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Abstract 

Microalgae have been explored as a sustainable alternative to fuel and feed on natural 

resources. Microalgae possess numerous advantages over their renewable counterparts 

such as soybean and palm oil. It does not compete with agricultural land or freshwater 

for food crop production, making it a potential biofuel source. However, 

commercialisation of microalgae biodiesel is yet to make a presence in the billion-dollar 

biofuel industry due to the bottlenecks. These include rigid microalgae cell wall, low 

biomass concentration in the harvested culture and high downstream costs. Therefore, 

a fossil fuel-derived concept of refinery can be introduced to microalgae to overcome as 

aforementioned challenges.  

This project aims to focus on the algae downstream process for biorefinery applications. 

First, a novel biocomponent extraction method, named sugaring-out assisted liquid 

biphasic electric flotation (LBEF) system, for protein separation from Chlorella vulgaris 

was developed. High yield of proteins (69.66±0.86 %) was extracted from microalgae 

with a rapid and single-step process.  

Following this, a multiphase integrated system that focused on the extraction of two or 

more biomolecules in microalgae was introduced. This system focused on simultaneous 

component extraction rather than conventional cascade approach. The system were 

incorporated in two different studies. First study aimed to extract two biomolecules 

(protein and lipid), whereas second study focused on a concurrent three biomolecules 

extraction approach. The parameters of this system such as volume ratio of ammonium 

sulphate and t-butanol, flotation air flowrate, flotation time, ultrasound pulse settings 

and pH were optimised to achieve a high recovery of biomolecules. Highest yield of 

protein, lipids and carbohydrates were observed at 96.59±8.15 %, 61.02±0.91 % and 

52.69±1.90 %, respectively. Control run without flotation technique resulted in lower 

yield of proteins, lipids and carbohydrates at 25.33±3.50 %, 52.96±4.59 % and 
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32.44±0.29 %, respectively. Whereas, control run without flotation and cell-disruption 

technique had lowest yield of proteins, lipids and carbohydrates at 16.73±1.26 %, 

51.13±6.27 % and 26.21±0.23 %, respectively. Besides, a large-scale set-up up to 10-

15 times was tested out. Recycling ability of the chemicals involved in the extraction 

were presented. Up to 90 % of the alcohols and salt used in the experiment were recycled. 

Lastly, the extracted proteins from the multiphase integrated system were purified and 

its application in wound healing of human keratinocyte cells was investigated. Proteins 

were adsorbed on a gelatine-glutaraldehyde membrane. This membrane system was 

used to observe the wound healing of keratinocytes. The biocompatibility, cell adhesion, 

proliferation and wound scratch of human keratinocyte cells were studied and presented.  

Overall, multiphase integrated system presented in this project serves as a successful 

demonstration of microalgae biorefinery concept. The improved yield of biomolecules 

provide potential applications of microalgae in biofuel, food and medicine field industry. 

Future studies should focus on analysis of life-cycle cost and optimising the operational 

cost required for this whole biorefinery set up. The project presented in this thesis offers 

a platform for future biorefinery research and possible commercial large-scale utilisation.  
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CHAPTER 1  

1.1. Introduction 

1.2. Research background 

The Hunger Project, in November 2017, reported that out of 7.6 billion of the population 

in the world, 815 million do not have enough food to sustain themselves [1]. Amongst 

them, almost three quarters of the population is directly dependent on agriculture and 

similar activities [1]. The exponential population spurt threatens to reduce levels of food 

security as time progresses. According to The Future of Food and Agriculture, a report 

by UN’s Food and Agriculture Organisation, “expanding food production and economic 

growth have often come at a heavy cost to the natural environment”. It also stated that 

Earth is capable of fulfilling the demands of food security, however, the agricultural 

sector will require ‘major transformations’ to reach its full potential [2]. 

Microalgae has been utilised as food by humans for thousands of years and 

supplementation with help of microalgae will release the stress on intense resource 

demanding terrestrial food crops [3]. Algae are one of the oldest plants in the world as 

their first appearance dates back about 3.5 billion years ago. These photosynthetic 

species constitute of multi-cellular structure (macroalgae) of length up to 60 m and 

unicellular organisms (microalgae) with size as small as 0.2 µm [4]. Microalgae are 

extremely diverse group with estimated number of species ranging from 200,000 to 

800,000 [5]. Some of these species are cultivated at industrial scale to extract bio-active 

compounds for human and animal consumption, cosmetics and bio-fuel industry [6].  

Numerous species of microalgae are reported to contain similar amount of protein 

compared to the traditional protein sources like milk, soybean, egg and meat. However, 

extraction of protein from microalgae has various benefits in terms of nutritional value, 

efficiency and productivity. The protein yield from microalgae is reported at 4-15 

tons/Ha/year compared to terrestrial crops production of 1.1 tons/Ha/year, 1-2 
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tons/Ha/year and 0.6-1.2 tons/Ha/year for wheat, pulse legumes and soybean 

respectively [7]. The production of terrestrial crops via agriculture accounts for roughly 

75 % of total global freshwater [8]. Meanwhile, animal protein sources consume 100 

times more water compared to plant sources for equivalent protein extraction [9]. 

Additionally, marine microalgae can be cultivated without freshwater and arable land 

further maximizing the resources required for additional terrestrial food crops production 

[7]. Moreover, due to the severe extreme environmental conditions and phototrophic 

mode of growth, microalgae are exposed to free-radical and high oxidative stresses. This 

has evolved the microalgae in developing natural protective system such as production 

of antioxidants and pigments (for example chlorophylls, carotenes and phycobiliproteins). 

These components are useful for human supplementation as they are not synthesised 

internally by individuals [10].  

Moreover, microalgae species such as Chlorella vulgaris, Scenedesmus spp. and 

Spirogyra sp. are capable of accumulating lipids of its dry matter, with the range of 15-

40 % and 70-90 % during normal [11–15] and extreme environments [16,17], 

respectively. Accumulation of lipid content affected by the stress levels imposed on the 

microalgae culture during cultivation [18]. When the microalgal culture medium contains 

a high carbon:nitrogen (C:N) ratio, N2 will be exhausted in a shorter time, followed by 

accumulation of lipid [19,20]. A culture medium with high pH, high salinity, high 

temperature and limited N2 source are some of the parameters for a faster lipid 

accumulation in microalgae [21]. Although biodiesel production from microalgal biomass 

is advantageous in various aspects, it is not as simple as its traditional counterparts as 

the processes involved complex extraction and purification. Numerous studies have been 

conducted to reduce the intricacies involved in harvesting, extraction and further 

biodiesel production. Abu-Shamleh and Najjar optimized mechanical harvesting by 

centrifugation and successfully reduced energy consumption by 90% [22]. Studies were 
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also conducted in harvesting of microalgae by flocculation, flotation and sedimentation 

[23–26]. Alhattab and Brooks conducted harvesting optimization by surfactant-aided 

dispersed air flotation and achieved 95% recovery [27]. Wahidin et al. optimized 

biodiesel production by one-step ionic liquid-microwave assisted process and achieved 

42.22% biodiesel yield [28]. Rahman et al., optimized biodiesel from Spirulina maxima 

by two-step acid-alkali transesterification and resulted with 86.1% yield [29]. San Pedro 

et al., conducted a study to optimize biodiesel production by selecting suitable 

microalgae species and culture conditions [30]. 

 

1.3. Problem statement 

Researchers have been studying possible alternative protein sources in addition to the 

conventional protein source due to the “protein gap” created in recent decades [31]. This 

is primarily a result of the rapid increase in population leading to escalation of the global 

food demand. In the long run, the existing agricultural methods might not be sustainable 

considering the negative impact on the environment (e.g. greenhouse gases, land 

clearing, nutrient run-offs etc.) [6]. Microalgae has been proposed to be one of the most 

reliable sources of protein as several of the microalgal species contain higher protein 

content compared to the common protein sources such as chicken, eggs and soybean 

[32,33]. Besides protein, microalgae also encapsulate lipids and carbohydrate, which are 

deemed as useful in food, feed and bulk chemical industries [34]. Furthermore, 

microalgae exhibits high photosynthetic ability [35] with a rapid growth rate and shorter 

harvesting cycle [36,37]. It also possesses high biomass density and higher degree of 

disease resistance [38]. It’s ability to rapidly grow in the presence of carbon dioxide 

(CO2), sunlight or any other light source and in salt water medium, qualifies microalgae 

as a potentially sustainable feedstock [39]. Since the culture of microalgae does not 

require arable land, it does not compete with nutrient-rich soil for agriculture [40] and 
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hence, are less susceptible to seasonal and weather limitations for cultivation [41]. There 

are more than 30,000 existing microalgae species in the nature. However, only less than 

10 are produced commercially [12]. Chlorella is amongst the industrially cultured species 

for its lipid (used in biofuel), and protein (for food) metabolite [42]. This species is also 

favoured as it exhibits a fast growth rate [43].  

Several methods of microalgae biomolecules extraction are available, which comprise of 

chromatography, supercritical fluid extraction (SFE), microwave-assisted extraction 

(MAE), ultrasonication and ultrafiltration. However, these techniques are known to pose 

difficulties as they are laborious and time consuming, high in maintenance cost, non-

environmental friendly and challenging for large scale extraction [44]. This poses a major 

obstacle for complete utilisation of microalgae’s potential in the commercial industry. 

Extraction of multiple components from microalgae can tackle this bottleneck but 

cascade approach of biomolecules extraction results in higher expenditure compared to 

the output revenue. Thus, there is a need of an efficient approach for multicomponent 

extraction from microalgae such as refinery approach of crude oil. 

1.4. Research objectives and contributions 

The main aim of this PhD thesis is to develop an efficient biorefinery approach for 

extraction of multiple components from microalgae. Most of the currently reported 

downstream processes of microalgae are either expensive, involve multiple functional 

units or time-consuming. Herein, a novel integrated approach of multiphase extraction 

is presented. This approach involved a single unit while achieving a rapid product 

extraction. Furthermore, an application study is conducted to investigate the wound 

healing properties of the extracted proteins on human skin cells. 

This research work can be broken down into four specific objectives: 

1. Optimisation of protein extraction from Chlorella vulgaris via a novel 

sugaring-out assisted LBEF system. In this study, Chlorella vulgaris FSP-E was 
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cultivated and harvested. Protein from this microalgae biomass was extracted by 

liquid-liquid extraction. A sugaring-out method was employed with glucose solution 

and acetonitrile. The objectives are as follows: 

➢ To study protein extraction via sugaring out LBEF method 

➢ To optimise the parameters of LBEF system 

➢ To compare the performance of optimised integrated system with control groups 

The parameters of this study were optimised. This scope was thoroughly presented in 

Chapter 3 of this thesis. This research was published in Engineering in Life Sciences 

Journal. (Apurav Krishna Koyande, Kit Wayne Chew, Jun‐Wei Lim, Sze Ying Lee, Man 

Kee Lam, Pau‐Loke Show*. (2019) “Optimization of protein extraction from Chlorella 

Vulgaris via novel sugaring ‐ out assisted liquid biphasic electric flotation system” 

Engineering in Life Sciences, 19 (12), 968-977. DOI: 10.1002/elsc.201900068) 

2. Biorefinery of Chlorella sorokiniana using ultrasonication-assisted liquid 

triphasic flotation (U-LTF) system. In this study, Chlorella sorokiniana CY-1 was 

cultivated and harvested. Salting-out of this biomass was conducted. A resultant 

three-phase was observed due to interaction between ammonium sulphate solution 

and t-butanol. The objectives were as follows: 

➢ To test out protein & lipids extraction via novel U LTF system  

➢ To optimise the parameters of U-LTF system 

➢ To compare the recyclability of the system with control studies  

Protein and lipid from these phases was analysed and quantified. The parameters of this 

study were optimised. This scope was thoroughly presented in Chapter 4 of this thesis. 

This research was published in Bioresource Technology Journal. (Apurav Krishna 

Koyande, Kit Wayne Chew, Jun-Wei Lim, Man-Kee Lam, Yeek-Chia Ho, Pau-Loke Show*. 

(2020) “Biorefinery of Chlorella sorokiniana using ultra sonication assisted liquid triphasic 
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flotation system” Bioresource Technology, 303, 122931. DOI: 

10.1016/j.biortech.2020.122931) 

3. Liquid triphasic systems as a sustainable downstream processing of 

Chlorella biorefinery for potential biofuels and feed production. This research 

was published in Bioresource Technology Journal. In this study, Chlorella sorokiniana 

CY-1 was cultivated and harvested. 

The objectives were as follows: 

➢ To extract protein, lipids & carbohydrates simultaneously via novel U LTF system 

➢ To optimise the parameters of U-LTF system 

➢ To compare the recyclability of the system with control studies 

Salting-out of this biomass was conducted. Addition of ultrasonication (cell-disruption 

technique) and flotation resulted in higher yield. Protein, lipid and carbohydrate from 

these phases was analysed and quantified. The parameters of this study were optimised. 

This scope was thoroughly presented in Chapter 5 of this thesis.  (Apurav Krishna 

Koyande, Kit Wayne Chew, Pau-Loke Show, Heli Siti Halimatul Munawaroh, Jo-Shu 

Chang*. (2021) “Liquid triphasic systems as sustainable downstream processing of 

Chlorella sp. biorefinery for potential biofuels and feed production” Bioresource 

Technology, 333, 125075. DOI: doi.org/10.1016/j.biortech.2021.125075) 

4. Preliminary in vitro evaluation of proteins from Chlorella vulgaris coated on 

gelatine-glutaraldehyde membrane and its wound healing application. In this 

study, proteins extracted from Chlorella vulgaris by previously mentioned integrated 

system were purified. The purified proteins were adsorbed on a gelatine-

glutaraldehyde membrane. Wound healing properties of human keratinocyte cells by 

this membrane was studied and presented. This scope was thoroughly presented in 

Chapter 6 of this thesis. The objectives were as follows: 
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➢ To examine the cell proliferation with microalgae protein adsorbed on gelatine GTA 

membrane 

➢ To study the adhesion capacity of keratinocyte cells on the membrane 

➢ To investigate the wound healing rate of the protein on scratched HaCaT cells 

plate 

 

The following section depicts the flow of research conducted in this project. Microalgae 

was cultivated by previously optimised protocol and harvested. The harvested biomass 

was dewatered and freeze dried to powder form. This powdered biomass was extracted 

by integrated multiphasic systems to obtain different biomolecules. The bottom of LTF 

cylinder was connected to a compressed air pump. The bottom aqueous phase of LTF 

system consisted of microalgal biomass dissolved in 100 mL of (NH4)2SO4 salt solution 

in pre-determined concentration. The alcohol phase consisting of 100 mL of t-butanol 

was added to the aqueous bottom phase to form a three-phase system. During the 

operation of LTF system, an ultrasonication probe was submerged in the system for 

simultaneous cell disruption. At the end of each run, the three phases were collected via 

a tap located at the bottom of the equipment. The top phase consisted of lipid followed 

by protein concentrate in middle phase and carbohydrate in bottom phase. These phases 

were analysed for respective biomolecules content. Chapter 4 discusses on extraction of 

protein and lipid simultaneously whereas chapter 5 focuses on extraction of protein, lipid 

and carbohydrates from the three phases. The middle phase protein concentrate was 

purified and an application of the extracted protein from microalgae was conducted. 

Chapter 6 discusses on the application of microalgae derived protein on wound healing 

activity of human skin cells. 
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1.5. Flow diagram of the experimental methodology  
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CHAPTER 2  

2. Literature Review 

The booming world population, climate change, depletion of fossil fuels and increasing 

demand for food and energy are some of the concerns of the century [45]. The ever-

increasing dependence on non-renewable fuel sources has sparked researchers’ interest 

in securing alternative sustainable options when the fossil fuels run dry. The main 

external source of energy to Earth is from the Sun. The major part of this energy is 

harnessed by cultivating oil crops to convert solar energy into fuel by photosynthesis 

[46]. Researchers have investigated crops such as sugar cane for bioethanol; soybean, 

palm oil and rape seeds for biodiesel to secure the future demands via these renewable 

sources.  

A second generation of biofuels were experimented by utilising the residual waste from 

agricultural biomass. The major drawback of these biofuels was the insufficient or 

irregular supply of the biomass required for fuel production [47]. In addition, these crops 

compete with the resources intended for food security reserves such as fertile land and 

freshwater. In the current scenario, only specific parts or compounds of these oil 

crops/plants are utilised for biofuel generation [48]. To overcome these bottlenecks, a 

biorefinery approach like the conventional petroleum refinery industry is introduced to 

ensure complete extraction of all the components in the biomass. To ensure economic 

optimisation in biorefinery, the raw material used is with reliable energy efficiency [49]. 

Examples of such material are biomass of crops, plants or microalgae [50,51]. 

Nonetheless, the void created by the drastic depletion of fossil fuels cannot be filled by 

traditional oil crops. Therefore, a third generation of biofuel derived from microalgal 

biomass has emerged in the past decade [18,52].  

Compared to conventional oil-crops, microalgae can be cultivated on non-arable land or 

medium with saline, brackish water or wastewater [53]. Microalgae species are reported 
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to have high efficiency for photosynthetic conversion of sunlight as compared to the first 

and second generation biofuel sources [54]. Microalgal biomass can be directly converted 

to biofuel via four different techniques: biochemical conversion, thermochemical 

conversion, transesterification and microbial fuel cell. Selection of the technique is based 

on the specification and budget of the project, as well as the types and availability of the 

crude biomass feedstock.  

 

Figure 2.1 Bio-fuel production from microalgae biomass 
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The biochemical process involves biological conversion of microalgae feedstock into 

biofuels. Examples of biochemical process are fermentation, anaerobic digestion and 

photo-biological H2 generation. Fermentation of microalgae to alcohol yields bioethanol. 

The fraction of microalgae that contains cellulose, starch and other organic components 

will be converted to alcohol via fermentation, in the presence of yeast [55]. Anaerobic 

digestion could also convert microalgal biomass into biogas. The biogas produced from 

microalgae possesses high energy content and recovery when compared to biodiesel 

production from microalgal lipids. The composition of biogas produced by anaerobic 

digestion consists of 50-70 % of CH4, 20-30 % of CO2, 0.1-0.5 % of H2S, trace amounts 

of water, N2, NH3, H2 and SO2 [56]. Anaerobic digestion is preferred method as biodiesel 

production from microalgae involves high cost [57]. In photo-biological H2 production, 

microalgae convert water into H2 and O2. However, the enzyme involved in biological H2 

production reaction (hydrogenase) is inhibited by O2. Therefore, a temporal separation 

method has been proposed to separate H2 and O2 [58]. Melis et al. developed a temporal 

separation of both gases technique which involves two phases in microalgae 

Chlamydomonas reinhardtii [59]. In the first phase, microalgae fixed atmospheric CO2 

via photosynthesis to produce carbohydrates and O2. This was followed by second phase, 

in which the culture medium was deprived of sulphur to inhibit photosynthesis and O2 

generation. In these conditions, hydrogenase enzyme favoured H2 production. 

Thermochemical conversion involves thermal decomposition of microalgal biomass to 

obtain various types of fuel. 
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Table 2.1 presents thermochemical conversion techniques of microalgae by pyrolysis, 

gasification, liquefaction and direct combustion. Pyrolysis of microalgal biomass involves 

thermal degradation of the microalgae under anaerobic conditions to produce biofuels 

with low to medium calorific value in a large-scale facility. On the other hand, gasification 

involves conversion of organic substrate to syngas by chemical biotransformation. 

Syngas is utilised either as an intermediate for production of various biofuels, or can be 

directly used in turbines and engines. Raheem et al. (2015) used a high temperature 

(703 °C) tubular furnace with a heating rate of 22 °C/min, biomass loading of 1.45 g 

with an equivalent ratio of 0.29 to obtain H2 (41.75 mol%), CO (18.63 mol%), CO2 

(24.40 mol%) and CH4 (15.19 mol%) [60]. Liquefaction is a hydrogenation process of 

bioconversion of wet microalgal biomass to biofuel under low temperature (300-350 °C ), 

high pressure (5-20 MPa) and in the presence of a catalyst [61]. In contrast, direct 

combustion of microalgal biomass in aerobic condition yields heat, water and CO2. The 

steam produced from direct combustion is used to generate electricity. The process 

efficiency can be enhanced by coupling this steam engine with the conventional coal-

operated power plants [62]. Transesterification converts triglycerides found in microalgal 

lipids, in the presence of methanol, to fatty acid methyl esters (FAME) and glycerol. The 

process can be enhanced with addition of either acid or alkali catalyst.  
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Table 2.1 Thermochemical conversion technologies of microalgal feedstock. 

Thermochemical 
conversion 

technology 

Microalgae 
species 

Process conditions Results Ref. 

