreen FooO
both the environment and consumers in the food technologgtiydd his is to
ensure an efficient production by contributing to environmental preservation in
reducing the use of water and solvent, elimination of wastewater, fossil fuels energy,
and generation of hazardous substar{Cdgemat et al., 2017aJherefore, in this
study, the implementation of ultrasouassisted technologies has been proposed for
efficientgreencell disruption to obtain thanaximum recoveryf astaxanthin from

thedried powdeof H. pluvialismicroalgae.
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Based orearlierdemonstrated experimesdn the extraction of astaxanthin
from H. pluvialis microalgaeutilizing liquid biphasic flotation (LBF) system and
grinding as cell disruption technig{i¢hoo et al., 2019a}he drawback encountered
was the requirement of two processing steps. A separate pretreatment and extraction
were requed to obtain astaxanthin, which is timensuming and not efficient, and
hence, the consideration of incorporating a cell disruptive extraction method was
applied. The proposed ultrasonication assisted LBF system utilizes the benefits of
ultrasonicatiorassisted cell disruption, along with an effective LBF which perform
together to extract and recover high amounts and good quality of astaxanthin.
Ultrasonicassisted LBF has also been applied for the extraction of various other
biomolecules, such as pratsj lignans, and phenolic acid and polysaccharide
(Khoo et al., 2020d, Sankaran et al., 2018a, Tham et al., .ZDi8)demonstrates
the potential of utilizing this onstep ultrasonication integrated LBF system for the

recovery of natural astaxanthin from tHepluvialismicroalgae.

In this study,an alternative approach of integratimgfrasoundassisted
technology and LBF in a singlktep was conducted for thetrievalof astaxanthin
from themicroalgae biomass &f. pluvialiswas investigated slight modification
of optimal operating conditiausing alcohol/salbased LBF fronthe previous
experiment was utilize(Khoo et al., 2019a)rhis stug focused on the singlgtep
method for the recovery of astaxanthin, also known as a cell disruptive integrated
process, compared to the earlier reported wbinle parameters investigated|uae
the effect of untreatedand ultrasonicatiotreated the position of ultrasound horn,

thepulse mod®f ultrasonicationtheresting modef ultrasonication, amplitudef
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ultrasound flowrate of air bubblg additional flotation time after ultrasontaan,
the additionalmass of dried powdeof H. pluvialis biomass and scalability.
Moreover, a comparative study on the recovery of astaxanthin between LBF and

ultrasoundassisted LBF system was assessed.

4.3 Materials and methods

4.3.1 Materials

Dried powdewf H. pluvialiswasobtained from Qigdao China Wanwuyuan
Bio-Technol ogy Co. , Ltd. HPLC grade star
SML0982 was obtained from Sigm&ldrich (Malaysia) Food grade -propanol
(purity 099. 9 %) and ammonium sul phate \
(Selangor, Malaysia)Ultrapure water produced from MHQ integral water was

usedthroughout tle experiment. All the chemicals used wefenalytical grade.

4.3.2 Equipment setup

A modified LBF column with a diameter and height &f 5 cm, and a total
volume of 500 rh was used for the separation. The bottom of the glass column was
modified with a grade G4 porosity sintered disk and an air inlet, which is connected
to a pump for generating air bubbles into the glass column. The airflow rate was
controlled using an ailowmeter (RMA26-SSV, Dwyer, USA). Ultrasound was
introduced using an ultrasound regulator device (Bandelin Sonoplus UV2200,

Germany) through a titanium horn sonotrode-I3FFZ) operating at a frequency
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of 20 kHz with maximum input power of 200 W. Thdaranetric measurement of
ultrasonication power (P) was referred based on a previously performed experiment
(Both et al., 2014)where the actual input power from the device is converted to

heat which is dissipated in the LBF system as shown in thetiog(1).

0 a®» o (1)

where m is the mass tie solvent in the system (g)p (S the heat capacity of the

solvent at constant pressure (I)/ and dT/dt is the temperature rise per second.

4.3.3 Ultrasound-assisted LBF for the recovery of astaxanthin
Ultrasoundassisted LBF was performed usiaditanium ultrasound horn
located in the interface of the LBF system. The ultrasound horn was connected to
an ultrasound regulator device and was set to the initial operating conitjare
4.1 shows a schematic setup of thi&rasoundassisted LBF system. In this study,
onefactorat-atime (OFAT) approach was employed to examine the effect of
various operating conditions for the recovery of astaxanthin from the dried powder
of H. pluvialis According to the previous experimteconducted using only LBF,
the optimized conditions in the alcohol/sb#tsed LBF achievedn optimalAS
(78.38 N 0. 9K #vialis thabwas integiateddwittan ultrasound
assisted systerfkKhoo et al., 2019a)The initial operatig conditiors were 1 g of
driedH. pluvialispowder mixed with 150 mL of 350 g/L of (NlHSQ salt solution.
Then, 150 mL of undiluted foegrade 2propanol was added into the LBF system.

The flotation time and air flowrate weneaintainedconstant at 15 min and 89
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cc/min, respectivelyThe dtrasmicationwas employedhitially at 10% amplitude
with maximumpower (200 W) and ina continuots durationof 15 minat ambient
temperature (2% 1 °C). The initialposition of theultrasound horn walseptat the
top phase of the alcohdch solution. The parametersivolved were the
morphology of microalgae celthe position of ultrasound horn, pulse mode of
ultrasonicationtheamplitudeof ultrasonicationair flowrate, air flotation time, and
additional mass of dried powdef H. pluvialis Theaim of utilizing ultrasound was
to overcome thadditional steps in thievo-step process ahegrinding methodind

to make itinto a singlestep process. Thapplicationof ultrasonication was to
disrupt the thick and rigid cell wall dfl. pluvialis biomass.Table 4.1 shows the

initial operating conditiogsof the ultrasoundissisted LBF system.

------------------

,,,,,,,,,,,,,,,,,,

Mixture of phase
i forming components 3
| and H. pluvialis biomass !

15cm

Ultrasound generator

S00ML FLOTATION SYSTEM

Figure 4.1: Schematic diagram of the ultrasodaskisted LBF system for the

recovery of astaxanthin frolm. pluvialismicroalgae
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Table 4.1: The initial operating conditiof the ultrasoundssisted LBF system

No. Operating conditios Initial setting Variables Unit Justification

1. The optimized LBF fronthe previous largescale LBF experiment: - (Khoo et al.2019a)
a) 100 mg of driedH. pluvialispowder
b) 150 mL of 100% food grade@opanol
c) 150 mL of 350 g/L (NH)2SQy
d) 15 minof flotation time

e) 7580 cc/minof air flowrate

2. Probe position Top phase Interface and bottom phase - Interface is between the top and bott
phase.
3. Pulse mode Non-stop 10/5, 15/5, 20/5, 25/5and sec Pulse mode waappliedto observe the
30/5 mass transfer operation in the LE
system.
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Table 4.1 (Continue)

No. Operating conditios Initial setting Variables Unit Justification

4.  Amplitude 10 20, 3Q and 40 % The maximum ultrasound amplitude
was40%.

5. Flowrate 75 100, 15Qand 200 cc/min  An increase inthe flowrate was to
observe the effect itherecovery yield
between ahbubble interface.

6. Flotation time 15 20 and 25 min Flotation time was considered
evaluate the additional recovery
astaxanthin after ultrasound radiati
period.

7. Mass of dried powderof 100 50, 75 and 125 mg -

microalgae
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4.3.3.1Comparative study between LBF andultrasound-assisted LBF system

for the extraction of astaxanthin

The extraction of astaxanthin frobh pluvialis microalgae was carried out
using the optimized conditions of a 300 mL LBF based sgglsystem from the
previous work (Khoo et al., 2019a)Initially, 100 mg of driedH. pluvialis
microalgaewvereassorted with 150 mL of 350 g/L of (N}4SQs solution and were
poured into LBF. This was followed by gently adding 150 mL of 100% (wAw) 2
propaml into the system. The flotation time and flowrate were continuously
adjusted at 15 min and 75 £ 1 cc/min, respectively. As for the ultrasmsisted
LBF system, the operation was carried out using the optimized conditions, as

mentioned in SectioA.3.3 with the employed ultrasound specifications.

4.3.4 Analysis
4.3.4.1Determination of the concentration of astaxanthin

The standard curvdor astaxanthinwas generatedrom the previous
experiment bypreparing multiple dilutions adistaxanthirat concentrations of-B8
pg/mL using2-propanol(Khoo et al., 2019a)The absorbare of astaxanthinvas
previously reported as QR andmeasured witla UV-vis spectrophotometer (UV
1800, Shimadzu, JappanThe absorbance was recorded in triplicatetésting
astaxanthircontaining alcohol The concentration of recovered astaxantivas

calculated using the followingguation(2).
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0 a "dFx 0 2)

where Gise-propanoniS the concentration of astaxanthim2-propanol

4.3.5 Calculation of partition coefficient, separation efficiency and recovery

yield

The calculations ofartition coefficient(K), separation efficiencyHps), and
recovery yield AS) were based on previous wofKhoo et al., 2019aK is the
recovered astaxanthin in thep phase over the bottom pha3ée separation
efficiency Eas) is theamountof astaxanthimecoveredrom thetop phasever the
astaxanthin present in the whole systé&ime recovery yieldASs) of astaxanthins
the amount of astaxanthin recovered fromttital accumulaion of astaxanthinn

theH. pluvialisbiomass powde

4.3.6 Microscopic analysisof the cell morphology ofH. pluvialis microalgae

For this study, e untreated andltrasonicationtreatedmicroalgaecells
werecollected ana@entrifuged. The@elletswere then collected and resuspenaed
then subjected tonicroscopyobservatios. A compoundmicroscope (Olympus
CX21) with eyepiece power of 10x along wilmagnification 040x and 100x oil
immersion objectivevas used to witness the cell morphologisgproximately one
drop of immersion oil was placesh the glass slide along with the untreated and
pretreated cells fathe observatios. Theimages ofcell morphologies before and

after ultrasonication were capturt microscopic analysis.
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4.3.7 FESEM characterization of the surface morphology ofH. pluvialis
microalgae
The surface morphology dfl. pluvialis microalgae before and after cell
disruption was analysed using Field Emission Scanning Electron Microscope
(FESEM, Quanta 400, FEI, USA) with an Environmental Scanning Election
Microscope (ESEM) detectollhe SEMimaging was carried out to observe the
disruption of the rigid cell wall ofH. pluvialis microalgae after employing

ultrasonication as a cell disruption technique.

4.4 Results and discussion

4.4.1 Comparative study on the recovery of astaxanthin using LBF and

ultrasound-assisted LBF system

A compaative study between LBF and ultrasowassisted LBF was
assessed for the extraction of astaxanthin frénpluvialis microalgae. Based on
the results, as shown ikigure 4.2, ultrasoundassisted LBF system obtained a
higherA& (95.08 £ 3.0%) andK (185.09 + 4.78compared to LBF system with
AS(7 8 . 3 8) aNdKQ14®58 + 3.87). According to Khoo et al. (2019), in the
alcohol/sakbased LBF, the salt solution represented ftirst disruptive step by
osmotic shock and purifying phagkhoo et al., 2019a)Then, the addition of
alcohol as the top phase was done to extract astaxanthin biomolecules due to its
lipophilicity characteristics. The LBF system promotes extraction through

ascending gas bubbleshich capture the surfa@tive biomolecules from the
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agueous salt solution into the alcolich top phase. On the other hand, an
ultrasoundassisted LBF system possesses the flotation effect and demortsgiates
shear forces produced from the cavitatibubbles of ultrasonic wavesvhich
promote the cell disruption &f. pluvialismicroalgae. It is apparent that the UALBF
system for astaxanthin recovery obtained bétferEas andK values. These results
were significantly higher due to the combinkxddtion and ultrasound effeqSong

et al., 2014, Dong et al., 2015, Sankaran et al., 20B2eed on thesesults, in

this study, an ultrasouraksisted LBF system was employed for various operating

conditions.
I Astaxanthin Recovery, ASR
[ Extraction Efficiency, Epog
—O— Partition Coefficient, K
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LBF Ultrasound-assisted LBF

Comparison between LBF and ultrasound-assisted LBF system

Figure 4.2: Comparative study between LBF and ultrascassisted LBF system

for the extraction o&staxanthin fron. pluvialismicroalgae
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4.4.2 Effect of ultrasound-assisted LBF onthe extraction of astaxanthin and

cellular morphology

The effect ofimplementng ultrasoundassisted technology witthe LBF
systenon the cell disruption intensity ¢t pluvialispowderwas examined-igure
4.3 shows the effect of before and after ultrasonication on the cell morphology of
H. pluvialismicroalgaeat different magnification. Based &igure 4.3(Al), (A2),
and(A3), themicroalgae cefl before ultrasonication were spherical and intact with
astaxanthircarotenoidsn the cell wall.The rigidity ofH. pluvialismicroalgae was
seen to consigtf tri-layeredcell wall structure, which includdsilaminar sheath,
secondaryvall, and tertiary wallgPraveenkumar et al., 201%)ompared téigure
4.3(B1), (B2), and(B3), thecellular morpholoy after subjected to ultrasonication
showed thathe cell wals of H. pluvialis were broken and damaged by the high
shear forces produced fromhe cavitation bubbles of ultrasound waves. The
ultrasonicatioreffect distorts the cellular structure dhe cell wall of H. pluvialis
Once the cell wall is broken, thetact astaxanthin ithe cell wall is released, and
the extraction could bédacilitated by the ascending bubbles which transport
astaxanthin biomolecules towards the top phase. This continuous ultrasonication
process disrupts the cell wall into smaller cell debris, as shoWwigure 4.3 (B3),
which appears to be colourless with a ruptured cell.Widlis observation was
further confirmed by FESEMI herefore, more astaxanthin will be recovered from
H. pluvialis microalgae. This indicates that ultrasonication is an effective cell
disruption technique for breaking the rigddpluvialiscell wall and las the potential

when it is combined with the LBF system.
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However, the concern remains at the degradation of metabolites present in the
microalgae feedstock when subjected to ultrasonication trea{i@bemat et al.,
2017a, Meullemiestre et al., 201@xtraction using ultrasonication involves high
temperature and pressure produced from the cavitation bubbles of ultrasonic waves.
Similarly, the ultrasouth horn may induce the formation of radicals, where the
hydroxyl and C=C bonding of astaxanthin structure are easily degraded by the
oxidation process caused by the formation of hydroperoxide due to the presence of
O- (Goula et al., 2017)A study conducted by Sicaire et €016) compared the
peroxide value between ultrasodaskisted (presence ob)Cand modifiedArgon
ultrasoundassisted (exclude of A processes for the extraction of oil from
oleaginous seeSicaire et al., 2016)The peroxide valuef the extract via
ultrasoundassisted method was 11.93 + 1188q Q/kg compared to modified
Argon ultrasounehssisted method, which has a lower peroxide value of 0.53 meq
O-/kg oil. Therefore, it is suggested that the presence sh@uld be minimizedot
ensure an efficient way to prevent the degradation of metabolites during the

ultrasonication extraction.
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Figure 4.3: Microscopic imagsof cell morphology oH. pluvialiscell, (A) before
ultrasonication andB) after ultrasonication; whergl) 100x, (2) 400x and (3)

1000x magnification.

4.4.3 Characterization and mechanisic studieson the surface morphology of

H. pluvialis microalgae

The treated and untreatéd pluvialis microalgae were further subjected to
FESEM analysis to examine their surface morphology after cell disrupigure
44 shows the surface morphology before and after cell disruption utilizing an
ultrasoundassisted LBF system at the magnifioas of 3000x, 6000x, and 12000x.
Based orfigure 4.4(A1), (A2), and(A3), the surface morphologies Bf pluvialis
cell wall before subjected to ultrasonication were smooth, without wrinkles and
cavities. This shows that astaxanthin is intact and conicesédie the cell walbf H.
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pluvialis. Compared té&-igure B1, B2,andB3, the surface morphologies of the cell

wall of H. pluvialis after subjected to ultrasonication were deformed significantly,
resulting in an irregular structure filled with cavities generated oririlaeninar
sheathof the cell wall. This partially disrupted and pordds pluvialis cell wall

allows the escape of tact astaxanthin to be extracted by the organic solvent.
Subsequently, the presence of ascending bubbles facilitates the transportation of
surfaceactive astaxanthin biomolecules into the top phase. These results are in

agreement with the observations simaw Section 3.2.

Figure 4.4: FESEM analysis on the surfacerphology ofH. pluvialis cell, (A)
before ultrasonication ar(8) after ultrasonication; whe(&) 300(x, (2) 600, and

(3) 12000« magnification
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The mechanism of ultrasonication treatment could be due to the following:
combination, compression, and cavitatiéig(re 4.5). The repetition of the above
allows the cell to endure physical damage caused by the collapsing bubbles due to
cavitation. Initially, the ultrasound horn generates small bubbles through the
ultrasonic waves, which then attach to the cell wall of the microalgae. As more
bubbles arise, the combination of bubbles increases in size and volume, which
allows it to be corpressed onto the surfacetbfpluvialiscell wall. Once the bubble
reaches its maximum volume, it collapses and releasing its energy in the form of
high pressure and temperature, which led to the formation of small-frégubr
cavities on the surface ¢iie microalgae cell wal[Khadhraoui et al., 2018 his
eventually enhances the accessibility of astaxanthin in the cell wall to be facilitated
by ascending bubbles which transport astaxanthin biomolecules towards the top
phase. The severe degradation of cell walls was also observed. This showed that
ultrasonication treatment has effectively damaged the cell wall for the recovery of

astaxanthin fronH. pluvialismicroalgae.
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e
M X
After ultrasonication

Figure 4.5: Mechanism studies on the surface morphologiés pfuvialiscell wall

during ultrasonication treatment

4.4.4 Effect of the position of ultrasound horn in the LBF system

The location of ultrasountiornin the LBF system is crucial as rtight
affect the disruption of biomolecules causing them talegrade and daeture
(Pchelintsev et al., 2016} he biphasic system consists of two phadéence the
position of ultrasountiornwas evaluated in three differdotations(i.e., alcohot
rich top phase, interfaceand saltrich bottom phase) to determirtbe suitable
position forefficient cell disruption. The initial position of thernwaslocatedat
the top phase. According tBigure 4.6(a), the maximum recovery yield of
astaxanthinAS was 85.30 + 2.45% witthe extraction efficiencyEas of 99.75 +
0.0564% and partition cefficient, K of 181.53 + 6.88 werechievedwhen the
ultrasound horn wais the interface of the LBF system. When the ultrasound horn
was phcedat the top phasea lowerA&R (69.56 + 1.98%andK (155.40 + 7.8}
were observedThiswasprobably due to the absencetbfpluvialisbiomassn the
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alcohotrich top phase resulting in a lower ultrasonication effextards the
biomassThus,when the ultrasound horn wleatedat the saltrich bottom phase,
the A& was higher as comparedttee horn at the alcoheich top phase. However,
ASwas slightly lesser as comparedvtbenthe hornwasplaced in the interface.
This could balue tothe direct immersion of the ultrasound horn in the bottom phase
where the exigtg H. pluvialis cells weredisrupted directly byhe highly intense
ultrasonication. On the other hand, when the ultrasound horn was placed in the
interface, the cavitation energy produced by ultrasound evenly disgitetigeen

the alcohotrich top andsaltrich bottom phase This reduces the pressure and
intensity directly towarslthe H. pluvialis cell (Sankaran et al., 2018aJhus, the
most appropriate position of the ultrasdurorn wasbservedo be in the interface

between thalcoholrich top andsaltrich bottom phasgof the LBF system.

