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Abstract

Microencapsulation of omega-3 oil and biomass enriched in omega-3 fatty acid was investigated
via ionic gelation and complex coacervation to enhance their stability. It was observed that gelation
process, had a significant effect on the encapsulation efficiency and on bead properties. The
alginate-oil emulsion (alginate 2%v/v with an oil loading 10%, v/v) resulted in an encapsulation
efficiency of 95% and found to be stable. Under similar condition, when biomass was encapsulated
the efficiency was 94%. Similarly, other wall materials such as maltodextrins and gelatin were
used to encapsulate the omega-3 oil. The beads were spherical that resulted in improved
encapsulation efficiency 96%. In complex coacervation, the optimum ratio between gelatin A,
sodium alginate and pH to form a coacervate complex was found to be 1.4:0.8 and 3.6,
respectively. Storage stability was significantly high when maltodextrin and gelatin wall material
was used as compared to alginate beads (p<0.05). During 5-day oxidative stability analysis, beads

and coacervates exhibited significantly high (p<0.05) stability.
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Chapter 1
Introduction and literature review
1.1. Importance and market status of omega-3 fatty acids

Microalgae have evolved as a potential source of renewable energy and the nutraceutical industry.
Long-chain polyunsaturated omega- 3 fatty acids are of particular interest because these are highly
important for the growth of higher eukaryotes(Adarme-Vega et al., 2012).DHA (docosapentaenoic
acid) (C22:6 n-3) and EPA (eicosatetraenoic acid) (C20:5 n-5) are the most abundant omega-3
fatty acids (Gupta et al., 2012). These are considered essential fatty acid i.e. they must be obtained
through the diet as a human body cannot synthesize them (Sprague et al., 2016). There isan ample
number of health benefits associated with these fatty acids such as they are essential for the brain
and eye development, reduces the risk of depression, prevents cardiovascular diseases,
Schizophrenia, Alzheimer's disease, and Parkinson’s disease (Byreddy, 2016). These are widely
used in functional foods and beverage products, infant formula, dietary supplements, and
pharmaceuticals (Jonasdottir, 2019). Due to multiple health benefits, the functional food and
nutraceutical industries are more inclined towards them. It has been estimated that in 2014 the
market size of omega-3 fatty acids was USD8.71 billion and it was expected that at CAGR of
13.8% it would be significantly increased to USD 18.95 billion by the end of 2020. During the
forecast year of 2016-2022, the expected market is $6,955 million by 2022 with an increased
CAGR of 14.9% (Prasad, 2016).

1.2 Sources of omega-3 fatty acids

Fish oil from Tuna is the primary source for EPA and DHA, but due to the over-exploitation,
resource depletion and presence of harmful heavy metals such as mercury, various alternative
sources for omega-3 fatty acids have been found (Ryckebosch et al., 2012). At present, marine-
algae is the best source of PUFA, as they are abundantly present in nature. Compared with the
other sources such as plants, and other marine sources, micro-algae, have high area productivity,
high oil content, and do not depend upon the arable land and freshwater sources. They can be

cultures photoautotropically or heterotrophically (Coustets et al., 2015). In photoautotrophic
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cultivation, they need light for the synthesis of organic material from an organic matter. Whereas

during heterotrophic cultivation they use the organic source as a primary source of cultivation. In

Table 1, based on the mode of cultivation heterotrophic algae is regarded as the best source of lipid

production since no light is required for their growth, less risk of contamination, high biomass

yield, and lipid content (Van Wagenen et al., 2012).

Table 1: List of various Microalgal species exhibiting different lipid accumulation.

Microalgae Bioactiv | Technology Dry Lipid References

e used biomass | content

compou (g/L) (%)

nds
Photoautotrophic
Chlorella Vulgaris | PUFA Open pond 4.5 14.05 (Sahu et al., 2013)
Dunaliella PUFA Open pond 0.8 6.45 (Sahu etal., 2013)
bardawill
Nanochloropsis PUFA Closed 3.7 (Van
gaditana (EPA) bioreactor Wagenen et

al., 2012)
Nanochloropsis Fatty Closed 0.72 40 (Renand
salina acids Ogden,
2014)

Phaeodactylum fucoxant | Raceway 041 25.4 (Kim et al.,
tricornutum hin 2012)
Dunaliella sp. B - Photoreactor 0.12 22 (Coustets et

carotene al., 2015)
Spirulina maxima | GLA Open pond 0.33 9 (Batista et al., 2013)
Amphora sp. Fatty Photobioreactor | 0.16 24 (Talebi et

acids al., 2013)
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Isochrysis PUFA Open pond 0.34 25-33 (Cuellar-Bermudez et al.,
(EPA) 2015)

Tetraselmis sp EPA Photobioreactor | 0.2 8.44 (Makri etal., 2011)

Paragymnodinium | PUFA Raceway 16.3-34.3 | (Veloza et al., 2006)

shiwhaense (DHA)

Phaeodactylum PUFA Open pond 0.13 10.2 (Patil et al., 2007)

tricornutum (EPA)

Amphidinium PUFA Open pond 0.037 65 (Jang etal., 2017)

carterae

Heterotrophic

algae

Crypthecodinium PUFA Fermentation 6.9 50 (Okuda et

cohnii (DHA) al., 2013)

Chlorella Vulgaris | PUFA Photobioreactor | 53.1 60.8 (Singhasuwan et al., 2015)
(EPA)

Schizochytrium sp. | DHA Fermentation 12.23, 29, 35 (Byreddy et

SP3, 14.65 al., 2016)

Schizochytrium

sp.DT3

Schizochytrium sp. | DHA Fermentation 1.98 37.7 (Gupta et al., 2015)

DT3

Thraustochytrid sp. | DHA Flask 16.72 32 (Zhou et al., 2010)

Z105 cultivation

Aurantiochytrium B | DHA Fed-batch 59 29 (Yang etal., 2010)

L10 cultivation

Schizochytrium sp. | DHA Fermentation 3.64 41.97 (Gupta et al., 2016)

DT7

Thraustochytrium DHA fermentation 14.86 43.3 (Lowrey et al., 2016)

sp. T18
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Aurantiochytrium DHA Fermentation 9.9 50 (Singh et al., 2016)
Schizochytrium sp.