Slow pyrolysis Chlorella 

protothecoides 

1 g of sample, 5.5 mL stainless 

steel autoclave, 200-600 °C, 5-120 
min  

Maximum oil yield of 52 % at 

500 °C for 5 min 

[63] 

Nannochloropsis sp. 
after lipid extraction 

1 g of sample, HZSM-5/sample 
(0/1-1/1), 300-500 °C, 10 °C/min 

for 2 h, N2 at 30 mL/min 

Maximum oil yield of 31.1 % at 
400 °C. Achieved a higher 

heating value of 32.2 MJ/kg 
and lower O2 content compared 
to direct pyrolysis 

[64] 

Defatted and raw 
Scenedesmus sp. 

and Spirulina 

100 g of sample, 450 °C at 
50 °C/min, 2 h, N2 as carrier gas at 

100 mL/min 

Observed a higher heating 
value in the range of 35.2-36.7 

MJ/kg. Bio-oil yield in the range 
of 24-31 % 

[65] 

Tetraselmus chui 2.4 g of sample, maximum 
temperature of 500 °C, 20 min with 

10 °C/min, helium carrier gas at 50 
mL/min in fixed bed infrared 
pyrolysis oven 

The bio-oil obtained contains 
various alkanes, alkenes, 

aldehydes, amines, fatty acids 
and phenols. The bio-oil and 
biochar exhibited a high 

heating value of 28 MJ/kg and 
14.5 MJ/kg, respectively 

[66] 

Tetraselmus chui, 
Chlorella vulgaris, 

Chaetocerous 
muelleri, Dunaliella 
tertiolera 

100 mg of sample, max 
temperature of 750 °C, 10 °C/min, 

helium carrier gas at 50 mL/min 

Maximum bio-oil yield (43 %) 
for Tetraselmus chui at 500 °C 

[67] 

Fast pyrolysis Chlorella 
protothecoides 

200 g of sample, 4 g/min, 400-
600 °C, N2 carrier gas at 0.4 m3/h, 

vapour residence time of 2-3 s in 
fluid bed reactor 

Maximum bio-oil yield of 
57.9 % at 450 °C. High heating 

value of 41 MJ/kg at low 
density and viscosity of 0.92 

kg/L and 0.02 Pa.s with low O2 
content 

[68] 



 15 

Chlorella 

protothecoides and 
Microcystis 
aeruginosa 

200 g of sample, 4 g/min, 500 °C, 

N2 carrier gas at 0.4 m3/h, vapour 
residence time of 2-3 s in fluid bed 
reactor 

A higher (1.4 times) heating 

value of 29 MJ/kg of bio-oil 
than wood 

[69] 

Microwave-
assisted 

pyrolysis 

Chlorella spp. 30 g of sample, 6 g solid char as 
catalyst, 500-1250 W (462-627 °C), 

20 min, N2 carrier gas at 500 
mL/min 

Maximum bio-oil yield of 
28.6 % at 750 W. High heating 

value (30.7 MJ/kg) of bio-oil  

[70] 

Chlorella vulgaris 30 g of sample, 750-2250 W, 5 % 
activated carbon catalyst, N2 carrier 

gas at 300 mL/min 

Maximum bio-oil (35.83 wt%) 
and bio-gas yield (52.37 %) 

obtained at 1500 W and 2250 
W, respectively. Yield is 
enhanced with activated carbon 

as catalyst  

[71] 

Hydrothermal 

liquefaction 

Chlorella vulgaris, 

Nannochloropsis 
oculata, 

Porphyridium 
cruentum and 
Spirulina 

3 g of sample, 75 mL reactor, 27 

mL of distilled water,1 M Na2CO3 or 
1 M formic acid, 350 °C for 1 h 

A high heating value ranged 

from 22.8 to 37.1 MJ/kg with 
bio-oil yields in range of 25-

40 %  

[72] 

Dunaliella tertiolecta 7 g of sample, 100 mL stainless 
steel autoclave with magnetic 

stirrer, 70 mL distilled water, 0-
10 % Na2CO3 as catalyst, 280-

380 °C for 10-90 min  

Maximum bio-oil yield of 
25.8 % at 360 °C, 50 min and 

5 % Na2CO3. High heating 
value (30.74 MJ/kg) 

[73] 

Nannochloropsis sp. 4.27 g of microalgae paste (79 % 

water content), 200-500 °C, 60 min 
in 35 mL stainless-steel reactor 

Maximum bio-oil yield of 43 % 

and the highest heating value 
of 39 MJ/kg at 350 °C 

[74] 

Spirulina platensis 1.8 L reactor fitted with agitation 
impeller (300 rpm), 500-750 mL 
algal slurry with 10-50 % solids, 

200-380 °C, 0-120 min, N2 carrier 
gas with initial pressure of 2 MPa 

Maximum bio-oil yield of 
39.9 % at 350 °C, 20 % solids 
and 60 min 

[72] 
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Microalgae are photosynthetic species that require sunlight to convert nutrients present in the medium (i.e. water) to bioactive 

components in their cell structure [75]. Due to the suspension nature of the medium, microalgae growth can be controlled and 

automated with better precision. Microalgae can be cultivated with three major sources: water, sunlight and CO2. These 

resources are abundant and inexpensive. Conventional crops do not compete the resources required for cultivation of 

microalgae. Nevertheless, the microalgae culture medium needs to be nutrient-rich and contain various salts [76]. These 

nutrients can be obtained from household or industrial wastewater. Microalgae are able to grow and assimilate CO2 under high 

CO2 concentration condition, such as flue gas of a thermal power plant [37]. Coupled with high value added product output, 

microalgae portray promising potential as a sustainable source of energy for the future [77].  

Microalgae are mainly composed of lipids, proteins, carbohydrates and traces of antioxidants and pigments. The constituents 

of different species of microalgae are presented in Table 2.2. However, microalgae cultivation and harvesting processes involves 

high energy consumption, high maintenance costs and are capital and labour-intensive. Therefore, optimisation of energy and 

expenditure for obtaining valuable products is crucial [78].  

For example, the lipids extracted from microalgae can be utilised for biofuel production while proteins and whole biomass can 

be consumed as feed in livestock rearing and aquaculture. Additionally, carbohydrates obtained from microalgae can be 

fermented to produce bioethanol, used as an alternative carbon source to lignocellulose biomass or simple sugars in the 

bioethanol industry [79]. The unsaturated long-chain fatty acids extracted from microalgae exhibit important health benefits 

including potential anti-inflammatory and anti-carcinogenic effect on humans [80,81]. Apart from the three major fractions, 
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microalgae contain pigments such as chlorophylls, carotenoids, phycocyanin and astaxanthin [82], which are beneficial in 

pharmaceutical and cosmetic industry [83,84].  

 

Table 2.2 Composition of different species of microalgae. 

Microalgae species Composition (% dry matter) Ref. 

Protein Lipids Carbohydrates 

Anabaena cylindrica 43-56 4-7 25-30 [85] 

Aphanizomenon flos-aquae 62 3 23 [4] 

Chaetoceros calcitrans 36 15 27 [12] 

Chlamydomonas reinhardii 48 21 17 [11] 

Chlorella vulgaris 51-58 14-22 12-17 [86] 

Chlorella pyrenoidosa 57 2 26 [12] 

Chlorella protothecoides NA NA 50 [87] 

Chlorella zofingiensis NA 65.1 NA [88] 

Chlorococcum sp. NA 39.8-41.0 NA [89] 

Diacronema vlkianum 57 6 32 [90] 

Dunaliela salina 57 6 32 [12] 

Dunaliela bioculata 49 8 4 [14] 

Euglena gracilis 39-61 22-38 14-18 [12,14] 

Haematococcus pluvialis 48 15 27 [90] 

Isochrysis galbana 50-56 12-14 10-17 [12] 

Porphyridium cruentum 28-39 9-14 40-57 [12,14] 

Prymnesium parvum 28-45 22-38 25-33 [14] 

Scenedesmus obliquus 50-56 12-14 10-17 [11,15] 

Scenedesmus dimorphus 8-18 16-40 21-52 [12,14] 

Scenedesmus quadricauda 47 1.9 21-52 [14] 

Spirogyra sp. 6-20 11-21 33-64 [14] 

Spirulina maxima 60-71 6-7 13-16 [12] 

Spirulina platensis 46-63 4-9 8-14 [12] 

Synechococcus sp. 63 11 15 [11] 

Tetraselmis maculata 52 3 15 [14] 
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Despite encasing numerous beneficial and high-value components, the current extraction of bioactive components from 

microalgal biomass only focused on a single product extraction. The following section discusses the current extraction 

techniques and bioprocessing in microalgae biorefinery.  

2.1. Biorefinery of microalgae 

Microalgal biorefinery approach is a process of obtaining energy and other bioactive components from microalgal biomass as 

a feedstock. Microalgal biomass is a great raw material for biorefinery approach as it can yield multiple components, such as 

food and energy, for uses in different industries. Microalgal biorefinery is a promising alternative to alleviate global warming 

caused by emission of polluting greenhouse gases such as CO2 in the environment [91]. However, in the microalgae biorefinery, 

separation of different fragments without any significant loss of other components is crucial. This issue can be addressed by 

employing scalable, low-cost and energy efficient separation techniques [92].  

Despite of portraying a huge potential, current industrial microalgal biomass production is roughly 15000 tons/year [46]. This 

is very low compared to the demands required in the industry. A major factor governing this low production rate is the high 

cost involved in the cultivation, harvesting and extraction of microalgae. Therefore, microalgae is currently only employed to 

extract high value niche products [93].  

On the other hand, biofuel production is on the lower end of the spectrum due to the strict competition with fossil fuels. The 

price of biofuel does not necessarily have to be lower than its non-renewable counterpart. However, biofuel production needs 

to be performed at a lower energy expenditure. The current extraction technologies are not able to overcome the low-price 
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standards set by conventional fuel. The major stages of microalgae biorefinery involve upstream and downstream processing. 

The upstream process mainly consists of microalgae cultivation. The raw materials involved in the upstream process are 

nutrients, water, light and CO2 [78]. The nutrients such as phosphorous and N2 govern the growth of microalgae. An optimum 

amount of nutrient supply ensures a higher biomass production and shorter maturation period [94]. The source of illumination 

also affects the growth rate of microalgae. Several studies confirmed that illumination via artificial lighting such as LED is more 

effective than direct sunlight for microalgae cultivation [95,96].  

The downstream process of microalgal biomass consists of harvesting, extraction and purification of the value-added products. 

Conventional extraction techniques are mechanical methods (such as bead beating and blending, high pressure 

homogenisation); ultrasound and chemical methods (such as solvent extraction), as well as freezing-thawing, autoclaving and 

supercritical fluids [97]. These processes are costly, complex and involve multiple steps. The economic burden incurred due to 

these processes is huge and extraction of various high-value products from microalgal biomass should be viable at industrial 

scale [79]. Microalgal biomass can be majorly divided into three fractions: oil, protein and carbohydrate. Figure 2.2 focuses on 

possible product streams to obtain numerous products from a single energy flow. The by-products or residual wastes obtained 

can be either recycled in the culture medium as nutrients or used to produce power in form of combined heat and power plant 

in the biorefinery.  
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Figure 2.2 Microalgae biorefinery model. 

 

2.2. Lipids fraction 

Lipids from microalgae can be classified into two categories. The first type of lipid contains fatty acids with 14-19 carbon atom 

chains; while the second type contains more than 19 carbon atom chains. The former type is usually bio-transformed into 

biodiesel as it is a saturated fatty acid without the presence of any double bonds in the hydrocarbon chain. The latter type of 
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lipid is utilised in food industry as poly-unsaturated fatty acids (PUFAs) as it is an unsaturated fatty acid with the presence of 

double bonds in the hydrocarbon chain. Lipids productivity of microalgae is higher than that of traditional oil-crops. Table 2.3 

presents biodiesel production and characteristics of various sources. It is evident that lipids from microalgal biomass are 

considered favourite for production of biodiesel.  

 

Table 2.3 Biodiesel production and characteristics of various sources. Adapted from [86,98]. 

Type of source Biomass oil 
content 

(wt%) 

Yield  
(L oil/ha year) 

Land required 
(m2/kg biodiesel 

year) 

Biodiesel 
production (kg/ha 

year) 

Corn 44 172 66 152 

Hemp 33 363 31 321 

Soybean 18 636 18 562 

Jatropha 28 741 15 656 

Camelina 42 915 12 809 

Rapeseed 41 974 12 862 

Sunflower 40 1070 11 946 

Castor 48 1307 9 1156 

Oil Palm 36 5366 2 4747 

Microalgae  

(Low oil content) 

30 58700 0.2 51927 

Microalgae (Medium oil 

content) 

50 97800 0.1 86515 

Microalgae  

(High oil content) 

70 136900 0.1 121104 

 

Lipids are commercially extracted from microalgae via solvents, ultrasonication, electrolysis or microwaves. These processes 

are energy-intensive, require the use of hazardous solvents, have low selectivity and need a high temperature [99–101]. There 
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are a few environment-friendly and simple solvent-free methods. One of the most promising technique is extraction of lipids 

from microalgae via super-critical CO2 [102]. This method does not require hazardous solvents and is very selective to the 

non-polar lipid fraction of microalgae. This method also allows for further component extraction from residual cell debris [79]. 

Besides, CO2 engaged in the process is recyclable. However, due to the super-critical nature of this technique, the capital and 

maintenance costs are levied on the production. The high costs can be neutralised by converting the remaining cell debris to 

fertiliser, fish feed or recycling back into microalgae cultivation for a higher productivity since this method is solvent-free.  

The fragment of lipids required for biodiesel production is triglycerides (TAGs). TAGs are transformed to biodiesel by 

transesterification [103]. Transesterification is a reaction between methanol and microalgae lipids to obtain glycerol and FAME. 

In the mass balance of transesterification process, 3 moles of FAME and 1 mole of glycerol are obtained with 1 mol of TAG and 

3 moles of methanol [104]. Transesterification can be accelerated during acid catalysis. Alkali catalysed reaction is 4000 times 

faster than acid-catalysed reaction [105]. Alkalis such as NaOH and KOH are usually employed in the alkali-catalysed reaction. 

However, saponification might happen due to the occurrence of free fatty acids in the TAGs. Therefore, a lipid-rich high-quality 

biomass is necessary to prevent saponification  [106]. The upstream processing of microalgal biomass accounts for 65-70 % 

of the biodiesel production process. Acid-catalysed reactions have a slower reaction rate and lower yield compared to alkali 

catalysed reactions [107]. Due to the slower reaction rate and longer reaction time, acid catalysis is coupled with base catalyst 

in a two-step process [108]. In this two-step process, free fatty acids are converted to methyl esters via acid catalysts followed 

by conversion of residual triglycerides to methyl-esters by alkali-catalysts [109–112]. This process is beneficial as it utilises a 

low-quality feedstock. An increase in FAME yield up to 84 % was observed by using a wet microalgal biomass with 50 %(w/w) 
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water content [113]. The co-solvent used was methanol. Another study conducted utilised microalgae culture with a 90 % 

(w/w) water content to produce biodiesel using hexane and methanol in excess as co-solvents [114]. This process eliminates 

the extraction and produces FAME via direct transesterification. A similar study was successful in achieving a 97.3 % conversion 

rate of biodiesel by utilising Chlorella vulgaris with 71 % of water content [36]. 

PUFAs are parts of human cell membrane and function as an energy storing compound and cell signalling molecule [115]. 

Although humans can synthesise these lipids, some of the essential lipids must be obtained from diets. These lipids are known 

as glyco- or phospholipids. It contains two fatty acids chains and a polar head group. The most noteworthy group of glyco- or 

phospholipids is the long chain poly-unsaturated fatty acids (LC-PUFAs) [116]. LC-PUFAs are fatty acids comprising of three or 

more double bonds in a chain of 18 or more carbon atoms [117]. LC-PUFAs are generally classified into two families: linolenic 

acids (ω-3 fatty acids) and α-linolenic acids (ω-6 fatty acids). Among the two, ω-3 fatty acids have been reported to have 

numerous health benefits and incorporated in food products [118]. The essential fatty acids in ω-3 PUFA family are α-linolenic 

acid (ALA; 18:3), docosapentaenoic acid (DPA; 22:5), docosahexaenoic acid (DHA; 22:6) and eicosapentaenoic acid (EPA; 

20:5). 

Consumption of ω-3 fatty acids has shown effectiveness in prevention of various diseases such as arthritis, asthma, cancer, 

cardiovascular disorders, inflammatory bowel disorders, depression, schizophrenia and type-2 diabetes [117]. Food and Drug 

Administration (FDA) has recognized that ω-3 PUFA rich foods, particularly DHA and EPA, able to reduce risk of coronary heart 

diseases [119]. DHA plays an important role in development of infants, especially brain and retina [120]. Dietary 

supplementation with DHA is considered as a vital nutrient during pregnancy and breastfeeding as it actively contributes to 
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the development of nervous system of the young foetus. It also affects the cognitive function and visual acuteness of the child 

[121].  

The main source of LC-PUFAs is fish and fish oil. Due to the potential contamination of fishes with toxins, there is an urgent 

need to explore alternatives. Over-exploitation of fishes, unpleasant odour and taste and oxidative instability are the reasons 

for this shift [117]. The primary producer of LC-PUFAs is marine microalgae. Marine microalgae contain these fatty acids in the 

purest form. These fatty acids can be accumulated and modified through multiple tropic food chains. The changes in the algal 

lipid content affect the dietary make-up of molluscs, shells, larvae and fishes [122]. Due to the rapid global warming and ocean 

acidification, there are reports of reduced supply of these fatty acids in the higher food chain [123]. Therefore, extraction of 

LC-PUFAs from microalgae is a promising alternative. Ryckebosch et al. reported that 0.8 g of fish oil is required to achieve 

daily ω-3 PUFA intake of 250 mg. The amount of oil required from Nannochloropsis sp. is around 1.3-1.4 g per day [124]. In 

view of the amount of microalgae required is less than half a tablespoon a day, this shows the potential of microalgae as an 

alternative to fish oil (especially for vegetarians/vegans).  

2.3. Carbohydrate fraction 

Microalgae are reported to contain carbohydrates as high as 50 % dry matter (Table 2.2). Carbohydrates secreted by 

microalgae majorly consist of monosaccharides such as glucose, fructose, mannose, galactose and polysaccharides (such as 

starch and cellulose). Glucose and starch extracted from microalgae are utilised in the production of biofuels such as 

biohydrogen and bioethanol [125]. However, polysaccharides majorly function as structural molecules and for storage purposes. 

Microalgal polysaccharides are reported to have the ability to activate macrophages, induce production of nitric oxide, reactive 
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oxidative species and various cytokines to modulate the immune system [126]. These macrophages can secrete chemokines 

and cytokines such as tumour necrosis factor (TNF-α) and interleukin (IL-6, IL-β). These compounds signal the inflammatory 

and immunomodulation reactions [127]. Tannin-Spitz et al. reported that the major function of cell-wall sulphated 

polysaccharide obtained from red microalgae Porphyridium sp. is to provide protection from external oxidative stress [128]. 

Matsui et al. reported that sulphated polysaccharides obtained from Porphyridium sp. have an ability to hinder the adhesion 

and migration of polymorphonuclear leukocytes, thus exhibiting anti-inflammatory properties [129]. The immunomodulating 

properties of sulphated polysaccharides from Haematococcus lacustris are evident as they stimulate the synthesis of pro-

inflammatory cytokine from murine macrophages. Microalgal sulphated polysaccharides also exhibit a wide spectrum antiviral 

activity due to their interactions with surface molecules of virus cells. This not only inhibits the growth of host-type cells such 

as virus, but also blocks internal cellular fusion [130]. Therefore, sulphated polysaccharides have various medical applications 

owing to their pharmaceutical and therapeutic benefits including antitumor, anti-inflammatory, antioxidant and antiviral 

activities [83]. Table 2.4 summarises the pharmacological properties of microalgae.  

 

Table 2.4 Pharmacological effects of microalgal carbohydrates. 

Microalgae species Type of carbohydrate Pharmacological effects Ref. 

Chlorella stigmatophora Crude polysaccharide Anti-inflammatory, immuno-
modulating 

[131] 

Chlorella vulgaris Crude polysaccharide Antioxidant [132] 

Gyrodinium impudicum KG-03 Sulfonated polysaccharide Anti-viral [133,134] 

Haematococcus lacustris Water-soluble polysaccharide Immuno-stimulating [127] 
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Phaeodactylum tricornutum Crude polysaccharide Anti-inflammatory, immuno-

modulating 

[131] 

Porphyridium sp. Crude polysaccharide Antioxidant [128] 

Sulfonated polysaccharide Anti-inflammatory [135] 

Rhodella reticulata Extracellular polysaccharide Antioxidant [136] 

Scenedesmus quadricuada Crude polysaccharide Antioxidant [132] 

 

Apart from pharmaceutical benefits, microalgal carbohydrates are majorly utilised for bioethanol production by fermentation. 

The microalgae are hydrolysed using acids or alkalis to break down carbohydrates in their sub-units. This process is known as 

saccharification [137]. Addition of water breaks down the polysaccharides into respective monomers. This process is crucial as 

it is a rate-limiting step in bioethanol production [138]. Hydrolysis of complex polysaccharides is mainly carried by chemical 

methods or enzymatic methods. Chemical hydrolysis or acid catalysed hydrolysis is rapid, and the chemicals used are cheaper 

than enzymes. However, the process creates lot of residual by-products that can potentially inhibit the next step of fermentation. 

On the other hand, enzymatic hydrolysis requires less energy but it is highly selective and thus require high amounts of 

enzymes for effective hydrolysis [139]. The monomers obtained after saccharification are fermented to using yeast, bacteria 

or fungi. Conventional process includes separate hydrolysis and fermentation or simultaneous hydrolysis and fermentation. 

However, these processes involve different micro-organisms and complex unit operations. Several studies have been conducted 

for production of bioethanol by hydrolysis and fermentation by microalgae itself [140,141]. Hirano et al. [142] reported that 

intracellular ethanol production is possible in Chlamysomonas reinhadtii. The culture is kept under anaerobic and dark 

conditions. This process also eliminates the expensive step of microalgae harvesting. However, the ethanol yield and production 

rate are lower than conventional two-step process [138].  



 27 

Polysaccharides extracted from microalgae are utilised as stabilisers, thickening agents, emulsifiers, cosmetics, water-soluble 

lubricants, textiles, clinical drugs and in food and beverage industries [143]. The extracellular polysaccharides found in 

microalgae are beneficial with respect to bioprocessing as cell disruption is not necessary to extract these polysaccharides. 

Despite the multiple advantages of microalgal polysaccharides, it has not been successful in commercial market due to the 

cheaper alternatives like xanthan gum, agar, guar gum and carrageenan [6]. 

2.4. Protein fraction 

Microalgal biomass consists of 40-70 % of proteins, although their quality is determined by its amino acids composition. Human 

body requires 9 essential amino acids which are not synthesised in situ. Conventional sources of proteins are meat, dairy, eggs, 

pulses and soybean. As compared to the conventional sources, microalgae are reported to be above-par source with respect 

to the essential amino acids composition. It has the potential to meet the protein requirements for the growing population. 

Microalgae use the least amount of land while producing a higher yield. A Life Cycle assessment conducted by de Vries et al. 

concluded that microalgae-based food products require less than 2.5 sqm of land per kg of protein; whereas, pork, chicken 

and beef require 47-64, 42-52 and 144-258 sqm of land per kg of protein, respectively [7,144]. Additionally, microalgae can 

be cultivated in a non-arable land and potentially use wastewater or seawater instead of fresh water. Their raw material 

requirements are lower than plant-based proteins such as pea protein, soybean protein [145]. Proteins are extracted from 

microalgae via various methods. The conventional extraction process utilised filtration or centrifuge to obtain the cellular 

components from soluble compounds in the liquid phase. These processes resulted in the loss of functional properties of the 

extracted proteins. On the other hand, utilisation of solvent extraction retains the functional properties of the proteins. In this 
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process, the soluble proteins are obtained by liquid-liquid extraction after cell-disruption [78]. The proteins are solubilised in 

organic solvents containing surfactants. The proteins are transferred from aqueous phase to the organic phase via electrostatic 

interactions between proteins and surfactants [146]. The parameters driving this process are pH, concentration and type of 

salts and organic solvents [79]. There has been an attempt to obtain proteins via super-critical CO2 extraction which eliminated 

the use of toxic solvents [147]. 

2.5. Pigments (Carotenoids, chlorophyll)  

Pigments are essentially molecules that absorb light from the visible spectrum. The wavelength which is not absorbed by these 

molecules is caught by human eye and therefore exhibit the corresponding colour. Pigments are used for a variety of products 

including food additives/colorants, aquaculture, pharmaceutical and nutraceutical products [148]. These pigments are currently 

produced on industrial scale via non-renewable synthetic sources such as petrochemicals, inorganic chemicals and organic 

acids. The raw materials and cost of production are cheaper with synthetic sources. However, there is a rising demand for 

naturally produced pigments due to the safety and environmental concerns associated with synthetically produced pigments 

[148–150]. Food industry is very keen on utilising natural pigments as food colorants owing to the harmful elements present 

in the synthetic sources [150].  