4.4.5 Effect of continuous and pulsemode of ultrasonication and resting time

The effect of pulse and continuom®de ofultrasonicatiorwasevaluated to
obtain an optimal condition for the recovery of astaxanthin fronHthpluvialis
cell. The initial operating conditi@of the ultrasonicationvereset at 15 min of
continuous ultasonication with an amplitude of 10%. The ultrasonication was
conducted by varying the pulse ms@g¢ 10 s, 15 s, 20 s, 25ad 30 s with &ixed
resting periodof 5 s. Based oifrigure 4.6(b), the shorter pulse mode at 10 s/5 s
gives a loweAR(49.41 + 0.32%andK (55.29 + 10.83 This could be due to the
rigidity of the H. pluvialis biomass cell wajl which consist of a tri-layered

extracellular matrix(e.g., trilaminar sheath, secondamgall, and tertiary wally
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making the ce moreresistantowards intenseell disruptiveconditiors (Khoo et

al., 2019b, Shah et al., 201@ased orthe previous study, the yield of protein
recovery fromChlorella vulgarisFSRE microalgae decreases when subjected to a
longer ultrasonicatio(Sankaran et al., 2018&)his could be due tthepresence of
asingle cell wall inChlorella vulgarisFSRE, which degradgeasily through longer
ultrasonication. Asnore cavitation bubbles produced from the ultrasound waves
start to break down, a large amount of energy is released into the medium to disrupt
the cell wall of the microalgae. Th&gudy show that a longer ultrasonicatias
required tgoroduce more emgy torupturethetri-layeredH. pluvialiscell wall into
smaller cell debriso achieve a higher recovery yield of astaxanthin. According to
the resultsa continuous ultrasonication (15 min) achiev&8, Eas and K with
85.30 + 2.45%, 99.75 £ 0.0564%nd 181.53 + 6.88, respectively. Despite its high
A&, the cost of the processes can be slightly higher duringtéong usage
compared to pulse mode condition at 30 s/wlsch is equivalent to 12 min of
ultrasonication and 3 min of resting period witBEg, Eas andK of 83.73 £ 2.18%,
99.70 £ 0.05%and 166.26 + 8.35, respectively. Thereby, the pulse mode condition
of 30 s/5 s (12 min of ultrasonication and 3 min of resting time)ooasideredor

the subsequent studies.
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Figure 4.6: The effect of positiorof ultrasound horn in the LBF system aine
effect of pulse mode and continuous ultrasonication on the recovery of astaxanthin

from H. pluvialis (a) effect of positionof ultrasound horn(b) effectof pulse mode

4.4.6 Effect of the amplitude of ultrasound

The influence of amplitudef ultrasonication wasvaluated to examine the
energy provided to release astaxanthin from thayeredH. pluvialis cell wall.
High amplitude leads to higher energy to rupture théayeredH. pluvialis cell
wall. The initial operating condition was set at 10%nd he amplitude of
ultrasonication was varied at 20%, 3080d 40%Figure 4.7(a) shows that theK
decrease when theamplitude was set at 20%. This could probably due to the
incrementof ultrasound intensity narrowing the reaction zone on the biphasic
system(Suslick, 1988)On the other hand, it is difficult to characterize and measure
the forms of energy release during ultrasonicatwmch is one of the challenges
associateavhile utilizing ultrasound. By changing the tip (e.g., silica and titanium)
of the ultrasound hornt also resulted in a different ultrasound intensity throughout

the reaction zoneAn inconsisteny of increasng and decreasg of cavitation
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activity could ocar from the interference of multiple ultrasound waven the
biphasic system. Based on $eéindings, an increase theamplitude enhanckhe
K of astaxanthin in the LBF system. At the amplitude of 40%Athe Eas andK
successfully achieved 89.44 ®06%, 99.74 + 0.04%and 182.37 = 3.83,
respectively. Thereforean amplitude of 40% was selected for themaining

experiments

4.4.7 Effect of air flowrate and flotation time in the LBF system

It is significantto evaluate the air flowrat@s this parameter contributes to
the area of aiwater interface per unit volume of the biphasic solution. The initial
operating condition was set at 75 cc/min for 15 min of flotation time. The air
flowrate in the LBF was vagd within 75 cc/min to 200 cc/mikigure 4.7(b) shows
that the flow rate at 200 cc/min achieved a lag andK of 70.99 + 8.92% and
139.25 + 2.88respectively Based on PakhASaadKshopd edi ct
increase proportionigd with the air flowrateowing tothe increment in the interfacial
area and turbulendg@akhale et al., 2013Yhe trenddemonstrateshat asthe air
flowrate increasedfrom 75 cc/min to 100 cc/min, botAS and K increasd.
However, a decrement 8 andK was shown when the air flowrate exceéd00
cc/min. Thiscould be due to thkigh intensityof aeration that caused the biomass
to move randonylin the biphasic system. Another factor tregults inthe lowAS
andK could be due to theavitation phenomenon frothe ultrasound wavewhich
might bereduced due tdhe cohesion of bubbkand sound wawe As the air

flowrate increases, more bubbles will be aerated out from the system, which causes
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a cohesion effect between the bubbles and the wakiesshowed that a higher air
flowrate in the LBF systemmight causeollisionand disturb the cavitation gress
which eventually affestthe cell disruptionntensity, leading to a loweASandK.
The highesA&value ©5.08 = 3.0%) andK (185.09 + 4.78were achieved at an
air flowrate of 100 cc/min. Thereforanair flowrate of 100 cc/min witl flotation

of 15 minwasthe optimal in the LBF.
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Figure 4.7: The effect of amplitudef ultrasonicatiorand flowratefor the recovery
of astaxanthin front. pluvialis(a) effect of amplitudef ultrasonication(b) effect

of flow rate (cc/min)

Another critical aspect of air flotation time was evaluated as thecdér
interface per unit volume was found to be influenced by the flotation(tie@ng
et al., 2018)In this study, the flotation time was evaluated within 15 to 25 min in
the LBF system consisted d60 mL of 2-propanol and 1% mL of 350 g/L

(NH4)2SQqs for the recovery of astaxanthin. The flotation time below 15 min was not
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carried out as the ultrasonication period was set initially within 15 min. Based on
Figure 4.8(a), theASrandK decreased as the flotation time increased from 15 to 25
min. This was supported by Phong et al. (2017), who reported similar findings on
the effect of flotation time, whereby extending the period does not necessarily
improve the recovery yielPhong et al., 2017aYhe highesA& value ©5.08 +
3.02%) andK (185.09 * 4.78were obtained at a flotation time of 15 min. Based on
the results obtained, 15 min of flotation time was selected asuttadle period of

aeration for the recovery of astaxanthin.

4.4.8 Effect of the mass of driedpowder of H. pluvialis microalgae

Based on earlier literatustudies, it was identifiethat the mass of feedstock
might affect the recovery yield and piidn behaviour ofbrganic molecules the
LBF system(Chew et al., 2019a, Chia et al., 2019, Leong et al., 2@t8ncreas
in the mass oH. pluvialis biomass wouldctreate a morgiscousbiphasic system,
where the high viscosity of the system will cause uneven partitioning effect resulting
in a lower efficiency on the partition behaviour and separation efficiency of
astaxanthinHence, this decreasé&andK in the ultrasoundissisted laohol/salt
based LBF system. The initial mass of biomass was 100 mg ofpbvederof H.
pluvialis in a 300 mL LBF systemFor this parameterthe mass of biomass was
varied within 50 to 125 mg. Based é&igure 4.8(b), the mass of 125 mg dried
powderof H. pluvialisbiomass attained a loA& (57.12 + 0.03%andK (56.01 +
6.31). A higher mass caudehe partitioningof astaxanthin to decrease due to the

aggregatiorof unwanted products (i.e., contamination and impuritie$in the
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biphasic sgtem.Moreover a higher mass of driggbwder ofH. pluvialisbiomass

led todifficulties in controlling the air bubbles due to hegkiscosityof the solution

in the biphasic systenthis limits the efforts from the bubbles to carry astaxanthin
from the bottom to the top phase as there will be more astaxanthin due to the increase
in the biomassAccording to the resulfshe mass of 100 mg &f. pluvialisbiomass

achieved a maximumAS andK in the ultrasoundssisted LBF
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Figure 4.8: The effect oflotation timeand the mass of dried powd#H. pluvialis
biomass on the recovery of astaxanthin fiénpluvialis (a) effect of flotation time

(min); (b) effect of themass of driedH. pluvialisbiomasamicroalgagmg)

4.4.9 Scaleup of ultrasound-assisted LBF system

Theobjectiveof thisscaleup operation vasto investigate theependability
and productiveness tfis integrated syste The operating conditiafor this scag-
up studywerebased on the parameters optiminsthg asmallscalesystem Table

4.2 shows a comparison study betweenithigal smallscale system and scale
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approach for the alcohol/sdlased ultrasoundssisted LBF systenm this scale

up study, a total working volume of 1.5 L system composed of 500 mg of dried
powderof H. pluvialisbiomass, 0.75 L of 100%@ropand, and 0.75 L of 350 g/L

of (NH4)-SOy salt solutionwere utilised Based on the outcome, it has been found
that increasing the system into a larger volume cadSesndK values to decrease

by about 12% and 27%, respectivife scaleup ultrasound LBF systemchieves

a relatively lowerA& (83.73 £ 0.70%andK (157.83 +7.47) values compared to
the smalscale ultrasoundssisted LBF.This demonstrates that the largele
operation of ultrasoundssisted LBF under an optimized parameter can achieve
better performance by proper optimization to enhance the-gpabé the system
without compromisindA&. Thus, this scalep approach revealed the potential of
ultrasoundassisted LBF for the recovery of astaxanthin frorhl. pluvialis
microalgae to be reliabkt a largerscale and it is found to be feasible to be applied

in the industry.

Table 4.2: Comparison studypetween the smalland large scale ultrasound

assisted LBF system

Ultrasoundassisted Total working AKR (%) K

LBF system volume (L)

Smaltscale 0.3 95.08 £ 3.02 185.09 + 4.78
Scaleup 15 83.73+0.70 157.83 £7.47
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4.5  Conclusion

An alternativesinglestep approach forthe cell disruption of microalgae
utilizing anultrasoundassisted LBF system for the recovery of natural astaxanthin
from H. pluvialis was performedThis integrated approach provides a -step
processfor the effective recovery of astaxanthin compared donventional
extraction techniques. The optimal condigsoof the ultrasoundassisted LBF
system successfully achieved a maximAifg, Eas, andK of 95.08 + 3.0%, 99.74
+ 0.05% and 185.09 + 4.78, resptively. Moreover the scaleup approactwas
conducted tanvestigatethe reliability of this integrated approafdr the extraction

of biomoleculesn the biotechnology indusés.
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CHAPTER 5 PERMEABILIZATION OF
HAEMATOCOCCUS  PLUVIALIS AND  SOLID-LIQUID
EXTRACTION OF ASTAXANTHIN BY CO2 -BASED ALKYL

CARBAMATE IONIC LIQUIDS

Synthesis and characterization of CO,-based alkyl carbamate ILs | ‘ and cell per studies

oy

[(CH:NHQ == o Ol(CH:NH-COO0)
; \
H

‘?—et(cn—,n,wm

P -

Optimized operating condition
100% (w/w) DIMCARB, 75 min and 45

Before cell permeabilization After cell permeabilization

This chaptepresent themgen and sustainable extraction approach usingliaSed

alkyl carbamate ionic liquids as a promising solvent to permeabilize the robust
microalgae cell wall for an effective extraction of astaxantiarious parameters
such as type of C&£based IL, concentration of IL, extraction time and temperature
were optimized for the maximal extraction of astaxantRiecyclability studie®f

the seleted CO-based alkyl carbamate ionic liquidgere studied to verify its
feasibility for multiple extraction cyclesthis chapter consists of thesisrsion of

work published in theChemical Engineering JourngdKhoo, K. S.et al, 2021,
Chemical Engineering Journal411: 128510. DOLl:

https://doi.org/10.1016/j.ce}.2021.128510
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5.1 Abstract

Haematococcus pluviali@H. pluvialis) microalgae are well known for their high
content of astaxanthin, which is a super potent antioxidant with various remedial
effects. lonic liquids (ILs) have been proposed as a promising solvent to
permeabilize the robust microalgal cell wall &or effective extraction of bioactive
compounds. Nonetheless, the removal of ILs from the extracted compounds requires
the additional treatment steps that complicate the overall extraction process and the
recycling of ILs. To address these shortcomings,demionstrated a sustainable
extraction system that utilizes G®ased alkyl carbamate ILs to permeéte
pluvialis cells and extract astaxanthin. This class of ILs is readily distillable for an
easy recovery of ILs from the extraction medium. Among thiedgSQ-based alky!
carbamate ILs [dimethylammonium  dimethylcarbamate  (DIMCARB),
dipropylammonium dipropylcarbamate (DPCARB), dibutylammonium
dibutylcarbamate (DBCARB) and diallyammonium diallycarbamate (DACARB)],
DIMCARB gave the best performance of astathin extraction. The optimized
extraction conditions [100% (w/w) of DIMCARB, 75 min and 45°C] resulted in the
high vyield of astaxanthin (27.99 mg/g). The capability of DIMCARB to
permeabilize the amorphous trilayered structure of cell wall was verifieitheb
presence of pores on the cell surfacéHofpluvialis as shown in the microscope
images. The performance and recyclability of DIMCARB extraction system were
also evaluated by conducting three successive rounds of astaxanthin extraction with

the recyted DIMCARB solutions.
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In addition, the antioxidant capacity of the extracted astaxanthin was well retained,
showing that this type of distillable IL was suitable for the extraction of

phytonutrients from algal source.

Keywords: lonic liquids; Dialkyl carbamate; Astaxanthindaematococcus

pluvialis; Extraction; CQ
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5.2  Introduction

Astaxant hi n, or c h-dihydroxyeb |, {ayidieniedn, o4WN) a s
dione, is a secondary carotenoid widely recognized for its highljoxidant
capacity and its potential applications in food, cosmetic, aquaculture, nutraceutical
and pharmaceutical industri@shoo et al., 2019b)The robust antioxidant activity
of astaxanthin deactivates the free raldiaa human body, and astaxanthin was
reported to be effective in the prevention of cancer, cardiovascular, inflammatory
and neurodegenerative diseagdéaguib, 2000) Moreover, a recent review article
highlights the putative pathogenesis of natural astaxanthin and the potential of
astaxanthin in alleviating health adversaries triggere@drpnavirus disease 2019
(COVID-19) (Talukdar et al., 2020)However, the production of synthetic
astxanthin involves petrochemicals, which have always concerned consumers due
to the inherent toxicity of these raw materiglsi et al., 2011a, Milledge, 2011)
Synthetic astaxanthin has been utilized as feed additiveguaculture sector but
its application in food for human consumption heeen impeded by the lack of

human clinical trials showing its potential benefits.

Natural sources of astaxanthinincludmg cr oal gae, yeast an
shells could be exploited without the safety concerns as mentioned above.
Haematococcus pluvial (H. pluvialis) is a microalgal strain that contains the
hi ghest accumul at i %08 ofudfied wesght anlea thet optimal  ( O ¢
accumulation condition) as compared to other microalgae su€hlasococcum
Chlorella zofingiensisand Neochlois wimmeri in which the astaxanthin

accumulation is in the range of 0.00D.2% of dried weigh{Ambati et al., 2014,
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Wayama et al., 2013xtraction of naturalstaxanthin fronH. pluvialisis a great
challenge due to the robust microalgal cell structure; the amorphoudayated
extracellular matrix (i.e., trilaminar sheath, secondary and tertiary wall) hinders the
release of astaxanthin deposited in lipidpdets in the cytoplasm of cgWayama

et al., 2013)

Majority of the studies related to the extraction of astaxanthin frbm
pluvialis adopt the conventional volatile organic solvents (e.g., metharwl an
ethanol) in large quantity or the concentrated acid and alkaline to disrupt the
microalgal cell{Sarada et al., 2006Despite the high yield of product attained by
the conventional solvent extraction, the limitations associated with the inherent
toxicity of organic solvents, environmental impacts and sustainability have been
frequently overlookedKhoo et al., 2019b)The usage of green and Rtmxic
solvents in the processing of food and pharmaceutical ensuissféiye of products
for direct human consumption. In fact, the proper disposal or treatment of volatile
solvents is highly desirable for minimizing the environmental footprint of extraction
procesgNi et al., 2007) Extraction of astaxanthin has been attempted ingubke
emerging extraction technologies such as supercriticale2taction, ultrasound
microwave and magneti@ssisted extraction systems, and liquid biphasic systems
made of ionic liquids (ILs{Khoo et al., 2019a, Choi et al., 2019, Khoo et alk(20)

Zhao et al., 2016a, Cheng et al., 2018p till now, the major bottleneck in the
extraction of natural astaxanthin lies on the eneegyd cosiintensive extraction
conditions (i .e.., expensi ve sol vent s;

temperature: O i1756MPG thatould slanage ehese Bighly
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sensitive carotenoidéhoo et al., 2019a, Bustamante et al., 2011, Zhao et al.,
2016a, Desai et al., 2016ln addition, the high cost of these enengtensive

processes is less economical at the industrial or-lsegke operation.

ILs are well known for their distinctive properties like the tuneabmical
properties, high thermal stability, low vapour pressure and low melting point.
Hence, they could function effectively as additives, alternative solvent, or
electrolytes in the applications such as catalysis, biomass processing, and synthesis
of pharmaceuticals and nanomaterigf$oo et al., 2020f) The early adoption of
ILs in the practical applications has mainly targeted on the traditional chemical
industries. With the greater exploration Wfs over the years, ILs with the
biodegradable and green properties have been gaining the attention of scientific
community. These desirable features not only unlock the potential of green ILs in
the formulation or processing of food and medical proditsalso mitigate the
environmental impact of IL&/ekariya, 2017)ILs comprising the imidazoliurand
pyridinium-based cations sucls d-ethyl3-methylimidazoliumbased ILs such as
[Emim][DBP], [Emim][CI], [Emim][BF4], [Emim][AICI4], [Emim][CH3SG],
[Emim][SCN], [Emim][EtOSQ], [Emim][DEP] and [Emim][OAc] have been used
in the cell permeabilization and extraction of astaxanthin frbrpluvialis (Desai
et al.,, 2016, Choi et al., 201%lowever, the removal of ILs from the extracted
astaxanthin remains a challenge because these ILs could not be distilled and
evaporated like the organic solvents. The environmentally benign ILs made of

cholinium cation and amino acid anion, or known as cholinium aminoates, can be a
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potential substituent of these conventional ILs, but the recyclability of this IL is

restricted.

COr-based alkyl carbamate ILs are a class of ILs utilizing G& and
secondary di&ylamine to form the dialkylammonium cation and dialkylcarbamate
anion. They are readily distillable at a moderate temperatuie2@3°C) depending
on the length of the alkyl chain. In addition, £kased alkyl carbamate ILs have
the ability to dissolvea number of organic compounds and they can be easily
evaporated from the extracted prod\Gjayaraghavan and Macfarlane, 201%his
advantageous feature of ILs allows an easy separation of the target biomolecules
from the ILs. They have also been successfully applied in electrochemical,
biochemical, extraction and catalytic procesgesroci et al., 2007, Peled et al.,

2011, Zhou et al., 2007)

Here we addressed the challenges of IL separation from the extracted
astaxanthin by adopting the g®ased alkyl carbamate ILs as an extractant. To
aut hor sd b e sz#baskdalkywdarbaingte ILs h&/©&not been applied in
the extraction of astaxanthin frokh pluvialis The synthesized Cebhased alkyl
carbamate ILs were characterized using Fourier Transform infrared (FTIR)
spectroscopy, nucleamagnetic resonance (NMR) and differential scanning
calorimetry (DSC). The extraction of astaxanthin frelmpluvialiswas optimized
using onefactorat-atime (OFAT) approach on various operating parameters,
namely type of C@based IL, concentration of Jlextraction time and temperature.
The IL-treated microalgae were subjected to the surface morphology analysis by a

compound microscope and Field Emission Scanning Electron Microscope
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(FESEM). Recyclability studies were also conducted to determine thepdy of
the recycled ILs for multiple rounds of extraction. In addition, the antioxidant
properties of the extracted astaxanthin were evaluated using Trolox equivalent

antioxidant capacity (TEAC) and total phenolics content (TPC).