Thraustochytrid DHA fermentation 10.0 36 (Ugalde et al., 2018)
F24-2

Thraustochytrids are heterotrophic fungi like organisms ubiquitously found in the marine
environment. Molecular phylogenetic studies revealed that they are classified under the class
labyrinthulomycetes, phylum Heterokonta within the kingdom Chromista (Chang et al., 2012).
Ultra-structurally, they show a close relationship with heterokont algae because of the presence of
unequal flagella. These species are regarded as a promising producer of omega 3 fatty acids
including DHA and EPA (Sun et al., 2017). To enhance the biomass and oil accumulation in
microalgae various substrates are used such as glucose (1.44g/l), glycerol (raw) (8.32g/L)
,sucrose xylose (0.48¢g/L),standard cellobiose(0.38g/L), sugar hydrolysates (1.8g/L) (Gupta et al.,
2013a), agricultural wastes such as rice straw (Joe et al., 2015), sugarcane bagasse hydrolysates
provides (10.45¢g/L) dry biomass whereas 45.15% of lipid content was obtained after the 72 h
cultivation (Nguyen et al., 2018). Because of the presence of various hydrolytic enzymes, these
species are considered as highly adaptive organisms (Xie et al., 2017). This diversified feature
sparkled the research and explore the various biotechnological applications to produce a wide

range of bioactive compounds such as DHA and EPA (Chang et al., 2011).
1.3 Microencapsulation of omega-3 and its importance

Due to the unsaturated nature of the omega-3 fatty acid, they are chemically unstable and more
susceptible to oxidation and produce free radicals, unpleasant taste, and off-flavors. This will lead
to effects on the shelf life and overall accessibility of the product (Chang et al., 2016). Therefore,
to overcome these problems, and to improve the biological (oxidation) as well as functional (shelf
life) characteristics of oils, microencapsulation technology has been extensively used. Oxidation
process can be initiated by various factors such as heat, light, and enzymes, it also decreases the
nutritional value of the lipid through the breakdown of lipid hydroperoxides which produces the
rancid flavor (Peanparkdee et al., 2016) It is a technique which is used to protect the extracted
bioactive such as PUFA oils, antioxidants, vitamins, probiotics by building a physical barrier of

homogeneous or heterogeneous matrix (Zhang et al., 2012). The bioactive component/
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encapsulated substance is referred to as a core, internal or payload phase whereas the biopolymers
shell the core material known as wall material, matrix, shell, encapsulant, and coatings (Desai and
Jin Park, 2005). Omega-3 can be encapsulated by using different techniques such as spray drying,

freeze-drying, coacervation, extrusion, fluidized-bed coating, and lonic Gelation.
1.4. Types of encapsulation
1.4.1. Spray drying

In the food industry, spray drying is extensively used because of easy scale-up, simple operation,
and cost-effective (Drusch, 2007). The general process involves the spray drying of emulsion
(produced by core material and biopolymer), then pumping of the emulsion and atomization of the
mixture and dehydration of the droplets leads to the formation of microcapsule (Kaushik et al.,
2015). Therefore, to protect omega-3 from oxidation microencapsulation has been successfully

used to incorporate these oils to increase their bioavailability.
1.4.2. Extrusion

Extrusion is another extensively used technology for microencapsulation of omega 3 fatty acids.
it involves the mixing of the molten carriers with bioactive compounds and passed the emulsion
through a nozzle under high pressure (Gouin, 2004). Compared with spray dried microcapsule
powder, extruded one usually has porous structure which leads to the oxidation of the entrapped

omega-3 oils.
1.4.3. Complex coacervation

Complex coacervation is another important method in which the separation of two liquid phases
in a colloidal solution. Basically, it is the phenomenon that occurs when electrostatically opposite
biopolymers at specific pH come in contact with each other. It is regarded as one of the most
promising methods of encapsulating omega -3 fatty acids.(Eratte et al., 2014) The phase which is
rich in the polymer is called the coacervate phase and the phase which is devoid of polymer is
known as the equilibrium phase (Barrow et al., 2013). In simple coacervation only one polymer is
used whereas in complex coacervation oppositely charged polymers are used. Complex

coacervation is more advantageous in terms of high oil payload (>50%, w/w) and low surface free
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oil content (<0.5%, w/w). Moreover, the particle size of the spray dried microcapsule can be

tailored in the ranges from 1 to 1000pum (Zhang et al., 2012).
Figure 1: Due to copyright the image has been removed
1.4.4 lonic Gelation

lonic gelation is the other cost-effective technique for encapsulated long-chain polyunsaturated
fatty acids. sodium alginate is the most commonly used polysaccharide in the technique (Lin etal.,
2016). It consists of B-1,4 linked D- mannuronic acid and guluronic acid. When this polysaccharide
combines with the divalent crosslinker such as calcium chloride, bead formation occurs
(Bannikova et al., 2018). According to (Lin et al., 2016), the utilization of the alginate to

encapsulate PUFA with the aid of calcium ions significantly improves its thermal stability.
Figure 2: Due to copyright, image has been removed.
1.5. Types of wall materials