Natural sources of pigment production are fruits, flowers, vegetables, insects and photosynthetic micro-organisms like 

microalgae and cyanobacteria [151]. Microalgae are photosynthetic species that produce various pigments depending on the 

species and their corresponding colours. For example, green microalgae contain chlorophyll; red and blue microalgae possess 

phycobiliproteins; yellow, orange and red microalgae synthesise carotenoids. Among the various sources, microalgae are 
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superior source of pigments due to their ability to synthesise natural pigments in a higher concentration compared to others 

[152]. Additionally, microalgae can be cultivated in brackish or wastewater with a high concentration of heavy metals. 

Microalgae consume nutrients present in the wastewater while reduce its dependence on chemicals and freshwater [55]. 

Furthermore, microalgae are 10 to 50 times more efficient in capturing CO2 and sunlight for photosynthesis as compared to 

terrestrial plants [153]. Several studies have reported that Scenedesmus sp. and Chlorella sp. have the ability to tolerate 10-

30 % of atmospheric CO2 and hence have the ability to sequester large amounts of flue gas from nearby power plant [55,154]. 

Microalgal growth rates and productivity are higher than any plant systems [153]. Figure 2.3 depicts the production of 

carotenoids content in numerous natural sources.  
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Figure 2.3 Carotenoid content of different sources including flowers, vegetables and microalgae. Adapted from [152,155]. 

 

Carotenoids are isoprenoid structured lipophilic pigments which are found in non-photosynthetic organisms, microalgae and 

higher plants [156]. These pigments have therapeutic effect on humans and animals due to their strong anti-oxidant properties 

to protect the organisms from oxidative and free-radical stresses [157]. Carotenoids act as pro-vitamin A in human body and 

are usually present in the range of 0.1-0.2 % of total dry matter of microalgae [4]. The global carotenoids market is estimated 

to be valued at USD 1.24 Billion in 2016 and projected to reach USD 1.53 Billion by 2021. However, most of the production 

incorporates chemical raw materials [149]. Carotenoids are classified according to their functional groups. Carotenoids with 
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only hydrocarbon groups are known as carotenes. Carotenoids with epoxy, hydroxyl and oxo groups are known as xanthophylls. 

With more than 400 identified carotenoids, only β-carotene and astaxanthin are industrially commercialised [11]. 

β-carotene is an important carotenoid pigment due to the presence of pro-vitamin A, an additive in multivitamin supplement 

and tablets. β-carotene is also applied as food dye on cheese, butter and margarine [11]. D. Salina is reported to contain up 

to 10-14 % of its dry matter as β-carotene [158]. Rodrigues et al. identified 24 types of carotenoids in Phordium autumnale. 

Amongst them, all-trans-β-carotene, all-trans-lutein and all-trans-zeaxanthin are the major contributors with concentration of 

225.44 µg.g-1, 117.56 µg.g-1 and 88.46 µg.g-1 of biomass, respectively [159]. Recently, studies have shown that β-carotene 

production can be enhanced via manipulating the culture conditions to high salinity, high light intensity, lower nutrient content 

and extreme temperature [160][161]. Optimising the culture medium conditions increases the production efficiency of β-

carotene and 9-cis isomers [162]. 9-cis isomers of β-carotene have shown positive results on plasma lipids and thus have a 

possibility of preventing advancement of atherosclerosis in humans [163]. A Manfredonia study conducted on 640 individuals 

to evaluate the effects of β-carotene in cardiovascular health concluded that atherosclerosis diseases can be prevented with 

adequate addition of β-carotene and other antioxidants in diet, given that other external factors such as smoking, hypertension, 

dyslipidaemia and diabetes are under control [164]. 

Astaxanthin is a natural pigment and possesses powerful antioxidant properties compared to vitamin C, E or any other 

carotenoids like β-carotene, lutein, lycopene and zeaxanthin [86]. Astaxanthin is the second most important carotenoid 

pigment and mostly extracted from Haematococcus pluvialis, a freshwater green microalgae [165]. Haematococcus pluvialis 

is reported to contain astaxanthin about 4-5 % of their dry weight [157]. Apart from H. pluvalis, Chlorella zofingiensis also 
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produces astaxanthin in a low production rate. Under N2 limiting conditions, C. zofingiensis produces hydroxyl radicals which 

are responsible for astaxanthin generation [166,167]. It is commercially marketed as a feed for salmon fishing industry [86]. 

Consumption of food rich in astaxanthin is promoted as a beneficial dietary supplement as its antioxidant strength is 100 times 

that of α-tocopherol [165,168]. Recently, several studies have been conducted to prove that addition of astaxanthin in diet of 

humans reduces inflammation, oxidative stress and improves the immune system of patients suffering from cardiovascular 

problems [169–171]. Kim et al. reported that consumption of Haematococcus astaxanthin resulted in prevention of oxidative 

damage in heavy smokers by suppressing lipid peroxidation [170]. Yoshida et al. reported that an increase in serum HDL and 

adiponectin in 61 non-obese subjects with daily dose of 12-18 mg of natural astaxanthin [172]. Table 2.5 illustrates phenolic 

and carotenoid activity with respect to different microalgae strains.  

 

Table 2.5 Carotenoid and phenolic activity of various microalgae strains. Adapted from [173,174]. 

Microalgae species Carotenoid activity (mg/g DE) Phenolic activity 
(mg GAE/g EW) 

Botryococcus braunii 2.10±0.07 1.99±0.17 

Chaetoceros sp. 1.9±0.2 11.9±0.28 

Chlorella sp. 0.3±0.04 8.1±0.16 

Dunaliella sp. 10.8±2.02 14.0±0.43 

Dunaliella salina 3.8±1.30 19.3±0.70 

Haematococcus pluviallis 1.89±0.05 1.23±0.06 

Isochrysis sp. 6.1±1.70 13.4±0.16 

Nannochloropsis gaditana 3.0±0.24 32.0±0.57 

Phaeodactylum tricornutum 6.3±0.10 16.8±0.33 

Scenedesmus obliquus 0.44±0.06 1.94±0.16 

Tetraselmis sp. 4.6 0.90 25.5±1.50 
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Chlorophyll, a natural source of green pigments, is synthesised by all the photoautotrophic microalgal species and constitutes 

for about 0.5-1.5 % of the dry cell matter. The microalgae Phordium autumnale was also reported with two chlorophyll pigments 

namely chlorophyll-a (2.7 µg.g-1) and chlorophyll-b (0.7 µg.g-1)[159]. Chlorophyll consumption has shown a potential to 

increase bile secretion and further stimulate the recovery of liver [175]. It also possesses antioxidant, anticarcinogenic, 

antigenotoxic and antimutagenic properties [117]. Chlorophyll is a well-known detoxifying agent and a phytonutrient. It has a 

positive effects in human reproduction and improves metabolism of proteins, carbohydrates and lipids in humans [176]. 

Chlorophyll contains chlorophyllin (CHL), a sodium-copper-salt water-soluble derivative, which is readily absorbed by human 

body. Nagini et al. reported that addition of CHL in diet, has a potential to inhibit the progression of cancer as it targets multiple 

pathways of carcinogens and invades their cell cycle [177]. A study conducted by Das et al. successfully reported that 

introduction of CHL aided in slow progression of lung cancer in mice. The study further concluded that due to the ability of CHL 

to cross the blood-brain-barrier in mice, it will potentially be successful in human application [178]. 

Phycobiliproteins are water-soluble or hydrophilic protein complexes that capture light energy and thus assist in photosynthesis 

of cyanobacteria and other red microalgae [179]. The major producers of this pigment are Porphydrium sp., Spirulina sp. and 

A. flosaquae [12]. Phycocyanin, a fluorescent blue-coloured phycobiliprotein, is extracted from Spirulina sp. as a natural dye. 

It is also used in popsicles, chewing gum, confectionery, wasabi, dairy products and soft drinks [11]. However, in nutraceutical 

industry, these pigments are marketed as anti-inflammatory, anti-oxidative, anti-viral, hepatoprotective and neuroprotective 

agents [6,117,180]. 
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2.6. Vitamins 

Apart from macronutrients such as proteins, carbohydrates and fats, the human body requires several micro-nutrients for 

survival. These micronutrients act as either co-enzymes or as an active electron/proton carrier in breakdown process of the 

macro-nutrients. One such group of important micro-nutrients are vitamins. Deficiency of vitamins in humans is responsible 

for various diseases such as beriberi, scurvy, rickets, methyl-malonic academia, etc. Vitamins play a major part in energy 

metabolism of humans. Depeint et al. reported that vitamin B6, B9 and B12 essentially regulate the mitochondrial enzymes in 

order to maintain the mitochondrial one-carbon transfer cycle of amino acid metabolism [181]. 

Algal food products are rich in vitamins. In 1990, Fabregas and Herrero conducted a study to determine the vitamin content 

of various microalgal species. They noted that microalgae contained high concentration of four vitamins; provitamin A, vitamin 

E, vitamin B1 and folic acid, compared to conventional food sources. They reported that Dunaliella tertiolecta was able to 

synthesise vitamin B12 (cobalamin), vitamin B2 (riboflavin), vitamin E (tocopherol) and provitamin a (β-carotene). Moreover, 

Tetraselmis suecica was an excellent source of vitamin B1 (thiamin), vitamin B3 (nicotinic acid), vitamin B5 (thenic acid), vitamin 

B6 (pyridoxine) and vitamin C (ascorbic acid) [182]. Chlorella spp. are reported to contain vitamin B7 (biotin) in high 

concentration. A study by Shim et al. concluded that around 9-18 % of Chlorella strains are rich source of vitamin B12 [183]. 

Watanabe et al. reported that although Spirulina species are capable of synthesising vitamin B12, Chlorella species have better 

bioavailability [184]. 

Fruits and vegetables are poor sources of vitamin B12 (cobalamin) as it is neither synthesised nor required by plants [185]. 

This justifies the vitamin B12 deficiency among people following vegan and vegetarian diet [186]. Therefore, microalgal derived 
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foods provide an essential source of vitamin B12 for the individuals that follow these diets. Studies conducted have reported 

that several sea vegetables such as Gracilaria changii, Himanthalia elongate and Porphyra umbilicalis have similar levels of 

vitamin C compared to common vegetables like lettuce and tomatoes [187,188]. One species of brown microalgae, Eisenia 

arborea, reported to contain 34.4 mg of vitamin C per 100 g of dry matter. This value is closer to that of mandarin oranges 

[189]. Macrocystis pyrifera, more commonly known as Kelp, is reported to contain α-tocopherol at higher concentration that 

plant oils that are rich in this vitamin, like soybean, sunflower and palm oil [187,190]. Additionally, the levels of β-carotene in 

Codium fragile and Gracilaria chilensis was reported to outnumber that of carrots [187]. Although microalgae vitamin secretion 

is comparable to certain fruits and vegetables, implementation of biorefinery approach on microalgal bioactive component 

extraction deems it a superior source compared to conventional sources [79].  

The fat-soluble vitamins extracted from microalgae need to be consumed with food items rich in lipids for effective absorption 

in the body. This co-relation is well understood, however, there is lack of literature data regarding edible microalgal biomass 

[190]. There are numerous studies that quantify the vitamin profile of microalgal species or study the potential of microalgal 

biomass as a functional food, although, there are no studies that incorporate both the aspects in one assessment [187,188]. 

Therefore, a comprehensive study which combines both these approaches need to be adopted for obtaining better insights on 

true potential of microalgae as a vitamin source [191].  

2.7. Antioxidants 

Human body continuously produces free radicals or reactive oxygen species (ROS) as a result of external stresses like smoking, 

chewing tobacco, excessive exposure to sunlight [192]. To counter these free radicals, antioxidants are synthesised by the 
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human cells. Additionally, human body has a balance between the oxidant to antioxidant ratio, any disturbance to this 

equilibrium will result in accumulation of free radicals. This phenomenon is known as oxidative stress. Oxidative stress is also 

related with numerous diseases such as diabetes, ageing, auto-immune disorder, cardiovascular disorder, atherosclerosis, 

rheumatoid arthritis, Alzheimer’s disease, motor neuron disease and ocular disease [193]. Oxidative stress plays a pivotal role 

in cell and tissue damage which leads to chronic diseases such as cancer [194]. At the final stage of cancer, antioxidants are 

helpful in preventing further damage to human body due to carcinogenesis [195]. 

The production of the antioxidants in human body takes place in two pathways: in-situ and ex-situ. The antioxidants 

synthesised by human body in-situ or internally are known as endogenous antioxidants. Whereas the antioxidants that are 

consumed externally or ex-situ through food supplements are known as exogenous antioxidants. The endogenous antioxidants 

are synthesised by enzymatic or non-enzymatic pathways. Although, this paper emphasizes on the ability of microalgae to 

synthesise exogenous antioxidants. The antioxidants produced ex situ are also known as nutrient oxidants due to their nature. 

They constitute of carotenoids, flavonoids, trace metals (zinc and selenium), vitamin C and E, as well as fatty acids (ω-3 and 

ω-6 fatty acids) [193]. Table 2.6 illustrates PUFA composition of various freshwater and marine microalgae.  

 

Table 2.6 LC-PUFAs composition of various microalgae species. Adapted from [196]. 

LC-PUFAs ALA DHA EPA Total ω-3 PUFA 

Chlorella 
vulgaris 

(green) 

661±12 16±1 19±1 971±14 
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Microalgal biomass is superior source of nutritional antioxidants due to its higher production capacity compared to conventional 

plant-derived sources. Microalgae are also capable of producing multiple components in single species. For example, 

composition analysis on Chlorella sorokiniana revealed that the total carotenoid content was 0.69 % of dry matter. The α-

tocopherol, β-carotene and lutein content were 112, 600 and 4300 µg/g of dry matter, respectively. These compounds possess 

high radical scavenging properties [197]. The antioxidant capacity of phycobiliproteins in Phordium autumnale was measured 

as 274 µmol trolox.g-1 of dry biomass weight [159]. It is also reported that antioxidant such as astaxanthin extracted from 

microalgae have greater antioxidant activity compared to α- carotene, β-carotene, lycopene, lutein and vitamin E. Although, it 

is lower than that from synthetically produced antioxidants such as butylated hydroxy anisole (BHA) and butylated 

hydroxytoluene (BHT) [198]. However, due to better awareness in the consumers, there is a huge demand for naturally sourced 

antioxidants. Moreover, as these compounds are included in pharmaceuticals, functional foods and beverages for human 

Chlorella 

vulgaris 
(orange) 

3665±1 80±1 39±1 4781±2 

Diacronema 
vlkianum 

14±1 836±41 3212±57 5407±146 

Haematococcus 
pluvialis 

3981±2 NA 579±6 5770±14 

Isochrysis 
galbana 

421±5 1156±40 4875±108 6461±153 

Spirulina 

maxima 

40±0.1 NA NA 58±35 
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consumption, extraction of natural antioxidants is gaining traction [4]. To conclude, the bioavailability of antioxidants extracted 

from microalgae is higher than synthetic sources and provide better protection [11,12].   

2.8. Market trends, Life cycle analysis (LCA) and techno-economic analysis 

In recent years, health related issues have been rising and there is a rising interest in consumption of ‘healthy foods’ or 

‘superfoods’. Superfoods are nutritionally dense functional foods which have added health benefits and may prevent or cure 

some chronic diseases. This has driven new research opportunities for evaluation of different sources for production of healthy 

functional foods [176]. Among the algal-derived products, the production of dried Spirulina spp. is the highest with around 

12,000 tons per year, followed by Chlorella spp., Dunaliella salina, A. flosaquae, Haematococcus pluvalis, C. cohnii and 

Shizochytrium with 5000, 3000, 1500, 700, 500 and 20 tons per year, respectively [117]. However, these values are very low 

compared to terrestrial crops such as palm oil whose production per year is 40 million tons [199]. The recently published 

Credence Research market report on algal products states that Compound Annual Growth Rate (CAGR) of algae-based products 

is expected to cross 5.2 % and the market value will stand at US$ 44.6 billion by 2023 [200]. Due to the rising demand of 

microalgae, particularly Spirulina, for applications in cosmetics and natural colorants, the CAGR of the global Spirulina market 

was expected to be around 10 % with an estimated value of US$ 2000 Mn by 2026. On the other hand, Chlorella ingredients 

market is anticipated to achieve a CAGR of 25.4 %, reaching US$ 700 Mn by 2022. The global market for natural sources of 

astaxanthin in aqua feed, cosmetics, food and beverages, and nutraceuticals also shows the potential of utilising microalgae 

to provide the needs of the respective market demand [117]. Error! Reference source not found. illustrates some of the 

examples and their benefits for human health.  
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Error! Reference source not found. Microalgae incorporation in food products. 

Type of product Microalgae species Addition Benefits Ref. 

Biscuits A. platensis 1.63,3,5,7,8.36 % 
w/w 

Nutritional and Techno-functional 
properties (protein, fibre and anti-
oxidative content) 

[201] 

A. platensis, Phycocyanin 
Extract 

0.3,0.6 and 0.9 % 
w/w to wheat flour 

Nutritional properties [202] 

A. platensis, C. vulgaris, P. 
tricomutum and T. suecica 

2 and 6 % w/w Nutritional and Techno-functional 
properties (anti-oxidative activity) 

[203] 

I. galbana 1 and 3 % w/w Nutritional and Techno-functional 
properties (ω-3 PUFAs) 

[204] 

Bread A. fusiformis 1 and 3 % w/w in the 
flour 

Nutritional and Techno-functional 
properties (proteins and mineral 

content) 

[205] 

A. platensis 11 % w/w in flour [206] 

A. platensis (gluten free 

bread) 

2-5 % w/w in flour [207] 

A. platensis and O. 

amphibian  

5 % w/w algal protein 

in flour 

[118] 

Arthrospira sp. 2,2.5 and 3 % w/w in 

flour 

[208] 

Dunaliella sp. 10 % w/w with algal 

biomass, biomass 
without β-carotene 

and biomass without 
β-carotene and 
glycerol. 

[118] 

I. galbana, N. gaditana, S. 
almeriensis, T. suecica 

0.47 % w/w in flour [209] 

Cookies C. vulgaris 0.5, 1.0, 2.0 and 
3.0 % w/w in flour 

Colouring agent [210] 

H. pluvialis 5, 10 and 15 % 
astaxanthin in flour 

Nutritional and Techno-functional 
properties (antioxidative activity) 

[211] 

Extruded snacks Arthrospira sp. 0.4, 1.0, 1.8, 2.6 and 
3.2 % w/w 

Nutritional and Techno-functional 
properties (proteins content) 

[212] 
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Emulsions: 

oil/water 

Green and orange C. 

vulgaris (after 
carotenogenesis) 

2 % w/w Techno-functional properties [213] 

Green and orange C. 
vulgaris and red H. pluvialis 
(after carotenogenesis) 

C. Vulgaris: 0.25-
2.0 % w/w  
H. pluvialis: 0.05-

2.0 % w/w 

Colouring agent and nutritional 
properties (antioxidative activity) 

[214] 

Fermented milk A. platensis 3 g/L Nutritional properties [215] 

Frozen yogurt Arthrospira sp. 2-8 % w/w Nutritional properties [216] 

Pasta A. maxima, green and 

orange C. vulgaris after 
carotenogenesis 

0.5, 1.0 and 2.0 % 

w/w in flour 

Nutritional and Techno-functional 

properties 

[217] 

A. platensis 1-3 % w/w in flour Sensory quality and nutraceutical 
potential 

[218] 

5, 10 and 20 % w/w 
in flour 

Nutritional and Techno-functional 
properties (antioxidative activity) 

[219] 

D. salina 1-3 % w/w in flour Nutritional and Techno-functional 
properties 

[220] 

D. vlkianum and I. galbana 0.5, 1.0 and 2 % w/w 
in flour 

Nutritional and Techno-functional 
properties (ω-3 PUFAs) 

[221] 

S. platensis 5 and 10 % w/w in 
flour 

Nutritional and Techno-functional 
properties (protein enrichment) 

[222] 

Probiotic yogurt A. platensis 0.1-0.8 % w/w Nutritional and Techno-functional 
properties 

[118] 

Processed cheese Chlorella sp. 0.5 and 1.0 % w/w Nutritional and Techno-functional 
properties 

[223] 

Vegetarian food 
gels 

A. maxima and D. vlkianum 0.1- 1.0 % w/w Nutritional and Techno-functional 
properties (antioxidative activity, 

ω-3 PUFAs) 

[224] 

A. maxima, C. vulgaris, D. 

vlkianum and H. pluvialis 

0.75 % w/w [225] 

A. maxima and H. pluvialis 0.75 % w/w [226] 

Yogurt Chlorella sp.  Powder extract: 
0.25 % w/w, Liquid 

extract: 2.5-10 % 
 

Nutritional and Techno-functional 
properties 

[227] 
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Microalgal biomass encompasses high value products while utilising natural and 

anthropogenic resources. The potential of microalgal biomass of producing high value-

added products has grabbed attention of various research groups involving biofuels, food 

and feed as well as pharmaceuticals. These traits deem microalgae feedstock as a 

suitable candidate for exploitation via biorefinery approach. However, before further 

research is conducted for potential industrialization, a thorough LCA is necessary. LCA 

quantifies all the resources that are required in microalgae cultivation, harvesting, 

extraction and purification and calculates the emissions and its effect on nature from the 

same process. Additionally, economic analysis of the whole biorefinery approach is 

crucial to understand the feasibility of microalgae as a feedstock. These tools provide an 

understanding of current scenario and generate various pathways to achieve commercial 

industrialisation of microalgal biorefineries. 

Evaluation of LCA is conducted on the basis of two indicators namely global warming 

potential (GWP) and net energy ratio (NER). GWP is quantified by the amount of CO2 

emitted per unit of energy. Ideally, all the greenhouse gases are considered for this 

quantification, but literature data is limited to CO2 emissions. Positive result of biofuel 

production from microalgae is however limited to hydrothermal liquefaction at carbon 

credit of -220 g CO2-eqMJ-1 compared to conventional diesel with carbon credit of +15 g 

CO2-eqMJ-1 [228]. NER is evaluated based on the total energy flow of the process. It is 

the ratio between energy required to obtain the final products from microalgae and the 

total energy stored in the final product. LCA has been carried out in various studies but 

have been limited to biofuel or bioenergy production from microalgae. Jorquera et al. 

[229] conducted a LCA on biomass production of Nannochloropsis sp. and evaluated the 

NER for three different cultivation setups. The NER values were obtained as 8.34, 4.5 

and 0.2 for open/raceway ponds, flat reactors and tubular reactors. However, this study 

was only based on biomass cultivation and no further product extraction. On the other 
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hand, Tredici et al. [230] conducted LCA of Tetraselmis suecica cultivation with 

harvesting for biomass production. The study compared NER of flat panel bioreactor with 

and without a photovoltaic panel. The NER of bioreactor with photovoltaic panel was 1.73 

compared to 0.82 without the external renewable energy supply. However, these values 

were still not sufficient compared to NER of 3.71, 4.11 and 7.57 of soybean, corn and 

cassava, respectively. 