5.3  Experimental Secton

5.3.1 Materials

H. pluvialis intact cell powder was purchased from Qingdao China
Wanwuyuan BieTechnology Co., Ltd. (China); the content of astaxanthin in these
freezedr i ed cells was O 3%. Standard asta
purchased from  Sigma  Aldrich  (Germany). Dimethyfaomium
di met hyl carbamate (DI MCARB) , di propyl an
99% purity), 6hydroxy-2,5,7,8tetramethychromag-carboxylic acid (Trolox),
2 ,-&iNpbis(3-ethylbenzothiazoling-sulfonic acid) diammonium salt (ABTS),
potassium persulfaték>0sS,), Folin-Ciocalteu (FC) reagent, sodium carbonate
(NaCOs) and gallic acid were purchased from Sigma Aldrich (St. Louis, USA).
Methanol (99.9% purity, HPLC grade) was obtained from Fisher Chemical
(Selangor, Malaysia). Pallet dry ice was purchds®d Synergy Dry Ice (Selangor,
Malaysia). Ultrapure water generated from the water purification system-(Milli

Merck, Darmstadt, Germany) was used throughout the experiments.
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5.3.2 Synthesis of CQ-based alkyl carbamate ILs

Figure 5.1shows the tges of CQ-based alkyl carbamate ILs used in this
study. The synthesis of dipropylammonium dipropylcarbamate (DPCARB),
dibutylammonium  dibutylcarbamate @ (DBCARB) and diallyammonium
diallycarbamate (DACARB) was based on the procedures reported elsewhere
(Vijayaraghavan and Macfarlane, 2014, Song et al., 2018)rief, 2 moles of
dialkylamine solution (e.g., dipropylamine, dibutylamine and diallyamine) were
first transferred to a 250L roundbottom flask incubated in an icetha4°C).
Next, the addition of 1 mole of pallet dry ice into the flask was done gradually to
avoid the buildup of pressure in the flask. The synthesis reaction took place for ~30
min or until the added dry ice has completely sublimated into gas form.
Theoretically, the secondary aminesfd) are primarily in the ionic form due to
their Lewis acidbase behaviour. As shownHkguation(1), the lone pair of nitrogen
in secondary amines reacted with £is rendered the nonpolasf compound
to the polarRoN-COOH. Subsequently, the resulted carboxylic acid reacted with
another secondary amine via-gfoton exchange, resulting in the strong
intermolecular force between dialkylammonium cation and dialkylcarbamate anion,
as illustrated irEquation(2). The transfer of hydrogen ion from the carbamic acid

was an exothermic reaction and the IL was obtained at liquid state at room

temperature.
R:NH + CO, 2 R-COOH (1)
R:N-COOH + RN H 7 ,NFCRO][R2NH'] ()
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Dimethylammonium dimethylcarbamate
(DIMCARB)

/C3 H7 HO C3 H7
HN\
CsH; O CsH7

Dipropylammonium dipropylcarbamate
(DPCARB)

Cabg HO CqHo
H N\
CsHe O C4Hg
Dibutylammonium dibutylcarbamate
(DBCARB)

\

Diallyammonium diallycarbamate
(DACARB)

Figure 5.1: Chemical structures of Cbased alkyl carbamate ILs used in this study

(Song et al., 2018b)

5.33 Characterization of CO2-based alkyl carbamate ILs

The synthesized Cfbased alkyl carbamate ILs were characterized in terms

of structural properties, purity, and functional groups by a FTIR spectroscopy

(Frontier, Perkin Elmerjising an average of 32 scans over 40@@0 cm®. The

FTIR spectraare shown irFigure Appendix 1 to 5. The procedures and details of

the characterization studies are given in the Supporting Information. The purity of

the synthesized Cg£based alkyl carbamate ILs was determined using a NMR

spectrometer (Advance Ill 500 MHz, Bruker). 500 pL MEOH-ds standard

solution was mixed homogenously with 200 pL of ILs samples before being

transferred into an NMR sample tube. Theand'3C NMR spectra were recorded

at 25AC. The c¢hemi

cal shift (0) was r1rep«

NMR spectra arghown inFigure Appendix 6 to 9



The physicochemical properties of e&lased ILs such as density and
viscosity properties were examined using a density meter (DMA 4500M, Anton
Paar) and a viscometer (Brookfield DVE Viscometer). To analysehienal
properties, the ysithesized C@based alkyl carbamate ILs were subjected to a
differential scanning calorimeter (DSC Q2000, TA Instruments) operated over a
temperature range of 3200°C at 10 K/min of scanning rate and 20 mL/wfifN2
cooling rde. The result ishown inFigure Appendix 10. Table 5.1 summarizes the

properties of C@based alkyl carbamate ILs.
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Table 5.1: Properties of C@based alkyl carbamate ILs.

COp-based Reference Thermal Crystallization Distillation Heat of Density Specific Viscosity

alkyl temperature?, decomposition, temperature®, point¢, (°C) distillation ¢, (g/cm?®)  gravity (mPa & / 25°C
carbamate ILs T,(°C) Ta (°C) Tc (°C) (kd/mol) 1)

DIMCARB 73.6/ 84.67 -72.09 71 128 1.06 1.04 118.2Dat 20 rpnf
DPCARB 94.33 98.M0 -26.20 52 123 0.87 0.88 4.92 at 100 rpm
DBCARB 151.67 156.33 -37.30 59-176 127 0.82 0.83 9.63 at 100 rpm
DACARB 102.33 105.17 -32.00 59-113 128 0.90 0.89 10.62 at 100 rpm

2 Reference temperature refers to the sample that began to decompose or to losBresightas released (exothermic process) where

heating rate was 10 K.min® Values adopted frorwijayaraghavan and Maaflane (2014)¢ Stirring speed above 30 rpm was unable

to be determined by tH&rookfield DV-E viscometedue to the high viscosity of the DIMCARB
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5.34 Cell permeabilization and extraction of astaxanthin fromH. pluvialis

The operating parameters such as various type of@€ed alkyl carbamate
ILs, concentration of DIMCARB, incubation period and temperature were evaluated
for their performances in permeabilization of microalgae biomass. These parameters
were optimized using OFAT approachable 5.2 shows the initial settgs and
variables of operating conditions for the cell permeabilization and the extraction of
astaxanthin using C£based alkyl carbamate ILs. Approximately 10 mg of dHed
pluvialis biomass was treated with 3 mL of ILs. The cells were separated from the
ILs by centrifuging the mixture at 7500 rpm for 10 min. Methanol was selected as
the coeextractive solvent due to its favourable solvent properties (e.g., dielectric
constant and polarity index) towards the s@alarity characteristics of astaxanthin
(Foo et al., 2015)The permeabilized cells were immersed in 10 mL of methanol for
30 min at 40°C t@xtract the remaining astaxanthin from the cell. The mixture was
re-centrifuged to remove the methanol, and the fresh methanol was added to the
cells followed by vortexing for 5 min. The extracted methanol fractions were pooled
along with the C@based ILg0 measure the total amount of astaxanthin extracted.
A rotary evaporator was used to distillate the solvent and ILs from the astaxanthin.
The astaxanthin was then resuspended and diluted with 3 mL of methanol to
measure the amount of astaxanthin extchcehe sample was filtered using a
0.45um PTFE disposable syrinfjger (Terumo, Malaysia) and was left overnight

at 4°C before subjected to HPLC analysis.
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Table 5.2: Initial settings and variables of op¢ing condition for the extraction of

astaxanthin front. pluvialis

Operating conditions Units  Initial Variables
setting
Type of ILs - 100% DIMCARB, DBCARB and
(wWiw) DACARB
Concentration of % 100 90, 80, 70, 60 and 50
DIMCARB (wiw)
Time Min 60 30,45, 75 and 90
Temperature °C 25 35, 45 and 55
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5.35 Quantification of astaxanthin

The extracted astaxanthin was analysed using apegbrmance liquid
chromatography (HPLC) system (1200 Infinity, Agilent Technologies) coupled
with variable wavelength detector. The samples were analysed using a ZORBAX
Eclipse Plus @& column (4.6 x100 mm, 3.5 um). The mobile phase is a solvent
mixture made of methanol and water (97:3) filtered through a 0.45 pm membrane
filter and degassed before usehe HPLC analysis was performed under the
isocratic condition at room temperature for 5 min. The injection volume and flow
rate were set at 20 pL and 1.0 mL/min, respectively. The chromatograms and
absorbance values were recorded at 480 nm with the gobde&array detection
system. The peak area of the extracted astaxanthin was quantified using a calibration
curve prepared from 1 mg/mL of standard astaxanthin (chromatograrsiscave

in Figure Appendix 11).

5.36 Microscopic analysis of surface morphology ofl. pluvialis

The treatedH. pluvialiscells werecentrifugedand the pellets were collected
for the surface morphology analyses. The cell morphologywsaslized using a
compound microscope (CX21, Olympugith an eyepiece power of 10x and two
different objective lenses with 40x and 100x (oil immersion) magnification. The
cells were also characterized under a higher magnification to scrutinise the surface
morphology before and after the cell permeabilizatismg the ILs. A FESEM
(Quanta 400, FEI) equipped with an Environmental Scanning Electron Microscope

(ESEM) detector was used to perform the SEM imaging.
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5.37 Trolox equivalent antioxidant capacity assay

The Trolox equivalent antioxidant capacity HAC) of the astaxanthin
extracted fromH. pluvialis microalgae was evaluated in accordance to the ABTS
radical (ABTS) assay as adopted from other reported studies with minor
modification(Régnier et al., 2015, Eren et al., 20T)e ABTS stock solution was
freshly prepared by mixing 7 mmol/L of ABTS solution and 2.45 mmol/LG3d$,
solution at 1:1 of volume ratio. The stock solution was incubated for246h at
room temperature under dark condition. Then, the ABSE&k solution wadiluted
with methanol until an absorbance value of 0.70 £+ 0.05 was achieved;ataDD
was later stored at room temperature. TEAC assay was conducted by mixing 100
pL of sample or Trolox solution (standard) or methanol (control) with 3.8 mL of the
diluted ABTS® solution. The sample was left incubated for 5 min at room
temperature. The sample was analysed using &/ld\spectrophotometer (UV
1800, Shimadzu) at O&s The results were expressed as pmol of Trolox
equivalents per g dfl. pluvialismicroalgaecrude extract (TEs/g crude), where the
percentage of scavenging on ABMa&as calculated using Eetion(3) (Régnier et

al., 2015)

YHGOO QENDAEGME B 500 3)

5.38 Total phenolics content analysis
Total phenolics contenTPC) of the astaxanthin extracted frdth pluvialis

was analysed by-E approach based on the past studies with minor modification

201



(Hossain etal., 2017, Hajimahmoodi et al., 2013)he diluted FC reagent was
freshly prepared by mixing the ® reagent and the purified water at a volume ratio

of 1:9. 100 pL of extractkastaxanthin or gallic acid (i.e., standasgs mixed with

500 pL of the diluted FC reagent. The mixture was incubated for 5 min at room
temperature under dark condition. An additional 2 mL of 75 g/kO{8 solution

was added into the mixture, followdy settling for 90 min at room temperature
under dark condition. The sample was measured atsdOIBiNg a UVVis
spectrometer. The results of TPC were expressed as mg of gallic acid equivalents

(GAs) per 100 g oH. pluvialismicroalgae crude extract.

5.3.9 Recyclability studies on DIMCARB

The DIMCARB was distilled from the sample using a rotary evaporation
following the conditions reported elsewhéBmng etl., 2018b, Khoo et al., 2020e)
The sample (i.e., extracted astaxanthin and DIMCARB) was heated to 50°C, and the
vapor was condensed at OPCL°C. The receered DIMCARB was characterized
with 3C NMR to evaluate the purity and structural properties of the IL. The
recovered DIMCARB was subjected to the new batch of cell permeabilization
studies. If necessary, an appropriate amount of fresh DIMCARB was aulties t
mixture for compensating the minor losses of DIMCARB during the distillation
process. Recyclability of DIMCARB was tested by conducting three cycles of

astaxanthin extraction using the recovered DIMCARB.
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5.310 Statistical analysis

The yield of astaxanthin was obtained from the triplicate reading, and the
values were expressed as mean + standard deviation. The data was also subjected to
oneway analysis of variance (ANOVA) followed biukey HSD posthoc test

using Microsoft Excel t@valuate the significant differencgs® 0. 05) .

54 Results and discussion

5.41 Effects of the type of CQ-based alkyl carbamate ILs on astaxanthin
extraction
Four different types o€O»-based carbamate ILs were evaluated for their
performances in dissolving the astaxanthin from khepluvialis that had not
undergone the intensive mechanical cell disruption. The chemical structural and
functional group of the synthesized DPCARB, DBCARBdaDACARB was
verified using NMR and FTIR before subjecting for the extraction protassyield
of astaxanthin was expressed as mg of astaxanthin extracted frontH1 gwiialis
biomass. According tbigure 5.2, DIMCARB gave the highest yield of astathin
(12.47 +0.30 mg/g) as compared to DPCARB, DBCARB and DACARB. This
shows that the permeability 6fO»-based alkyl carbamate ILs into the cell wall of
H. pluvialis was affected by the chemical properties of cation and anidres.
screening results ekwved the promising potential of DIMCARB as a eell
permeabilizing solvent to extract astaxanthin. In a past study of astaxanthin
extraction using a twstep approach, the mechanically disrupted cells were

pretreated by acid and alkaline, followed by theaol extraction (acetone, hexane,

203



methanol or ethanol); yet, the yield of astaxanthin was aboiitX®3 + 0.05 mg/g
(MendesPinto et al., 2001, Dong et al., 2014PCARB and DACARB did not

give a satisfactory extraction performance; this could be due to the steric hindrance
effect caused by the ngpolar parts of their alkyl side chains. In contrast, the higher
yield of astaxanthin (7.06 £ 0.45 mg/g) obtained from the DBCARB extraction
system was postulated to be associated with the hydrophobic nature of DBCARB
that might be more compatible with the solubility of astaxanthin. Despite of that,
the long alkyl side chaiof DBCARB might have caused a steric effect wherein the
permeation of the inner cell ¢i. pluvialis by cations and anions was difficult.
Hence, the efficiency of cell permeabilization was reduced. On the contrary, the
shorter alkyl side chain of DIMCAREenders a less hydrophobic nature of solvent
and a greater miscibility that facilitate an effective permeabilization through the
amorphous multilayered extracellular matrix into the inner paH.gbluvialis to
extract the reddish astaxanthin pigmentview of the highest yield of astaxanthin
obtained, DIMCARB was selected to be further optimized under other operating

conditions.
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Figure 5.2: Yields of astaxanthin obtained from the extracsgstems comprising

different types of C@based alkyl carbamate ILs. Experimental conditions: 100%

(w/ w) of IL; 60 min; 25 AC. The letter
0.05) among the groups, whil eferendeé>1 et t e

0.05) amongthe groups (cmeay ANOVA f ol l owed by Tukeyd

5.42 Effect of DIMCARB concentration on astaxanthin extraction

The concentration of DIMCARB was adjusted by methanol (diluent) to a
concentration range of 50% (w/w). As shown irFigure 5.3, a reduction in
concentration of DIMCARB from 100% (w/w) to 50% (w/w) resulted in the gradual
decrease in the yield of astaxanthin from 11.26 + 0.45 mg/g to 7.84 + 0.25 mg/g. A
low concentration of DIMCARB is not favorable for tlwell permeabilization,

which is a critical step prior to the releasing and dissolution of astaxanthin from the
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cells to the solvent phas&.similar finding was reported by Vijayaraghavan et al.

(2015) evaluating the polarity effects of a diluted IL mixture (50% of DIMCARB

etharl) on the performance of curcuminoid extraction; the yield of curcuminoid

did not increase significantly as wéWijayaraghavan and Macfarlane, 2014)

probable explanation for the observed trend is the switching of this carbamate IL
from the Aionicodo st af{Pbanetal, 2008isToay @ause | ar |
a drop in the polarity of IL, thereby reducing the extraction efficiency. Based on the
results of statistical analysige yield of astaxanthin was found to be significantly
affected p < 0.05) by the concentration of DIMCARB. Based on the result, 100%

(w/w) of DIMCARB was selected for the subsequent studies on the extraction of

astaxanthin.
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Figure 5.3: Yields of astaxanthin obtained from the extraction systems made of
different concentrations of DIMCARB. Experimental conditions: 60 min; 25 °C.
The |l etters fAa and co i(mpdiOc &t ©€5)t menosnigg n
while the |l etters fAb, d and eo0 mar ks th

the groups (on&vay ANOVA foll owed by Tukeybds tes

Mechanism studies of cell permeabilization by these ILs is important in the
evaluation of the interaction occurred during the biomass processing. Cellulose has
the highly crystalline structure where the presence of brancHexhHing networks
makes it instuble in water and many organic solve(fsnkert et al., 2009 Based
on the literature, most of the studies reported that hydrogen bonding between the
hydroxyl group {OH) of cellulose from the cell wall of biomass form an electron

donorelectron acceptor (EDA) complexes with the charged species of tifguLs
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et al., 2016, Desai et al., 2016, Choi et al., 20k®jhis case, the ionic species of
DIMCARB, [(CH3)2NH2]"[(CH3)2NH-COQ], interact with the oxygen and
hydrogen atoms of the cellulose chain (Begure 5.4). This interaction causes the
removal of-OH group from the cellulose chain, resulting in themation of cavities

on the cellular surface of the microalgae. In factrédseilts are in good agreement
with previous study by Endo et #2016), who indicated that the deconstruction of
cellulosebs crystalline structure was
triggered by the hydrogen bonding, as evidenced fromMHMEMR spectrum of

OH group of cellulose showing the gradual downshift from 4.5 ppm to 6.8 ppm

(Endo et al., 2016)

[(CHsNH]O = =0 Ol(CH:)NH-COO]

)
+ (e enanrcool® o 0T N
OH ((CRNR-COOIO-==H N9 — @ p(cHaamy)

Figure 5.4: Proposed mechanism of the permeabilization of rlatered cellular

wall of H. pluvialisby DIMCARB.
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5.4.3 Effect of extraction period on astaxanthin extraction

The incubation period is a critical consideration in the solvent extraction
process because the permeatioilopluvialisby DIMCARB is not instantaneous
and the dissolution of astaxanthin in the bulk solvent is based on diffésgume
5.5 shows the exaction performance of DIMCARB when incubated for different
periods of extraction. By increasing the extraction period from 30 min to 75 min,
the yield of astaxanthin increased from 7.48 + 0.18 mg/g to 14.18 + 0.25 mg/g. An
incubation period beyond 90 mdid not increase the yield of astaxanthin thees
diffusion of astaxanthin from the microalgal cells to the solvent may be restricted
by the maximal mass transfer of astaxanthin between inner and ouker agid
cellular structure oH. pluvialis( Ruen ngam .@&he cell Wall of th2 0 1 2 )
encystedH. pluvialis is composed of cellulose and mannan compounds with
numer ous -inkea iDglgcos® units lormed between oxygen atoms and
hydrogen network(Desai et al., 2016, Rahimt al.,, 2019) As a polar and
hydrophilic IL, DIMCARB was postulated to facilitate the formation of hydrogen
bonding that deprotonates the cellulose chain in the cell wall ptuvialis This
weakens the cellulose of the encystédpluvialis cell for the astaxanthin to be
dissolved into the solvent. The results were subjected to the statistical analysis and
the yield of astaxanthin was deemed to be significantly affepted0(05) by the
extraction period. Hence, 75 min of incubation period was teelexs the optimum

duration for the cell permeabilization Ef pluvialis
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Figure 5.5: Yields of astaxanthin obtained frarh pluvialistreated by 100% (w/w)
DI MCARB for different extraction period
significant difference (p O 0.05) among
insignificant difference (p > 0.05) among the groups {aag ANOVA followed

by Tukeyds test).