The selection of wall material plays an important role as it influences the stability, entrapment
efficiency, and protection of the encapsulated product (Desai and Jin Park, 2005). Synthetic
polymers such as polystyrene, polyamide, and polyacrylate have extensively used in the medicinal
and pharmaceutical industry whereas biopolymers such as carbohydrates and proteins are widely
used in the food industry (Chang et al., 2016). Different matrices have been used to encapsulate
the fatty acids such as maltodextrin: gum Arabic (60:40), chitosan, gelatin., pectin and sodium
alginate in Table 2. These carbohydrates combine with the protein such as animal-based protein
(Milk), milk proteins such as casein and whey proteins, lactose (de Jesus Bonilla-Ahumada et al.,
2018), and plant-based proteins( PPI, SPI) For various bioactive ( PUFA oils, antioxidants,
probiotics, and vitamins) milk proteins are considered to be the natural vehicles. Because of the
presence of several properties such as the ability to bind with small molecules, excellent gel
formation abilities, useful for entrapment and release, their biocompatibility and biodegradability,
and shielding properties make them useful in the process of microencapsulation. The
biocompatibility of milk proteins is usually very high except for a small fraction of the population,
who are allergic to these proteins (Livney, 2010). Studies revealed that people who are allergic to
milk found that 60% of them allergic to casein. But during the denaturation process, the heating

and drying process reduces the allergenicity to various proteins. The digestive biodegradability of
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milk proteins shows that it is easily digestible (Katz et al., 2009). It offers low viscosity and good
protection against oxidation (Tonon et al., 2011). Another biopolymer used in microencapsulation
is the maltodextrins which are the depolymerized starches having less than 20 DE (Dextrose
Equivalent). According to previous studies, DE value affects oxidative properties and
hygroscopicity. According to (Wang et al., 2014) DE value between 10 — 20 is good for the
production of microcapsules. This wall material is highly soluble, low affinity to hydrophobic
materials, low viscosity at high concentrations. In addition to high maltodextrins with high DE
increases the encapsulated stability oil by building dense wall material around it (Jafari et al.,
2007). But because of the less interfacial and low emulsifying properties, they are used as
secondary wall material (Gharsallaoui et al., 2007) Gelatin-encapsulated algae can be
recommended for functional food ingredient for human consumption. (de Jesus Bonilla-Ahumada
etal., 2018).

1.5. Physical properties of microcapsules

There are various physical properties of microcapsule such as water content, particle size, and
entrapment efficiency. Particle size, entrapment efficiency and stability of the encapsulated oil
(Kog et al., 2015). Depending upon the nozzle size and pressure microcapsule can be 10-50um or
large up to 2-3nm. The desirable particle size of the microcapsule is below 40um (Kaushik et al.,
2015). Different variables such as drying temperature, air pressure determines the quality, as well
as the moisture content of the microcapsule, which plays an important role in the stability of the
microcapsule (Chang and Nickerson, 2018). Surface oil is another important category which is
defined as the presence of oil on the surface of dried microcapsules. Entrapment efficiency is
determined by the percentage of encapsulated oil within the wall matrix to the percentage of oil
used in the formation (Chang et al., 2016). Higher efficiency indicates less amount of oil on the
surface of the dried microcapsule represented in Table 2 (Kaushik et al., 2015). By providing the
oxygen barrier in the form of wall materials, oxidation of omega -3 oil can be prevented. Under
the different parameters such as light and temperature, the oxidative stability of the oil can be
measured. Peroxides, aldehydes and conjugated dienes can be measured in the oil samples
(Kaushik et al., 2015). The various methods and outcomes of different oxidation methods are listed
in Table 3.
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Table 2: Microencapsulation of PUFA by using various wall materials and methods. SPI (Soy

Protein Isolates), MD (Maltodextrins), PPl (Pea Protein Isolates), SC (sodium caseinate),

OSA (ocetinylsuucinate starch), and LPI (Lentil Protein Isolate).

Core Wall Technology | Particle | Moisture | Surface | Entrapment | Reference
material | material used size content oil efficiency
(Hm) (%) (%) (%)
B— Sodium Microfluidiz | 285 - - - (Zhang et
Carotene | alginate ation al., 2016b)
Canola Lentil Spray 59 0.36 2.4 88 (Chang et
oil protein drying al., 2016)
isolate,
MD,
sodium
alginate
Chlamyd | Hybrid - - - - 81.5% (Zhang et
omonas | beads al., 2016a)
reinhardt
i
Fish oil Chitosan, Spray 0.30- - - 97 (Ghasemi
MD drying 0.34 and
Abbasi,
2014)
Fish oil B- Spray >2 99 (Tamm et
lactoglobul | drying al., 2016a)
in, pectin,
glucose
syrup
Fish oil Hydroxypr | Simple - - - (Wu and
opyl coacervatio | - Xiao,
n 2005)
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methylcellu
lose
Flaxseed | Whey Spray - 75 - - (Partanen
oil protein drying etal.,
isolate 2008)
Flaxseed | CPI, LPI, Spray 21.6-26 | 3.6-4.1 1.05- 84-90 (Can
oil MD drying 2.64 Karaca et
al., 2013)
Flaxseed Extrusion 50 - - - (Kuhn et
oil Microbeads al., 2019)
Kenaf SC, MD Spray 0.13 - - 97 (Ng et al.,
seed oil drying 2013)
Oil from | SPI, Gum | Spray 10.05 2.5 - 93.03 (Chen et
Schizoch | Arabic, drying al., 2016)
ytrium MD
sp.
Oil from | Gelatin- Complex 30.7 - - - (Zhang et
Schizoch | gum coacervatio al., 2012)
ytrium Arabic n
sp. with
transglutam
inase
Olive oil | SPI, PPI, Spray 8.7 75 - 83-87 (Zhao and
MD, OSA | drying Tang,
2016)
Propolis | Soy, pea Spray dryer | - - - 70% (Jansen-
and rice Alves et
protein al., 2018)
Rapeseed | PPI, Spray 0.5-7.83 | - - 94-95.05 (Tamm et
oil glucose drying al., 2016b)

syrup
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Soy SPI, lactose | Spray 10 91-99 (Tang and
protein drying Li, 2013)
Tetrasel | Gelatin, Spray 35 84% (de Jesus
mis chuii | gum drying Bonilla-
Arabic Ahumada
etal.,
2018)