Recently, Bennion et al. [231] studied NER values of microalgae biofuel production from 

cultivation until transportation of biofuel to the fuel station. The NER values in this study 

ranged from 0.44 to 2. Although, these values were high, but they are not sufficient 

compared to NER value of 5.55 of fossil fuels. However, the NER values of biofuel 

production from microalgae fluctuate due to different system boundaries and are not 

comparable to the conventional fossil fuel NER values. Chowdhury et al. [232] conducted 

LCA on four scenarios based on energy production from microalgae by utilising dairy 

waste as a substrate. The four cases include anaerobic digestion, biodiesel production, 

pyrolysis and enzymatic hydrolysis. These scenarios resulted in NER values of 0.35, 0.48, 

0.50 and 0.68, respectively. The authors concluded that production of biofuel alone is 

not feasible and thus biorefinery approach is necessary. A LCA study conducted by Soh 

et al. [233] based on energy consumption, green-house gas emissions and potential of 

eutrophication concluded that optimising extraction from a single fraction of microalgae 

does not result in positive environmental outcome. Microalgae feedstock post-lipid 

extraction should undergo further processing to extract valuable niche components such 

as pigments and PUFA while the starch fraction should be digested anaerobically. This 

will lead to much pleasant outcome rather than single product extraction. 

 Apart from LCA, economic feasibility of microalgae biorefinery is crucial to attract 

commercial industrialization. Hoffman et al. [234] conducted a comparative economic 

feasibility study of biodiesel production between Algal Turf Scrubber (ATS) and Open 
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Raceway Ponds (ORP). According to this study, the biodiesel production cost from ATS 

and ORP were calculated at $8.34 and $6.27 per gallon of biodiesel, respectively. 

Although, these prices are not providing positive economic feasibility. Dasan et al. [235] 

conducted a study of three different cultivation systems to obtain biodiesel and other by 

products from different fraction of microalgae feedstock. The cultivation system studied 

were open pond/raceway pond, bubble column PBR and tubular PBR. This life cycle study 

was based on production of 100,000 kg of biomass for 340 days of the year. The study 

concluded that capital cost involved in tubular and bubble column PBRs were higher than 

the operating cost ranging from 47.54-86.18 %. However, open ponds cultivation system 

requires 45.73 % of total cost for operation and maintenance. The study analysed 

production of bioethanol as a by-product, however the complex and costly processes 

involved in bioethanol production do not favour the economic profitability. On the 

contrary, a biorefinery economic assessment conducted by Lam et al. [236] predicted 

that the highest total revenue generated from microalgal biomass is around €31 per kg 

of dry weight compared to the production cost of €6-7 per kg of dry weight. Although, 

these values can only be achieved when the downstream processing costs are minimized. 

Therefore, simpler and cost-effective downstream processing techniques should provide 

economic feasibility of microalgae biorefinery.  

2.9. Challenges and future prospect 

The techno-economic evaluation concluded that with the existing downstream process 

techniques, the microalgae biorefinery approach is not sustainable and feasible. The 

major hurdle faced by microalgae cultivation process is the limited biomass concentration 

in the matured algae culture. The maximum biomass concentration in the autotrophic 

microalgae culture is limited to around 3 g/L compared to 30-100 g/L biomass 

concentration of heterotrophic bacteria. Microalgae cultivation is also expensive 

compared to the bacteria fermentations due to the utilisation of photobioreactors (PBRs) 
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equipped with artificial light for optimum cultivation parameters. The low biomass 

concentration of microalgal culture coupled with high downstream processing costs 

(around 40 % of total cost) hinder the success of biorefinery approach for effective 

extraction of all valuable components from microalgae. Gifuni et al. [237] analysed 

various studies conducted on microalgae biorefinery and concluded that cascade 

extraction was most suitable approach for effective utilisation of microalgae components. 

Various studies conducted using cascade extraction utilised a novel approach of 

extracting high-value added components such as lutein, astaxanthin and carotene 

followed by recovery of other by-products such as proteins and carbohydrates [238–

241]. In this approach, the costs of microalgae cultivation and extraction are offset by 

the high-value pigments while extraction of remaining fraction can be profitable. Ansari 

et al. [242] conducted a biorefinery study of microalgae by extracting proteins with 

aqueous extraction technique which was preceded by extraction of high-value products 

such as pigments and PUFA. The study was conducted with cascade extraction of proteins 

followed by lipids and carbohydrates. Utilisation of mild liquid-based extraction resulted 

in limited damage to other fractions. This study concluded that recovery of maximum 

number of products from microalgae is dependent on the severity of the extraction 

technology and utilisation of wet microalgae paste which reduces the drying costs. 

Despite the high market value, production of algae-based bulk products presents few 

hurdles. The existing large-scale facilities distribute their produce to aquaculture industry, 

animal feed industry or for the production of bioactive components [145]. Individual 

governments and regulatory authorities hamper the circulation of new microalgae 

products due to their complex rules and regulations on novel food products [243]. This 

has been a major obstacle in the potential growth spurt of commercially large-scale 

distribution of microalgae food products. There’s a need for targeted nutrition 

educational programmes for young individuals to convey the importance of microalgae 
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in human diet [244].  Attracting attention of investors for starting up a new facility is 

difficult as microalgae products do not have a proven record of high market demand 

compared to traditional terrestrial crops especially as food products. The cultivation and 

down-stream processing of traditional protein based on terrestrial plants is optimised 

throughout the years as opposed to microalgae protein-based food products. Therefore, 

further research in cultivation and processing are necessary to obtain a sustainable and 

profitable market for microalgae food products. The investors however look for long-

term record of high market demand and high market value to risk financing in a new 

venture [118]. A study conducted by Ruiz et al. estimated reduction in cultivation and 

bio-refining costs up to 10 times per kg of biomass when the facility was upgraded from 

1 hectare to 100 hectare in size [245]. However, such upgrades are not easy to execute. 

The biomass composition, a critical factor in its integration in food products, is driven by 

microalgae species and the cultivation conditions [34,55]. The capital-intensive steps are 

that of dewatering and harvesting. These steps drive the economics of the final product, 

however, the size of the plant and cultivation medium play an important role as well 

[246].  

Current large-scale open-pond or lagoon microalgae cultivation and biomass production 

are based on harvesting microalgae from natural habitations [145]. They are cheaper to 

install and easy to run; however, they have high chances of predator contamination, 

irregular growth due to varying light and temperatures [247]. The future of microalgae 

production might be dependent on recently developed compact large-scale 

photobioreactors (PBRs). These PBRs can be operated at optimised parameters with 

minimum risk of contamination. However, they are expensive and in small-scale 

currently [248]. The scale-up of such systems is hindered by inefficient use of light by 

the microalgae. Recent studies have overcome this issue by designing special diodes and 

optical fibres to efficiently provide internal illumination to the PBRs [249,250]. Despite 
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all these issues with scale-up of PBRs, extraction of high value-added bio-components 

and nutraceuticals is still feasible with the current PBRs. However, it is too small and 

unprofitable for biofuel production [117]. 

Addition of bioactive components extracted from microalgae to commonly consumed 

food products can ensure nutritional benefits to majority of the population. Recently 

microalgae cells have been used as ingredients in various food products including biscuits, 

cookies and pasta. Gouveia et al. and Raymundo et al.[213,214] reported promising 

changes in the anti-oxidizing activity of food emulsions when certain microalgae species 

were infused in it. Incorporation of microalgae with dairy products has been successful 

as well [216]. It is reported that addition of Arthrospira spp. stimulates probiotic growth 

in fermented milk and yogurt [215]. The presence of vitamins, minerals and other trace 

metals in microalgae enhances the growth of probiotic bacteria [215,216]. Cookies and 

biscuits on the other hand are much simpler products to deliver bioactive components of 

microalgae. They have higher acceptance in general population due to their appearance, 

taste, texture and are easier to store and transport. There have been successful attempts 

of adding microalgae to pasta. Fradique et al. reported that microalgae added pasta 

presented very appealing colours and had similar appearance to pasta cooked with 

vegetables [217]. The use of microalgae enhances the sensory and nutritional quality of 

the pasta. Microalgae, if utilised to its full potential, can benefit human population 

immensely in the long run. It is useful in many ways from production of biofuels, animal 

feed, human food products, cosmetics, nutraceutical and pharmaceutical industry. 

Although, it is expensive to cultivate if only one product is extracted. Until today, various 

studies have been conducted to conduct the biorefinery approach on microalgae. Table 

2.7 summarises an overview of the studies conducted till date. Although, for 

sustainability and profitability of microalgae cultivation, further research in an integrated 
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biorefinery approach is required which will extract multiple products including biofuels, 

pigments, PUFAs and antioxidants [79].  

 

Table 2.7 List of biorefinery studies conducted on microalgae. 

Feedstock Extracted compounds Ref. 

Dunaliella 
tertiolecta 

Lipids such as beta-carotene, fatty acids and phytosterol 
followed by pyrolysis to obtain char and bio-oil from 

defatted biomass 

[251] 

Isochysis galbana Polar lipids and carotenoids such as fucoxanthin [252] 

Nannochloropsis 
gaditana 

Proteins, carotenoids and biodiesel [253] 

Nannochloropsis 
sp. 

Lipids fraction such as carotenoids and fatty acids 
followed by bio-H2 

[254] 

Scenedesmus sp. Amino acids with biogas [255] 

Defatted algal 

biomass 

Short chain carboxylic acids and bio-H2 production from 

algal biomass post lipids extraction  

[256] 

 

This section briefly discussed the importance of microalgae, the biomolecules secreted 

by it and its techno-economic and future prospects. The potential of microalgal biomass 

to produce high-value bioactive components enables it as a promising raw material for 

bioprocessing. Thus, in this thesis, a preliminary study incorporating protein extraction 

was followed by biorefinery approach in the next two studies. The biorefinery study 

includes Liquid Triphasic Flotation (LTF) system with simultaneous extraction of protein 

and lipid. To prove the potential of LTF system, the second biorefinery study examined 

simultaneous extraction of protein, lipid and carbohydrate from microalgae. After 

successful demonstration of biorefinery approach of microalgae bioprocessing, an 

application of purified proteins was conducted. The purified protein extracted by LTF 

system was adsorbed on gelatine-glutaraldehyde (GGP) membrane and its wound 

healing activity on human keratinocyte cells was investigated. The following sections of 

this thesis discuss these studies and future improvements are also listed. The LTF system 

proposed in this thesis has the potential to transform and upgrade the bioprocessing 

industry in the upcoming decade.  
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CHAPTER 3  

3. Optimisation of protein extraction from Chlorella vulgaris via a novel 

sugaring-out assisted LBEF system 

3.1. Introduction  

Microalgae are photosynthetic unicellular organisms that are capable of rapid growth and 

survival in harsh conditions [257]. Compared to vegetables and other sources of proteins, 

microalgal biomass contains a high amount of protein. Microalgae species of Spirulina 

and Chlorella are noted to contain more than 70 % of their dry matter as proteins [40]. 

Due to such high protein content of microalgae, their biomass has attracted attention by 

various industries such as poultry, aquaculture, animal feed, etc. World Health 

Organisation (WHO) also recommends the consumption of microalgal biomass of 

Chlorella species in human diet due to its complete essential amino acids profile [258]. 

Protein extraction from microalgae is currently carried out via expensive separation 

processes such as crystallisation, column chromatography, ultrafiltration, membrane 

separation and precipitation. These conventional processes are time-consuming, 

complicated, require high maintenance cost and are difficult to scale up.  

On the other hand, liquid biphasic flotation (LBF) is a novel upcoming technology that is 

capable of replacing conventional technologies [259]. LBF system is a combination of 

solvent sublation (SS) and aqueous two-phase system (ATPS). In LBF system, the air 

bubbles provided at the bottom of the set-up adsorb the bioactive components of the 

bottom phase. The bioactive components will be transported to the top phase by the 

rising gas bubbles. This novel method has been utilised at an experimental scale for 

extraction of various bioactive components such as betacyanin [260], lipase [261], 

bacteriocin [262] and protein [263,264], etc. LBF process is a simple and economical 

technique with high protein separation efficiency (PSE) and concentration co-efficient. It 
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is also cost-effective compared to other conventional techniques, owing to its recyclable 

nature [44].  

The concept of LBF system is like the aqueous two-phase flotation (ATPF) system which 

relies on the salting-out effect for the separation of bioactive components. However, in 

this work, a novel sugaring-out method is explored. This sugaring-out method is 

specifically designed to counter the difficulties faced in the salting-out experiment. In 

the sugaring-out effect, the bioactive components are reported to preserve their 

properties and structure due to the lower influence of sugar solution on the target 

products [265]. Introduction of sugar instead of salt solution ensures that a stable pH is 

maintained in the system, and protects the equipment from corrosion [266].  

In the sugaring-out system, the top organic phase consists of acetonitrile (ACN) instead 

of conventional alcohols. ACN can form a two-phase rapidly while providing a stable and 

friendly environment for target biomolecules. Studies have been conducted with different 

organic solvents and ACN has been found to be the most promising of all due to its 

miscibility with water at all concentrations. This feature permits ACN with the potential 

of extracting a wide range of biomolecules [267]. Additionally, ACN is less harmful 

compared to other solvents used in traditional liquid-liquid extraction systems.  

However, LBF system with the sugaring-out effect is solely not efficient in extraction of 

protein from microalgae. This is because microalgae cells are surrounded by a rigid cell 

wall which preserves the compounds present in the cytoplasm and other organelles [268]. 

Hence, a pre-treatment is necessary to disrupt the cell wall before extraction of proteins 

from microalgae. It is essential to select a suitable cell disruption technique coupled with 

an optimum extraction method to optimise the protein recovery (PR) and avoid 

contamination of the target components at the downstream processes. Examples of pre-

treatment of microalgae with various cell disruption techniques are pulsed electric field 

[269], ultra-sonication [270] and high voltage electrical discharges [271].  
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This study utilises electrolysis as a cell disruption method for microalgae. The electric 

field will be passing through the system to initiate the movement of negatively charged 

microalgae components to the anode, followed by rising to the top solvent phase via gas 

bubbles [44].  

In the current experiment, the cell-disruption method of electrolysis was integrated with 

LBF system to extract proteins from Chlorella vulgaris FSP-E biomass. The main aim of 

this study is to optimise the operating parameters of the integrated LBEF system. The 

parameters manipulated include the microalgal biomass loading, voltage of the DC 

electric supply, concentration and type of sugar, concentration of ACN, air flowrate and 

duration of flotation system. The system was compared with the control LBF system. The 

scalable nature of the system was also investigated. 

3.2. Experimental  

3.2.1. Materials 

The chemicals required for this experiment, namely, glucose, sucrose, maltose, fructose, 

xylose, ACN and Bradford’s reagent were purchased from R&M Chemicals. Bovine serum 

albumin (BSA) protein required for protein assay was also purchased from R&M 

Chemicals. All the purchased chemicals were of analytical grade.  

3.2.2. LBF equipment set-up 

The apparatus for the LBF system of 500 mL was obtained from Donewell Resources of 

Puchong, Malaysia. The LBF set-up consists of a glass cylinder with an inner diameter of 

7 cm, a height of 15 cm and a volume of 500 mL. At the bottom of the unit, a hole was 

drilled to connect 50 mL centrifugal tube. The air bubble filter required for flotation in 

the column is installed at the bottom of the cylinder. It is a sintered disk of G4 porosity 

with a pore size of 10µm. Compressed air was supplied through the bottom of the unit 

with the help of an air compressor. The flow rate of compressed air was controlled with 

a flowmeter (model: RMA-26-SSV, Dwyer, USA) of range between 50-200 mL/min.  
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3.2.3. Microalgae strain and medium selection 

Chlorella vulgaris FSP-E algal strain was obtained from National Cheng Kung University 

of Taiwan. This specific strain was selected due to its high protein percentage (58 %) as 

dry matter [272]. The Chlorella vulgaris FSP-E microalgae were pre-cultured using BG-

11 medium for 7 days followed by batch culture for 14 days. The microalgal biomass was 

harvested after a stagnant growth rate. The BG-11 medium consists of NaNO3 as 1.5 g/L, 

K2HPO4 as 0.03 g/L, MgSO4.7H2O as 0.075 g/L, C6H8O7 as 0.006 g/L, Na2CO3 as 2 g/L, 

CaCl2.2H2O as 3.6 g/L, FeH4N5O12 as 0.6 g/L, EDTA as 0.1 g/L, H3BO3 as 2.86 g/L, 

MnCl.4H2O as 1.81 g/L, ZnSO4.7H2O as 0.222 g/L, Na2MoO4.2H2O as 0.39 g/L, 

CuSO4.5H2O as 0.079 g/L and Co(NO3)2.6H2O as 0.049 g/L. To prevent contamination, 

the initial pre-culture and the following batch-culture were carried out in the laminar flow 

chamber.  

3.2.4. Microalgal biomass cultivation 

The cultivation of microalgae was carried out in the laboratory using a small-scale 

photobioreactor (PBR) consisting of glass vessels with 1L working volume. The PBR was 

covered with artificial lights with illumination of 200 µmol/m2/s. The temperature was 

fixed at around 25±1 °C. The culture medium was constantly aerated at 400 mL/min 

with a mixture of CO2 and air. The mixture was agitated at 450 rpm and the cultivation 

was carried out for 14 days. The biomass was obtained from the broth using 

centrifugation at 6500 rpm for 5 min using a centrifuge (Eppendorf, 5430). The 

supernatant was discarded, and the remaining paste was freeze dried for 36 h. The dried 

biomass was stored at -20 °C. 

3.2.5. Determination of microalgae concentration 

The microalgae concentration determination for cell growth in the culture was carried 

out daily by using the optical density of the obtained sample. The culture broth was 
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diluted 10 times and mixed well in the cuvette. The mixture was analysed in UV-Vis 

Spectrophotometer (UV-1800, Shimadzu) at a wavelength of 680.8 nm.  

3.2.6. LBEF integration 

The LBF set-up mentioned in section 3.2.2 is integrated to equip two carbon electrodes 

(diameter 10mm). These electrodes are attached to an insulated polystyrene ring that 

rests on top of the LBF cylinder. The electrodes are placed 2 cm apart. The electric 

current was provided by a GW GPS-3030 single DC (0-30 V/3 A) power supply to two 

carbon electrodes which acted like anode and cathode, respectively. The two lead 

electrodes were purchased from BTSCIENCE SDN BHD, Selangor, Malaysia.  

The dried microalgal biomass utilised in this experiment was first weighed to the desired 

amount. It was then dissolved in the prepared sugar solution of the desired concentration. 

The solution was mixed well and then added to the LBEF unit. This serves as the bottom 

phase. The ACN solution of desired concentration was added to form the top phase of 

the biphasic system. Compressed air of the desired flowrate was introduced to the 

system. The two electrodes were placed in the LBF unit, and a DC power supply of fixed 

voltage was provided. This initiated the experiment. The experiment was conducted for 

a pre-determined duration. At the end of the experiment, the two-phase solution was 

transferred to a measuring cylinder to note down the volume of the top and bottom 

phases. The experimental set-up for the experiment is shown in Figure 3.1. A 10 mL 

sample was collected from the top and bottom phase for analysis and the experiment 

was carried out in triplicate.  
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Figure 3.1 Set-up for LBEF system. 

 

3.2.7. Protein assay 

The protein content in each sample was determined by Bradford’s method using BSA 

standard solution. The collected bottom and top phase samples of 0.2 mL were mixed 

with 2.5 mL of Bradford reagent. The mixture was analysed in UV-Vis Spectrophotometer 

(UV-1800, Shimadzu) at 595 nm wavelength after 10 min. The obtained results were 

compared with the standard calibration curve of BSA protein. 

3.2.8. Operating parameters and optimisation of LBEF system 

The protein extraction via LBF and electrolysis was carried out simultaneously. The 

method implemented here is sugaring-out instead of the conventional salting-out 

method. The introduction of electric current promotes cell disruption and cell contents 

are released effectively including the proteins. The continuous flotation will transfer these 

proteins from the bottom phase to the top phase by two-phase partitioning and can be 

extracted easily. The method employed for optimisation of protein extraction is one 

variable at a time (OVAT). The parameters manipulated in this study include microalgal 

biomass loading, voltage of DC current, position of electrodes, concentration and type of 

sugar, concentration of ACN, air flowrate and flotation time. The initial working 
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parameters were fixed at working volume of aqueous solution of 150 mL, volume of ACN 

at 150 mL. The biomass amount was chosen as 0.1 grams and the sugar concentration 

of 150 g/L. The flotation system was operated with an airflow rate of 75 mL/min for 10 

min. The air was filtered using a 0.2 µm filter. The DC electric supply to the electrodes 

was 5 V with the tip of electrodes in the bottom phase. After manipulating all the 

variables, a comparison study between LBF and LBEF was conducted.  

3.2.9. Determination of PSE and PR (yield) 

The results were analysed using SE and PR/yield to optimise each parameter. PSE is 

defined as yield in terms of concentration in the top phase. It is calculated by 

𝑃𝑆𝐸 =  [1 −
𝐶𝑃

𝐶𝑃𝑖
] × 100 %         (Eq 3.1) 

where PSE is protein separation efficiency, CP is protein concentration at the bottom 

phase at the end of the experiment, CPi is protein concentration of the initial crude 

microalgae. 

The PR or yield is calculated by 

𝑃𝑅 =  
𝑃𝑇

𝑃𝑖
× 100 %          (Eq 3.2) 

where PR is Protein Recovery, PT is total protein recovered in the top phase and Pi is 

initial protein content in the crude microalgae feedstock.  

The overall protein in the crude feedstock was determined by the following equation 

(3.3): 

𝑃𝑖 = 𝑀𝑖 × 𝑁𝑒𝑎 × 𝑁𝑇𝑃          (Eq 3.3) 

where Mi is microalgal biomass loading in grams, Nea is percentage of total N2 in Chlorella 

vulgaris via elemental analysis and NTP corresponds to the total N2 to protein conversion 

factor. The values for Nea and NTP were calculated as 7.81 % and 6.35 respectively 

[273,274]. 

3.2.10. Statistical analysis 
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The data presented was the average value of triplicates of each parameter. The values 

are depicted as mean±standard deviation. The triplication of each parameter was 

conducted to validate the data obtained. Further, a One-Way ANOVA was conducted on 

the data obtained via Microsoft Excel to assess the sum of differences and confirm that 

p≤0.05.  

3.3. Results and Discussion 

3.3.1. Influence of microalgal biomass loading on the LBEF system 

The crude microalgal biomass loading was investigated first to determine the biomass 

loading for determining the critical loading level of the microalgae in the LBEF system. It 

is noted that biomass loading potentially affects two-phase formation thus affecting the 

total protein yield [275]. Previous reports also suggest that crude biomass loading of 

greater than 5 % (w/w) results in a decrease in protein SE [276]. To evaluate the 

biomass loading on the system, all the other parameters were fixed at a constant and 

the microalgal biomass content was tested between 0.05 g to 0.5 g. This range is 

between the critical threshold quantities of 5 % (w/w) necessary for optimum two-phase 

formation. Figure 3.2 illustrates the SE and PR of varying biomass loading. 
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Figure 3.2 Effect of biomass loading in LBEF system with 150 mL of 100 % ACN, 150 mL 

of glucose solution with a concentration of 150 g/L, air supply of 75 mL/min with flotation 

time of 10 min and DC supply of 5 V with the tip of the electrode in the bottom phase. 