5.4.4 Effect of temperature on astaxanthin extraction

The influence of temperature on the extraction of astaxanthin Hom
pluvialis was investigated with 100% (w/w) DIMCARB and at different extraction
temperatures. Numerous studies have reported that a mild extraction condition
within 25°C to 55°C is recommended for the extraction process because astaxanthin
is a highly heasensitivecompound which can be degraded when subjected to a

high temperature conditigiDesai et al., 2016, Fan et al., 2019, Praveenkumar et al.,
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2015) As shown inFigure 5.6, by increasing the temperature from 25°C to 45°C,
the yield of astaxanthin increased from 13.36 + 0.67 mg/g to 27.99 + 1.01 mg/g. A
similar trend of result was reported by Desai et(2016) on theextraction of
astaxanthin using imidazolinimased ILs, stating that the increase in temperature
affected the yields of astaxanthin obtained from [BMIM][DBP] extraction system
(227 65%) and [EMIM][DBP] extractiorsystem (36 70%) (Desai et al., 2016)

On the other hand, the extraction of astaxanthin frbmpluvialisby DIMCARB at

55°C was unsuccessful due to the distillation of DIMCARB at this high temperature
altered the optimized concentration of solvits, leaving the biomass alone in the
extraction procesduring the extractionThis finding is rejected as the DIBARB

fail to perform at extraction temperature of 55B8ased on the statistical analysis,
the temperature is a significant factor of DIMCARBsed solvent extraction and it
significantly affects § < 0.05) the yield of astaxanthin. Thus, an extraction

temperature at 45°C is optimal for the extraction of astaxanthinlropfuvialis
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Figure 5.6: Yields of astaxanthin obtained from the extractiostsgns conducted

at different temperatures. Experimental conditions: 100% (w/w) DIMCARB; 75
min. The | etter fAad indicates the signif
while the | etter fibo marks the iouwpsignif

(oneway ANOVA foll owed by Tukeyds test).

5.4.5 Surface and cell morphology oH. pluvialis treated by DIMCARB

The permeabilization of. pluvialis by DIMCARB for the extraction of
astaxanthin was evaluateBigure 5.7 demonstrates the cell morphology laf
pluvialis before and after the cell permeabilization at different magnifications.
Based onFigure 5.7 (Al), (A2) and (A3), the untreatedH. pluvialis cells were
spherical in shape and with the astaxanthin pigments remained intact in the cell.

Some of the zooid cells were noted kigure 5.7 (A2), where the cells were
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encapsulated by the mature cyst with alayered cell wh composed of the
trilaminar sheath, secondary wall, and a tertiary wall. The amorphdagedred cell

walls of H. pluvialis was clearly shown ifrigure 5.7 (A3), where the reddish
astaxanthin was encapsulated in the (etveenkumar et al., 2015After the
permeabilization of the microalgae by DIMCARB, the cell morphology as shown
in Figure 5.7 (B1), (B2) and(B3) revealed the colourless cells in spherical shape,
thereby confirming the leaching of astaxanthin to the surrounding environment. In
anextraction study conducted by Desai ef{2016), tethyl3-methylimidazolium
dibutylphosphate (EMIVMDBP) was also successfully applied for the cell
permeabilization ofH. pluvialis (Desai et al.,, 2016)Due to the limitation of

mi croscopic analysis, it was difficult 1

cavities on the cellular surface morphology of the microalgae.

The untreated and treatét pluvialis microalgae were further scrutinised
under FESEM to investigate their surface morpholé&gyure 5.8 shows the surface
morphology of cells before and afteretireatment by DIMCARB. As shown in
Figure 5.8 (A1) i (A4), the untreateéi. pluvialiscells have a smooth cell surface
and were spherical in shape. After cell permeabilization, the cell appeared to have
the wrinkled and rough surface, as showikigure 5.8 B1) i (B4). As shown in
the images (sekigures 5.8 (B3) and(B4)) captured at th@igher magnifications,
the presence of pore was believed to facilitate the leaching of astaxanthin from the
intactH. pluvialiscell. The formation of cavities on the surface mlatiered wall

of H. pluvialiswas believed to be associated with EI2A complexes formed by
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the hydrogen bonding interaction between cellulose andcttegged species of

DIMCARB.

Figure 5.7: Microscope images di. pluvialiscell (A) before, andB) after the cell
permeabilization by DIMCARB under the optimized conditions. Numbe& sefer

to the magnification levels at 100x, 400x, and 1000x%, respectively.
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Figure 5.8: Surface morphology dfl. pluvialis cell (A) before, andB) after the
cell permeabilization by DIMCARB. Numbersdlrefer to the magnification levels

at 1600x%, 3000x%, 12000x%, and 24000x, respectively.

5.46 Antioxidant activity of the extracted astaxanthn

The astaxanthin extracted frarh pluvialiswas further evaluated in terms
of its antioxidant activity. The TEAC assay was conducted to evaluate their
antioxidant capacity in reducing of an oxidant probe through the indication of
mi xt ur e 6 s ing &tdmdight bluegteenrioglight pinkish. It is essential to
evaluate the antioxidant activity as it determines the effectiveness of antioxidant
properties in the extracted astaxanthin. Based on the results, the TEAC value and
the scavenging activitiesf astaxanthin are 209.61 + 0.44 uM of TEs/g of crude
extract and 72.13 = 0.14%, respectively. Standard equation: percentage of
scavenging (%) =0.0996[(Trolox)] + 2.537B%(= 0.9962). Aside from that, the
presence of polyphenolic compound in the extracted astaxanthin was evaluated by

TPC assay. In this study, the extracted astaxanthin showed a relatively high value
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of TPC, namely 86.88 £ 0.54 mg GAEs/100g crude extract.d&tdnequation:
ODy760 =0.0032[(Gallic acid)] + 0.0519R¢ = 0.9997). The results obtained from
both antioxidant assays showed that the antioxidant activity of the extracted

astaxanthin has been well preserved.

5.47 Recyclability of DIMCARB for multiple ¢ ycles and comparison of

extraction performance

The recovery and recyclability of DIMCARB are imperative as this could
theoretically minimize the environmental and economic impact of IL for industrial
application. Recyclability studies were conducted syng the optimized condition
of DIMCARB-based extraction system for fouycles. The DIMCARB were
distillate using rotary evaporator and collected for the subsequent treatntént of
pluvialis. Referring toTable 5.3, the yield of astaxanthiobtained from the three
successive cycles of extraction systems was comparable to that from the initial
round of extraction. However, at the third cycle of extraction, the yield of
astaxanthin dropped to 16.12 + 1.20 mg/g. This could be due to the ditdition
distilled DIMCARB by the water droplets generated during the distillation process
Based on th&C NMR analysisrefer toFigure A12), DIMCARB used in the three

rounds of extraction was found to be unaffected by the distillation.
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Table 5.3: Recyclability of DIMCARB for the extraction of astaxanthin frdn

pluvialis.

Recyclability of DIMCARB? Yield of astaxanthin (mg/g

Initial extraction 28.87+0.11
15tcycle 29.22 + 0.38
2" cycle 26.71 +0.42
39 cycle 16.12 +1.20

& Experimental conditions: 100% (w/w) DIMCARB; 75 m#b°C.

The performances and operating conditions of othelpdéed extraction
systems for the recovery of astaxanthin fidnpluvialiswere compared (sdeable
5.4). For example, the recoveries of astaxanthin obtained from the conventional
imidazoliumILs were n the range of 65% 85%. The extraction of astaxanthin
from H. pluvialisby different types of imidazoliurbased IL was conducted at high
temperature and the duration of extraction was long (i.e., 55°C and 90 min). Unlike
DIMCARB, the removal of imidazalim-based ILs from the extracted astaxanthin
is challengingas the recycling approaches (i.e., extraction, adsorption, membrane
based separation and crystallization) involves complex and intensive processes
which may easily denature the temperaseasitie astaxanthin biomolecules

(Desai et al., 2016, Liu et al., 2019b, Choi et al., 2019)
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Table 5.4: Performances and operating conditions of differerbdised extraction systems for the recovery of astaxanthin Hom

pluvialis
Type of ILs Condition ofH. pluvialis Operating conditions Yield of astaxanthir References
DIMCARB I ntact <cel |l ( € 100%(w/w), 45°C, 75 27.99 = 1.01 mg/c¢ This work

min (92.67%)
1-butyl-3-methylimidazolium  Dried cell 40% (w/w), 45°C, 9C 62.25% (Desai et al., 2016
dibutylphosphate, (43. 2 %) min
[BMIM][DBP]
1-ethylt3-methylimidazolium  Dried cell 40% (w/w), 45°C, 9C 77.04% (Desai et al., 2016
dibutylphosphate, (43.2%) min
[EMIM][DBP]
1-butyl-3-methylimidazolium  Dried cell 80% (w/w), 45°C, 9C1 20 £'g ml (Desaetal., 2016)
acetate, [BMIM][Acetate] (43. 2 %) min
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Table 5.4 (Continue)

Type of ILs

Condition ofH. pluvialis

Operating conditions Yield of astaxanthir References

1-butyl-3-methylimidazolium
dicyanamide[BMIM][DCA]

1-butyl-3-methylimidazolium,
chloride, [Bmim][ClI]

1-ethyt3-methylimidazolium,
chloride, [Emim][CI]

[Emim] HSQy

[Emim] CHsSOs

Dried cell

Il ntact cel |

Intactcellcy st (& 3.

Intact cell

NIES-144

Intact cell

NIES-144

c ) 40%

80% (w/w), 45°C, 9C6 6 c9d mL (Desaietal, 2016

min

(w/w)  with 85.42%
methanol, 55°C, 9(

min

40%  (w/w)  with 65.29%
methanol, 55°C, 9(

min

6.7% (v/v), 30°C, 68 2. 2

min

6.7% (v/v), 30°C, 6( 7 6 . 1

min

(Liu et al., 2019b)

(Liu et al., 2019b)

. (Choi et al., 2019)

. (Choi et al., 2019)
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Table 5.4 (Continue)

Type of ILs Condition ofH. pluvialis Operating conditions Yield of astaxanthir References
Ethanolammonium  caproat Powder (100 mesh) Microwaveassisted: 34.4 mg.¢ (Fan et al., 2019)
(EAC) 210W,50s, 5.2 mol'L
Lof IL
[Emim] (CRSO,)2N Intact cell 6.7% (viv), 30°C, 6 70. 3 N 3. (Choietal., 2019)
NIES-144 min
[Emim] (CRSO)2N Intact cell 6.7% (v/v), 30°C, 6C70. 3 N 3. (Choietal., 2019)
NIES-144 min
Ethanolammonium  caproat Powder (100 mesh) Microwaveassisted: 34.4 mg.¢t (Fan et al., 2019)
(EAC) 210W,50s, 5.2 mol'L
Lof IL
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5.5 Conclusion

This work conceptualized a sustainable separation and extraction of
astaxanthin using distillable G@ased alkyl carbamate ILs. The challenges
associated with the mechanical disruption approach were overcome by using ILs for
an effective solvent to permeabilize the robustayered cell wall inH. pluvialis
and to dissolve the astaxanthin. £léased alkyl carbamate ILs are readily distilled
from the extracted astaxanthin, in contrast to other conventiofsded extraction
method. Among the Cf&based alkyl carbamate ILs tested, DIMCARB gave the
highest yiéd of astaxanthin (27.99 £ 1.01 mg/g of astaxanthin) under the optimized
extraction conditions, namely 100% (w/w) of DIMCARB, 75 min of incubation,
and 45°C. The cell permeabilization by DIMCARB was indicated by the formation
of cavities on the surface ntuilayered wall ofH. pluvialis as shown in FESEM
images. The antioxidant activity of the extracted astaxanthin was confirmed by
TEAC assay (209.61 + 0.44 uM of TEs/g) and TPC assay (86.88 + 0.54 mg
GAEs/100g of crude extract). Moreover, the recyclaboityDIMCARB distillate
was proven by the three successive rounds of extraction using the recovered
DIMCARB, and the performance of extraction was found to be unaffected
significantly. In short, the C&based alkyl carbamate ILs have shown a great
potentialas a sustainable solvent used in the extraction of astaxanthin. This opens
up the possibility of using DIMCARB as a replacement to the traditional organic
solvent in the downstream processing of bioactive compounds from other species of

microalgae
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CHAPTER 6 ELECTROPERMEABILIZATION -ASSISTED
LIQUID BIPHASIC FLOTATION FOR THE RECOVERY OF
FUCOXANTHIN FROM CHAETOCEROS CALCITRANS

MICROALGAE

Permeation of

Exposure to electric field Cell lysis fucoxanthin

This chapterunveil a greener and promising ndhermal techniqueby the
incorporation of electropermeabilizati@ssisted technology witlhquid biphasic

flotation systenfor the disintegration o€haetoceros calcitransiicroalgae in the

recovery of fucoxanthinThis study is to overcome the challenges adopted from

previows study of intensive disruption adopted from ultrasonication treatiBetht.

optimization of the phase components from the liquid biphasic flotation system and

electropermeabilizaticassisted liquid biphasic flotation system were conducted.

Comparison stilies between the liquid biphasic flotation system and

electropermeabilizaticassisted liquid biphasic flotation system were evaluated

This chapter consists of thesisrsion of worksubmittedin the Separation and

Purification Technology
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6.1 Abstract

Chaetoceros calcitrangC. calcitrang is a fucoxanthirrich marine diatom, an
emerging source of future sustainable antioxidants reservoir composed of
carotenoids for various functional food industries. Many extraction techeslog
have been explored for the recovery of biomolecules from microalgae, however the
issues such as energy intensive processes, poor environmental footprint, toxicity,
large amount of solvent used, and sustainability should be thoroughly reconsidered.
To aldress these challenges, this study proposed the utilization of
electropermeabilizatieassisted liquid biphasic flotation (LBF) system for the
extraction of fucoxanthin fror€. calcitransmicroalgae. The optimization of LBF

and electropermeabilizatiessssted LBF system was comprehensively evaluated
under various operating condition. Collectively, the optimized LBF and
electropermeabilizatieassisted LBF system achieved a significant maximal yield

of extracted fucoxanthinlé4.78 + 0.79 mg/g and 16.09 2@ mg/g), extraction
efficiency (98.85 + 1.03% and 99.80 + 0.05%) and partition coefficient ( 152.15 *
1.13 and 236.72 + 0.88). In addition, the extracted fucoxanthin from both systems
exhibit satisfactory antioxidant activities. The exploration of this
electropermeabilizatiorassisted LBF system for the extraction of fucoxanthin
would provide a greener and highly efficient bioprocessing route which is worth for

researchers to explore further.

Keywords Chaetoceros calcitrangucoxanthin;electropermeabilizaticassisted,;

extraction; liquid biphasic flotation
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6.2 Introduction

Bioactive compounds extracted from microalgae (i.e., fatty acid,
polysaccharide, phycobilin, carotenoids and phenolic compounds) are a favourable
food supplement that offers amiflammatory, antidiabetic, anticancer, anti
malarial, antiangiogenic anghotoprotection activitiegMohamadnia et al., 2020,
Sathasivam and Ki, 2018, Suchern et al., 20R0yoxanthin (G2Hsg0s) is the major
phytochemicatonstitutingmore than 10% of the total carotenoids accunedlat
Bacillariophyceaeand Prymnesiophyceaenicroalgae (Foo et al., 2017)The
fucoxanthin content in in microalgae such asPhaeodactylum tricornutum
Odontella auritaandChaetoceros calcitrangas reportedo be higher than that in
macroalgadike Eisenia bicyclisLaminaria digitate Fucus vesiculosu§argassum
muticumandSaccharina latissimiKim et al., 2012a, Xia et al., 2013, Conde et al.,
2015, Shannon and ABBhannam, 2017) Fucoxanthin exhibits beneficial
antioxidant properties that prevent chroniedaxive stress diseases that could lead

to atherosclerosis, Alzheimer's disease and cdhiadiiwell, 2007)

Over the past decadéhe search for greeand sustainable production of
phytonutrients derived from microalgae has been actively ongoing due to the greater
demand of these natural additives or supplementdoau, pharmaceutical,
agricultural and nutraceuticalsndustries Traditionally, the extraction of
fucoxanthin from microalgae involveslatile organic solvents (e.g., methanol,
acetone, hexane, tetrahydrofuron, ethyl acetate and dimethyl sulfoxide) have

always become a concern because of teeuironmental impact, toxicity, high
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consumption volume and sustainabil{ferwenskus et al., 2019, Suchern et al.,
2020, Khoo et al., 2020eAdvancedextraction technologies in such agpsrcritical

fluid extraction (SFE), ultrasouraksisted extraction, and microwaassisted
extraction have been explored for the extraction of fucoxar{irchern et al.,
2020, Guler et al., 2020owever, the high energy consumptimnthese extraction
methods igleemed to be less economical in lasgale operatigrfurthermorethe
harshoperating condions like high temperature and pressure could denature or

damagehe highly sensitive carotenoid&hoo et al., 2020b)

An alternative to the abovwmentioned extraction methods iguid biphasic
flotation (LBF) systemwhich couples thdiquid biphasic system (LBS) witthe
adsorptive bubble separatiqikhoo et al., 2020d)LBF is composedof two
immiscible aqueous phaseg.@, organiesolvent top phase and salth bottom
phaseWwhereinthe target biomolecules the bottom pase arselectively adsorbed
on the ascending stream of air bublfkeg., nitrogen or oxygem@nd are transferred
tothetop phasé€lLeong et al 2018) The adsorption of the target compoundshe
air bubbles is depeedton the surfacective properties of the compound and the
interfacial properties of the air bubb(&how et al., 2013, Bi et al., 2010a)
Consequently, the target compowahbe accumulated in the top phasdile the
impurities remain in the bottomhpse The applications oEBF in bioseparation
field have been well demonstrated, as shown in many studies of LBF implemented
in in the extraction, recovery and purification of biomolecuhetuding proteins,
lipase, lipid, astaxanthin,-Ghycocyanin antietacyaningChew et al., 2019b, Chia

et al., 2020, Leong et al., 2018, Show et al., 2013, Khoo eDaBb2 Nonetheless,
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the potential of LBF in simultaneous extraction and separation of biomolecules from

the cells has not been widedyplored.