1.6. Oxidative stability of encapsulated omega-3 oil.

The primary purpose of encapsulating omega fatty acids-rich oils is to protect those oils against
oxidative degradation by building a barrier around the oil droplets(Chang and Nickerson, 2018).
Basically three steps includes in the lipid oxidation : initiation, propagation, and termination (Chen
et al., 2016) During initiation, the abstraction of hydrogen from polyunsaturated fatty acids
(PUFA) produces the alkyl radical, on which the free radical is delocalized on the carbon chain,
and upon molecular rearrangement, to form conjugated double bonds (secondary product).
Subsequently, as a chain reaction, the alkyl radical reacts with triplet state oxygen to produce a
peroxyl radical, which has high energy to promote the abstraction of hydrogen from another
PUFA(Carneiro et al., 2013). Therefore, the addition of hydrogen on the peroxyl radical produces
hydroperoxide, and this step is known as propagation. In termination, the combination of two
radicals (e.g., the combination of peroxyl radicals and alkoxyl radical, and the combination
between alkyl radicals) occurs to form non-radical species or the radical reacts with a chain-
breaking antioxidant (e.g., vitamin E) to form a relatively stable radical (FE NE MA et al., 2007).
In practice, primary lipid oxidation products (produced by the initiation and propagation steps of
lipid oxidation, e.g., hydroperoxides, conjugated dienes and trienes) and secondary lipid oxidation
products (produced by the decomposition of primary lipid oxidation products via B-scission
reaction, e.g., aldehydes, carbonyls, and ketones) are monitored to determine the oxidative reaction
(Mozuraityte et al., 2017) and the methods are summarized in (Table 3). In general, different types
of wall materials and microencapsulation techniques offer the different protective effects on the
core materials, based on the various ability of wall materials/structure to inhibit the oxygen

transfer.
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Table 3: Different methods of measurement of oxidation of omega-3 fatty acids.

Method Principle Outcomes References
Peroxide value Spectrophotometric Measurement of | (Mozuraityte et
method (500nm) primary oxidative | al., 2017)
products such  as
hydroperoxides.
Conjugated dienes Spectrophotometric Measurement of | (Mozuraityte et
method (232-234nm) secondary  oxidative | al., 2017)
products  such  as
aldehydes.
Propanol measurement | Static headspace gas | Measurement of | (Gheysen et al.,
chromatography secondary  oxidative | 2018)
products  such  as
propanal.

Based on above, following aims were investigated:

Aim/s:

> |. Fermentation of the Thraustochytrid strains for achieving high biomass yield and

polyunsaturated fatty acid (Omega-3) production

> 1lI: To maximize stability, omega-3 enriched biomass will be encapsulated to meet the

challenges of successfully incorporating and delivering functional ingredients to the wide

range of food types.

Hypotheses: The following hypotheses were tested in the research.

» Stabilization of the biomass/oil by lonic Gelation by sung alginate

» Stabilization of omega-3 oil by ionic gelation using a different matrix

» Stabilization of omega-3 oil by complex coacervation

» High oxidative stability of the encapsulated oil/ biomass
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Chapter 2
2. Materials and Methods
2.1. Chemicals

All the chemicals used in this study were of analytical grade. Medium components such as glucose,
yeast extract, peptone (Sigma-Aldrich, USA) sea salt (Instant Ocean, France) and MiliQ water
were used for biomass production. Chloroform (from Merck), and methanol (from Sigma-Aldrich,
USA) were used in the lipid extraction. Omega -3 oil (rich in DHA and EPA sourced from the
marine source) procured from Ethical Nutrients (Priceline pharmacy, Australia) Sodium alginate,
Gelatin type A (from Sigma-Aldrich, USA) calcium chloride (from Sigma-Aldrich, USA),
maltodextrins DE 10 (Melbourne Food Depot, Australia) and Glacial Acetic acid, HPLC grade

(from Scharlau) were used for microencapsulation of lipids.
2.2 Thraustochytrid biomass cultivation

Thraustochytrium S2 strain was sourced from in house collection of the Centre for Marine
Bioproducts, Medical Biotechnology College of Medicine and Public Health, Flinders University.
This strain was isolated by Dr. Adarsh Gupta (Post-Doctoral researcher working with Associate
Professor Munish Puri). Thraustochytrid strain (S2) used in this study was maintained on GYP
medium containing (g/L) glucose 10, Yeast Extract 1, Peptone 1, agar 10 and 50% of artificial
seawater and miliQ water at 25°C Seed medium (50ml) contains glucose 10, Yeast Extract 1,
Peptone 1 was inoculated from agar plates and grown for 2 days in a shake flask at 25°C, at 150rpm
(Gupta et al., 2013b). After 2 days, inoculum (5%) was used to inoculate the production media
which contains glucose 10, Yeast Extract 1, Peptone 1 and incubated under the same conditions

for 7 days.
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2.2.1. Biomass analysis

Fermentation was carried in a 50 ml medium contained in a 250 ml Erlenmeyer flask for 7 days.
The samples (5 ml) were withdrawn from the fermentation medium at regular intervals of time (24
h). The sample was centrifuged (4500rpm,10min) and the supernatant was removed for glucose
consumption analysis. The remaining pellet was freeze-dried and weighed to find the final weight

of the biomass. Freeze-dried biomass was stored at -20°C for further use.
2.2.2. Lipid extraction

Freeze-dried cells (10mg) were taken in a 1.5ml centrifuge tube to which 600ul of chloroform:
methanol (2:1) is added. The tube was vortexed for 2 min before centrifugation at 10,000rpm for
10 min. The extraction was repeated three times. The supernatant was collected in glass vials (after
filtration with 0.22um filter). Collected solvent supernatant was dried in Dry Block Heater (Ratek
instruments) at 50°C and the lipid weight was measured gravimetrically based on a protocol (Gupta
etal., 2016).