 

From Figure 3.2, it can be noted that the SE of LBEF system steadily decreases from 

0.05g to 0.3g. However, in the case of PR, there is a steep decline from 0.05 g to 0.1g. 

The PR remains in the same range until 0.3g biomass loading and after 0.3g there is a 

sharp decline in the yield. This is mainly attributed to the increase in viscosity of the 

bottom phase corresponding to higher biomass loading. The flotation efficiency of the 

system decreases due to an increase in the viscosity of the bottom phase. Therefore, 

yield is reduced considerably. The highest PSE and PR of 55.45±0.81 % and 0.30±1.28 % 

were noted for biomass loading of 0.05g, respectively. The biomass loading of 0.1g and 

0.2g have similar separation efficiencies at 51.28±0.17 % and 51.07±0.62 % 

respectively. However, the corresponding PR is lower at 18.80±0.28 % and 18.45±1.04 % 

respectively. The decrease in PR is noted due to the increase in impurities and 

contaminants in the aqueous system at higher biomass loading [277]. In addition to that, 

due to the presence of higher biomass in the bottom phase, there is more precipitation 

on the ACN/sugar interface which hinders the efficient air supply. This results in lower 
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PR as the biomass loading is increased. Therefore, from this study, biomass loading of 

0.05 g was selected as a constant for further variable manipulation.  

3.3.2. Influence of electric current (voltage) and position of electrode on 

LBEF system 

The DC electric current supply for this experiment was manipulated by varying voltage 

supply to the electrodes from 5V- 30V. The results obtained from this set-up are depicted 

in Figure 3.3a. As the voltage supply is increased from 5V to 15V, the PSE and PR 

increase. Further increase in voltage supply (20-30V) illustrates a decreasing trend in 

the total yield. A similar trend was observed by Leong et al. in the extraction of 

betacyanins from the peel of red-purple pitaya via LBEF system [260]. According to 

Leong et al., the mass transfer in the experiment may have reached an equilibrium stage 

and additional of voltage supply is unnecessary for the system [260]. The highest PSE 

and PR of 55.16±1.25 % and 43.21±1.58 % were obtained at a DC supply of 15V, 

respectively. Although the PSE at 5V (55.45±0.81 %) is like that of 15V, the 

corresponding PR is low (30.21±1.27 %). 

 

Figure 3.3 Effect of (a) voltage supply (V) and (b) electrode position in LBEF system. 

The supply of electricity in the LBEF system causes electropermeabilisation of the 

microalgae cell membrane. This enhances the extraction of proteins from microalgal 

biomass. An increase in the permeability of cell membrane certainly increases the 
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amount of proteins released from the cell structure to the external solution [278]. The 

application of voltage or electric field to the system is a non-thermal process. The electric 

field ranging from 5V-30V passes through the cell structure and initiates membrane 

rupture as the cell membrane is dipole in nature [279]. The mass transfer energy of the 

system increases due to the addition of electric field. When the electric voltage is supplied 

to the system, the ions in the liquids move from anode or cathode depending on the 

charge of the cells. The microalgae cell carries a negative charge on the cell membrane 

and thus move towards anode when the electric field is introduced. This produces O2 and 

H2 gas at the electrodes. The proteins bind to these bubbles and rise to the top ACN-rich 

phase. Emission of H2 and O2 bubbles results in higher turbulence in the two-phase 

system. Statistical analysis of this study suggested that the data obtained is significant 

(p<0.05) and 15V of DC electric field supply is enough to induce higher SE and PR. 

Therefore, 15V of DC supply will be utilised in the next parameters.  

After operating the LBEF system at 15V, the position of the tip of the electrodes was 

analysed. The tip of the electrode was positioned at the bottom, top and middle phases. 

The results for this set-up are depicted in Figure 3.3b. The highest SE and PR were 

observed when the tip of the electrode was at the bottom phase. When the tip of the 

electrode was at the bottom phase, the PSE was 55.16±1.25 % and PR was 

43.21±1.58 %. The lowest PSE and PR of 49.88±0.04 % and 3.11±0.08 % were 

observed when the tip was placed at the middle or the interface of the two-phase system, 

respectively.  

As observed from Figure 3.3b, it is evident that electric field supply to the bottom phase 

results in higher protein extraction efficiency. As the microalgal biomass is present in the 

bottom phase, the supply of electric field to the bottom phase releases the protein and 

the subsequent flotation carries the proteins to the top phase. However, when the electric 

field is supplied to the middle and top phase, the protein extraction efficiency is reduced 
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due to the absence of microalgal biomass initially. As the flotation progresses and 

proteins are extracted in the top phase, the electric field is effective. However, it cannot 

compete with the electrode tip in the bottom phase. Therefore, in further optimisation 

experiments, the tip of the electrodes is immersed in the bottom phase. 

3.3.3. Effect of sugar concentration and type of sugar on LBEF study 

In the conventional salting-out two-phase systems, the type of salt and its corresponding 

concentration plays a major role. These two parameters are vital for effective two-phase 

formation and thus affect the efficiency of the system. Similarly, in the sugaring-out 

effect, optimisation of the type and concentration of sugar is necessary. In this section, 

the sugar concentration for glucose is optimised. The ACN molecules interact with water 

molecules via hydrogen bonding and dipole-dipole interactions to form three-dimensional 

clusters (N-H-O complexes) [280]. The formation of two-phase in the sugaring-out 

system is predicted due to the substitution of hydrogen bonds between ACN-water by 

the added sugar molecules [265]. Therefore, ACN molecules are separated and form a 

two-phase system. According to Wang et al., an increase in sugar concentration should 

enhance and strengthen the two-phase formation [281]. Higher sugar concentration also 

ensures higher ACN volume in the top phase for recycling [281]. Figure 3.4a illustrates 

the results of this experiment with glucose concentration ranging from 100 g/L to 300 

g/L.  

As previously suggested by the literature study, the results of the experiment follow a 

similar trend. As the glucose concentration is increased from 100 g/L to 300 g/L, there 

is a steady increase in SE. The PSE rose from 50.01±0.08 % at 100g/L to 69.60±1.52 % 

at 300 g/L. The PR for glucose concentration of 100 g/L is very low (3.36±0.16 %) due 

to the weak two-phase formation. At 100 g/L, there are fewer sugar molecules to replace 

the ACN-water complex. This results in weaker two-phase formation and introduction of 

turbulence due to flotation eventually collapse the two-phase formed. However, there is 
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a steady increase in PR from 150 g/L (43.20±1.58 %) to 300 g/L (59.46±2.03 %). As 

the sugar concentration of the bottom phase increases, there are lesser hydrogen bonds 

available for the released proteins to attach, they rise to the top phase and can be 

extracted. An increase in the volume of ACN with higher glucose concentration also 

enhances extraction of non-polar proteins as ACN is hydrophobic (non-polar) compared 

to water [282]. Statistical analysis of this study suggested that the data obtained is 

significant (p<0.05) and 300 g/L of sugar concentration was selected for optimisation of 

further parameters. 

 

Figure 3.4 Effect of (a) glucose concentration (g/L) and (b) tPRe of sugar on LBEF system. 

 

As the concentration of sugar was determined, the corresponding type of sugar was 

studied. For this study, five different types of sugars were selected, namely glucose, 

sucrose, fructose, maltose and xylose. Their PSE and PR are illustrated in Figure 3.4b. 

Based on the results from Figure 3.4b, it is evident that sucrose, maltose and xylose 

showed the lowest PR of 48.17±0.58 %, 44.48±1.61 % and 37.92±1.33 % respectively. 

The highest PR was reported by glucose at 59.46±2.03 %, followed by fructose at 

58.02±1.84 %. The PSE was highest for fructose at 72.62±1.20 % followed by 

69.59±1.52 % for glucose. The lowest PSE was observed by maltose followed by xylose 

and sucrose at 65.29±1.01 %, 66.14±0.72 % and 67.61±0.36 % respectively.  
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Previous reports suggest that two-phase formation is largely influenced by the placement 

of hydroxyl group on the 4th carbon of the circular ring of the sugars. For monosaccharide 

sugars like glucose, fructose and xylose, glucose has higher PR compared to fructose 

and xylose. Fructose is a ketose with 5 chain carbon ring and xylose is an aldose on a 5 

chain carbon ring whereas glucose has 6 chain ring which increases the availability of 

the number of hydrogen bonds [283]. The low PR for sucrose and maltose can be 

explained by their molecular structure. Both these sugars are disaccharides. Sucrose 

contains one glucose and one fructose molecule compared to two glucose molecules of 

maltose. They each can form eight hydrogen bonds whereas glucose and xylose can form 

only five and four bonds respectively [282]. However, the difference in the number of 

moles of sucrose (0.87 moles) and maltose (0.87 moles) for the same mass of glucose 

(1.66 moles) at 300 g/L limits the efficiency of two-phase formation [283]. Statistical 

analysis of this study via one-way ANOVA indicated that the data obtained is significant 

(p<0.05) and hence, glucose was selected for further optimisation.   

3.3.4. Effect of concentration of ACN on LBEF system 

In this section, the effect of concentration of ACN on the LBEF system was explored. The 

ACN concentration was manipulated from 70-100 %. Figure 3.5 illustrates the results 

obtained from various concentrations of ACN. The ACN was diluted to 70 %, 80 %, 90 % 

and 100 %. The experiments was conducted with the corresponding concentration as 

the top phase of the LBEF system. According to Figure 3.5, it is evident that ACN 

concentration of 100 % exhibits the highest PSE and PR of 69.59±1.52 % and 

59.45±2.03 %, respectively. As the concentration of ACN was reduced, the protein SE 

and PR observed a decreasing trend. The lowest PSE (49.99±0.09 %) and PR 

(3.33±0.17 %) were obtained at 70 % ACN concentration. At such a low concentration, 

the two-phase formation was weak and could not sustain it throughout the experiment. 

As the concentration of ACN is reduced, the ACN and water molecules bind firmly due to 
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the hydrogen bonds between them. As water molecules are higher in number at such 

low ACN concentration, the glucose will form hydrogen bonds with these water molecules 

and result in weaker two-phase formation [264]. Therefore, in further optimisation, ACN 

with 100 % concentration was employed. 

 

Figure 3.5 Effect of ACN concentration (%) on LBEF system. 

 

3.3.5. Effect of air flowrate and flotation time on the LBEF system 

The air flowrate for LBEF experiment plays an important role in optimising the PSE and 

PR of protein from microalgae. In this part of the experiment, the air-flowrate for the 

flotation system was manipulated from 50 mL/min to 200 mL/min. The results are shown 

in Figure 3.6a. The PSE for 50, 75, 100, 125 and 200 mL/min of air flowrate were 

70.18±1.26 %, 69.59±1.52 %, 68.49±1.33 %, 67.84±0.90 % and 68.14±0.88 % 

respectively. All these values range from 65-70 %, however, at an air flowrate of 150 

mL/min, the PSE is the highest at 72.81±0.57 %. In the case of PR, a similar trend is 

followed for air flowrates of 50, 75, 100, 125 and 200 mL/min with values ranging from 

57-60 %. Although, at 150 mL/min, the PR is highest at 66.46±0.71 %.  
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The increase in air flowrate from 50 mL/min to 150 mL/min illustrates an escalation in 

PR. However, with an increase in the air flowrate, the PR decreases. As the air flowrate 

increases, more air bubbles are introduced to the bottom phase. This increases the 

efficiency of bioactive protein molecules to rise above the top phase. The turbulence 

caused by increasing air flowrate also ensures higher protein adsorption on the air 

bubbles and thus higher PR [284]. However, after crossing 150 mL/min, the PR 

decreases from 66.46±0.71 % to 57.52±1.17 %. This steep decrease in PR can be 

explained by the increase in turbulence caused by a higher air flowrate. At 200 mL/min, 

the time of contact between the protein and air bubbles is very low and thus inefficient 

adsorption is observed. The intense turbulence due to high air flowrate is also responsible 

for re-dissolution of the bioactive proteins in the sugar solution [285]. This does not 

promote mass transfer and thus reduces the PR of the whole system. Statistical analysis 

of this study suggested that the data obtained is significant (p<0.05) and hence, 150 

mL/min of air flowrate was utilised for further optimisation of this experiment. 

 

Figure 3.6 Effect of (a) air flowrate (mL/min) and (b) flotation time on LBEF system. 

 

The flotation time for the chosen air flowrate was examined in this part of the experiment. 

The flotation time tested was 5, 10, 15, 20 and 30 min, respectively. It is evident from 

Figure 3.6b that protein SE and PR increase progressively with an increase in flotation 

duration. However, after 15 min, prolonged flotation reduces the PSE and PR, 
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respectively. The PSE for 5, 10, 15, 20 and 30 min were 67.58±1.52 %, 72.81±0.57 %, 

73.99±0.74 %, 72.87±1.97 % and 67.01±0.55 % respectively. The corresponding PR 

values were 66.49±1.57 %, 66.46±0.71 %, 69.66±0.86 %, 65.63±2.49 % and 

60.40±0.66 % respectively. The SE and PR increase linearly with an increase in flotation 

time. This phenomenon is observed due to a higher contact duration between proteins 

and air bubbles introduced in the system [44]. Although, as the flotation time is 

prolonged, an opposite trend is observed. This might be because the system is in 

equilibrium at 15 min and an increase in flotation duration does not provide higher 

efficiency. Statistical analysis of this study suggested that the data obtained is significant 

(p<0.05). Therefore, a flotation duration of 15 min was selected as the last step for 

optimisation of this experiment.  

3.3.6. Comparison between LBEF and LBF and scale-up approach 

As all the parameters were optimised, a comparison study was conducted between the 

newly optimised LBEF system with the control LBF set-up. This was mainly conducted to 

investigate the change in PR and PSE induced by the electrolysis pre-treatment of the 

microalgae cells. The results are illustrated in Table 3.1. In the LBF set-up, the electric 

voltage supply was not provided. In this case, there was no external cell disruption 

technique involved and thus resulted in lower SE and PR. The lack of external electrolysis 

effect by the electric field in the microalgae rich bottom phase limits the cell wall 

disruption, therefore the amount of protein released from microalgae cells is low, which 

is reflected in Table 3.1. 

 

Table 3.1 A comparison study of LBF and LBEF system in a large-scale approach. 

 Protein separation 
efficiency (%) 

Protein recovery (%) 

Type of system 

LBF 61.58±0.36 % 48.78±0.48 % 

LBEF 73.99±0.74 % 69.66±0.86 % 
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Integrated LBEF system 

Small-scale 73.99±0.74 % 69.66±0.86 % 

Large-scale 52.87±1.23 % 73.29±0.70 % 

 

The integrated LBEF system optimised in this experiment was conducted at a larger scale. 

The initial experiment was conducted with a working volume of 300 mL (150 mL of sugar 

solution and 150 mL of ACN). In the large-scale set-up, the experiment was conducted 

at 5 times the initial volume. The results are demonstrated in Table 3.1. SE was reduced; 

however, the PR was a bit higher than the small-scale experiment. Therefore, this 

experiment can be verified with positive results from a large-scale system. 

3.4.  Conclusions 

This study investigates the effects of various factors for protein extraction using an 

integrated method for increasing the overall efficiency of the LBF system. The results 

suggest that the SE and PR of the LBEF system increase significantly when compared 

with the simple LBF system. Moreover, utilising the sugaring-out effect eliminates the 

corrosion and equipment damage caused by conventional salts in the biphasic system. 

The result after optimisation of all the parameters was obtained with 0.05g of microalgal 

biomass with 15V of DC current supply with the tip of the electrode at the bottom phase. 

The sugar concentration of glucose was 300 g/L and the ACN concentration was 100 %. 

The air flowrate of the flotation system was 150 mL/min with a flotation time of 15 min 

resulted in optimum values for PSE and PR. The optimised SE of the LBEF system was 

73.99±0.74 % and PR of 69.66±0.86 % compared to LBF, the SE was 61.58±0.36 % 

and PR was 48.78±0.48 %. The optimised parameters were utilised in a 5× time scaled-

up LBEF system. The SE and PR were noted at 52.87±1.23 % and 73.29±0.70 % 

respectively. The major drawback of this study was the smaller magnitude of the voltage 

supply and utilisation of high voltage pulsed electricity is necessary to effectively study 

the cell disruption of microalgae. Furthermore, future studies can be conducted with 

different optimisation approach that will take into consideration the interaction between 
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the selected parameters. This novel, simple method is fast and reliable and can be a 

breakthrough in solving the tailbacks of conventional extraction technologies.  
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CHAPTER 4 

4. Biorefinery of Chlorella sorokiniana using U-LTF system  

4.1. Introduction  

Apart from a few developed countries, developing and least developed countries are 

striving towards urbanization. This has resulted in over-exploitation of fossil fuels, 

depletion of Earth’s non-renewable resources, emission of harmful greenhouse gases 

which caused catastrophic anomalies in the environments. These effects are evident in 

recent decades with increasing reports of deaths due to extreme heatwaves, unexpected 

floods, water-borne and air-borne diseases [286,287]. This linear model of resource 

utilisation is unsustainable and thus research has been diverted to accommodate a much 

greener circular model for an ecologically balanced approach [288]. Many developed 

countries such as USA, UK, and Japan have taken the first step towards achieving this 

goal. The four major challenges for the 21st century are poverty, hunger, global warming 

and pollution (air, water and land) [289]. In this context, biorefinery of renewable 

feedstock/resources, as opposed to conventional petroleum-based refinery, is of much 

interest [290] to harness multiple products from a single source [291].  

Microalgae are unicellular autotrophic photosynthetic organisms with the potential of 

reducing global warming and water pollution while providing high value-added products 

[292]. Microalgae cells uptake the nutrients in wastewater or seawater and grow rapidly 

in the presence of sunlight and anthropogenic CO2 [293]. Microalgae secrete high value-

added products such as lipids, proteins, carbohydrates, polyunsaturated fatty acids, 

antioxidants and vitamins [40]. Despite its rich nutrients content, commercial production 

of microalgae is challenged by the high cost associated with harvesting, extraction and 

purification of the targeted compounds [294,295]. The primary metabolites and bioactive 

components in microalgae are enclosed in a rigid cell wall. Disruption of the cell wall 

involves high costs and complicated downstream processes. Current techniques 



 68 

employed in the extraction of targeted compounds from microalgae include bead beating, 

high-pressure homogenization, ultrasound, freeze-thawing, autoclaving and supercritical 

CO2 [79]. A conventional microalgae extraction plant incorporates centrifugation and 

precipitation. The target compound is usually separated by chromatographic methods 

and purified via lyophilisation. Selection of processes that involve numerous operational 

units, high energy expenditure and complex process control thus resulting in the 

utilisation of only high-value niche compounds [296].  

To overcome these limitations, simple phase separation processes such as liquid biphasic 

system (LBS) and three-phase partitioning (TPP) were introduced in the extraction of 

metabolites from microalgae. A combination of LBS and flotation has successfully extract 

various bioactive components such as lipase, proteins, bacteriocin, betacyanin, etc. 

[260–263]. Flotation-assisted LBS, also known as LBF system, involves addition of two 

immiscible liquids with a specific concentration to form a stable interface. The bioactive 

components are adsorbed to the air bubbles introduced in this system and ascended to 

the top organic layer via SS. LBF system is advantageous owing to its high concentration 

co-efficient, high extraction efficiency, economic feasibility, continuous operation and 

ease of handling. Higher concentration co-efficient corresponds to higher protein 

concentration in the alcohol-rich top phase [44,297]. However, LBF system is limited to 

extraction of a single component from the biomass feedstock [298]. TPP is a simple 

process based on the separation of surface-active components in three phases. These 

phases consist of the bottom salt phase, middle interface protein precipitate and top 

organic phase. In TPP system, tert-Butyl alcohol (t-butanol) is selected for the upper 

organic layer due to its high boiling point and low flammability. The large molecular 

weight of t-butanol (74.12 g·mol−1) prevents denaturation of proteins in the interfacial 

layer. Previous research conducted via TPP of microalgal biomass successfully extracted 

proteins and lipids in the interface middle phase and upper organic layer, respectively 
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[299]. However, the stirring operation unit required for phase separation in TPP systems 

is unfavourable. To overcome this obstacle, SS technique utilised in LBF was introduced 

in this study to TPP. The resulting liquid triphasic flotation (LTF) technique with a shorter 

process time was introduced. 

In the current study, LTF system is incorporated with ultrasonication to extract lipids and 

proteins via a biorefinery approach, as shown in Figure 4.1. A comparison study of 

conventional TPP system and control (with the absence of cell-disruption technique) was 

investigated. Various parameters related to LTF system such as microalgal biomass 

loading, concentration of salt, volume ratio of t-butanol:ammonium sulphate ((NH4)2SO4) 

solution, ultrasonication interval, air flowrate and flotation time were investigated. An 

additional upper organic phase recycling study was also conducted to confirm the circular 

nature of LTF system. 

 

Figure 4.1 Biorefinery approach of Chlorella sorokiniana by LTF system. 
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4.2. Experimental  

4.2.1. Materials 

T-butanol, (NH4)2SO4, tris-HCl buffer, sodium hydroxide (NaOH), Bradford’s reagent, tri-

ethanolamine (TEA), copper (II) nitrate (Cu(NO3)2), methanol and chloroform were 

purchased from R&M Chemicals. All the purchased solvents and chemicals were of 

analytical grade and used without further purification. 

4.2.2. LTF equipment set-up 

The LTF apparatus was obtained from Donewell Resources (Puchong, Malaysia). The 

equipment set-up is following a study reported by our group [146]. Briefly, the apparatus 

was made of a glass cylinder with an inner diameter and height of 7 and 15 cm, 

respectively. The total volume of the cylinder was 500 mL. A centrifugal tube was 

connected at the bottom of the equipment for air supply. The bottom of the unit consisted 

of a bubble filter made up of sintered disk with G4 porosity and pore size of 10 µm. An 

air compressor was utilised for the supply of compressed air to the bottom of this set-

up. The compressed air flow rate was controlled by a flowmeter (RMA-26-SSV, Dwyer, 

USA) with a range of 50-200 mL/min. 