Electroporation or electropermeabilizatiasf cell membrane hadeen
deemed to bea greener and promising ndhermal techniquefor the
permeabiliation of cell membrane(Flisar et al.,, 2014) The phenomenon of
electropermeabilizatioroccurswhere the cells are exposed ttee high-voltage
electric fieldfor ashort periodKotnik et al., 2015)Underthe treatment oélectric
field, theintegrity ofcell membrane will beompromised, resulting the formation
of pores This phenomenofacilitates the permeability of intracellular compound
releasing its content into the extraction solvent across this membrane (Fzotaer
et al., 2014)Electric field treatment is a greener and-tisermal process where an
external electric field is applied to permeabilize the membrane due to its dipole
nature of the membrane molecule€! er gek et al . ,.O®ifg2 0, Ei
to its nonthermalnature electropermeabilizaticassisted extractioof carotenoids
from microalgae is highly attractive because it favourgibévents the degradation
of these temperaturgensitive carotenoids. In terms of sustainability,
electropermeabilization allowseke microalgae to reseal and regenerate (i.e., cell
recovery and enclosed of cell pore formation), thus this reduces the amount of waste
generated in the environment after the extraction pro@sskow et al., 2013,

El er gek erterraslof energf coris@mpticelectroporation approach was
deemed to bemore economicalas compared to SO, ultrasoundassisted,
microwaveassisted and higpressure homogenizatio(Golberg et al., 2016,

Gunerken et al., 2015)
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This present workdemonstratedthe extraction of fucoxanthin from
Chaetoceros calcitrangC. calcitrang microalgaeby a LBF systemassisted by
electropermeabilizatiot ec hnol ogy . To t he best of
electropermeabilizaticassistedextractiontechnologyhas not been applied the
bioprocessing of fucoxanthiif.o attain the highest yield of fucoxanththe LBF
systenfirst optimized based on various parameters (e.g., types and concentration of
food-grade alcohol and salt, flotation time and flotation rate). By adopting the
optimized condition of the LBF sy&n, the electropermeabilization technologs
incorporaté into the LBF system and the operating condiBosuch as
electropermeabilization period, position of copper electrode, voltage applied, and
biomass concentration was further investigated. The antioxidant properties,
including scavenging activity, Trolox equivalentiaridant capacity (TEAC) and
total phenolic content (TPC) of the extracted fucoxanthin obtained from the
optimized LBF system and electropermeabilizatssisted LBF systemerealso
evaluated.Lastly, LBF and electropermeabilizatiaassisted LBFsystemswere
assessed and comparedterms of fucoxanthiryield, extraction efficiency and

partition coefficient values.

6.3  Experimental Section
6.3.1 Materials

Analytical et pamplanp©®, d§@on®dsuprEs
[(NH4)2SQy], potassium hydrogen phosphat&,HPQ:), sodium bicarbonate

(NaCGQs), sodium citrate (N#&sHs07) and disodium phosphatdl&HPQs) were
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obtained from R&M Chemicals (Malaysia). Standard fucoxanthin was purchased
from Sigma Aldrich (Germany)lron (lll) chloride (FeCd-6H>O), manganese
chloride (MnC}-4H,0), boric acid (HBOs), ethylene diamine tetraacetic acid
disodium (NaEDTA), sodium hydrogen phosphate (N&s-2H,O), sodium
nitrate (NaNQ@), zinc chloride (ZnG), cobalt chloride (CoGI6H20), ammonium
molybdate [(NH)sM07024:4H.0], copper sulphate (CuSGH20), silica
(NaSi03-9H,0), cobalamin (vitamin B), ammonium formate (NHHCO), 6-
hydroxy-2,5,7,8tetramethychroma@-c ar boxy |l i ¢ a cazimbbis(3Tr ol o X
ethylbenzothiazolin®-sulfonic acid) diammonium salt, potassium persulfate
(K208S), FolinCiocalteu (FC) reagent, sodium carbonate ¢8&s3) and gallic

acid (GHsOs) were purchased from Sigma Aldrich (St. Louis, USA). Metha@ol (
99.9%, HPLC grade) were purchased fréisher Chemida(Malaysia). All the
chemicals used in this experiment were of analytical grade, unless mentioned
otherwise. Copper electrodes (diame&B5 mmand length: 25 cm) purchake
from a local electric supplier (Semenyih, Selangor Darul Ehsan, Malgy®a)to

their application in LBF apparatus setup

6.3.2 Methods

6.3.2.1Cultivation and harvesting of C. calcitransmicroalgae biomass

Marine diatom,C. calcitrans(UPMC-A0010)was bulk cultivated using a
120-L of annular photobioreactors decontaminated understdvilized seawater
supplemented with Conway cultivation medium composition [1.3 g/L of

FeCk-6H:0, 0.36 g/L of MnCl-4H:0, 33.6 g/L of HBOs, 45 g/L of NaEDTA, 20
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g/L of NaHPQ:-:2H,O, 100 g/L of NaN@, 2.1 g/L of zZnC}, 2.0 g/L of
CoCh-6H-0, 0.9 g/L of (NH)6M07024-4H-0, 2.0 g/L of CuS®@5H:0, 46.5 g/L of
N&Si0s-9H20 and 1 mL of vitamin B]. The cultivation condition was exposed to
continwbus condition with light intensity of 150 umol#fa (light/dark 12:12 cycle),
room temperature and within pH 8(08.5 for 14 dayqFoo et al., 2015)The
microalgae biomass was harvested anavdtered using tubular separatarodel
J125Q Hanil Science, Industrial Co. Ltd., Koref@Jlowed by arinsing cycle with
1.0 molL of NH4sHCO, to eliminate the excess salt crystals. The nalgae
biomass was freezdried and sievedhrough a 25@nicron sized sievedThe

biomasswvas therstored in the autoclaved sample bottlesB8tC prior to analysis.

6.3.2.20ptimization of liquid biphasic flotation (LBF) system

The optimization of LBF systerwas conducted using two types of food
grade alcohol (i.e., ethanol andpfpanol) and various types of salts for the
extraction of fucoxanthin from theC. calcitrans microalgae biomassThe
lyophilized biomasswas first suspendeth the salt solution The mixturewas
transferred to the 56L LBF column and the foedrade alcohol was added
subsequently into the column. The LBF system composed of 100 mL working
volume and the operating paraters such as types and concentration of-firade
alcohol and salts, flotation time and flotation rate were evaluated thoroughly for the
extraction of fucoxanthin fronC. calcitrans The optimization of LBF were
optimized using ondactorat-atime (OFAT) approach in selecting the optimal

variables of the operating condition for the subsequent studibte 6.1 shows the
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initial and various variables of operating conditions for the LBF system for the

extraction of fucoxanthin fror@. calcitransmicroalgpe.

Table 6.1: Initial settings and variables of operating condition for the LBF system.

No. Operating conditions Initial Variables Units
setting
1. Type of alcohols Ethanol 2-propanol N/A
2. Type ofsalts (NH4)2SQi NagCeHsO7, Ko2HPQs,  N/A
NaHPO; and
NaeCOs
3.  Concentration of 2 100 60, 70, 80 and 90 % (w/w)
propanol
4.  Concentration of 250 150, 200, 300 and  g/L
(NH4)2SCQy 350
6. Flotation time 10 5 75,125and 15 min
7.  Flotation rate 100 50, 75, 125 and 150 cc/min

6.22.3 Integrated of electropermeabilizatiorassisted LBF system

To enhance the performance of LBF system for the extraction of fucoxanthin
from C. calcitransmicroalgae. Theslectropermeabilizaticassisted LBF system
was designed by introducing two copper electrodes where one acted as-a@pde (
and another one as cathode (+ve) along with the optimized LBF sfseRigure
6.1). The copper electrodes were connected tayalaged dual DC power supply
(GW Instek, GPS3303 model) to supply the electricity continuously. The operating
parameters of the electropermeabilizatamsisted LBF system includes operating

time of electropermeabilization, position of copper electrodiéage applied, and
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biomass concentration were accessed systematically for the extraction of
fucoxanthin from C. calcitrans microalgae. Similarly, the parameters were
subjected to OFAT approach in selecting the ideal condition for the following study.
Table 6.2 listed the initial condition and variables of operating condition of
electropermeabilizatieassisted LBF system for the extraction of fucoxanthin from

C. calcitransmicroalgae.
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Figure 6.1: Schematic diagram of electropermeabilizatassisted liquid biphasic

flotation system
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Table 6.2: Initial settings and variables of operating condition for the

electropermeabration-assisted LBF

No. Operating conditions Initial Variables Units
setting
1 Operating time 10 2.5, 7.5and min
electropermeabilization 10
2 Position of copper Interphase  Top and N/A
electrode bottom
3  Voltage applied 10 5, 15, 20 and Voltage
25 V)
4 Biomass concentration 50 30, 40, 60 mg
and 70

6.3.3 Spectrophotometric determination

6.3.3.1Determination of extracted fucoxanthin concentration

The stock solution of fucoxanthin standard was prepared at 50 pg/mL using
ethanol an@-propanol. The absorbance of fucoxanthin was determined using a UV
vis microplate spectrophotometer (Epoch, BioTek). The screening of absorbance
ranging from 300 600 nm, the highest absorbance for fucoxanthin was found at
ODuass and the standard curve was prepared by diluting the stock solution into six
different concentration (0, 1.56, 3.12, 6.25, 12.5 and 25 pg/mL). Based on the
standard curves, the fucoxanthin concentration was derived bagsfiation (1)
and Equation (2) in ethanol and -propanol, respectively. The extracted
fucoxanthin samples were examined in triplicate, and the results were expressed as

mg of fucoxanthin per g of microalgae biomass (mg/g).
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0 O&E ¢ & — (1)
0 ¢ NiENWeE &A — (2)

where G&thanonand G2propanonare the concentration of fucoxanthin using ethanol

and 2propanol.

6.3.3.2Calculations of partition coefficient and extraction efficiency and
recovery yield
Thepartition coefficient K) of extracted fucoxanthin in the LBF system was

calculated based dequation(3):
L — 3)

whereCrmandCrg) arethe concentrations of extracted fucoxanthin (ug/mL) in the

alcohol top and salt bottom phase, respectively.

The volume ratio\(r) of the LBF system was determineid Equation(4):
W - (4)

whereVrandVg are the volumes of the top and th&tom phases, respectively.

The extraction efficiencyH) of extracted fucoxanthin in the LBF system

was calculated basexh Equation(5):

0 — (5)
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6.3.3.3Quantification of extracted fucoxanthin using highperformance liquid
chromatography analysis
The extracted fucoxanthin from the optimized LBF and
electropermeabilizaticassisted LBF system was subjected to a Highformance
Liqguid Chromatography, HPLC system (1200 Infinity, Agilent Technologies)
coupled with avariablewavelength detector (VWD) and an autosampler. A C
column (ZORBAX Eclipse Plus, 4.6 1T 100
phase in the HPLC system. The injection volume and flow rate were set at 20 pL
and 0.7 mL/min, respectively. For tmeobile phase, a mixture of methanol and
water (97:3) was used. It is ensure that the mobile phase and sample were filtered
through a 0.45um membrane prior to the HPLC operat{®oo et al., 2020e)The

fucoxanthin peak of the standard and the extracted samasleecorded at 3.2 min

of retention time at wavelength of 445 rjRoo et al., 2015)

6.3.4 Evaluation of antioxidant activities

6.3.4.1Trolox equivalent antioxidant capacity (TEAC) assay

The extracted fucoxanthin froi@. calcitransof the optimized LBF and
electropermeabilizaticassisted LBF system were analyzed using TEAC assay as
conducted in the previous work by Khoo et(@021) The preparation of ABTS
r adi c adzinobis(3-etl¥Ibgnzothiazolin®-sulfonic acid) ABTS radical
(ABTS?) stock solution was freshly prepared xing 7 mmol/L of ABTS
solution and 2.45 mmol/L of £0sS; solution at a volume ratio of 1:1. The freshly

prepared ABTS stock solution was incubated for 184 h at room temperature
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under dark condition. Before using the ABTSock solution, it musté further

diluted with methanol until an absorbance value of 0.70 £ 0.05 at 734 nm was
obtained and the diluted AB¥Stock solution was stored at room temperature prior

to usage. TEAC assay was conducted by mixing 100 pL of sample (extracted
fucoxanthin o Trolox standard solution) or methanol (as control) with 3.8 mL of
diluted ABTSO0 stock solution. The samp
temperature and was analysed using ai \4¥ spectrophotometer (U800,
Shimadzu) at 735 nm. Trolox standard sans were prepared in the concentration

range of 31.25 2000 pM/L. The results were recorded in triplicate and were

expressed as €M of (. cacitrammicraalgae credadxteactt s p e

(eM TEs/ g CE). Per cent a glelatedfusingequatore n gi n g
(6):
0 Qi Q& QM ¢ MPE—0 p Tt 1T P(6)

6.3.4.2Total phenolic content (TPC) assay

TPC assay of extracted fucoxanthin was quantified using-&atinalteu (F
C) method adapted in literature stugiajimahmoodi et al., 2013)n brief, the F
C reagent was diluted 4f@ld with deionised water (1:9). TPC assay was conducted
by mixing 100 uL of sample (extracted fucoxanthin or gallic acid standard solution)
with 500 pL of diluted FC reagent. The sample was incubated for 5 min at room
temperature under dark condition. After 5 min, 2 mL of 75 g/L ofa was added
into the mixture and was left to settle for 90 min at room temperature under dark

condition. The sample was then measured at an absorbance at 760 nm using a UV
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Vis spectrophotometer. The gallic acid was used as standard solution prepared at
coneentration range at 7.8%00 mg/L in this assay. The results were expressed as
mg of gallic acid equivalents per 100 gifcalcitranmicroalgae crude extract (mg

GAEs/g CE).

6.3.5 Statistical analysis

The statistical analysis was conducted by evalutitedneans of triplicate
reading collected from the experiment. All the collected data was subjected to one
way ANOVA followed by Tukey HSD posgtoc test using Microsoft Excel to

evaluate the significant differencgs@® 0. 05) .

6.4 Results and discussion

6.4.1 Optimization of the LBF system for the extraction of fucoxanthin from
C. calcitranmicroalgae
6.4.1.1Effect of types of food grade alcohol and salts on the extraction of
fucoxanthin from C. calcitranmicroalgae
In this study, LBFs made of various combinatiof®od-grade alcohol (i.e.,
ethanol and propanol) and salteHPQs, (NH4)2SQs, NasCeHs07, NeeHP Qs and
NaxCOz) were selected to evaluate the LBF system for the extraction of fucoxanthin
from C. calcitranmicroalgae. The selection of fogglade alcohol was to avoid the
use of hazardous conventional organic solvents such as hydrochloric acid (HCI),
chl oroform (CHCI ), di methyl sul foxi de

food-grade status solvents are mgreferable for the fucoxanthin bioprocessing
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(Khoo et al., 2019a)The selection of alcohol wdmased orthe solvent closest to
polarity of the desired bioactive compouimdwhich the final extract contains the
highest ecovery yieldand subsequently higher antioxidant activit{Eso et al.,
2015) Besides, fucoxanthin ia hydrophobic compound which tends to partition
towards the hydrophobic environment (alcohol top phase) for its soluBased

on the resultsthe highest yield of extracted fucoxanthusing ethanol and 2
propanol achiew# 9.18 + 0.28 mg/g and1.91 +0.15 mg/g, respectively. The
corresponding E values for ethanol andr@panol wer@2.79 + 0.19% and 97.76

+ 0.21% with K values of 4.07 + 0.11 and 36.92 + 0.20, respectively. It was found
that the LBF system composed of alcohol withoMRQs salt was unde to
formulate a biphasic system which could probably due to the saltingffect of
alcohol at higher concentration (250 g/L) of aqueous salt solution. The excellent
performance of LBF system composed oprdpanol was due to its longer
hydrocarbon chia and hydrophobicity interaction which is compatible for the
extraction of fucoxanthin possess with sgrlar characteristics into the alcohol

top phase.

The various type of salts consists of phosphatdphate, bicarbonateand
citratebasedweretested in the LBF system for the extraction of fucoxanfitam
C. calcitranmicroalgaelt was found that sulphaigased salt has a higherandK
in the LBF system. As for bicarbonateased salt, the formation of salt crystal
precipitate was found at the bottom agueous solution making the LBF system to be
less desirable for the separation process. Similarly. the initial mixture of alcohol

with NeeHPQ; salt revealed the formation of biphasic system, however after a period
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of aeration, the bottom aqueous phase of the LBF system undergoes crystallization
where fine crystal is formed. Despite of its gdbdialues, the formation of salt
crystal in the LBF system imchtes thenon-equilibrium of both liquid phases in
alcohol/saltbased LBF system, in fact this may cause clogging or diminish the
aeration on the sintered disk reducing the performance of the LBF sifgtem et

al., 2019a) (NH4)>SOs has been an auspicious salt used in lidigjdid extraction

of various biomolecules due to its $Qons that interacts well with water forming

an excellent hydration capacity to saittfucoxanthin to the top phase. Collectively,
the LBF system comprising 100% (w/w) ofoPopanol and 250 g/L dNH4):SQu

was selected for the subsequent study for the extraction of fucoxanthinCirom
calcitrans microalgae.Table 63 shows the performance in terms of extracted

fucoxanthinyield, E andK of LBF systems comprised of various alcohol and salts.
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Table 6.3: Effect of various type of alcohol and salts on the extraction of fucoxanthinQraralcitransmicroalgae. The initial

operating condition of the LBF system were 50 mg of lyophili2edalcitransmicroalgae biomass, 50 mL of 100% (w/w) alcohol,

50 mL of 250 g/L of salts, 1:1 volume ratio, 10 min flotation time and 100 cc/min flowrate.

Type of alohols  Type of salts Biphasic Extracted E (%) K
formation fucoxanthin (mg/qg)

Ethanol KoHPOy Yes 7.26 +0.10 91.52 +0.15 3.40+0.20
(NH4)2SQy Yes 9.18 +0.28 92.79 £ 0.19 4.07£0.11
NaszCesHs07 Yes 6.07 £0.12 89.47 £0.25 2.68 +0.15
NaeHP Oy No - - -
NaCOs Yes 6.53%+ 0.22 90.03+0.18 290+0.21

2-Propanol K2HPOy Yes 10.81 £+ 0.55 80.28 £ 0.59 1.57+0.16
(NH4)2SQy Yes 11.91 £+ 0.15 97.76 £ 0.21 36.92 £ 0.20
NasCesHs07 Yes 11.40+0.31 83.84 +£0.23 2.67 +£0.12
NaeHP Oy No - - -
NaCOs Yes 8.55% 0.27 90.15+ 0.28 4.30+ 0.18
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6.4.1.2Effect of concentration of alcohol and salt of the LBF system

It is essential to evaluate the concentration of alcohol and salt as it influences
the equilibrium of the LBF system. The change in concentration of the phase
forming components may shift the properties (e.g., interfacial tension, density and
viscosity) ofthe biphasic system and this affect the solute partitiofihgo et al.,
2019a, Chew et al., 2019d)he partitioning of the fucoxanthin was conducted by
varying the concentration off@opanol within 60 to 100% (w/w) and (NHSQi
concentration within 150 to 350 g/L in the LBF system. Basefigure 6.2, as the
concentration of propanol increased from 60% (w/w) to 90% (w/w), the yield
attained from the extracted fucoxanthin increased from 10.09 + 0.70 mg/g to 14.02
+ 0.21 mg/grespectively. By observation, 60% (w/w) epBopanol concentration
possess a longer time for the formation of biphasic system and this phenomenon can
be explained due to its poor partitioning< 12.53 + 0.88) between the alcohol and
salt phase componentAs the concentration off@opanol increases, thé of the
biphasic system also increases from 12.53 £ 0.88 to 117.18 + 1.53, respectively. In
this case, it was found that the 90% (w/w) gdrdpanol has a higher volume on the
top phase (M= 69 mL) canpared to other concentration. This could due to the free
volume available allowing the partitioning of fucoxanthin to the alcoicbl top
phase of the LBF system. The results showed that optimal LBF system composed
of 90% (w/w) of 2propanol and 250 g/bf (NH4)>SQs achieved the highest yield
of extracted fucoxanthin (14.02 + 0.21 mg/)97.81 £ 1.15%) an& (117.18 +
1.53), respectively. The effect of concentration gfr@panol on the extraction of

fucoxanthin was subjected to the statistical angjywhere the yield of extracted
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fucoxanthin was significantly affected € 0.05) by the concentration of#opanol.
Based on the results, 90% (w/w) ofpBopanol was selected for the subsequent

extraction studies.
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Figure 6.2: Effect of various concentration off@opanol for the extraction of

fucoxanthin fromC. calcitransmicroalga using LBF system.