2.3. Encapsulation by lonic gelation using alginate
2.3.1. Effect of alginate-calcium concenteration on bead shape

Sodium alginate (1.0-2.5%) was dissolved in distilled water to produce a homogenous solution.
To disengage bubbles These solutions were left standing for 24h. at continuous stirring conditions
for disengaging the bubbles (Chan, 2011).A calcium chloride solution of different conc i.e.

(200mM, 150mM, 200Mm) was prepared for optimizing the encapsulation process.
2.3.2. Preparation of alginate-biomass/oil emulsion

To alginate solution dried biomass (5-10% w/v, containing 37% of oil) was added. The alginate
biomass emulsion was thoroughly mixed at 300rpm for 30min. The biomass was gradually added

to the alginate solution during mixing until the desired concentration was obtained.
2.3.3. Encapsulation of biomass/oil

The alginate-biomass emulsion (50ml) was extruded through a syringe (23G) into calcium chloride
solution(150mM) there was a formation of alginate beads. To prevent the sticking of bead, gelation

was carried on a magnetic stirrer. The beads were hardened for 30 min.
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2.3.4. Determination of encapsulation efficiency

Encapsulation efficiency was determined with slight modifications (Chatterjee and Judeh, 2015).
The beads were separated from calcium chloride solution with a sieve. Hexane(20ml) was added
to the Cacl, solution to extract the oil which was not encapsulated. The absorbance of hexane was
determined at 280nm. The unencapsulated oil/biomass content was calculated from the standard
curve. To determine the surface oil the beads were transferred into hexane(20ml) solution.The
solution was kept for 10 min at shaking conditions. The absorbance of hexane was determined at
280nm.

The encapsulation efficiency (EE) can be calculated by-
EE (%) = Initial oil content-(unloading oil-surface oil) / initial oil content x 100
2.3.5. Freeze-drying of beads

Beads were frozen at —20 °C overnight and were freeze-dried the temperature of the ice
condenser was set at —50 °C and the vacuum pressure was set to 0.04 bar. The frozen samples
were dried for 30 h and the dried product was collected, pulverized and stored in an airtight
container for further use.

2.4. Encapsulation using gelatin, maltodextrins and sodium alginate

Encapsulation of omega-3 oil was investigated using various polymers. The gelatin and
maltodextrins were dissolved in water (2:5). The resulting solution was heated at 50 °C to obtain
a clear solution (Xia et al., 2019). This solution was homogenized (14000 rpm, Ultra-Turrax T25)
to which omega-3 oil (10%, v/v) was added gradually. For preparing a fine emulsion,
homogenization was extended to 20 min. To this emulsion, sodium alginate (2%, w/v) was added
and homogenized to achieve uniform mixing. This emulsion was extruded dropwise in a calcium
chloride solution (100 mM), and resulting beads were monitored for stability. The amount of oil

released was calculated from the standard curve.
2.4.1. Storage stability

Freshly prepared beads were dispersed in the 0.1M phosphate buffer (pH 7.5) at 4°C for assessing
encapsulation efficiency over a period of time. While the rest of the beads were freeze-dried and

stored in airtight containers to check oxidative stability.
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2.5. Microencapsulation by coacervation

Different parameters were considered to optimize the complex coacervation process which
includes ratios of protein: polysaccharide, the effect of homogenization time, the effect of pH, and

stirring speed during cooling (Wang et al., 2014).
2.5.1 Effect of gelatin-to-alginate ratio

Different concentrations of gelatin and sodium alginate were used to optimize the process. Gelatin
(8% wi/v) with alginate (4%w/v), and less than alginate (1%) was used with the same gelatin

concentration.

2.5.2. Effect of homogenizing time on emulsion

Gelatin with oil emulsion was homogenized at 15000rpm at different intervals of time i.e. 5,
10,20,25 and30min to get the < 3micron oil droplets in order to achieve good microencapsulation
efficiency. All the images after regular time intervals were observed on the microscope (Nikon
Eclipse Ts2R).

2.5.3. Effect of pH

As coacervation is pH-dependent process, upon adding glacial acetic acid (5%v/v), different
microscopic images were observed under the microscope during the process of coacervation.
Different pH range was used (4.9 to 3.6) to optimize the pH at which anionic and cationic polymers

interact with each other and forms a coating around the droplets in the form of coacervates.

2.5.4. Effect of stirring speed during the cooling process

After the formation of liquid capsules, the mixture was cooled at 4°C under continuous stirring at
various speeds such as 600rpm and 450rpm. The mixture was cooled for about 3h so that the

microcapsules were solidified.
2.5.5. Microencapsulation of Omega-3 oil by complex coacervation

Firstly, Gelatin type A(20g) dissolved in 230g of water (Xia etal., 2017). The solution was heated
at 60°c until gelatin gets fully dissolved. To the above solution omega-3(10%) oil was added and
homogenized at 15000rpm for 30min. During homogenization, microscopic images were

observed. After homogenization tap water (5ml) was added until the oil droplets observed on the
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surface of the emulsion. A known amount of sodium alginate (1% w/v) was added to the emulsion
dropwise. The emulsion was heated at 60°C and this temperature was maintained throughout the
experiment. The pH of the mixture was brought down to 3.6 by adding glacial acetic acid (5%v/v).
The system was then cooled to 5-10°Cto harden the microcapsules. After cooling samples were