4.2.3. Microalgae cultivation 

The microalgae strain of Chlorella sorokiniana CY-1 was obtained from National Cheng 

Kung University of Taiwan. The selected species composed of 40 % protein, 18-22 % 

lipids and 30-38 % carbohydrates [300]. The microalgae were pre-cultured for 7 d, 

followed by main batch culture of 14 d in an enclosed laboratory-scale PBR. The medium 

used for microalgae culture was BG-11. The microalgae culture was provided with 

constant illumination of 200 µmol/m2/s, continuous aeration at 400 mL/min and agitation 

of 450 rpm. After 14 d, the microalgae culture was harvested by centrifugation at 4960 

g for 5 min, followed by freeze drying for 24 h. It was stored at -20 °C and experimental 

runs were conducted within 2 weeks.  
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4.2.4. Determination of microalgae cell concentration 

The microalgae cell concentration in the culture broth was carried out daily by 

determining the optical density of the sample. The culture broth was initially diluted 10 

times before characterised by UV-Vis spectrophotometer (UV-1800, Shimadzu) at a 

wavelength of 680.8 nm.  

4.2.5. Operation of U-LTF system 

The bottom of LTF system was connected to a compressed air pump. To prevent backflow 

of solvents in the connecting tube, sufficient air was provided before adding the bottom 

aqueous phase. The bottom aqueous phase of LTF system consisted of microalgal 

biomass dissolved in 100 mL of (NH4)2SO4 salt solution in pre-determined concentration. 

The alcohol phase consisting of 100 mL of t-butanol was added to the aqueous bottom 

phase to form a three-phase system. The air bubbles of flowrate between 20-25 mL/min 

were supplied for 5 min. After the system was settled, desired air flowrate was provided 

for the selected time duration. During the operation of LTF system, an ultrasonication 

probe (Bandelin Sonopuls UW 2200, Germany) was submerged in the system for 

simultaneous cell disruption. The sonicator probe with titanium horn sonotrode (TT 13/FZ) 

was set at 20 % amplitude with a pulse mode of 5s ON/ 20s OFF at room temperature. 

At the end of each run, the three phases were collected via a tap located at the bottom 

of the equipment. The respective volume of each phase was noted. All the subsequent 

analyses were conducted in triplicates.  

4.2.6. Optimisation of operating parameters of LTF system 

The optimisation of parameters manipulated in this experiment was conducted by OVAT 

method. The parameters manipulated are listed in Table 4.1. The selection of parameters 

was based on SE, proteins recovery and lipids yield. All the experimental runs were 

performed at room temperature. The top, middle and bottom phases were collected for 

protein analysis while the top phase was collected for lipids analysis.  
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Table 4.1 Initial settings for manipulated parameters of TLF system. 

Manipulated 
parameters 

Variables Unit Initial parameter 

Microalgal biomass 
loading 

0.25, 0.5, 0.75, 
1.0 

w/v% 0.5 

Concentration of salt 0.25, 0.3, 0.35, 
0.4, 0.5 

w/v% 0.3 

Volume ratio 1:0.5, 1:1, 1:1.5, 
1:2 

salt solution:t-
butanol 

1:1 

Ultrasonication duty 5/10, 5/20, 
10/20, 20/20 

NA 20/20 

Flotation air flowrate 75, 100, 125, 
150 

mL/min 100 

Flotation time 5, 10, 15, 20 min 10 

 

4.2.7. Protein assay 

The protein concentration after extraction from microalgae was analysed by Bradford’s 

method. 2 mL of Bradford reagent was added to 0.2 mL of sample. The mixture was 

measured spectro-photometrically at a wavelength of 595 nm after 10 min. The protein 

concentration was determined by comparing the results from the standard calibration 

curve of BSA at 595 nm. The BSA concentration in the calibration curve was in a range 

of 0-1.2 g/L. 

4.2.8. Lipid assay 

The lipid assay was conducted on the alcohol-rich top phase. T-butanol was evaporated 

in a rotary evaporator (EYELA) and the residual lipid solids were collected. The lipid 

analysis of the extracted sample was conducted by Cu-TEA-FA complex formation as 

described by [301]. The residual lipids were saponified and observed 

spectrophotometrically at a wavelength of 260 nm after complex formation with 

Cu(NO3)2. The obtained results were compared with the standard calibration curve 

obtained with sodium palmitate. The sodium palmitate standard range was between 0-

0.15 mg/mL. The analysis of samples was carried out in triplicates. 

4.2.9. Determination of protein SE, PR and LR 
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The protein analysis was conducted by calculating the SE and recovery of total proteins 

to optimise each parameter. PSE is defined as yield in terms of concentration in the top 

phase. It is calculated by equation (4.1).  

𝑃𝑆𝐸 % =  [
𝐶𝑚𝑉𝑚

𝐶𝑡𝑉𝑡+𝐶𝑚𝑉𝑚+𝐶𝑏𝑉𝑏
] × 100 %        (Eq 4.1) 

where PSE is protein separation efficiency, C is protein concentration and V is volume of 

respective phases. The subscript represents the top, middle and bottom phase. 

The PR is calculated by equation (4.2). 

𝑃𝑅 =  
𝑃𝑚

𝑃𝑖
× 100 %          (Eq 4.2) 

where PR is protein recovery, Pm is total protein recovered in the middle phase and Pi is 

initial protein content in the crude microalgae feedstock.  

The overall protein in the crude feedstock was determined by the following equation 

(4.3). 

𝑃𝑖 = 𝑀𝑖 × 𝑁𝑒𝑎 × 𝑁𝑇𝑃          (Eq 4.3) 

where, Pi is overall protein in crude extract, Mi is microalgal biomass loading in grams, 

Nea is percentage of total N2 in Chlorella sorokiniana via elemental analysis and NTP 

corresponds to the total N2-to-Protein conversion factor. The values for Nea were 

calculated via elemental analysis and was reported to be 4.14 %. The NTP ratio is a 

constant with corresponding value of  4.78 [273,274]. 

Lipids extraction is analysed with respect to lipids equivalent to palmitic acid (C18:0). 

The lipids yield is calculated by equation (4.4). 

𝐿𝑅 =  
𝐿𝑇

𝐿𝑖
           (Eq 4.4) 

where, LR  is lipid yield, LT is lipids content of the extracted sample from alcohol-rich top 

phase and Li is lipids content of initial microalgae feedstock with the respective biomass 

concentration. 

4.2.10.  TPP comparison study 
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The TPP comparison study was conducted by optimised U-LTF parameters. For this study, 

microalgae solution of pre-determined concentration was mixed with selected salt, 

followed by the addition of t-butanol. This solution was stirred at 200 rpm for 1 hr. The 

study was conducted at room temperature. After stirring the TPP for 1 hr, it was settled 

for 1 hr. The three phases were collected, and their respective volume was noted. The 

middle protein precipitate was dissolved in 0.1M Tris-HCl buffer and further analysed. 

The top phase was analysed for both protein and lipid content. The experiment was 

conducted in triplicates.  

4.2.11.  Recycling study 

The recyclability of U-LTF system was conducted by recovering the top alcohol phase and 

utilising it for the next extraction cycle. The top alcohol phase was collected and 

evaporated in the rotary evaporator (EYELA) to obtain t-butanol. T-butanol was analysed 

for purity with a digital refractometer (ATAGO). The alcohol purity in Brix No. (0.0-

93.6 %) was obtained and compared with calibration data of t-butanol. The recycled 

alcohol was used for the second extraction cycle and the corresponding PR and LR was 

calculated. This recycling and extraction cycles were repeated.  

4.2.12.  Statistical analysis 

The PR, protein SE and lipids yield were analysed by One-Way ANOVA with a two-tailed 

t-test. Each run in this experiment was triplicated and the data is mentioned in this paper 

as mean±standard deviation. The statistical analysis of the data was conducted by 

Microsoft Excel to assess the sum of differences with significance p≤0.05. 

4.3. Results and Discussion 

4.3.1. Effect of biomass loading and salt concentration on LTF system 

The effect of biomass loading on U-LTF system was investigated with the initial 

parameters described in Table 4.1. The biomass loading in the range of 0.25-1.0 w/v% 

was investigated in this sub-section. The SE and recovery of proteins is depicted in Figure 
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4.2a. Figure 4.2a also indicates the lipid yield equivalent to palmitic acid (C18:0). The 

highest PR of 96.50±3.16 % and LR of 15.27±0.14 % was observed at biomass loading 

of 0.5 w/v%. Although, the SE of protein at biomass loading of 0.5 w/v% was comparable 

to other settings at 89.98±7.96 %. It is evident from Figure 4.2a that microalgal biomass 

concentration of 0.5 w/v% is the most ideal setting. Based on Figure 4.2a, an increase 

in biomass loading results in low PR and SE as well as low LR. This was observed due to 

an increase in viscosity of LTF system with higher biomass concentration, which hinders 

the performance of the flotation system [259]. As the biomass concentration increases, 

various impurities and other biomolecules from Chlorella sorokiniana accumulate in the 

top and intermediate phases. Thus resulting in a thicker middle phase and lowering the 

SS efficiency [277]. This subsequently reduces the lipid recovery of LTF system. The 

statistical analysis conducted on the SE, PR and LR obtained from biomass loading 

significantly differed with p-value <0.05. Therefore, 0.5 w/v% of biomass loading was 

selected for further studies. 

 

Figure 4.2 PR, PSE and LR with respect to a) microalgal biomass loading and b) 

concentration of salt solution on U-LTF system. 
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In addition to microalgal biomass content, the concentration of (NH4)2SO4 salt plays an 

important role in LTF system. In LTF system, (NH4)2SO4 and t-butanol form a 

kosmotrophic system due to a synergistic effect between them [302]. The results 

obtained from this study are depicted in Figure 4.2b. The highest PR of 93.25±4.27 % 

was observed at (NH4)2SO4 concentration of 35 %. However, it was comparable to the 

PR of 92.41±9.53 % at 40 % (NH4)2SO4 solution. Their protein SE followed the same 

trend, i.e., 99.05±1.05 % at 35 w/v% and 97.42±1.32 % at w/v%. However, the lipid 

yield at 40 % ammonium solution was very high (32.55±5.66 %) compared to that of 

35 w/v% (15.95±1.96 %). Beyond 40 % of salt solution, there was a decrease in PR as 

well as LR. This can be attributed to the denaturation of proteins and structural changes 

to lipids due to pH change at high salt concentration. The lipid yield at low salt 

concentration can be explained by the lower ionic strength of the LTF system, which 

results in poor intramolecular and intermolecular electrostatic forces between the three 

phases [303]. The statistical analysis conducted on the SE, PR and LR obtained from this 

study significantly differed with p-value <0.05. Therefore, 40 w/v% of (NH4)2SO4 

concentration was selected for further studies.  

4.3.2. Effect of volume ratio of t-butanol:salt solution and ultrasonication 

duty 

For this section, the volume ratio of salt solution:t-butanol was determined. From the 

previous study, it is evident that the concentration of salt and its respective behaviour 

with organic phase affects the performance of LTF system. Thus, in this study, various 

volume ratio combinations were tested to determine the optimum parameter. The 

volume ratios of 1:0.5, 1:1, 1:1.5 and 1:2 corresponding to salt solution:t-butanol were 

investigated. This parameter is crucial in determining the synergistic of the salt solution 

and t-butanol incorporated in LTF system. The results from this study are depicted in 

Figure 4.3a. In the figure, it is noticeable that the PR of volume ratio of 1:0.5, 1:1 and 
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1:1.5 are comparable at 90.45±2.87 %, 91.99±4.1 8 % and 92.26±1.90 %, respectively. 

However, with the volume ratio of 1:2, the PR and SE decreased to 85.28±6.07 % and 

95.80±1.74 %, respectively. This is mainly attributed to the denaturation of proteins 

with a high volume of t-butanol [299,304]. For lipid yield, a slightly different trend was 

observed. The lipid yields of volume ratio 1:1, 1:1.5 and 1:2 was similar at 

32.55±5.66 %, 32.74±0.36 % and 29.48±0.71 %. Panadare et al. and Qui et al. also 

observed a similar trend of high lipid yields at the volume ratios of 1:1 and 1:1.5. It is 

attributed to improved solubility of lipids with a high volume of t-butanol [305,306]. The 

volume ratio of 1:0.5 resulted in the least lipid yield of 16.71±0.21 %. Thus, the volume 

ratio of 1:1.5 with respect to salt solution and t-butanol enhanced the salting-out nature 

of LTF system by withdrawing water from the salt solution [307]. The statistical analysis 

of the results obtained from this study suggested that the data differed significantly with 

p-value <0.05. Therefore, the volume ratio of 1:1.5 was selected for further experiment.  

 

Figure 4.3 PR, PSE and LR with respect to a) volume ratio and b) ultrasonication pulse 

duty on U-LTF system. 

 

The ultrasonication settings were manipulated with the selected volume ratio to optimise 

the LTF system. The results of this study are depicted in Figure 4.3b. The ultrasonication 
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pulse mode was only conducted for 5 min. The range of modes for ultrasonication was 

selected from previous studies conducted [264,308]. The time limit of 5 min was chosen 

because with prolonged ultrasonication, there is an energy transformation from sound 

to heat. This leads to an increase in temperature of LTF system thus resulting in the 

denaturation of proteins [309]. Moreover, Gerde et al. indicated that prolonged 

ultrasonication (300-3600 s) results in the production of free radicals due to the 

breakdown of water molecules. This affects the quality of oil produced from the extracted 

lipids [310]. Therefore, for this study, the ultrasonication pulse mode range chosen was 

5s/10s, 5s/20s, 10s/20s, 20s/20s (ON/OFF) for a total duration of 5 min with an 

amplitude of 20 %. From Figure 4.3b, at pulse setting of 20s ON/20s OFF, the highest 

PR and SE of 93.57±0.55 % and 96.93±1.49 %, respectively, were observed. The SE of 

all the settings were comparably ranging from 93.19 % to 96.93 %. The PR, however, 

decreased for pulse settings of 5s ON/ 10s OFF. This is probably due to a higher resting 

period compared to 5s ON/ 10s OFF setting. However, there was a steady increase in 

lipid yield in every setting. The highest lipid yield was observed for 20s ON/ 20s OFF 

setting at 65.99±0.75 %. The statistical analysis of this parameter revealed that the 

data differs significantly which is indicated by p-value <0.05. Therefore, ultrasonication 

pulse mode of 20s ON/ 20s OFF for 5 min was selected for further experiments. 

4.3.3. Effect of air flow rate and flotation time 

This study investigated the effect of manipulating the SS conditions on the LTF system. 

The two important parameters governing SS were air flow rate and flotation time. For 

studying the effect of air flow rate, the flowmeter readings in the range of 75 mL/min to 

150 mL/min were selected based on previously conducted studies. The results from this 

study are depicted in Figure 4.4a. According to Figure 4.4a, the highest PR of 

94.10±2.45 % was observed at a flow rate of 100 mL/min. Beyond the flow rate of 100 

mL/min, the PR steeply decreased. This is majorly attributed to the intense turbulence 
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caused by high air flow rate. Previous studies conducted on LBS observed a similar trend 

[44,146,264]. However, the SE plunged after 100 mL/min. The highest SE of 

98.82±2.18 % was observed at 125 mL/min. For lipids, the highest extraction yield of 

65.99±0.75 % was observed at an air flow rate of 100 mL/min. A similar trend to PR 

was obtained with lipid yield. After 100 mL/min, the lipid yield reduced abruptly. The 

statistical analysis by One-Way ANOVA revealed that the data obtained from this study 

differed significantly (p<0.05). Therefore, for further experiment, air flow rate of 100 

mL/min was selected. 

 

Figure 4.4 PR, PSE and LR with respect to a) flotation air flow rate and b) flotation time 

of salt solution on U-LTF system. 

 

 The second crucial SS parameter of flotation time was manipulated in this study. The 

range of flotation time selected was from 5 min to 20 min. The results of this study are 

depicted in Figure 4.4b. It is evident that at 15 min of flotation, the highest PR and LR 

of 97.43±1.67 % and 69.50±0.54 %, respectively were observed. The highest protein 

SE of 98.88±2.07 % was observed at 15 min of flotation. At a flotation time of 5 min, 

the PR and LR were very low due to insufficient mass transfer of proteins and lipids to 

the respective phases. Although at 20 min of flotation, there was a sharp decrease in PR 
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and LR. This is contributed by the oxidation and accumulation of various biomolecules in 

the LTF system [260]. Additionally, prolonged flotation duration results in the dissolution 

of lipids and proteins in other phases thus resulting in poor biomolecule recovery [311]. 

The statistical data analysis revealed that results obtained in this study differed 

significantly (p<0.05). Thus, a flotation time of 15 min was selected as the optimum 

settings for biorefinery of microalgae via LTF system. 

4.3.4. Comparison between U-LTF, TPP and LTF 

The optimum setting of U-LTF system was compared with the control LTF without the 

cell-disruption technique and conventional TPP system. The results obtained from this 

study are tabulated in Table 4.2. U-LTF system provides higher PR as well as LR 

compared to LTF and TPP. The absence of cell-disruption method in both these systems 

jeopardizes the release of biomolecules to the surrounding solution. Additionally, TPP 

requires the highest amount of energy due to intense stirring and centrifugation as well 

as consume more time for the entire process. Whereas LTF system equipped with 

ultrasonication ensures effective release of cell contents while flotation of these 

biomolecules to respective phases. The data obtained from this study were subjected to 

One-Way ANOVA analysis and differed significantly (p<0.05).  

 

Table 4.2 Results of comparison and recycling study of TLF system. 

Comparison Study 

 Protein 
recovery 

Protein separation 
efficiency 

Lipid recovery 

TPP 70.93±2.98 % 89.56±1.87 % 56.02±3.76 % 

LTF 82.10±2.14 % 87.11±3.79 % 63.88±1.89 % 

U-LTF 97.43±1.67 % 98.88±2.07 % 69.50±0.54 % 

Recycling Study 
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 Protein 

recovery 

Protein separation 

efficiency 

Lipid 

recovery 

Alcohol 

purity 

1st run 97.43±1.67 % 98.88±2.07 % 69.50±0.54 % 99.9 % 

1st 
recycling 

92.02±0.79 % 91.73±1.71 % 62.42±1.84 % 92.5 % 

2nd 

recycling 

90.67±2.36 % 88.17±3.51 % 59.39±0.54 % 88.2 % 

 

4.3.5. Effect of recycling on LTF system 

For this study, the effect of recycled top phase (t-butanol) was investigated. This study 

is important as a high performance of LTF system with recovered t-butanol will ensure 

lower operating cost and low waste generation by this technology. This study analysed 

the recycling of t-butanol for 3 cycles and its respective PR and LR. The results from this 

study are tabulated in Table 4.2. From the results, with further recycling cycles, the 

purity of t-butanol decreases and thus affecting protein and lipid recovery. However, 

additional top-up of alcohol with each cycle can be implemented to obtain superior results 

[263,312]. Thus, proteins extracted from U-LTF can be further processed as feed for fish, 

animals and poultry. Whereas lipids extracted in the top phase can be potentially utilised 

for biodiesel production. 

4.4. Conclusions  

Extraction of lipid and protein from Chlorella sorokiniana by utilising U-LTF system was 

investigated in this study. The optimum parameters recorded were microalgal biomass 

loading of 0.5 w/v%, (NH4)2SO4 concentration of 40 w/v%, a volume ratio of 1:1.5 

(salt:alcohol), ultrasonication pulse mode of 20s ON/20s OFF at 20 % amplitude for 5 

min, flotation air flow rate of 100 mL/min and flotation time of 15 min. The corresponding 

protein and lipid recovery of 97.43±1.67 % and 69.50±0.54 % were observed. A 

comparison study with TPP and control LTF system revealed that protein and lipid 

recovery of ultrasonication-assisted LTF system were higher by around 26 % & 12 % 
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and 15 % & 7 % respectively. This provides a positive insight into the potential utilisation 

of U-LTF system for biorefinery of Chlorella sorokiniana to promote a circular economy. 
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CHAPTER 5  

5. Liquid triphasic systems as a sustainable downstream processing of 

Chlorella biorefinery for potential biofuels and feed production 

5.1. Introduction  

Climate change and global warming have driven the conventional fossil fuel-based 

energy sector towards more renewable and sustainable sources of energy. In the past 

century, a lot of research has been focused on harnessing conventional naturally 

occurring sources of energy such as solar, wind, hydrothermal, geothermal, and 

hydropower. However, these renewable energy plants require huge capital as well as 

higher expenditure on equipment maintenance [313]. Moreover, the lifecycle analysis 

of these plants doesn’t result in a high net positive value due to the high resources 

required for their fabrication/construction [314]. These sources of energy are also not 

available throughout the year and are seasonal depending on environmental 

conditions. Geographic limitations exist in almost every location when a continuous 

supply of energy is required and storage costs of this form of energy are also very 

high. For example, the storage of solar energy harvested needs to be stored in high-

capacity batteries which require very high capital. Thus, a cheaper, eco-friendly, 

sustainable, and perennial alternative is necessary to combat these difficulties [315]. 

Apart from the sources of clean energy, biomass has also been a potential 

candidate for obtaining fuel. Biomass-derived from oil crops has been mainly focused 

on the first and second generation of biofuels. Although, there were several 

drawbacks such as high natural source (water, fertile land) demand combined with 

low yield. But this paved the way for better and high-yielding third-generation biofuels 

mainly derived from algae. Compared to oil crops such as soybeans, oil palm utilised 

in first-generation, algae do not compete with arable land and freshwater necessary 

for food crops. Additionally, algae are excellent at up taking atmospheric or even 
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anthropogenic industrial flue gas CO2 as a source of carbon. Algae thrive on wastewater, 

such as sewage, paper mill, or other industrial wastewater, as it provides the essential 

nutrients fundamentally necessary for multiplication. Some species such as Sargassum 

and Phaeophyceae can tolerate seawater salinity and grow in extreme conditions. This 

wide spectrum of environmental conditions provides external stress on algae and results 

in the higher secretion of specific metabolites as a response. Singh et al. concluded that 

a temperature of 35ºC and illumination of 420 µmol m-2 s-1 resulted in an increased 

biomass growth rate of 1.73 d-1 of Selenastrum minutum [316]. Algae such as 

cyanobacteria, red, brown, blue-green, microalgae also secrete secondary metabolites 

and other bioactive components as part of their cell body. These metabolites such as 

proteins, lipids, and carbohydrates can be further extracted to obtain feed for poultry, 

fishes, animals, and humans. Microalgae are reported to produce clean and safe 

polyunsaturated fatty acids compared to fishes who are more prone to toxicity due to 

polluted oceans [317]. Different species of microalgae secrete different spectra of 

pigments according to the illuminance stress and type of species [318]. Haematococcus 

pluvialis secretes red pigment astaxanthin, Spirulina spp. and Chlorella spp. secrete 

green pigment chlorophyll. These pigments are widely utilised in numerous applications 

such as cosmetics, consumables, and medicines. Microalgae such as Spirulina platensis 

and Chlorella vulgaris have been circulated in the industry as a potential source of protein. 

The biomass from these microalgae is utilised as feed for humans, animals, fishes and 

birds [40]. 