The concentration of (NHSQs was varied in the range within 150 to 350
g/L along with 90% (Vw) of 2-propanol LBF systentigure 6.3 shows the effect
of (NH4)2SQw on the yield of extracted fucoxanthi, and K of C. calcitran
microalgae. When the concentration of )3 varieswithin 150 g/L to 250 g/L,
the K valueincreased from 19.91 + 1.16 1d7.18 + 1.53, respectivelyut theE

value was maintained at 97%lowever, by increasing the concentration of
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(NH4)2SQs up to 350 g/Lwould influencethe K valuedrastically(56.90 + 1.07.
Meanwhile. tthconcentration of(NH4)2SQu of 350 g/L, reduces the yield of
extracted fucoxanthin (10.04 + 0.65 mg/g) in the LBF systEnis is due to the
high salt concentration that reduces the volume-pifapanol top phase (3= 54
mL) for the extracted fucoxanthito be accumulated. This finding was similar to
G- mez L or e d ctatmgthatie reductian Of fre¢ yolume at the top phase
decreases the yield of extractegrophobic compountb be partitioned at the top
phase( G- mez L or edao Asea resat] 250 g/L2dNH4)SOw salt

concentration was chosen for the following experiment.
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Figure 6.3: Effect of various concentration of ammonium sulphate for the
extraction of fucoxanthin fror@. calcitransmicroalgae using LBF system.
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6.4.1.3Effect of flotation time and flow rate

Based on Sankaran et 2018), the air flotation time and flow rateeghe
critical aspects to be evaluated in the LBF system as theager interface per unit
volume of aqueous solution in tim&ankaran et al., 2018bYhe mechanism
interaction between the adsavetbubble and the analyie regardto the extraction
process of the LBF system wpeeviouslyevaluated using a mathematical model
(Tham et al., 2019)igure 6.4 shows the effect of flotation timen the yield of
extracted fucoxanthin, E and K @f. calcitran microalgae. As the flotation time
increase from 5 min to 10 mins, the yield of extracted fucoxanthin increases within
10.78 £0.22 mg/g to 14.02 + 0.21 mg/g, and K of 20.77 + 0.39 to 117.18 + 1.53,
respectively. Though, by subsequently increasing the flotation up to 15 min, the
yield of extracted fucoxanthin decreases approximately by 7%. This indicated that
the prolonged flotadn time does not enhance the recovery yield and extraction
efficiency (Phong et al., 2017c) ikewise, the mathematical model reported by
Tham et al(2019) claimed that the prolonged flotation time may reduce the yield
due to the reversextraction process cause by the free fall acceleration of the
bubble, phase components and solute interadBteriorating the extraction process
(Tham et al., 2019)Therefore, the flotation timef 10 min was selected as the

optimal duration for the extraction ifcoxanthin fran C. calcitransmicroalgae.
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Figure 6.4: Effect of flotation timefor the extraction of fucoxanthin froR.

calcitransmicroalgae using LBF system.

The flow rate was varied within the range of 50 to 150 cc/min for the
extraction offucoxanthin fromC. calcitransmicroalgae. According t&igure 6.5,
as the flow rate increases up to 125 cc/min, the yield of extracted fucoxanthin
achievedl2.92 + 0.57 mg/g to 14.78 + 0.79 mg/g wittof 69.99 + 1.85 to 152.15
+ 1.13, respectivelyWhenthe flow rateincrease®eyond 150 cc/minthe yield of
extractedfucoxanthin andK reducesin the LBF system. This indicates that the
interface of the LBFsystem is disturbed by the harsh turbulence that result in re
dissolution ofextractedfucoxanthin into the bottom phaggi et al., 2010h) This
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was supported by Li and Dong (2010), claiming that the high flow rate in the LBF
system was unable to rupture at the simdée, instead this causes the accumulation
of bubbles on the top phase of the LBF systeirand Dong, 2010)Hence, the flow

rate of 125 cc/min was selected as the optimal condition for the extraction of

fucoxanthin fromC. calcitransmicroalgae using the LBF system.
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Figure 6.5: Effect of flow ratefor the extraction of fucoxanthin fro@. calcitrans

microalgae using LBF system.
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6.4.2 Optimization of electropermeabilization-assisted LBF system for the
extraction of fucoxanthin from C. calcitransmicroalgae
6.4.2.1Effect of the electropermeabilizatiorassisted period in the LBF system
The implementation of electropermeabilizatiassisted in the LBF system
was to enhance the extraction of fucoxanthin f@ncalcitransmicroalgae. In this
study, the electropermeabilizatiassisted period for extraction of fucoxanthin
from C. calcitransmicroalgae was varied within 2.5 to 10 min in the LBF system.
Figure 6.6 shows the effect of electropermeabilizat@ssisted period in the
extraction process of the LBF system. Tyield of extracted fucoxanthin has
increases whethe electropermeabilitan-assisted periodaries from2.5 to 5 min,
which then decreased drastically beyond 5 min. The prolonged
electropermeabilizaticassisted period might denature these highly sensitive
carotenoids caused by the electrochemical reaction where the biomass is in contact
with the electrodedHence, the electropermeabilizatiassisted period of 5 min was
selected for the subsequent study since it achieves the highest yield of extracted
fucoxanthin of 15.44 + 0.32 mg/g with E value of 99.80 + 0.05% and K value of

229.21 + 1.17, respectively.
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Figure 6.6: Effect of electropermeabilization periotbr the extraction of

fucoxanthin fromC. calcitransmicroalgae using LBF system.

6.4.2.2Effect of the position of copper electrode in the electroperpsabilization
assisted LBF system
The position of copper electrode in the LBF system is cruci#hiagnay
influence the cell permeabilization of theébiomass for release of intercellular
compoundwia theformation of pores in the cell membrafi@&erefore, the position
of the copper electrode was positioned at three different phase such as top phase,
interphase, and bottom phase in the LBF system. Initially, the position of electrode

was placed at the injghase based on previous literature studies for the
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permeabilization of the bioma@shoo et al., 2020b, Sankaran et al., 201Bagure

6.7 shows the effect of the position of copper electrode in the LBF system for
extraction of fucoxanthin fronC. calcitransmicroalgae. By placing the electrode

at the top phase of the LBF systdire yield of extracted fucoxanth{h3.04 + 0.18

mg/g) was reduced withK valueof 193.73 + 1.03. This was probably due to the
absence of biomass located at the top phase for ttteoglermeabilization effect to

take place. When the electrode was located to the bottom phase, the yield of
extracted fucoxanthin increased by 16.09 + 0.27 mg/gkwthlue of 236.72 + 0.88,
respectively. The possible explanation could be the largeiel&@etd available in

the overall LBF system compared to the electrodes positioned at the top and middle
phase that restricted the electric field availability throughout the LBF system
(Sankaran et al., 2018blherefore, the position of copper at the bottom of the LBF

system was selected for the subsequent studies.
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Figure 6.7: Effect of the position of copper electrofie the extraction of

fucoxanthin fromC. calcitransmicroalgae using LBF system.

6.4.2.3Effect of voltage applied in the electropermeabilizatiorassisted LBF
system
The effect of voltage was applied in the rang®to 15 V in the LBF system
for the extraction of fucoxanthin fronC. calcitrans microalgae. According to
Figure 6.8, the increase of voltage applied in the LBF system from 5 to 15 V
significantly increasethe yield of extracted fucoxanthin by 11.99 + 0.36 mg/g to
16.09 £ 0.27 mg/g along with increasedalue of 174.67 = 1.07 to 236.72 + 0.88,
respectively.When thevoltage increasedbeyond 15 V the yield of extracted
fucoxanthin was reducegreatly. Thispossibleexplanation could be due to the

intense electricity discharge from the shock wave and collapse of cavitation bubbles
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which release its energy that would denature these highly sensitive carotenoids
(RoselléSoto et al., 2015)In fact, the incorporation of electropermeabilization
process also enhance tandK values in the LBF system, where these negatively
chargeC. calcitransmicroalgae are driven towards the anode of the copper electrode
(Lin et al, 2013) Thus, 15 V is the optimal voltage applied in the
electropermeabilizaticassisted LBF system for the extractiorfufoxanthin from

C. calcitransmicroalgae.
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Figure 6.8: Effect of the voltage applieidr the extraction of fucoxanthin frof.

calcitransmicroalgae using LBF system.
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6.4.2.4Effect of biomass concentration in the electropermeabilizatiomssisted

LBF system

According to literature, the effect of biomass concentration may affect the
yield of extracted fucoxanthin aritlvalue of the bioactive compound in the LBF
system(Chew et al., 2019a, Khoo et al., 2020b, Chia et al., 2@0ncreasing the
biomass concentration in the LBF system may create a more concentrated biphasic
system, which would cause an uneven partitioning effect #satits in a lower
efficiency in the recovery of fucoxanthin frath calcitransmicroalgae. In addition,
the effect of concentrated biphasic system may also mitigate the flotation of air
bubbles, therefore this declines the performance of the LBF system. The initial mass
of biomass was 50 mg in a HaiL LBF system, and the mass obtyiass was varied
within 30 to 70 mg. Based drigure 6.9, the highest yield of extracted fucoxanthin,

E andK value was obtained at 50 mg of microalgae biomass loading with 16.09 +

0.27 mg/g, 99.80 + 0.05% and 236.72 + 0.88, respectively. On the otherttzamd

be seen that higher loading of biomass (70 mg) has a lower yield of fucoxanthin
(11.31 £ 0.49 mg/g) and value (187.89 * 2.46). The decreas&imalue was due

to the accumulation of unwanted contaminates and products within the LBF system.

Thistrend of result wasimilar with Sankaran et a{2018),who stated that
the overall composition and properties of the LBF system was influence by the
concentrated amount of biomass loadiSgnkaran et al., 20180 fact,a higher
biomass loading maipfluencethe volume ratio of 2ropanol to (NH).SQs salt in
the biphasic system which affects the fucoxanthin partitioning and degenerate the

performance of the LBF syste{8ankaran et al., 20188 s a result, a mass of 50
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mg of biomass concentration is the optimal condition to achieve the maximum yield

of extracted fucoxanthirt andK values.
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Figure 6.9: Effect of mass o€. calcitrars microalgae for thextraction of

fucoxanthinusing electropermeabilizatiesssisted LBF system.

6.4.3 Antioxidant activities of extracted fucoxanthin from C. calcitrans

microalgae

The antioxidant activities of extracted fucoxanthin was evaluated based on
bothoptimized LBF and electropermeabilizatiassisted LBF system. TEAC assay
was to determine thantioxidant capacity of thextracted fucoxanthin and TPC
assay verified the presence of phenolic compounds in the sample. The extracted

fucoxanthin from LBF anelectropermeabilizatioassisted LBF system exhibi
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4876 +0.1¢ M TE/ g42B+t28M TE/ g CE, respective
curve of y = 0.0453x + 10.109 with?Rf 0.9992. As for TPC, the extracted
fucoxanthinfrom LBF and electropermeabilizatiassisted LBF system achieve

55.53 + 0.11mg GAEs/g CE and0.35 = 0.12GAEs/g CE, respectively with

standard curve of y = 0.0031x + 0.043 withdR0.9986. The values of scavenging

activity, TEAC and TPC of the extracted fucoxantigrecompared wittprevious

finding using conventional organic solvent extraction and was found to be higher

than thafFoo etal., 2015) Table 6.4 shows the antioxidant properties of extracted

fucoxanthin obtained from LBF and electropermeabilizatiesisted LBF system.

Table 6.4: Antioxidant properties of extracted fucoxanthin by LBF and

electropermabilizationassisted LBF system.

Extraction system Percentage TEAC (& TPC(mg
scavenging (%) TE/g CE) GAEs/g CE)
LBF 75.31+£0.25 48.76+0.19 55.53+0.11

Electropermeabilization 75.85+0.82 49.28+0.22 60.35+0.12
assisted LBF

6.5Conclusion

This work shows the incorporation of electropermeabilizatissisted
technology with LBF system for the extraction of fucoxanthin fi@ncalcitrans
microalgaeThe implementation of electropermeabilization has shown an effective

disintegraton of C. calcitransmicroalgadfor the extraction of fucoxanthin which is
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deemed to be more economical than the current extraction technologies. Besides,
the advantages of electropermeabilizatssisted allowsgreener and noethermal
procesdor the disintegration and extraction of sensitive bioactive compounds from
microalgae Theresults obtained from theptimized LBF condition [90% (w/w) of
2-propanol, 250 g/L of (NK)2SQy, flotation time of 10 min and flotation rate of 125
cc/min] with dectropermeabilizatiomassisted LBF condition
[electropermeabilization period of 5 min, interphase position of copper electrode,
15 V of voltage applied and biomass concentration of 50 mg] has successfully
achieved an excellent yield of extracted fucoxamtti 14.78 + 0.79 mg/gnd16.09

+ 0.27 mg/g, respectively. The extracted fucoxanthin from both systems has

exhibitedsatisfactory antioxidant properties verified by TEAC and TPC assay.
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CHAPTER 7 BIOPROCESSING OF CHAETOCEROS
CALCITRANS FOR THE RECOVERY OF FUCOXANTHIN

USING CO2-BASED ALKYL CARBAMATE IONIC LIQUIDS

Synthesis of CO2-based alkyl carbamate ILs | | Extraction of fi thin from Chaet
R\
o R
N—R o H
u Ne L. N/
+ Il ) R—N—H C—N ———)
RI o (30 min, 4°C) l // \
N o R
__________ R
| 2 moles of dialkylamine + 1 mole of carbon dioxide ! 1 CO2-based alkyl carbamate ILs |

[t byt kA gt vyt AP, i Subjected for physical and |
i chemical characterization studies !

Y @ ./
R N H Cc—N
R&o R
. Distillation process condition |
1+ Water bath 50°C and reflux column 0 - 1°C | Before treatment After treatment

_________________________________________

This chapterdemonstrateda rapid cell permeabilization and extraction of
fucoxanthinfrom Chaetoceros calcitransicroalgae by C@based alkyl carbamate
ILs. Variousextraction conditionsuch as type of Cg&based IL, concentration of

IL, incubation perioc&nd temperatur@ereinvestigatedor the maximal extraction

of astaxanthinThe cellular and surface morphology of the untreated aficbHted
biomass wasanalysed by Scanning Electron Microscopy and light microscope.
Studies onecyclability studiesvereassessetb verify its feasibility for multiple
extraction cyclesThis chapter consists of thesisrsion of work published in the
BioresourceTechnology(Khoo, K. S.et al, 2021, BioresourceTechnology322:

124520.DOl: https://doi.org/10.1016/j.biortech.2020.124%20
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7.1  Abstract

lonic liquids (ILs) have emerged as an alternative solvent used in the bioprocessing
of microalgae for recovery of valuable biomolecules. The aim of this work is to
extract fucoxanthin fror@haetoceros calcitran@&C. calcitrang by using the readily
distillable CQ-based alkyl carbamate ILs. The degree of cell permeabilization was
analysed by quantification of extracted fucoxanthin and the analyses of cell surface
morphology. Among the tested @Oased alkyl carbamate ILs, diallylammonium
diallylcarbanate (DACARB) extraction system gave the maximal yield of
fucoxanthin at 17.51 £ 0.10 mg/g under the optimal extraction conditions [90%
(v/v), 3 min and 25°C]. Moreover, the extracted fucoxanthin fraction exhibited the
satisfactory antioxidant activitieshe recyclability of DACARB was demonstrated

in the multiple batches of fucoxanthin extraction. Hence,>-B&3ed alkyl
carbamate ILs can prospectively substitute conventional organic solvents in the

downstream processing of bioactive compounds from mgaeal

Keywords: Chaetoceros calcitransfucoxanthin; carotenoids; extraction; ionic

liquids; CQ
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7.2  Introduction

A tremendous research effort has been devoted to the exploration of
microalgae as a favourable source of bioactive compounds over ikigetsy
versions of these natural compounds produced via chemical routes. Bioactive
compounds such as fatty acid, polysaccharides, phycobilin, carotenoids and
phenolic compounds have been well characterized for their beneficial health effects,
such as antixidant, antinflammatory, antidiabetic, anticancer, antmalarial,
antrangiogenic and photprotection activities as demonstrated in medical research
(Mohamadnia et al., 2020, Sathasivam and BL8) Microalgae species including
ChlorellaandSpiruinahave been granted AGRASO statu
safe), and they can be easily processed into powder(farahi et al., 2016, Soni
etal., 2017, Chew et al., 20198)wing to the their high content of carotenoids (e.g.,
astaxanthin, fucoxanthin and luteinjicroalgae have been a favourite candidate in

formulation of food supplement and nutraceuti¢&lisoo et al., 2019hb)

Fucoxanthin, an epoxycarotenol with molecular formula£HgzOs, is one
of the major carotenoidscontb ut i ng O 10% of the tot al
BacillariophyceaeandPrymnesiophyceamicroalgagPeng et al., 2011, Foo et al.,
2017) Fucoxanthinol, amarouciaxanthin A, and halocynthiaxanthin are among the
types of fucoxanthin found in most of the marinevimalgae. The unique structural
features of fucoxanthin include an allenic bond, a conjugated carbonyl- a 5,6
monoepoxide and an acetyl group; these attributes make fucoxanthin an antenna
pigment carotenoid in the main ligharvesting complexes, which amsponsible

for the transfer of energy (> 80%) to the photosynthetic electron transport chains in
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both micre and macroalga@gMikami and Hsokawa, 2013, Zarekarizi et al., 2019)

I n fact , vari ous ant i odiphedy&2+pitrylnyanazyll yv s e s
( DP P H) ;azinchBis(3tnylbenzthiazoling-sulfonic acid) (ABTS)hased

radi cal scavenging, ferric r e-datotenen g an
bleaching assay and mochelating assay revealed the roles of fucoxanthin as a
powerful antioxidant scavenger and a reducing agem et al., 2015, Xia et al.,

2013, Foo et al., 2017)

The extraction of fucoxanthin from microalgae typically involve the
conventional organic solvents like methanol, ethanol, isopropanol, chloroform,
acetone, hexane, tetrahydrofuron, ethyl acetate and dimethyl sulf@godeet al.,

2015, Guler et al., 2020, Sivagnanam et al., 2015 extraction yield is governed

by the properties of solvent including dielectrimstant and polarity index; the mid

polar solvent is suitable for the fucoxanthin extraction because of thepséani
characteristics of fucoxanth{Guler et al., 2020)Although conventional extraction
approach provides a higher yield of products, other aspects such as environmental
impact, toxicity, consumption volume, and sustainability of these organic solvents
should be thoroughly considered. Especially, conventi@x#raction method
demands for a large amount of solvents and the good efforts in managing the
disposal of solvents M2 ki Ar vel a et aal,2019)EMegihg Der w
technologies such as supercritical fluid extraction (SFE), pressurised liquid
extraction (PLE), ultrasoundssisted extraction (UAE) and microwaassisted
extraction (MAE) have been explored for the extraction of fucoxanthin

(Derwenskus et al., 2019, Guler et al., 2020, Raguraman et al., 2018, Zhang et al.,
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2018, Khoo et al., 2020bUnfortunately, these methods suffer from the common
limitations in terms of high energyonsumption as well as the harsh operating
conditions (e.g. temperature and pressure) that could denature sensitive carotenoid
(Khoo et al., 2020b)In addition, these energgtensive processes are commonly

deemed to be less economical, especially at the-knge operation.