freeze-dried for further processing.
2.5.6. Drying of coacervate microcapsules

Liquid microcapsules were frozen at —20 °C overnight and were freeze-dried the temperature of
the ice condenser was set at —50 °C and the vacuum pressure was set to 0.04 bar. The frozen
samples were dried for 30 hand the dried product was collected, pulverized and stored in an airtight
container for further test.
2.5.7. Determination of encapsulation efficiency (%) of the coacervate powder
Microencapsulation efficiency can be determined by calculating the surface oil (the oil on the
surface of coacervates) and total oil (both encapsulated oil and surface oil). Surface oil can be
calculated by washing method (Xia et al., 2017) with minor modifications. 20mg of coacervate
powder add 200pl of hexane, vortex the mixture for min. centrifuge the mixture at 12,000rpm for
15minso that to extract the surface oil. Weigh the empty glass vial, add the mixture to the vial and
kept the solvent in a fume hood for complete evaporation of the solvent. After evaporation,
measure the oil content gravimetrically.
Total oil was determined by treating the powder with 4N HCL (0.6ml), vortex the mixture forl
min. Add hexane to the prepared mixture, vortex for 1 min. Put the mixture under continuous
shaking conditions i.e. 130rpm and at ambient temperature for 15h to extract the total oil
completely. The mixture was centrifuged at 12,00rpm for 15 min. weigh the glass vial, put the
mixture and nitrogen evaporation was done under the fume hood. Total oil content was determined
gravimetrically.
The surface oil (SO) (%), total oil (TO) (%), and encapsulation efficiency (EE) (%) can be
calculated by the following equation-

SO =Ws/ W x 100 %

TO = Wi/Wmnx 100%

EE = Wi — W,/ W; x 100%
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where Wi(g) and Ws(g) are the mass values (g) of the total oil and surface oil W, is the mass (g)
value of the microcapsules taken.

2.6. Oxidative stability

2.6.1 Stability test using the oven test method

Freeze-dried microcapsule powder (1g) in an airtight container placed in an oven at 60°c for 5 days
and samples were collected periodically. Along with the encapsulated oil, unencapsulated oil was
kept in the same conditions as a control. For stability test total oil was extracted every other day to
check the formation of hydroperoxides in the sample (Scheffler et al., 2009).

Peroxide value test was conducted using the International Dairy Federation (IDF) standard method.
Briefly, mix 2 volume parts of 1-decanol with 1 volume part of hexane. Add 3 volume parts of
methanol to the mixture and mix them thoroughly.

2.6.2. Preparation of standard curve for ferrous ion solution.

Iron powder (0.5g) dissolved in 50ml of 10N HCL and add 2ml of 30% of hydrogen peroxide.
The solution will be heated in a boiling water bath for 5 min to remove the excess of hydrogen
peroxide. After 5 min let the solution cool down at room temperature and diluted with 500ml of
deionized water. The iron chloride solution containing 1g/l of Fe. The resulted ferric ion solution
will further be diluted with methanol/decanol/n-hexane mixture to obtain a final concentration of
750, 500, 250 and 125uglml. Add 50ul of ammonium thiocyanate to the resultant solution.

Measure the absorbance at 510nm.
2.6.3. Preparation of iron chloride solution

Add 0.132M barium chloride solution to 50ml of water. This solution will be slowly added to the
iron sulfate solution. 2ml of 10N HCL added to the resulting solution. Barium sulfate precipitate

will be filtered to give a clear iron solution. The solution will be stored in a dark bottle.

2.6.4. Preparation of ammonium thiocyanate solution

Dissolved approx. 30g of ammonium thiocyanate in water and diluted with water to 100ml.

2.6.5. Measurement of lipid hydroperoxide
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Peroxide value of the sample was measured by withdrawing the sample from the oven extract the
total oil and dissolve the oil in 5 ml of MDH solution, 50ul of ammonium thiocyanate solution and
50ul of ferrous ion solution. Samples were vortexed and held for 5 min to complete the reaction
and the absorbance was measured at 500nm.
Peroxide value expressed as milliequivalents of peroxide per kg of the sample,
Peroxide value can be calculated by-
Peroxide value (PV) = (As_Ab) x M/ 55.82 X M x 2
Where, As is the absorbance of the sample

Ab is the absorbance of the blank

M is the slope obtained from the standard curve

55.84 is the atomic weight of iron

M, is the mass of sample (g)

Statistical Analysis

The results presented were the averages and standard deviation calculated from replicate
measurements. An analysis of variance (ANOVA) where (P<0.05) was used to assess the

difference between samples at a significance level of 95%.
3. Results and discussion
3.1. Biomass growth profile of Thraustochytrids

Higher biomass (3.1g/L) and lipid (37%, 0.35g) was obtained when S2 strain was grown in a
fermentation medium containing 1% of glucose in a fermentation medium for 7-days (Fig. 3).This
result was in accordance with the (Gupta et al., 2016), where 10g/L of glucose enhances the

production of the thraustochytrid biomass and lipid.
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Figure 3: Growth Profile of thraustochytrid S2 strain grown in fermented medium at 25°C.
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Figure 4: Lipid vs Cell Dry Weight of thraustochytrid S2 strain.
3.2. Encapsulation of algal biomass by lonic gelation

3.2.1 Optimization of the alginate concentration

When alginate (2%, w/v) was extruded dropwise into calcium chloride (100Mm) round beads were
formed. The concentration of alginate solution could affect the shape of calcium-alginate beads
(Fig. 4). Upon using higher alginate concentration (2.5% wi/v) more thick and round beads were

formed. Higher concentration led to greater average weight and size of the alginate beads in (Table
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3). This is because higher alginate concentration which increases the viscosity and the bead weight
and size (Fig 4). At (2% wi/v) Alginate concentration and at 100mM calcium chloride, round beads
were formed. In the present study alginate (2% w/v) was used for encapsulation of bioactive
compounds. Lower alginate concentration could not attain round shape and therefore tear -like
beads were formed (Li et al., 2013).