Microalgae essentially have superior properties and numerous advantages such as 

rapid growth and utilisation of natural resources such as sunlight, atmospheric CO2, but 

they are also composed of low concentration in culture broth and repelling charges on 

their cell wall. This limits their agglomeration for water separation [33]. A lot of energy 

is required for dehydration, which is usually carried out by physical methods such as 
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centrifugation or chemical methods such as flocculation [319]. Microalgae have a rigid 

cell wall that needs to be broken down to release all the metabolites in the surrounding 

environment, thus a cell-disruption pre-treatment method is crucial for higher 

extraction [320]. These two processes are major drivers of high costs related to 

industrial-scale utilisation of microalgae as a source of biofuel. There are two 

pathways to tackle these issues: either reducing the energy consumption related to 

cell-wall disruption and water dehydration or extracting multiple products with a 

biorefinery concept [321]. As the current commercial processes mainly focus on the 

extraction of single components, while the resultant biomass is either recycled as a 

source of energy or discarded, most of the microalgal biomass is under-utilised. 

This study focuses on incorporating the second option of biorefinery to tackle the 

major bottleneck of large-scale microalgae-based biofuel generation. Phase 

separation processes, such as ATPS and TPP system have been widely used in the 

extraction of numerous compounds from biomaterials such as lipase, betacyanin, 

proteins, enzymes [275,312]. These processes utilise the mixing of two immiscible 

solvents/polymers or aqueous solutions to form two or more layers in the system 

with a stable interface separating them [322]. This interface acts as a gateway for 

the exchange of biomaterials between phases. Addition of flotation or SS to ATPS to 

form a LBF system has been examined to extract high yields of bacteriocin (70 %), 

lipase (99.2 %), betacyanin (95 %) and proteins (88.6 %) from Pediococcus 

acidilactici Kp10, Burkholderia cenocepacia ST8, Hylocereus polyrhizus and Chlorella 

vulgaris, respectively [260,263]. The flotation bubbles provide a platform for the bio-

components to transport from one layer to another which is usually achieved by 

centrifugation. The LBF system is beneficial as it offers a high extraction yield and 

concentration coefficient. Although being easier to handle, consuming less space and 

time, and being able to operate continuously, the LBF system can only extract a single 
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component in the top phase. TPP is a three-phase forming system utilised to extract and 

purify the compounds. There are numerous studies for the extraction of proteins and 

lipids from algae with TPP [323–326]. Thus, the TPP system is incorporated with SS to 

obtain the LTF system. The three phases consist of the bottom salt phase, middle 

interface protein precipitate and top organic phase. In the TPP system, t-butanol is 

generally utilised as organic phase in TPP system as it exhibits low flammability and high 

boiling point for phase recycling [327].  

The current study focuses on integrating ultrasonication with TPP and SS to form a U-

LTF system. This U-LTF system was utilised for biorefinery of microalgae Chlorella 

sorokiniana CY-1 to extract lipids, proteins, and carbohydrates in the respective phases. 

The ultrasonication assists in efficient cell-wall disruption for higher extraction. 

Numerous parameters were manipulated to optimise the system and control studies were 

performed to compare this system. The phases were recycled, and the sustainable 

cycling nature of the system was tested. The GC-FID profile of FAME in the upper phase 

and the Fourier transform infrared spectroscopy (FTIR) profile of carbohydrates in the 

bottom phase were analysed. This study can potentially unlock a successful biorefinery 

approach of microalgae for the feed and fuel industry. 

5.2. Experimental  

5.2.1. Materials 

(NH4)2SO4, t-butanol, NaOH, Bradford’s reagent, methanol, tris-HCl buffer, sulfuric acid, 

phenol, and chloroform were procured from R&M Chemicals. All these chemicals and 

solvents were of analytical grade. 

5.2.2. Microalgae cultivation for bioenergy and biofuel production  

This study utilised Chlorella sorokiniana CY-1 which was sourced from National Cheng 

Kung University, Taiwan. The microalgae strain cell composition was 40 % of protein, 

30–38 % of carbohydrates and 18–22 % of lipids [300]. For the cultivation of microalgal 
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culture broth, a pre-culture (200 mL) was prepared with BG-11 medium as described in 

the Chapter 4. Once it reached maturation, the pre-culture was transferred to batch 

culture (1 L) with the same medium composition in an enclosed laboratory-scale PBR. In 

the PBR, the culture was equipped with aeration of a mixture of air and CO2 (5 v/v%) at 

400 mL/min, irradiation of 200 µmol/m2/s, and agitation of 450 rpm. The biomass growth 

was monitored, and harvest of culture broth was conducted by centrifugation at 4960 g 

(5 min) once it reached maturation. The wet cell pellets were freeze-dried for 36 h and 

resultant biomass powder was stored at −20 °C. The experiments were carried out in 2 

weeks.  

5.2.3. Determination of microalgae cell concentration 

The culture broth was observed daily for its cell concentration through optical density. A 

2 mL sample was collected from the culture and diluted 10 x followed by analysis with 

UV–Vis spectrophotometer (UV-1800, Shimadzu) at 680.8 nm of wavelength. 

5.2.4. Equipment set-up of LTF system 

The equipment utilised in this experiment was fabricated and sourced from Donewell 

Resources (Malaysia). The equipment set-up was similar as described in Chapter 4. 
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Figure 5.1 Set-up of U-LTF system. 

 

5.2.5. Operation and optimisation of U-LTF system 

At the beginning of each run, enough air flow was supplied to the equipment to ensure 

no backflow of solvents. For the preparation of the bottom phase, microalgal biomass 

was mixed with 50 mL of selected concentration of (NH4)2SO4 solution. For the top phase, 

50 mL of 100 % t-butanol was added. After top-up with alcohol, flotation was introduced 

at an airflow rate of 20-25 mL/min for at least 5 min. As the system stabilized, the 

flowmeter was adjusted to the selected airflow rate for the desired duration. 

Simultaneously, cell-wall disruption was conducted by an ultrasound probe (Bandelin 

Sonopuls UW 2200, Germany) was immersed in the system. The sonicator probe was 

fitted out with titanium horn sonotrode (TT 13/FZ) and the amplitude was set at 20 % 

with a pulse mode of 10 s ON/ 20 s OFF for 5 min at room temperature. The maximum 

temperature was 35 ºC and no external bath was necessary. The flotation was run for 

selected time duration and all three phases were collected at the end of each run. Their 

volume was noted, and analysis was performed. OVAT approach was taken for parameter 
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optimisation in this study. Table 5.1 lists down all the parameters employed in this 

system. The parameters were selected based on the recovery of proteins, carbohydrates, 

and lipids and protein SE. The middle protein precipitate was collected and 0.1 M Tris-

HCl buffer was added prior to analysis. The bottom, middle and top phases were utilised 

for analysis of proteins. For lipids analysis, the top phase was utilised, and the bottom 

phase was analysed for carbohydrates. The analysis of all the samples was conducted in 

triplicates.  

 

Table 5.1 Initial settings of U-LTF system. 

Parameters Initial 

settings 

Manipulated settings Units 

(NH4)2SO4 

concentration 

40 30, 35, 40, 45, 50 w/v% 

Volume ratio 1:1 1:0.5, 1:1, 1:1.5, 1:2 salt:t-

butanol 

Air flowrate 100 50, 100, 150, 200 mL/min 

Flotation 
duration 

10 5, 10, 15, 20 min 

Ultrasound 
duty 

10/20 5/10, 10/20, 20/30, continuous s ON/ s 
OFF 

pH 5.25 4.75, 5.25, 6.5, 7.8 NA 

 

5.2.6. Analysis of algal components 

5.2.6.1. Proteins 

The analysis of proteins extracted by LTF was conducted by Bradford’s method. In this 

assay, 0.25 mL of sample was added to 2.5 mL of Bradford reagent and the absorbance 

was read at 595 nm with UV-Vis spectrophotometer after 10 min. The concentration of 

proteins was calculated by comparing the absorbance of the sample with a BSA standard 

calibration curve. The BSA concentration for calibration curve was between 0-1.2 g/L.  

The analysis of proteins was performed by assessing the SE and recovery for subsequent 

parameter optimisation. PSE was defined as yield of protein in terms of concentration in 

the top phase. It was determined by equation 4.1 as described in the previous section. 
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The PR was computed by equation 4.2. The calculation for Pi was conducted in the 

previous section. 

5.2.6.2. Lipids 

For the analysis of lipids, the top phase was vaporized with a rotary evaporator with 

water bath of 40 ºC and vacuum pressure of 96 mbar (EYELA) and the remaining 

contents were obtained. The identification of lipids in this sample was done by the 

modified Folch method [301,322]. The residual lipids were saponified in 4 mL of 25 % 

methanolic NaOH mixture at 100ºC for 30 min. The sample was left to cool down and 

was added to 6 mL of chloroform:methanol solution in the ratio 2:1. This mixture was 

vortexed for 2 min and subsequently spun at 12,000 g for 2 min. The supernatant lipid 

mixture was pipetted out and dried under N2. The total weight of the dried lipids after 

extraction was noted. The yield of lipids was calculated by comparing the dried weight 

of the lipids sample with the dried weight of initial lipids in microalgae. The lipids recovery 

(LR) was calculated by following equation (5.1). 

𝐿𝑅% =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑𝑠 𝑖𝑛 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑝ℎ𝑎𝑠𝑒

𝑡𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑𝑠 𝑖𝑛 𝑚𝑖𝑐𝑟𝑜𝑎𝑙𝑔𝑎𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
× 100 %     (Eq 5.1) 

The GC-FID assay on lipids was conducted according to the protocols stated by Patel et 

al. [329]. To the extracted lipids, hexane and water were added to obtain fatty acids 

methyl esters. 10 µl of 1 mg/mL of Nonadecanoic acid (C19:0) was added as an internal 

standard. The upper phase was transferred to a clear GC vial for further analysis. A Gas 

Chromatograph (Perkin Elmer Clarus 690 GC, USA) equipped with a flame ionization 

detector was used to test the samples. The column was obtained from Agilent 

Technologies (30 m ×0.25 mm × id 0.25 μm) and the samples were run with helium as 

a carrier gas at 1.0 mL/min. The column oven temperature was set at 35 ºC for the first 

3 min and eventually rose to 220 ºC with an increment of 4 ºC/min. The temperature 

was maintained at 220 ºC for 35 min. The temperatures of detector and injector were 
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set at 260 ºC and 250 ºC, respectively. The split ratio was 15:1, carrier gas (helium) 

was controlled at 103.4 kPa. 

5.2.6.3. Carbohydrates 

The total carbohydrates analysis for the bottom phase was conducted by the phenol-

sulfuric method. The salt solution in the bottom phase was precipitated out with twice 

the amount of methanol. This mixture was further filtered to remove the crystalline salt 

from the samples [330]. For 2 mL of the filtered sample, 1 mL of 5 v/v% phenol was 

added and vortexed. Then 5 mL of 96 v/v% sulfuric acid was added and vortexed. The 

sample was kept aside for 10 min followed by 20 min of water bath at 20-30ºC. Then 

absorbance of the sample with UV-Vis Spectrophotometer at 490 nm was noted [331]. 

A standard calibration curve with glucose was prepared for comparison with the sample. 

Carbohydrates recovery (CR) was calculated by the following equation (5.2) 

𝐶𝑅% =  
𝑐𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑠 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑏𝑜𝑡𝑡𝑜𝑚 𝑝ℎ𝑎𝑠𝑒

𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑠 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑚𝑖𝑐𝑟𝑜𝑎𝑙𝑔𝑎𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
× 100 %     (Eq 5.2) 

The carbohydrates obtained at the bottom phase were characterized by FTIR. The 

transmittance mode was selected to characterize the presence of carbohydrates specific 

chemical groups in the obtained sample. The sample obtained post-salt precipitation was 

used and IR spectra were obtained via FTIR spectrophotometer (Frontier, Perkin Elmer) 

with a wavelength range of 4000–400 cm−1 at an average of 32 scans. 

5.2.7. Recycling, large-scale and control experiments 

The recycling ability of the proposed system was performed by reusing both the top and 

bottom phases after extraction. The top phase was evaporated in a rotary evaporator 

and recycled t-butanol was obtained. The purity of the recycled t-butanol was analysed 

by a digital refractometer (ATAGO). The resulting Brix No. was computed and compared 

with the calibration curve for t-butanol. This recycled alcohol was further utilised for the 

second extraction cycle. This process was repeated at least three times to observe the 

recycling nature of the system. For recovery of the salt, the bottom phase was mixed 
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with twice the amount of methanol to precipitate (NH4)2SO4. Further filtration was utilised 

to obtain crystallized (NH4)2SO4. This recovered salt was further utilised for the next 

cycle of extraction. The recovery of both the alcohol and salt was noted.  

The large-scale study of this system was carried out by scaling up U-LTF 15 times to the 

current volume. The working volume was fixed at 1.5 L. All the optimised parameters 

were used and only the volume of the phases was scaled up. The corresponding PR, PSE, 

LR, and CR were calculated and compared with the small-scale study. 

The TPP comparison study was conducted by utilising U-LTF parameters. In this 

experiment, flotation was not carried out. Two sets of TPP studies (U-TPP and TPP) were 

carried out with U-TPP utilising ultrasonication. For TPP experiments, the system was 

stirred at 200 rpm for 1 h and was settled for another hour. A third control set without 

ultrasonication, viz. LTF, was carried out. The results of these control studies are listed 

in the next section. The experiments were conducted in triplicates. 

5.2.8. Statistical analysis 

All the data collected in this study were analysed for One-Way ANOVA with a two-tailed 

t-test. The data mentioned in this paper was written as mean ± standard deviation. The 

statistical analysis of the data obtained from this study was conducted by Microsoft Excel 

to evaluate the sum of differences with significance p ≤0.05. 

5.3. Results and Discussion  

5.3.1. Effect of salt concentration and alcohol volume ratio 

The alcohol and salt required for this experiment were t-butanol and (NH4)2SO4, 

respectively. The concentration of the salt solution in this system was manipulated to 

observe the change in the proteins, lipids, and CR. The salt concentration was changed 

from 30 w/v% to 50 w/v% and the corresponding analytical results were calculated 

[305,326]. According to Figure 5.2a, the recovery of all the three components peaked at 

a salt concentration of 40 w/v%. The PR and PSE increased between salt concentration 
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of 45-50 w/v% but it was still lower than 74.93±5.47 % observed at 40 w/v%. Overall, 

PR and PSE are highest at an (NH4)2SO4 concentration of 40 w/v%, which is in accordance 

with the previous studies conducted [326,328]. The LR exhibited a similar trend as PR, 

it peaked at a salt concentration of 40 w/v% with the corresponding value of 

40.69±4.03 %. Gaur et al. conducted a TPP study for oil extraction from rice bran, mango 

kernel, and soybean. The study concluded that the highest LR is observed at a salt 

concentration of around 30-40 w/v% [332]. A similar trend was observed by Shah et al. 

with the extraction of oil from Jatropha seeds via enzyme-assisted TPP [333] and 

observed a comparable outcome of CR to that of LR except for a low recovery at 35 

w/v%. The highest CR was observed at 40 w/v% with a recovery of 40.08±2.37 %. 

Varakumar et al. studied the extraction of gingerols and shogaol from ginger rhizome 

powder and concluded that the optimum recovery of these carbohydrate phenolic 

components occurred between 40-45 w/v% [324]. Mondal et al. also confirmed high 

recovery of starch via TPP with an (NH4)2SO4 concentration of 40 w/v% c Therefore, 

(NH4)2SO4 concentration of 40 w/v% was selected for further optimisation studies. 

 

Figure 5.2 PR, LR, CR, and PSE of a) (NH4)2SO4 concentration and b) volume ratio on U-

LTF system. 
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In this part of the section, the volume ratio of alcohol:salt solution was manipulated. The 

salt solution volume was kept constant at 50 mL, while the alcohol volume was altered 

with a ratio from 1:0.5 to 1:2. Figure 5.2b depicts the effect of the salt to alcohol volume 

ratio on the performance of component recovery. A volume ratio of 1:1 gives the highest 

PSE and PR of 48.82±3.03 % and 74.93±5.47 % respectively. With an increase in the 

volume of t-butanol, protein denatures and hinders precipitation of these proteins; thus 

a decreasing trend was observed [304]. LR peaks at a volume ratio of 1:1 with a 

corresponding value of 40.69±4.03 % as well with 1:0.5 an immediate second at 

36.01±3.87 %. Mulchandani et al. reported a similar observation while extracting lipids 

from Chlorella saccharophilia and concluded that an increase or decrease in the volume 

ratio of t-butanol does not result in higher lipid recovery as the amount of (NH4)2SO4 salt 

might not be sufficient for stronger phase separation [335]. For CR, a volume ratio of 

1:1 observed the highest CR of 40.08± 2.37 % followed by 34.40±0.24 % at a volume 

ratio of 1:0.5. Sharma et al. observed a similar pattern for extraction of carbohydrate 

polymers by TPP with the highest CR occurring at a volume ratio of 1:1 and concluded 

that change in the volume ratio does not affect the precipitation of polymers [336]. The 

statistical analysis conducted reveals that the differences in the data was significant as 

denoted by p-value <0.05. Thus, a volume ratio of 1:1 was selected for further 

optimisation of other parameters. 

5.3.2. Effect of flotation air flowrate and time 

The U-LTF system provides an advantage over the conventional U-TPP system with 

respect to the capability of flotation for faster and quicker mass transfer [311,328]. This 

section focused on manipulating the two crucial parameters of flotation air flow rate and 

time with previously selected salt concentration and volume ratio. Previously reports 

showed that high flotation air flow rate resulted in turbulent flow of the air bubbles thus 

resulting in low targeted mass transfer [337]. An air flow rate of 50 mL/min resulted in 
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high PSE and PR as well, although a slight increase in air flow rate resulted in a higher 

recovery. In this study, an air flow rate of 100 mL/min resulted in the highest PSE and 

PR of 30.56±1.47 % and 74.93±5.47 %, respectively. A similar trend was reported in 

previous studies [263,264]. For lipids and CR, a much simpler pattern was observed with 

the highest peak at 100 mL/min (Figure 5.3a). The highest LR was observed as 

40.69±4.03 % and corresponding CR of 40.08±2.37 %. Both lipids and carbohydrates 

graph observed second highest recovery at 150 mL/min with corresponding values of 

37.36±1.97 % and 24.31±0.09 % respectively. As the higher flow rate of air results in 

increased energy demand, this setting was not considered. The statistical analysis 

conducted disclosed that the differences in the data was significant as denoted by p-

value <0.05. Therefore, a flotation flow rate of 100 mL/min was selected for further 

optimisation of flotation time.  

 

Figure 5.3 PR, LR, CR and PSE of a) flotation air flowrate and b) flotation time on U-LTF 

system. 

 

Flotation time was altered from 5 to 20 min to observe the highest PSE, PR, LR and CR. 

According to Figure 5.3b, PR was comparable at flotation time of 5 and 10 min with 

corresponding values of 74.18±0.78 % and 74.93±5.47 %, respectively. The values for 

PSE, on the other hand, peaked at a flotation time of 15 min but the recovery of total 
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proteins was low. It can be concluded that a prolonged flotation time did not result in 

higher PR, which is mainly attributed to the fact that mass transfer of proteins reached 

equilibrium in the U-LTF system and additional flotation will lead to oxidation of the 

metabolite [260]. The extended flotation duration also resulted in the dissolution of 

proteins in other phases [311]. As for lipids, a flotation time of 5 min resulted in the 

highest recovery of 47.47±0.26 % followed by 20 min at 45.96±2.84 %. The LR profile 

indicated in Figure 5.3b clearly states that a flotation time of 5 min was enough for the 

mass transfer of lipids and further flotation was not necessary. However, carbohydrates 

followed a similar trend with PR. The CR at 5 min flotation time was 39.92±1.19 % 

compared to 40.08±2.37 % at 10 min flotation. There was a slight increase in CR when 

the flotation was prolonged; however, doubling the time from 5 min to 10 min means 

additional expenditure. Therefore, a shorter duration of 5 min was preferred and selected 

for further optimisation studies. The statistical analysis conducted disclosed that the 

differences in the data was significant as denoted by p-value <0.05. 

5.3.3. Effect of ultrasound duty cycle and pH 

The optimised flotation parameters were utilised for the further parameter of ultrasound 

duty. Previous studies indicated that an ultrasonication duration of 5 min is sufficient for 

efficient cell disruption [338]. Extended exposure of ultrasound waves results in the 

disintegration of cells and an increase in overall system temperature, which denatures 

the extracted components. This increase in temperature was mainly attributed to the 

transformation of sound energy to heat energy [308]. Figure 5.4a depicts the results for 

continuous ultrasonication and pulse modes. An increase in the ratio of the ultrasound 

cycle resulted in higher recoveries of PR, LR and CR. The PR at pulse mode of 20s/30s 

was higher to continuous cycle with corresponding values of 77.75±4.25 % and 

74.07±7.69 % respectively. The PSE peaked at pulse mode of 20s/30s. Khoo et al. 

conducted an ultrasound-assisted LBS for extraction of astaxanthin from Haematococcus 
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pluvialis and observed a similar trend with a comparative yield at continuous cycle and 

pulse cycle of 30s/5s [339]. Compared to PR, LR and CR followed an obvious pattern 

with the highest LR and CR of 47.69±4.84 % and 42.99±0.97 %, respectively, at pulse 

mode of 20s ON/30s OFF. Panadare et al. observed a similar trend with most of the lipids 

recovered by 5 min [305]. The statistical analysis conducted disclosed that the 

differences in the data was significant as denoted by p-value <0.05. Therefore, 

ultrasound setting of pulse mode with 20s ON/ 30s OFF was selected for further analysis 

of pH.  

 

Figure 5.4 PR, LR, CR and PSE of a) ultrasonication duty cycle and b) pH on U-LTF system.  

 

The adjustment of pH is a crucial factor in optimising the U-LTF system. Change in pH 

affects the ionization of the basic or acidic amino acids of protein and changes their net 

surface charge thus altering the partition behaviour. In this study, pH was manipulated 

from 4.75 to 7.8 by adding either NaOH or HCl. The results are depicted in Figure 5.4b, 

showing that the isometric point of protein was achieved in a slightly higher pH value of 

6.5. A strong acidic pH of 4.75 results in high PSE and PR as well, while it is lower than 

the corresponding values at pH 6.5. With alkaline pH of 7.8, low PSE and PR were 

observed probably due to the higher solubility of proteins in the aqueous bottom phase. 