The distinguished properties such as negligible vapor pressure, high melting
points and high thermal stability make iotiguids (ILs) a suitable solvent for the
processing of biomass processiMgkariya, 2017, Khoo et al., 2020fJhe issues
of air pollution and halth hazards associated with the volatile organic compounds
(VOCs) can be prospectively mitigated by adopting ILs as a solvent candidate.
Based on the toxicity evaluation usihglf maximal effective concentration (EC
50), VOCs including &ylene, phenoltoluene, methyl isobutyl ketone, benzene,
ethylene glycol, chloroform, ethyl acetate, acetone, and methanol exhibit a higher
level of toxicity than ILs(Stock et al., 2004, Abramenko et al., 202@preover,
some of the ILs are highly compatible with the intrinsic operatinglitons of
biomass processing (e.g., high temperature and pressure). Nonetheless, the existing
conventional ILs composed of imidazoliurand pyridiniumbased cations have
caused the concerns about their toxicity and biodegradafiilitgi et al., 2019,
Desai et al.,, 2016)However, the recycling of these conventional ILs remains a
challenge due to the inability of these ILs @ dhistilled and evaporated from the
targeted bioproduct. G&based alkyl carbamate ILs are a type of readily distillable
ILs composed of C® gas and secondary dialkylamine, forming the

dialkylammonium cation and the dialkylcarbamate anion. They can be easily

261



distilled at a mild operating temperature within 55 to 200°C, depending on the length
of alkyl chain of secondary dialkylamine. The bétsadf these C@based ILs alkyl
carbamate ILs include the utilization of one of the greenhouse gasgsariche
rapid separation of targeted bioproduct from the ILs. In fact,-liBed alkyl
carbamate ILs have been successfully applied in electroclerbiochemicals,
organic chemical synthesis, extraction process and catélyssal., 2011b, Zhou

et al., 2007, Feroci et al., 2007)

To the best of the authorsd knowl ec
extraction of fwoxanthin fromChaetoceros calcitrangC. calcitrang microalgae
by COx-based alkyl carbamate ILs have not been attempted before. In this study, the
extraction of fucoxanthin fronC. calcitranswas evaluated and optimized using
onefactorat-atime (OFAT) approach, covering the extraction conditions such as
type of CQ-basedalkyl carbamate ILs, concentration of IL, incubation period and
temperature. In addition, the surface morphology of the permeabilized cells was
analysed by light microscope and Field Emission Scanning Electron Miceoscop
(FESEM). The antioxidant propertiebthe extracted fucoxanthin, including Trolox
equivalent antioxidant capacity (TEAC) and total phenolic content (TPC), were also
assessed. Lastly, studies on the recyclability of ILs were conducted to evaluate the

performances of ILs for the successiatdhes of extraction.
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7.3  Experimental Section

7.3.1 Materials and methods

Ultrapure water produced from MHD integral water purification system
(Merck; Darmstadt, Germany) was used in experiments. Standard fucoxanthin was
purchased from  Sigma  Aldh (Germany). Dimethylammonium
di met hyl carbamate (DI MCARB) , di propyl an
99% purity), 6hydroxy-2,5,7,8tetramethychromag-carboxylic acid (Trolox),
2 ,-&iNpbis(3-ethylbenzothiazoling-sulfonic acid) diammonium salt, f@ssium
persulfate (KOsS), Folin-Ciocalteu (FC) reagent, sodium carbonate (8&s) and
gallic acid were purchased from Sigma Aldrich (St. Louis, USA). The compositions
of cultivation media, including iron (lll) chloride (FefZH.O), manganese
chloride (MnCl2-4H20), boric acid (HBOz3), ethylene diamine tetraacetic acid
disodium (NaEDTA), sodium hydrogen phosphate (N&y-2H,O), sodium
nitrate (NaNQ@), zinc chloride (ZnG), cobalt chloride (CoGI6H20), ammonium
molybdate [(NH)sM07024:4H.0], copper sulphate (CuSGH.0), silica
(N&SiOz:9H0), cobalamin (vitamin B) and ammonium formate (NHCO,)
were purchased from Sigma Aldrich (St. Louis, USA). Methanol (99.9% purity,
HPLC grade) and acetone (99.5% purity, HPLC grade) were purchasedistoen F
Chemical (Selangor, Malaysia). All abeweentioned chemicals were of analytical

grade, unless mentioned otherwise.

7.3.2 Cultivation and collection of microalgae biomass
C. calcitrans (UPMC-A0010) was mass cultured in a 1ROannular

photobioreaairs under UVsterilized seawater supplemented with Conway culture
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medium [1.3 g [} of FeCk-6H20, 0.36 g L of MnCl,-4H;0, 33.6 g ! of H3BOs,

45 g L of NaEDTA, 20 g L* of NaH,PQu-2H,0, 100 g ! of NaNG;, 2.1 g L of

ZnClp, 2.0 g L of CoCh-6H:0, 0.9 g L of (NH4)6M07024-4H:0, 2.0 g ! of
CuSQ-5H;0, 46.5 g ! of N&SiOs-9H.0 and 1 nh of vitamin By]; the culture

was exposed to the continuous light intensity of 150 pmésm(light/dark 12:12
cycle), room temperature and withptd 8.07 8.5 for 14 daygFoo et al., 2015)
Subsequently, the microalgae were harvested witlibalar separator (modet J
1250, Hanil Science, Industrial Co. Ltd., Korea). The harvested biomass was
collected and rinsed with 1 mol/L of ammonium formate to remove the excess salt
crystal. Then, the microalgae biomass was lyophilized and was stordw in t
autoclaved sample bottles-80°C. The lyophilized microalgae biomass was sieved

through a 25@nicron sized sieved prior to analysis.

7.3.3 Synthesis and characterization oCO2-based alkyl carbamate ILs

COx-based alkyl carbamate ILs were synthesizadged on previous study
conducted by Khoo et a(2021) and Song et al(2018a)(seeFigure 7.1). The
successfully  synthesized CO;-based alkyl carbamate ILs namely
dimethylammonium  dimethylcarbamate (DIMCARB), dipropylammonium
dipropylcarbamate (DPCARB), diallylammonium diallylcarbamate (DACARB)
and dibutylammonium dibutylcarbamate were subjected to characterization using
Fourier Transform InfradRed (FTIR)Spectrophtometer, (Frontier Perkin Elmer)
with an average scan of 32 scans over 40800 cm! (seeFigure Appendix 1 to

5). The functional group found in the G®ased alkyl carbamate ILs such as
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symmetric carbamate and carbamat® Gtretching peak can be veedi at the
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Figure 7.1: Chemical structuwof CO,-based alkyl carbamate ILs

7.3.4 Extraction of fucoxanthin from C. calcitrans by CO2-based alkyl

carbamate ILs

The operating parameters in-Hased solvent extraction systems, namely
types of CQ-based alkyl carbamate (DIMCARB, DPCARB, DBCARB and
DACARB), concentrations of IL (6200%,v/v), extraction period (b min) and
temperature (255°C), were studied systematically, and their effects on the
performances of cell permeabilization and fucoxanthin extraction were evaluated
based on the yield of fucoxanthin obtained. OFAT approachused to optimize

these operating parameters. In brief, approximately 25 mg of lyophilized microalgae
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biomass was incubated in a solution made of ILs and diluent. The mixture was then
incubated at presenttemperature in an incubator for a predefinedatdan. The
biomass fraction was then separated from the mixture by centrifugation at 7500 rpm
for 10 min. The supernatant containing ILs and the extracted fucoxanthin was
distilled using a rotary evaporator (Rotavapo2E0, Buchi, Postfach, Flawil,
Switzeland). The fucoxanthin was collected as the solid residue from the round
bottom flask. The solid fraction was resuspended and diluted in 3 mL of methanol.
The sample was then filtered using a 6edtn P TFE di sp4dilerabl e

(Terumo, Malaysia) prioto HPLC analysis.

7.3.5 Quantification of extracted fucoxanthin using HPLC analysis

The fucoxanthin standard as well as the samples were analysed using a High
Performance Liquid Chromatography, HPLC system (Agilent Technologies, 1200
Infinity) coupled with a variablevavelength detector and an autosampler. A C
column (ZORBAX Eclipse Plus, 4.6 1100
system. The injection volume and flow rate were set at 20 uL and 0.7 mL/min,
respectively. A mixture made ofethanol and water (97:3) was used as the mobile
phase. Prior to the HPLC operation, the mobile phase was filtered through a 0.45
pum membrane filter and was degasq&doo et al., 2021) At 445 nm, the
fucoxanthin peak was recorded at about 3.5 min of retention timeF(gaee
Appendix 13) (Foo et al., 2015)The standard curve was constructed by using the
fucoxanthin standard solutions prepared in methanol at six different concentrations

(250, 125, 62. 5, 31. 25, 15.62 and 7.
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samples were analysedtiiplicate, and the results were expressed in milligram of

fucoxanthin per gram microalgae biomass (mg/g).

7.3.6 Spectrophotometric determination of chlorophylla and b content
Concentrations of chlorophyth and b in the extractswere determined

according toEquation (1), and (2)(Lichtenthaler and Buschmann, 200T)he

absorbances of chlorophyd andb were determined at 665.2 nm and 652.4 nm,

respectively, via apectrophotometer (N800, Shimadzu, Japan)

0" & "QQ PELO g uwhp@O g 1)

6B & "0 CBLWO g p& YO g (2)

whereChl a andb represent the concentrations of chloroplayéind chlorophylb

in methanol, respectively.

7.3.7 Evaluation on antioxidant activities

7.3.7.1TEAC assay

The antioxidant properties of fucoxanthin extracted fongalcitranswere
analysed using the TEAC assay as reported in the previous work by Khoo et al.
(202)wi t h mi nor modi f-azioabis(3-evhplbenzdthiazoling-i e f |
sulfonic acid) ABTS radical (ABTS stock solution was freshly prepdrey mixing
7 mmol/L (0.18 g) of ABTS solution and 2.45 mmol/L potassium persulfate,
K208 solution at 1:1 of volume ratio, then the stock solution was incubated for 24
hr at room temperature under dark condition. ABE®ck solution was further

diluted with methanol until an absorbance value of 0.70 = 0.05 at 734 nm was
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achieved. The stock solution was stored at room temperature prior to usage. TEAC
assay was carried out by mixing 100 pL of sample or methanol (as control) with 3.8
mL of diluted ABTS stock solution. The sample was incubated for 5 min at room
temperature and was analysed using a-\U¥ spectrophotometer (U800,
Shimadzu) at 735 nm. The results were recorded in triplicated and were expressed
as ¢emol of Tr ol ox exract (VEs/y @E). (Treloxgatutionsy o f
in the concentration range of 31.22000 puM/L were used as the standard. The

percentage of scavenging activity was calculated usingtitm (3):

0 Q1 Q& oIt & Qe "Q

pnmbk (3)

7.3.7.2TPC assay

The TPC of fucoxanthin was quantified using Feliimcalteu (FC) method
as reported elsewhefelajimahmoodi et al., 2013Firstly, the FC reagent was
diluted 10 folds with the purified water. 100 puL of samples was then mixed with
500 uL of the diluted FC reagent. The sample was incubated for 5 min at room
temperature under dark condition. Then, 2 mL of 75 g/40Xa solution was added
into the mixture, which was then left settling for 90 min at room temperature under
dark condition. The absorbance of the sample was then measured at 760 nm using a
UV-vis spectrophotometer. Gallic acid (78500 mg/L) was used as the standard
in this assayThe results were expressed as mg of gallic acid equivalents per 100 g

of crude extract (GAEs/g CE).
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7.3.8 Microscopic and surface morphology analysis of. calcitrans

To evaluate the impact of Gdased alkyl carbamate ILs on the degree of
cell permeabilization, the surface morphologyCofcalcitranswas analyzed before
and after the treatment by ILs. The surface morpholog{.otalcitranswas
analysed by a compound microscope (CX21, Olympusppqd with an eyepiece
power of 1& and two objective lenses with 40x and 100x (oil immejsion
magnification The surface morphology of permeabilized cells was also scrutinized
under a higher magnification by a Field Emission Scanning Electron Microscope
(Quanta 400, FEI, USA) equipped with an Environmental Scanning Electron

Microscope (ESEM) detector.

7.3.9 Recyclability of DACARB

DACARB was distilled from the extracted fucoxanthin samples via rotary
evaporation, and the recovered IL was reused fauhsequent round of extraction.
In this study, the extraction system was scaled up by 5 folds because a larger volume
of ILs could avoid the loss of ILs that wetrapped in the condenser. The samples
collected from the extraction systems were first hedted0°C in a rotary
evaporator. The evaporated DACARB was condenséd@and was collected in
the round bottom flask. The DACARB recovered from the rotary evaponasr
used in the treatment of a new batch of microalgal biomass. To compensate the loss
of IL fraction during evaporation, the concentration of DACARB used in éve n
batch of extraction system was adjusted accordingly. The successive extraction of

fucoxanthin by the recycled ILs was conducted three times.
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7.3.10 Statistical analysis

The statistical analysis was conducted by calculating the average of triplicate
readings collected from the experiments. The concentration of fucoxanthin extracted
from C. calcitranswas expressed as mean + standard deviation (SD) mg per gram
of biomass (mg/g). All the collected data was subjected texayeANOVA using

Microsoft Excelto identify the significant differencespfO 0. 05 .

7.4 Result and discussion

7.4.1 Effect of types of CQ-based alkyl carbamate ILs on extraction of

fucoxanthin from C. calcitrans

Four types of C@based alkyl carbamate ILs, namely DIMCARB,
DPCARB, DBCARB and DACARB, were investigated for their performance in the
cell permeabilization o€. calcitransand the extraction of fucoxanthin. Based on
Table 7.1, DACARB system gave the highest yield of fuaathin (14.98 + 0.11
mg/qg), followed by DPCARB, DIMCARB and DBCARB systems yielding 14.31 +
0.14 mg/g, 12.04 £ 0.01 mg/g, and 5.42 + 0.31 mg/g of fucoxanthin, respectively.
The results showed that the performance oh-8&sed alkyl carbamate ILs in
permedilization of the microalgalcell wall was governed by the structure,
functional group and chemical properties of the cationic and anionic counterparts of
IL. The mechanism of cell wall permeabilization was mainly attributed by the
hydrogen bonding intertion (hydrogerbonding acceptor) between the anions of
IL, [R2N-COQ], and the hydroxyl groups of cellulose from the cell wallQf

calcitrans This finding was supported by Endo et @016)reporting a gradual
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downshift from 4.5 ppm to 6.8 ppm in thd NMR spectrum of hydroxy!l group (

OH) of cellulose, which indicates that the deconstructed crystalline structure of
cellulose was caused by the anion bridging phenomenon induced by the hydroge
bonding. On the other hand, Swatloski e{(2002)claimed that the hydrophilic IL

has a higher tendency to disrupt the hydrogen bond network of cellulose in the cell
wall. This finding was in an agreement with the results reported here, where the
hydrophobic nature of DBCARB resultada lower extraction yield of fucoxanthin.

In fact, a similar trend of results was demonstrated in a previous study conducted by
Desai et al(2016) who reported that a longer alkyl chain of anions in imidazole
based ILs is important in dissolving certain components in the encysted cell wall of
Haematococcusmicroalga. The excellent performance of DACARB in the
extraction of fucoxanthin fror€. calcitransmay be contributed by the long anion
chain as well as the hydrophilic nature of IL. In consideration of the highest yield of
fucoxanthin obtained, DACARB was selettéor the studies of other operating

conditions.
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Table 7.1: Yields of fucoxanthin, chlorophyl andb extracted fronC. calcitrans

by various types of C&based alkyl carbamate ILs

Type of COz-based Fucoxanthin Chlorophyll a  Chlorophyll b

ILs @ content (mg. g (mg. oY (mg. g

DIMCARB 12.04 £ 0.11 245x0.01 2.04 £0.03
DPCARB 14.31 £ 0.13 3.88 £ 0.05 2.19+0.05
DBCARB 542 +0.31 3.43+0.01 5.34 £ 0.09
DACARB 14,98 £ 0.11 2.71x0.01 1.69 £ 0.02

a Experiment conditions: 100% (v/v) of ILs; 3 min of incubation; 25°C
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7.4.2 Effect of concentrations of DACARB on extraction of fucoxanthin from

C. calcitrans

For comparative purposes, the control studies weeducted using
conventional organic solvents (i.e., 100% of methanol and acetone) for the
extraction of fucoxanthin fron€C. calcitrans Conventional solvents have been
widely applied in the extraction of bioactive compounds due to their characteristic
polarity indices (i.e., chloroform (4.1), methanol (5.1) = acetone (5.1), ethanol (5.2)
and water (9.0(Foo etal., 2015) To evaluate the effect of DACARB concentration
on the performance of fucoxanthin extraction, the diluted solutions of DACARB
diluted with purified water (diluent) ranging from 60% (v/v) to 90% (v/v) was used.
Based orFigure 7.2 as the concentration of IL increased from 60% (v/v) to 90%
(v/v), the yield of extracted fucoxanthin increased from 11.99 + 0.17 mg/g, 13.70 +
0.14, 15.06 + 0.22 mg/g arid.51+ 0.10 mg/g, respectively. The results showed
that a lower concentration of DAXIRB does not promote a good permeabilization
of microalgal cells for the extraction of fucoxanthin fr@ncalcitrans Similarly,
100% (v/v) of DACARB was not favourable for the extraction, which could be due
to the absence of diluent (purified water) &ding the cell permeabilizatiotit is
postulated thathe presence of diluent facilitates the release of fucoxanthin from
microalgae, while definite amount of ILs is necessary for permeabilizing the cells
in the first placeThe effect of concentratiasf DACARB on fucoxanthin yield was
subjected to statistical analysis, which shows that the yield of fucoxanthin was
significantly affected (p<0.05) by the concentration of DACARY. a result, 90%

(v/v) of DACARB was selected as a constant in the folhmpextraction studies.
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Figure 7.2: Yields of fucoxanthin from the extraction systems conducted at
different concentrations of DACARB. Control studies were performed by using
acetone and methanol at 10@%). Experiment conditions: 3 min of incubation;

25°C.