3.2.3. Optimization of the calcium-chloride concentration

Three different concentrations of calcium chloride (100mM, 150mM, and 200mM were used
(Table 2). Calcium chloride solution (100mM and 150mM) gave similar results (Fig 8). This
divalent molecule act as a crosslinker, when the calcium ions bound with the carboxylic groups of
the alginate, egg-box like structure formed. If the concentration of calcium chloride solution is
high, then the excessive calcium ions which are not bound to the carboxylic group (Lin et al.,
2016). After 30min gelling time, the beads extracted from the solution and in the present study of
alginate concentration (2% w/v) and 100mM of calcium chloride were optimized for encapsulation
of biomass. Similarly, the same optimized conditions used by other researchers for the

encapsulation of omega -3 oil.
3.2.4. Encapsulation efficiency

An encapsulation efficiency of 94% was observed which is in agreement with literature finding
(de Jesus Bonilla-Ahumada et al., 2018). Similarly, upon using omega-3 oil (10%v/v), 95% of
encapsulation efficiency was observed. Non-encapsulated oil (was observed on the beads and in
the gelling bath). The fraction of non-encapsulated oil is also found in the gelation bath i.e. calcium
chloride solution and on the surface of wet beads which was in agreement with literature findings
(Chan, 2011).
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3.2.5 Storage stability
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The encapsulation efficiency of the beads was checked after every 24h. Some beads got

fragmented in 24h (Table 4). According to (Zhang et al., 2015) when the bioactive compound was

retained within the hydrogel i.e. Alginate and when they were exposed to certain pH conditions-
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do experience physical changes i.e. shrinkage or swelling of the gel was observed. Anionic
hydrogel mainly shrinks when the pH is less than the pKa of the ionizable groups due to the
electrostatic repulsion between the charged molecules (Peppas and Khare, 1993). Fragmentation
or degradation of the beads may occur due to the surface erosion, bulk erosion and may be due to

the cross-links between the biopolymers (Zhang et al., 2015)

Table 4: Encapsulation efficiency (EE) of biomass and omega-3 oil.

Days | Biomass | EE (%) | Qil EE (%) | EE (%)
loading | Sodium Loading | Sodium Alginate+Maltodextrins+gelatin
alginate | alginate (%) alginate Oil Beads in phosphate buffer
beads Beads in Beads in
(%) phosphate phosphate
buffer buffer
1 10 94.5+0.08 | 10 95 +0.09 96+0.3
2 10 Beads 10 Beads 94+0.06
fragmented fragmented
3 10 - 10 - 90+0.05
4 10 - 10 - 87+0.62
5 10 - 10 - 82+0.04
6 10 - 10 - 80+0.05
7 10 - 10 - 77+0.08

Table 5. Evaluation of Preliminary experimental conditions for preparing Alginate beads
(Control).

Calcium chloride Alginate Size Weight (g) Weight ()

Before Freeze | After Freeze

(mM) (Yowlv) Diameter(mm) Drying Drying

100mM 1 2.32+0.24 2.74+0.44 0.072+0.009
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1.5 2.51+0.221 2.08+0.722 | 0.096+0.311
2 2.61+0.272 3.76+0.026 | 0.130+0.006
2.5 2.97+0.188 3.52+0.84 0.148+0.22
1 2.25+0.341 1.84+0.44 0.068+0.01
1.5 2.99+0.043 3.56+0.62 0.131+0.00
2 2.81+0.255 4.59+0.1 0.181+0.00
150mM 2.5 2.79+0.332 4.38+0.28 0.211+0.023
1 2.42+0.295 1.66+0.35 0.070+0.02
1.5 2.55+0.221 3.24+0.04 0.151+0.02
2 3.02+0.102 3.88+0.09 0.162+0.00
200mM 2.5 3.02+0.163 4.08+0.46 0.272+0.008

100mM cacl,

150mM cacl,

200mM cacl,
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Figure 7: Beads at various concentrations of sodium alginate without biomass. Images were
captured by NIKON microscope imager.

Table 6: Encapsulated beads prepared with various parameters showing different

characteristics including weight(g), size(mm), and encapsulation efficiency (%).

Sodium alginate Calcium Wet biomass | Average weight of | Average |Encapsulation
(% wiv) chloride(mM) (%) beads(g) size(mm) | efficiency (%)

1.5 150mM 10% 3.546+0.401 2.5+0.05 92.5+0.707

5% 2.611+0.564 2.45+0.04 82.5+£3.53
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2 150mM 10% 6.0418+0.058 3.0+0.06 90.1+0.141
5% 6.1955+0.162 2.8+0.09 84.95+0.07

1.5 100mM 10% 6.351+0.076 3.2+0.05 89.5+0.707
5% 2.888+0.047 2.32+0.06 88+0.026

2 100mM 10% 4.613+0.155 2.4+0.02 94+0.565
5% 3.042+0.024 2.9+0.07 | 83.85+0.777

3.3. Encapsulation of omega-3 oil by using maltodextrins, gelatin, and sodium alginate.

During storage stability, alginate beads fragmented due to the pH change described in (3.2.5). To
enhance the storage stability of the oil loaded alginate beads, two wall materials such as Gelatin
and maltodextrins were incorporated in the experiment in a ratio (2:5) based on literature findings.
Encapsulation efficiency was checked after every 24h up to 7 days (Table 4). Fragmentation of
beads was not observed which indicates that the use of more than one wall material facilitated
masking of the encapsulated oil. Although gelatin is insoluble in cold water and hydrated when
stirred into the cold water. The swollen gelatin beads could hold up to 5 to10 times of water
molecules (Meng and Cloutier, 2014). Hence this temperature can be considered as a sol-gel
transition temperature when the gel crosslinked and forms a thermostable gel. When the
temperature raised, the solution again changes into the colloidal solution (Schrieber and Gareis,
2007).