7.4.3 Effect of extraction time on the extraction of fucoxanthin from C.
calcitrans
Duration of extraction can have a significant effect (p < 0.05) on fucoxanthin
extraction because a suffictercontact period ensures the complete for
permeabilization ofC. calcitransby DACARB and the dissolution of fucoxanthin
by the ILs frombiomass.Figure 7.3 shows the yield of fucoxanthin obtained at

different extraction periods. When the duration of extraction increased from 1 min
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to 3 min, the yield of fucoxanthin increased marginally from 14.28 + 0.30 mg/g to
17.51 £ 0.10 mg/g. In general, a longer incidraperiod allows a greater degree of

cell permeabilization by DACARB, thereby enhancing the permeation and
disintegration of cellular structure of. calcitrans However, there was no
significant increase in the yield beyond 3 min of extraction process; t
phenomenon may indicate the complete diffusion of fucoxanthin@ocalcitrans
reaching the maximal mass transfer of target compound between the inner and outer
regions of cellf Ruen n gam. Eerefoae| 3 min oReRirhcign time was
selected as the optimum incubation period for the extraction of fucoxanthirCtrom

calcitrans
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Figure 7.3: Yields of fucoxanthin from the extractiosystems incubated for

different durations. Experiment conditions: 90% (v/v) of DACARB; 25°C.
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7.4.5 Effect of temperature on the extraction of fucoxanthin from C.
calcitrans
The temperature of extraction condition may influence the diffusibility of
bioactive compounds from microalgae as well as solubility of IL during cell
permeabilization. An optimal temperature used in the extraction is critical because
a high temperature may degrade the temperaemsitive compounds, especially
carotenoids (i.el ut ei n, ast axant-barotene). Aswsboarrxiea nt hi n
Figure 7.4, an increase in the temperature of extraction from 25°C to 55°C causes
a gradual reduction in fucoxanthin yield fraki@z.51 + 0.10 mg/g to 13.85 + 0.47
mg/g. Based on the statistical analysis, the yield of fucoxanthin was significantly
affected(p < 0.05) by the temperature used in the extraction prodesse, 25°C
is considered as an optimal temperature for the ekdraof fucoxanthinfrom C.
calcitrans This temperature condition is in an agreement with a previous extraction
study conducted by Viera et gR018) at optimum temperature of 25°C, who
showed the maximal yield of carotenoid ranging from 2.57 + 0.26 tod3g31 +
0.02 mg/g, depending on the batch of algae stock (Meda et al., 2018)In
addition, a high temperature condition is also not desirable because of the low
boiling point of DACARB (59°C); the loss of DACARB during the extraotiwill
affect the maximal extraction yield of fucoxanthin. Hence, the ideal temperature
used in the extraction of fucoxanthin frddn calcitransis at 25°C, which can be
easily achieved without requiring excessive heating and cooling of the extraction

sysem.
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Figure 7.4: Yields of fucoxanthin from the extraction systems conducted at
different temperatures. Experiment conditions: 90% (v/v) of DACARB; 3 min of

incubation.

7.4.6 Comparison studies and assessment of environmental sustainability of
DACARB-based extraction system
The DACARB-based solvent extraction system was compared with other
reported extraction strategies in terms of yield of fucoxanthin and operation
conditions. Conventional solvent extraction has been successfully used in the
extraction of fucoxanthin from microalgal source; however, their yields of
fucoxanthin were considered significantly lower than the DACARBed

extraction system. For example, the ysetd fucoxanthin obtained from the solvent
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extraction systems comprising 100% (v/v) of methanol, ethanol, acetone or ethyl
acetate were in the range of 1i73.23 mg/g(Foo et al., 2015, Kim et al., 2012a)
Extraction of fucoxanthin froniPhaeodactylum tricornuturmicroalgae has also
been attempted by using various extraction methods ingudateration extraction
(conditions: 25°C, 30 min; yield: 15.71 mg/g), Soxhlet extraction (conditions: 100%
ethanol, 80°C; yield: 15.42 mg/g), ultrasotsmskisted extraction (conditions: 70
KHz, 25°C, 30 min; yield: 15.96 mg/g) and pressurized liquid etta
(conditions: 100°C, 1500 psi at 30 min; yield: 16.51 m@gn et al., 2012a)The
performances of these extraction systems are comparable to the DAGaSRB
solvent extraction system, but most of these extraction systems rely of energy
intensive instrumentation (e.g., high temperature and pressure), which may also
easily denature the labile carotenoids after the proce@3exai et al., 2016, Liu et

al., 2019b)

ILs have been claimed to be an expensive solyee to their costly starting
materials for synthesis; therefore, it is important to adopt strategies that allow the
recovery of ILs after their usage and ensure the practicability of ILs at the
commercial scalgAbu-Eishah, 2011) The recovery of IL can be attained by
approaches like distillation, extraction, adsorption, chromatography, membrane
based separation and crystallization. The selection of recovery strategies must
consider the characteristics of ILs such as viscosigindength, volatility, stability,
toxicity and biodegradability. In this study, DACARB used in the optimized
extraction conditions was recovered and reused in multiple cycles of extraction. The

yield of fucoxanthin as well as the recovery percentagesatke reported iRigure
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7.5. The yields of fucoxanthin slightly decreases after multiple rounds of extraction
using the recycled DACARB. This might be due to the presence of water residues
generated during the distillation of DACARB. As statedeattion7.4.2 a drop in

the DACARB concentration below the optimal level will reduce the yield of
fucoxanthin because the diluent concentration (i.e., distillate water) could impact
the performance of cell permeabilizatidesides, the loss of DACARB could be
caused by the residues of IL trapped in the algal bioratissthe extraction process.
Based on the findings from Zhou et@019)reported that the poor performance of
IL-based solvent extraction may also be due to the presence of components (i.e.,
impurity and residual) from microalgae. Therefore, it is important to maintain the
composition of recovered ILs before employing themtfe multiple rounds of

extraction.
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Figure 7.5: Yields of fucoxanthin from the extraction systems conducted using
different batches of recycled DACARB. Experiment conditions: 90% (v/v) of

DACARB:; 3 min ofincubation; 25°C.

7.4.7 Cellular and surface morphology studies of DACARBtreated C.
calcitrans
The degree of cell permeabilization by DACARB can be assessed by
evaluating the surface morphology@fcalcitransafter the extraction process. The
microscopic images of. calcitransbefore and after the treatment by DACARB
under the optimized extractioconditions are shown iRigures 7.6. Based on
Figure 7.6 (A1) and(A2), the C. calcitransmicroalgaeare irregulailike spherical

in shape and composed with yellowish fucoxantith pigments encapsulated
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inside the cells by cell wallfter the treatment of microalgae by DACARB, the
yellowish fucoxanthifrich pigments were absent, leaving the colosriesis(see
Figure 7.6 (B1)and(B2)). This revealed the release of fucoxanthin pigments to the
surrounding through the permeabilized cell wall @f calcitrans The similar
findings were also reported in previous studies adopting IL in the extractahasstu

of biomass processin@hoi et al., 2019, Desai et al., 2016, Vijayaraghavan and
Macfarlane, 2014)Since the cavities formed on the cell surface is difficult to be
observed, the microalgal cells were subjected to FESERFgure 7.7). From the
FESEM images, the freezkried C. calcitransbefore DACARB treatment had a
smoother surface that is free fromaviies shown inFigure 7.7 (Al) to (A4).
Conversely, the cell surface of the treafedalcitransappeared to be wrinkled and
rough(seeFigure 7.7 (B1) to (B4)). Moreover, the treate@. calcitranscells have
more cavities on the surface, and this indicates the compromised structure of cell
wall that permits the diffusion of fucoxanthiith pigment through these tiny
cavities. These findings prove the capability of DACARB in permeabilizing the cell

wall of C. calcitrans
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Figure 7.6: Microscopic images of cellular morphology®f calcitransmicroalgae
(A) before, andB) after cell permeabilization by DACARBptimized extraction

conditions under magnification ¢f) 400x and2) 1000x, respectively.
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Figure 7.7 SEM of C. calcitrans microalgae(A) before, and(B) after ll

permeabilization by DACARBptimized extraction conditions under
magnification, wherd-4 refers to the magnification at 1500%, 3500x%, 5000x and

12000x, respectively.
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7.4.8 Antioxidant activities of fucoxanthin extracted from C. calcitrans

The fucoxanthin extracted frof@. calcitranswas subjected to antioxidant
analyses to further confirm its bioactive properties. TEAC assay determined the
fucoxant hi no6s yawhiteithe XPC c&ssay tconfenas tha présénce of
polyphenolic compounds in the samplEable 7.2 shows the antioxidant properties
of fucoxanthin extracted fronC. calcitrans using different C@based alkyl
carbamate ILs. The fucoxanthin extracted by DACARBowed the highest
antioxidant value (934.45 N 0.08 &M TE,
2.5374; R=0.9962). As compared to the previous findings, the scavenging activity
of the extracted fucoxanthin was higher than that extracted by the conventional
organic solventéGoiris et al., 2012, Cha et al., 2010, Foo et al., 20Qi)the other
hand, the fucoxanthin extracted by DACARB system exhibited a TPC value of 6.55
+ 0.07 mg GAEs/g CE [staadd curve: ORso= 0.0032(Gallic acid concentration)

+0.0519; R=0.9997).
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Table 7.2: Antioxidant properties of fucoxanthin extracted by different-®@@sed

alkyl carbamate ILs.

COz2-based alkyl Percentage TEAC ( TPC (mg GAEs/g
carbamate ILs scavenging TE/g CE) @ CE)?2

(%)
DIMCARB 9528 £0.04 931.19+0.09 5.88+0.06
DPCARB 95.55+0.01 933.87+0.08 5.30+0.06
DBCARB 95.55+0.04 933.86+0.07 5.75%0.08
DACARB 95.61+£0.02 934.45+0.08 6.55%0.07

2TE is Trolox equivalents, CE is crude extract, and GAE is gallic acid equivalent.

7.5  Conclusion

This work unveiles the potential of cell permeabilization and extraction of
fucoxanthin fromC. calcitransusing CQ-based alkyl carbamate ILs. DACARB
system shows the best extraction performance, under which the optimized
conditions [90%, (v/v) of DACARB, 3 min, 25°C)] gave the highest yield of
fucoxanthin (17.51 mg/g). From the analysis of surface morphology, fudoxant
was released through the tiny cavities present on the permeabilized cell v@lls of

calcitrans The satisfactory antioxidant activities of the extracted fucoxanthin was
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validated by TEAC and TPC assays. The recyclability of DACARB was proven by

the swcessive cycles of fucoxanthin extraction fr@mcalcitrans
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CHAPTER 8 CONLUSIONS AND FUTURE WORKS

This thesis project established the green alternative extraction and separation
approach for the recovery of pigments from microalgathis chapterthe research
findings andachievements conducted throughout the stwdlybe summarizd.

This section also demonstrates the recommendation and possible future work of this

project that can be explored in the future.

8.1 Research Achievements

This thesishas accomplisheithe sustainable argieenalternative extraction
approachedor the recovery of pigmentsom microalgae. The development of
liquid biphasic system with recent advances technologsésg ultrasound and
electropermeabilizaticassisted has been developed in this research work as an
effective pretreatment method or cell disruption techniie implementation of
ionic liquids technologas a greener alternative solvéartthe cell permeabilization
of astaxanthin and fucoxanthhas been successfully performédregard to the
society impact of the research, the work presented in the thesis has addressed the
limitation of current microalgae biorefinery process (e.g. {tmesuming, multistep
process, high temperature and presksurhe incorporation of liquid biphasic system
with assisted technologidsas provide a onstep pretreatment and extraction
process to overcome the prolonged multistep process of conventional biorefinery.
As for the ionic liquid technology, the proposkdé used has showed a milder

permeabilization approach and the treated solvent used can be easily separated and
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recycled for the subsequent extraction process. Therebgotiety impact has been
addressed in whicthe overall cost ofthe extraction solvent usdtas been reduced

andconcerns such adisposinghazardousvastehas been overcome by recycling
the extraction solvendfter the processThe comprehensive description of each

research achievement is stated as followed:

(1) Extraction of natural astaxanthin from Haematococcus pluvialisising
liquid biphasic flotation systent Liquid biphasic flotation (LBF) system
has been developed for the extraction of astaxanthin iffaematococcus
pluvialis microalgae. The optimized conditions for théBF system
composed of 100% (w/w) of 2 propanol, 350 g/L of ammonium sulphate
salt, volume ratio of 1:1, flotation period of 15 min and biomass loading of
10 mg has successfully achieved astaxanthin recovery vyield of
95. 11%ndextra&ctore f f i ci ency of 99. &6 N 0.
scaled up 300 mL LBF system was also performed, indicating the feasibility
of extracting astaxanthin from microalgae with recovery yield of
78.38 N 0. 93 %The bubbling bffect ig the LBFR systehas .
effectively improved the recovery yield and extraction efficiency of
astaxanthin and it is considered a cost effective and shorter processing time
for the downstream processing of various carotenoids.

(2) Integrated ultrasound-assisted liquid biphasic flotation for efficient
extraction of astaxanthin from Haematococcus pluvialis The
development of an effective ostep pretreatment and extraction of

astaxanthin fromHaematococcus pluvialisnicroalgae usingintegrated
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ultrasoundassisted liquid biphasic flotation was perform&te maximal
astaxanthin recovery and extraction efficiency of 95.08 + 3.02% and 99.75
+ 0.06% is achieved under previous optimized LBF parameters and
additional ultrasoundassistedparameters as shown: ultrasound horn at
interface pulsemode of 30 s ON/5 s OFB0% ofamplitude, flowrateof
100 cc/min flotation period of 15 mirandbiomass loading of 100 m@he
cellular and surface morphologies after ultrasonication treatment was
assessed usim@pmpoundnicrosco andField ElectronScanningElectron
Microscoe (FESEM) The mechanism studies of ultrasonication in the cell
disruption ofHaematococcus pluvialimmicroalgae was investigated. The
results obtained from the scaled up 1.5L LBF system has shown a promising
recovery of astaxanthin of 83.73 + 0.70%. This indicate the efficiency and
feasibility of the integrated ultrasound technology with LBF system in
producing astaxanthin in industrial scale.

(3) Permeabilization ofHaematococcus pluvialiand solid-liquid extraction
of astaxanthin by CO-based alkyl carbamate ionic liquids Sustainable
and green extraction approaches of astaxanthin fkeematococcus
pluvialis microalgae by C@based alkyl carbamate ionic liquids was
proposed. This proposed @Based carbamate ionic liquids are readily
distillable after the permeabilizationrqeess compared to conventional
imidazole and pyridiniumbasedLs. Among thecharacterization and tested
COr-based ILs, dimethylammonium dimethylcarbamate, DIMCARB
achieved the best performance of astaxanthin extraction of 27.99 mg/g under

optimized condion of 100% (w/w) of DIMCARB, extraction period of 75
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min a extraction temperature of 45°C. The DIMCAR#®ated cell was
subjected to cellular andurface morphology analysis by a compound
microscope and Field Emission Scanning Electron Micras¢&iESEM).

The recyclability performance of DIMCARB extraction system achieved
three successive rounds of astaxanthin extraction with the recycled
DIMCARB solution. Nonetheless, the extracted astaxanthin exhibit
excellent antioxidant properties verified using TEAnd TPC assay. The
implementation of C@based alkyl carbamateas shown great potential
green solvent used in the extraction of astaxanthin.

(4) Electropermeabilization-assisted liquid biphasic flotation for the
recovery of fucoxanthin from Chaetoceros calcitransnicroalgae The
implementation of electropermeabilizatiassisted liquidbiphasic flotation
system for the recovery of fucoxanthin fro@haetoceros calcitrans
microalgae was evaluated. The maximal extracted fucoxanthin achieved
16.09 + 0.27 mg/gwith extraction efficiency 0f99.80 + 0.05% and
partitioning  coefficient of 236.72 + 0.88 under ptinized
electropermeabilizaticassisted liquidbiphasic flotation system90%
(w/w) of 2-propanol, 250 g/L of (NE.SQs, flotation time of 10 min,
flotation rate of 125 cc/minelectropermeabilization period of 5 min,
interphase position of copper electrode, 1&f Voltage applied and biomass
concentration of 50 mg. The extracted fucoxanthin fiayid biphasic
flotation system and electropermeabilizatessisted liquid biphasic
flotation systemexhibited satisfactory antioxidant properties verified by

TEAC andTPC assay. fie incorporation oglectropermeabilizaticassisted
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8.2

shows a greener and ndmermal disintegration approach for the
permeabilization of cell membrane which is favourable for temperature

sensitive carotenoids.

(5) Bioprocessing ofChaetocerogalcitransfor the recovery of fucoxanthin

using COz-based alkyl carbamate ionic liquids The potential of ell
permeabilizationof Chaetoceros calcitransnicroalgae using Cé&based

alkyl carbamate ionic liquids for the recovery of fucoxanthin was assessed
Diallylammonium diallylcarbamate, DACARB extraction system achieved
a maximal yield of fucoxanthin at 17.51 mg/g under optimized condition of
90% (v/v), extraction time of 3 min at extraction temperature of 25°C. The
DACARB-treated cell was subjected ¢ellular and surface morphology
studies to validate the degree of cell permeabilization process. The
recyclability performance of DACARB extraction system has achieved three
successive rounds of fucoxanthin extraction. The extracted fucoxanthin
provide sasfactory antioxidant activitieserified using TEAC and TPC.
These findings indicated that GOased alkyl carbamate can prospectively
substitute conventional organic solvents as green solvent in the downstream

processing of carotenoids from microalgae.

Future Works

This section focuses on thmurrent research gaps and future work are

recommended to improve the downstream processing towards commercialization in
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a greener and sustainable approach. The future works and opportunities to further

improve and extend are as followed:

(1) Recyclabilityof phase componer#nd scalaip studiesfrom liquid biphasic
systemand ionic liquidtechnologies After the extraction processt is highly
suggested to recycle the phase componémis the liquid biphasic system
technologies such as alcohdsltsand ionic liquidsfor the subsequent extraction
process. Thispproach willmitigate theoperating cosby redugng theusage of
fresh chemicaldor every extraction proces®esides that, the recycled phase
components must be evaluated in terms of its quality recoverf the targeted
compound compared to the initial extraction procddgh recovery yield,
separation efficiency and partition coefficient were obtained tirout the
utilization of LBF, ultrasoundssisted LBFelectropermeabilizaticassisted LBF
and ionic liquid technologieslowever, it is important to consider the feasibility of
adapting these techniques for commercialization application by develogrggea |
scale system that fit the liquid biphasic systmad ionic liquidtechnologies. For
instance, design and modelling of a recovery column that can accommodate the
condition required after the extraction process. Furtherridtee work in applying
red-time monitoring usindgpiosensors and internet of things technologies with liquid
biphasic systerand ionic liquidtechnologies to examine and avoid any possibilities

of errors during the extraction process.

(2) Purification of carotenoids after the eadtion processThe extraction of
carotenoidsfrom microalgae consists of chlorophyl a, b and c in the extracted

product.It is suggested to improvise a purification step after the extraction process
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to purify these carotenoids before the encapsulation step. Besides that, conventional
purification techniques such as membrane filtrama chromatography are not
economic feable in largescale processes. It is proposed as a future work to
incorporate activated carbon or silica gels into liquid biphasic system and ionic

liquid technologies for a simultaneous extraction and purification process.

(3) Life cycle assessmenf extracted astaxanthin and fucoxanthiime extraction

of astaxanthin and fucoxanthin from this research work suggest considering their
respective life cycle assessment of the overall extraction process. This evaluation
would help researchers to further invgate the sustainability from cradle to grave.

In addition, life cycle economical assessment of the liquid biphasic system and ionic
liquid technologies would provide insights on the costing distinguish from the
upstream and downstream processing of tal fproduct. Lastly, the energy
assessment of thextraction process needs to be investigated to ensure these merits

as energy output are sustainable in the lsgde system.
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FigureA6: *H NMR spectrunof DIMCARB
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FigureA8: 'H NMR spectrunof DBCARB
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FigureA9: 'H NMR spectrunof DACARB

FigureA10: Thermal analysis (DSC) @O»-basedalkyl carbamate Ik
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