3.4 Encapsulation by Complex Coacervation

To improve upon leakage and stability of the omega-3 oil, complex coacervation was
investigated. Following parameters (protein: polysaccharide ratios, and pH) were optimized

during encapsulation process.
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3.4.1. Gelatin to sodium alginate ratio

The highest encapsulation efficiency (91%) of omega-3 oil was achieved when mixing gelatin
(8%) with sodium alginate (0.95%) was investigated. Further increasing the colloid
(polysaccharide) concentration, there was more formation of ionic aggregates than the complex
coacervates. According to (Siow and Ong, 2013), the addition of one of the biopolymer imbalances
the charges in the coacervation system. This may result in the reduction of the attraction between
the two colloids and effects microencapsulation efficiency. Therefore, the optimized ration of

gelatin: alginate was 1.4:0.8.
3.4.2. Optimization of homogenizing time

On the addition of oil to gelatin, the emulsion was formed. The resulting emulsion was observed
under the microscope after regular intervals of time (5-30mins) (Fig 9). The emulsion was
homogenized until the size of the oil droplet become <3microns achieved. Lesser the size of the
oil droplet better will be the encapsulation efficiency of the process (Eratte et al., 2014). Therefore

30min homogenizing time was optimized for the given process.
3.4.3. Optimization of pH for complex coacervation

The interaction between the gelatin and sodium alginate is expected to be electrostatic in nature.
Because the electrostatic complexes would be formed in the pH window where both the colloids
are in opposite charges. Furthermore, the ratio of these biopolymers played an important role
because at a specific ratio and at certain pH coacervates are formed. Based on the observed data
the optimized ratio for gelatin and alginate (1.4:0.8) and at this ratio the optimized pH was 3.6. At

this pH, coacervation occurs, where coacervates migrate to the surface of the oil droplet and thus

formed a coacervate layer (Xia et al., 2017). It was observed that at pH 3.6 aggregation of the
droplets takes place (Fig 10). This may be due to the reason that the gelatin becomes positively
charges below its isoelectric point and forms a complex with the anionic complex i.e. sodium
alginate (Eratte et al., 2014). Maximum coacervates were formed by using 5% of glacial acetic
acid. Hence this pH implies that the complexation between two biopolymers was highest at this
pH 3.6 (Fig 12).
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Furthermore, when the liquid microcapsules were cooled and stirred at 600rpm, no coacervates
where found. Due to faster stirring speed, the free coacervates were not able to bind to the oil
droplets, hence appropriate capsules were formed (Fig 10). However, upon lowering stirring speed
i.e. 400rpm the free coacervates in the continuous phase began to absorb on the oil droplets. After
freeze-drying, the encapsulation parameters were calculated where encapsulation efficiency

coacervate was 91% whereas total oil loading was 70% and surface oil was 6%. (Table 7).

.

Diameter 56.42um

=

Diameter 13.56pum Diameter <5pm

Figure 8: Microscopic images (A-E) represents the homogenization time at different time

intervals at 15,000rpm.
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Figure 9. Microscopic images of optimization

encapsulation of omega-3 oil
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of complex coacervation process for
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Figure 10: Microscopic images of optimization of complex coacervation for encapsulation of
omega-3 oil.
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16 g oil

1.25 g SAin 130 g water (<1%)

15,000 rpm for 30 min

450 rb‘n
Figure 11. Microscopic images of the optimized process for complex coacervation for

encapsulation of omega-3 oil

Table 7: Encapsulation parameters of coacervates of omega-3 oil

Encapsulation parameters Coacervates of omega-3 oil

Total oil (%) 70%0.56

Surface oil (%) 6.1+0.06

Encapsulation efficiency (%) | 91.4+0.311

3.5. Oxidative test

The peroxide values of omega-3 oil (control), freeze-dried coacervates of gelatin, alginate beads
with oil/ biomass (10%vV/v oil), beads of maltodextrins, gelatin and sodium alginate with oil are
presented in (Fig 14). The coacervates exhibited better oxidative stability (p<0.05) as compared to
the control (Fig 14). Whereas the least stability was found on day 5 in alginate freeze-dried beads
as shown in (fig 14). The oil encapsulated with maltodextrins, gelatin and sodium alginate
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exhibited good stability and lesser PV value on the 5" day (Fig 14) as compared to the other wall
material i.e. alginate. This may be due to highly porous structure of the freeze-dried beads which
were less stable against the oxidation (Eratte et al., 2014) The porous structures make it easier to
diffuse the oxygen thorough the porous shell structure to access the encapsulated oil and weakens
the oxidative stability (Siow and Ong, 2013) Therefore, during the ionic gelation when more wall
material was added such as maltodextrins and gelatin, the shell strength gets strengthened and
provides the better oxidative stability as compared to one wall material i.e. alginate. On a similar
note biomass loaded alginate beads also show less PV value as compared to other matrices used.
This may be due to the presence of natural antioxidants such as astaxanthin, polyphenols in the
algal biomass (Kalidasan et al., 2015). These natural antioxidants delay lipid peroxidation by
inhibiting the propagation of the oxidizing chain reaction by destroying the free radicals (Xia et
al., 2017).
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Figure 12: Standard curve of Fe?* solution.
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Figure 13 : Oven-drying test of the encapsulated Omega-3 oil.
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Conclusion

In the present research work, encapsulation of biomass and omega-3 fatty acids was achieved.
Alginate bead formation with oil and biomass led to, the optimized concentrations were 2%,
whereas, in the case of maltodextrins and proteins, the optimized ratios were (2:5). The storage
stability was observed to be highest in maltodextrins and gelatin (as wall materials) encapsulated
beads. Encapsulation efficiency of 94% was observed. In the complex coacervation, protein:
polysaccharide ratios (1.4:0.8) and pH range (3.6) was optimized that exhibited 91% of
encapsulation efficiency. Based on the oxidative stability test, the complex coacervation showing
the highest stability as compared to the other wall materials. However, presence of natural
antioxidants in the biomass, led to fewer peroxides formation as compared to the sodium alginate

and maltodextrin wall materials.
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