With pH higher than the isometric point, the net charge on proteins shifts to a negative 
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value thus resulting in protein accumulation at the bottom phase [325]. The highest PR 

of 96.59±8.15 % was thus obtained at pH of 6.5. For the case of LR, a similar principle 

was applied. The highest recovery of lipids was observed at the isoelectric point (pI) 

corresponding to a pH of 6.5. Previous reports also suggested that the average pI of oils 

from different sources is observed in the range of 5.7-6.6 [305]. In this study, the 

highest LR of 61.02±0.91 % was observed at a pH of 6.5, which was in the acceptable 

range of the previous studies. Qiu et al. also reported that the highest lipids in the form 

of total fatty acids were observed at pH 6-7 [306]. CR was comparable at pH values of 

4.75 and 5.25 with a corresponding value of 41.39±0.37 % and 42.99±0.97 %, 

respectively. Although the highest recovery was observed at pH 6.5 with a corresponding 

value of 52.69±1.90 %. Sharma et al. reported a similar trend for extraction of chitosan 

with the highest recovery obtained at pH 7 [340]. Pakhale et al. concluded that this 

phenomenon might be related to better structural confrontation stability of 

carbohydrates towards the alcohol [341]. The statistical analysis conducted disclosed 

that the differences in the data was significant as denoted by p-value <0.05. Therefore, 

a pH value of 6.5 was selected as the final optimised parameter, and different control 

studies were conducted.  

5.3.4. Control studies with LTF, U-TPP, and TPP 

The above-optimised parameters were incorporated to compare the control studies 

where ultrasound and flotation were absent. The control studies are the most widely 

practiced techniques for the extraction of biomolecules via phase separation. Three 

different sets of control studies were conducted, and the results are depicted in Figure 

5.5. As expected, there is a decreasing trend with each PR, LR and CR. However, the LR 

does not markedly decrease across the control studies. The statistical analysis conducted 

disclosed that the differences in the data was significant as denoted by p-value <0.05. 
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The results also prove that the addition of flotation and ultrasound steps benefit the 

existing TPP system. 

 

Figure 5.5 PR, LR, CR, and PSE of control studies on U-LTF system.  

 

5.3.5. Large-scale operation and the recovery of alcohol and salt 

Apart from control studies, the laboratory-scale U-LTF system of 100 mL was scaled-up 

to a working volume of 1.5 L (15-fold increase). The resulting values of PSE, PR, LR and 

CR were 33.27±2.00 %, 92.81±4.20 %, 58.97±0.76 % and 48.89±0.87 % respectively. 

It is worth noting that an increase in the scale of the experiment did not affect the 

recovery performance and consistent analytical results were obtained. The phases 

involved in this experiment were also recovered by evaporation and precipitation 

followed by crystallization. As shown in Table 5.2, the recovery of both alcohol and salt 

decreases after each cycle, and the purity of both phases also reduces. This can be 

corrected by topping-up fresh stock of both components to maintain the purity and 

quantity [261,263]. 
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Table 5.2 Recycling studies of U-LTF system. 

Recycling Protein 

separation 

efficiency 

(%) 

Protein 

recovery 

(%) 

Lipids 

recovery 

(%) 

Carbohydrates 

recovery (%) 

Alcohol 

recovery 

(%) 

Alcohol 

purity 

(%) 

Salt 

recovery 

(%) 

1st Run 32.97±8.49 96.59±8.15 61.02±0.91 52.69±1.90 NA 99.9 NA 

1st Recycling 31.06±1.89 91.87±3.15 58.97±0.76 48.89±0.87 96 96.4 94 

2nd Recycling 32.81±0.97 89.79±5.78 55.35±1.82 45.52±1.67 92 93.1 91 

3rd Recycling 30.52±1.83 85.48±2.21 51.42±1.36 42.48±1.94 86 86.8 85 
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5.3.6. Application of microalgae in bioenergy and biofuel 

The extracted top and bottom phases were analysed via GC-FID and FTIR to confirm the 

presence of lipids and carbohydrates. Figure 5.6 summarizes the results from the GC-

FID analysis. Five peaks of methyl esters were reported mainly from middle chains 

(C11:0, C:12:0, C15:1 n-5, C16:0) and long-chain (C20:2 n-6). As shown in Figure 5.6, 

the middle chains of undecanoic acid and decanoic acid (lauric acid) comprise the highest 

proportion with a weight content of 4.72 mg/g and 6.11 mg/g. The long chain of 

Eicosadienoic acid (C20:2 n-6) also showed a high weight fraction of 5.45 mg/g. 

Hexadecanoic acid or Palmitic acid (C16:0) had a value of 0.59 mg/g. Yew et al. studied 

a hybrid LBS for extraction of lipids from Chlorella sp. and obtained a similar yield of 

palmitic acid [342]. Gharibeh et al. investigated the ignition and combustion 

characteristics of FAME middle chains and concluded that an increase in the carbon atoms 

in these chain lengths corresponds to higher fuel reactivity but is limited to a certain 

threshold value [343]. 

 

Figure 5.6 GC-FID spectrum of lipids.  
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FTIR spectroscopy was conducted on the extracted carbohydrates in the bottom phase. 

Figure 5.7 depicts the FTIR spectrum for the bottom phase of the U-LTF system. The 

stretching observed near 3350 cm-1 was due to the stretching of OH bonds in the primary 

carbohydrates such as glucose. The asymmetric vibration at 2945 cm-1 and symmetric 

vibration at 2833 cm-1 are attributed to CH bonds in the carbohydrates chain. The strong 

transmittance at 1018 cm-1 was due to the vibration of CO and CC bonds. Therefore, the 

FTIR spectrum suggests that the bottom phase has suitable carbohydrates, which can 

be utilised for producing bioethanol via fermentation. 

 

Figure 5.7 FTIR spectrum of carbohydrates.  

 

The analytical methods described in this section, confirm the presence of carbohydrates 

and lipids in the extracted phases. This proves that, upon further purification, these 

components can be utilised for efficient and low-cost bioenergy production due to the 

biorefinery nature of the U-LTF system. Future research should focus on purifying these 

components and optimising the life cycle cost. 
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5.4. Conclusions 

This study focused on optimisation of different parameters of U-LTF system to extract 

proteins, lipids and carbohydrates from Chlorella sorokiniana CY-1. The optimised 

parameters were ammonium concentration of 40 w/v% with volume ratio of 1:1 for 

ammonium sulphate and t-butanol; flotation air flowrate of 100 mL/min for 5 minutes; 

ultrasound pulse settings of 20 s ON/ 30 s OFF at pH of 6.5. The resultant protein 

separation efficiency, protein recovery, lipids recovery and carbohydrates recovery were 

26.81±5.93%, 96.59±8.15%, 61.02±0.91% and 52.69±1.90%, respectively. The 

comparison study showed that U-LTF system gave higher yields than the control runs. A 

large-scale system (20×) observed similar yields. The recycling of phases was successful 

and extraction for multiple cycles is possible. The U-LTF system utilised in this study is 

a brilliant tool to utilise the full potential of microalgae with respect to its downstream 

processing. The biorefinery approach is vital to promote microalgae as a source of 

sustainable and renewable energy for the future.   
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CHAPTER 6  

6. Preliminary in vitro evaluation of proteins extracted from Chlorella vulgaris 

coated on a gelatine-glutaraldehyde membrane and its wound healing 

application 

6.1. Introduction 

The largest organ of human body is skin, and an adult human being is estimated to have 

3.6 kilograms of it stretching to 2 square metres. Wounds caused on human skin thus 

results in disruption of dermis and epidermis layer, which can expose the internal organs. 

Therefore, wound healing process is important to reduce the damage to skin. Wound 

healing is a complex process involving proliferation, migration, scar formation, 

inflammation and tissue remodelling [344]. In the event of extensive damage to the skin, 

it is important to accelerate the wound healing process to alleviate the immune system 

from the ROS build-up. Excessive generation of ROS results in disruption of DNA, 

oxidisation of lipids and proteins and eventually results in cell lysis which delays the 

wound healing process [345]. Therefore, studies have been conducted to utilise 

biomolecules from natural sources to accelerate wound healing. The most widely 

accepted method includes skin grafting by fish skin [346]. The bioactive compounds 

secreted by such natural sources are being studied for their anti-inflammatory, anti-

cancer and anti-hypercholesterolemic properties [347]. 

Microalgae are considered a potential source of these bioactive compounds. Microalgae 

is a unicellular species with ability to secrete various bioactive molecules such as proteins, 

pigments, polysaccharides, vitamins and minerals which exhibit anti-viral, anti-cancer, 

antioxidant and anti-inflammatory properties [40]. Spirulina platensis, a green-blue 

cyanobacteria, has been extensively studied as wound healing material due to its potent 

anti-oxidative nature [348]. However, very few reports have been identified which 

studied Chlorella vulgaris for wound healing of human keratinocyte cells. Therefore, in 
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this study, Chlorella vulgaris was adsorbed on GGP membrane and its potential as a 

wound healing source was identified.  

6.2. Materials and Methods 

6.2.1. Materials 

((NH4)2SO4), t-butanol, Bradford’s reagent, tris-HCl buffer and gelatine powder were 

purchased from R&M Chemicals (Malaysia). Cell culture grade trypsin, fetal bovine serum 

(FBS) was purchased from Sigma-Aldrich (USA). Minimum Essential Medium (MEM) was 

purchased from Thermo Fisher Scientific (USA). Phosphate-buffered saline (PBS) was 

prepared freshly with NaCl, KCl, KH2PO4 (Merck, Germany) and NaH2PO4 (Nacalai Tesque, 

Japan). Fluorescein diacetate (FDA), propidium iodide (PI), sodium bicarbonate and 

glutaraldehyde (GTA) solution were purchased from Sigma Aldrich, USA. Dimethyl 

sulfoxide (DMSO) was purchased from Merck, Germany. 3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) was obtained from Acros Organics, USA. Bio-

safe Coomassie Stain, 2x Laemmli sample buffer, and 10 x Tris/Glycine/SDS were 

obtained from Bio-Rad Laboratories, USA. Dried Chlorella vulgaris powder were 

purchased from The Hive Bulk Foods Sdn. Bhd. (Kuala Lumpur, Malaysia). All the 

purchased solvents and chemicals were of analytical grade and were used without 

additional purification. 

6.2.2. Microalgae protein extraction 

The microalgae derived proteins were extracted by system U-LTF system as described in 

the previous study [328]. The freeze-dried microalgae biomass was extracted in the 

multiphase system and proteins were precipitated in the middle phase. This interfacial 

layer was pipetted out and washed with 0.1 M tris-HCl buffer. The extracted proteins 

were further purified by dialysis as described by Waghmare et al. [326]. The remaining 

salt in the extracted protein layer was removed by Hi-media dialysis membrane-50. The 

protein concentrate was added to the membrane and kept in 1 L of distilled water for 12 
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h. The resultant protein was pH adjusted to 5.0 and centrifuged for 10 min at 8000 g. 

This concentrate was transferred to a falcon tube and freeze dried for 24 h. The freeze-

dried protein was used for further experimental runs. 

6.2.3. Membrane preparation from gelatine-GTA 

For membrane preparation, 100 mL of 5.0 w/v% gelatine solution was prepared and 

autoclaved. To the autoclaved gelatine solution, GTA solution in four different batches 

and stirred continuously for 2 h for hydro-gelling to achieve a concentration of 1.0 v/v%. 

Approximately 10 mL of gelatine-GTA mixture was transferred to each petri dish to create 

a thin layer of the membrane. These petri dishes were then freeze dried at -40 ºC for 36 

h. The freeze-dried membranes were then immersed in 100, 70 and 50 % ethanol for 30 

min each. The residual GTA blocks were blocked by further immersing these membranes 

in 100 mM glycine solution for 1 h. The membranes were then kept in a desiccator at 

room temperature for dehydration. Once all the water was removed, the dry membranes 

were cut by a hole puncher and sterilised in Biosafety cabinet (ESCO, Singapore) by 

placing each side under UV light for 15 min. The circular membranes were then stored 

in a sterilised petri-dish.  

6.2.4. Cell culture and in vitro biological tests 

6.2.4.1. HaCaT cell culture 

HaCaT cells were thawed and cultured in T-75 tissue culture grade flask consisting of 

complete MEM supplemented with 5 % of FBS. The flasks were then placed in an 

incubator (Memmert, Germany) at 37.5 ºC with 5 % of CO2. The flaks were routinely 

inspected for confluency and the complete MEM was replaced every 1-2 days. Once 

reached 70-80 % of confluency, the cells were subcultured. For cell subculture, the 

complete MEM was discarded, the flask was washed with PBS twice and 2 mL of 0.25 

w/v% trypsin was added. This flask was incubated in the humidified incubator at 37.5 

ºC with 5 % of CO2 until the cells were detached from the surface. 
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6.2.4.2. Protein adsorption and cell seeding 

Prior to cell-seeding, purified microalgal proteins were adsorbed on the gelatine-GTA 

membrane. The spherical membranes were placed in each well of a 96-well plate. 

Microalgae protein-PBS solutions of concentration of 100, 200, 500 and 1000 µg/mL 

were prepared in sterilised centrifuge tubes. A control group for pure protein (10P) with 

concentration of 1000 µg/mL was also prepared. Each membrane containing well was 

filled with 200 µL of specific protein concentration and was placed at room temperature 

for adsorption for 30 min. They were labelled as 1GGP, 2GGP, 5GGP, 10GGP. After 30 

min, the remaining solution was pipetted out. Cells were further seeded on each of these 

wells with cell density of 2.5 x 105. 

6.2.4.3. Cell adhesion test 

The adhesion of cells to the membrane was observed via Zeiss Axio Observer for Biology 

fluorescence microscope (Zeiss, Germany) through cell staining. For this test, the cells 

were seeded in complete MEM and incubated for 4 h. The FDA stain was prepared by 

prepared by dissolving 1 mg of FDA in 1 mL of acetone. The concentration of 8 µg/mL 

required for the staining was attained by adding 8 µL of the prepared FDA solution to 1 

mL of PBS. After seeding of cells on protein adsorbed membrane for 4 h, the complete 

MEM was discarded and replaced by 200 µL of the FDA stain for 5 min at room 

temperature in dark conditions. These wells were then washed twice with PBS and 

observed under the fluorescence microscope. The microscope was set at excitation 

wavelength of 535 nm and emission wavelength of 617 nm. The resulting images were 

captured with magnification of 5 x via Axiocam 503 mono camera with ZEN pro (Zeiss, 

Germany). The captured images of FDA-stained cells were utilised for semi-quantitative 

evaluation using ImageJ (National Institutes of Health, Bethesda, MD, USA). 
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6.2.4.4. Cell proliferation test 

The HaCaT cells with density of 2.5 x 105 were seeded in 96 well plates with membranes 

of different protein concentrations. These wells were incubated for 1, 3 and 7 days at 

37.5 ºC with 5 % of CO2. A well with seeded cells without the membrane was used as a 

control and empty well was designated as a blank. For wells with 7 days assay, the old 

complete MEM was replaced at day 3. Once the incubation time of each assay was 

completed, the old complete MEM was replaced with a 200 µL of MEM and 20 µL of 5 

mg/mL of MTT solution. The MTT-MEM solution wells were incubated for 4 h at 37 ºC. 

After 4 h, the MEM solution was discarded and 200 µL of DMSO was added to create 

purple formazan dye to signify the viable cells. After the purple crystals were completely 

dissolved, 100 µL of dye solution was transferred to a new separate well. The absorbance 

of the well was read at 570 nm by microplate reader (VersaMax, USA). The cell 

proliferation was calculated by following eq 6.1: 

Cell Proliferation (%) =  
𝑂𝐷 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑎𝑑𝑠𝑜𝑟𝑝𝑒𝑑 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒

𝑂𝐷 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100%   (Eq 6.1) 

where OD means optical density. 

6.2.4.5. Wound scratch assay 

HaCaT cells were seeded on a 24 well plate (Orange Scientific, USA) until confluency was 

reached. After 24 h, the monolayer of cells was scratched by sterile p200 yellow pipette 

tip (Axygen Corning, USA) vertically to create a cell-free gap of 0.5 mm in each well. In 

a separate 96 well plate, protein adsorption on each membrane at different 

concentrations was carried out by immersing the membrane in 200 µL of protein-PBS 

solution for 30 min at room temperature. After 30 min, the remaining solution was 

discarded. To these wells, 200 µL of complete MEM was added and incubated at 37 ºC 

for 20 min. This complete MEM was then transferred to corresponding scratched 24 well 

plate. The well plate with only complete MEM was assigned as a control. The well plate 

was captured after wound scratch and after 24 h to observe the cell growth. The gap 
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between each scratch was quantified and percentage wound closure was calculated by 

eq 6.2: 

𝑊𝑜𝑢𝑛𝑑 𝑐𝑙𝑜𝑠𝑢𝑟𝑒 (%) =  
𝐺𝑎𝑝 𝑎𝑡 0ℎ (𝑚𝑚)−𝐺𝑎𝑝 𝑎𝑡 24ℎ (𝑚𝑚)

𝐺𝑎𝑝 𝑎𝑡 0ℎ
× 100%    (Eq 6.2) 

6.3. Results and Discussion 

6.3.1. Cell viability and proliferation 

The cell viability of the seeded HaCaT cells on the GGP membrane was tested by MTT 

assay and results for 1, 3 and 7 days are depicted in Figure 6.1. The results are expressed 

as viable cells compared to positive control (only cells). The highest proliferation of 

76.75±0.68 % for 1 day was observed at 10P. This was followed by 10GGP and 5GGP 

with cell viability of 48.23±0.58 % and 40.93±0.52 %. The lowest proliferation was 

observed with 1GGP, 2GGP and GG membrane at 15.75±0.08 %, 16.75±0.06 % and 

17.21±0.04 %, respectively. The MTT results after 3 days were slightly better for 5GGP 

with cell viability of 44.75±0.67 %. The cell viability of 1GGP and 2GGP were still below 

25 %. Although, the viability of 10P decreased from 1 to 3 days and remained constant 

until 7 days at around 50 %. The lowest cell viability was noted for control group 

consisting of membrane only ranging between 17-20 %. 
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Figure 6.1 Cell proliferation of HaCaT cells detected by MTT assay on GGP membrane for 

1, 3 and 7 days. 

 

After 7 days, 2GGP, 5GGP and 10GGP exhibited proliferation above 50 % with 10GGP 

being highest at 90.26±0.22 %. Syarina et al. experimented the cytotoxicity effect of 

Spirulina sp. extracts on human primary dermal fibroblast (HDF) cells and observed a 

similar result as this experiment. The study concluded that 300 µg/mL of Spirulina 

aqueous extract achieved cell proliferation above 90 % [349]. The consistent low cell 

viability of pure membrane group can be explained by high cytotoxicity displayed by GTA. 

Yang et al. conducted experiment on biocompatibility of gelatine with various crosslinking 

materials and concluded that scaffolds with GTA concentrations higher than 0.5 v/v% 

with gelatine are toxic for adipose-derived stromal stem cells [350]. From Figure 6.1, an 

increasing trend is observed for cell proliferation from 1 to 7 days. Similar observations 
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were made by Jung et al. in a cytotoxicity study conducted by introducing Spirulina-PCL 

nanofiber onto rat dermal fibroblast. The study concluded that MTT assay recorded higher 

cell viability from 1-5 days and hypothesised that microalgae in the culture media is 

responsible for a higher cell proliferation [351]. The statistical analysis conducted reveals 

that the differences in the data was significant as denoted by p-value <0.05. Overall, 

10GGP membrane showcased cytocompatibility and supported the in vitro growth of 

keratinocyte cells. 

6.3.2. Cell adhesion test 

The cell adhesion test was observed by the green FDA-stained cells on the membrane. 

Figure 6.2 depicts the stained cells on all the GGP membrane systems and control wells. 

The high fluorescence intensity of 1GGP and 10GGP corresponds to high number of viable 

HaCaT cells on the membrane. This suggests that the microalgae proteins are 

biocompatible with the keratinocyte cells and are not harmful to human skin. It is well 

known that gelatine membrane consists of numerous sites for cell binding and growth, 

although is not stable in liquid media and requires GTA crosslinking to increase the 

stability [352]. 
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Figure 6.2 Observation of GGP adhered to HaCaT cells by fluorescent microscope: A) 

1GGP, B) 2GGP, C) 5GGP, D) 10GGP, E) membrane and F) control cells.  

 

The semi-quantitative analysis of the cell count found that the membrane and 5GGP 

adhered to the least number of cells (Figure 6.3). The lowest cell count of 1249±352 

was observed for pure membrane system, whereas 10GGP recorded highest viable 

stained cell number of 3432±443. The low count was observed due to potential 

cytotoxicity associated with high concentration of GTA [353]. Studies have indicated that 

high degrees of crosslinking are observed between gelatine and GTA biopolymers thus 

enhancing the cell adhesion [354–356]. This can be observed with the high number of 

cell count by fluorescence spectrophotometer. Adilet et al., conducted a study on cell 

viability of fish scale protein derived gelatine nanofibrous scaffolds and concluded that 

increase in concentration of fish scale gelatine resulted in higher number of viable cells 

[357]. Hassan et al., conducted a similar study utilizing fish biowaste gelatine and 

phosphate glass fibres also concluded that increase in gelatine concentration resulted in 

increase in viable number of cells [358]. A similar trend was observed in this study with 

higher protein concentration resulted in higher number of viable cells. The statistical 
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analysis conducted reveals that the differences in the data was significant as denoted by 

p-value <0.05. 

 

Figure 6.3 Quantification of FDA-stained viable keratinocyte cells on GGP membrane and 

control studies. 

 

6.3.3. In vitro wound healing 

The cell migration effect of microalgae protein adsorbed on gelatine-GTA membrane was 

observed in this assay. Figure 6.4 illustrates the wound closure of control (blank), 

membrane and the best result (10GGP) of the HaCaT cells at 0, 12 and 24 h after the 

scratch. The cell migration as a measure of distance of wound closure is depicted in 

Figure 6.5. At 12 h, highest wound closure of 39.97±0.15 % was observed for 10GGP 

followed by 31.93±0.4 % for 5GGP. The pure membrane system recorded lowest wound 

closure of 10.23±0.25 %. The highest wound closure% after 24 h was observed for 

10GGP (82.10±1.65 %) followed by 5GGP (77.97±1.45 %). The lowest wound closure% 
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after 24 h of 40.5±1.04 % was observed for pure membrane system. The pure protein 

system had higher wound closure% compared to blank, thus proving that microalgae 

protein contributes towards accelerated wound closure. Bari et al. studied the 

effectiveness of microsphere based on Chlorella vulgaris and Spirulina platensis with silk 

sericin on Human Fibroblast cells and concluded that total wound closure was observed 

at 72 h [359]. 

 

Figure 6.4 In vitro wound healing effect by representative images of GGP membrane on 

HaCaT cells: A) 10GGP, B)membrane, C) control cells. While 1, 2 and 3 represent 0, 12 

and 24 h. 

 

The increased wound closure for higher protein concentration was due to a pigment, β-

carotene, present in the Chlorella vulgaris biomass which increases cell defense and 

enhances tissue integrity. Additionally, Machmud et al. hypothesised that Chlorella 
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growth factor which constitutes of numerous amino acids, minerals, vitamins and nucleic 

acids assist in keratinocytes regeneration process [360]. Zailan et al. confirmed that 

Chlorella vulgaris dressing was able to accelerate wound healing in rats with minimized 

formation of scar tissues [361]. According to Veeraperumal et al., cell proliferation and 

migration is dependent on numerous processes and is divided into different phases like 

G1, G2, M and S phase. The S phase corresponds to DNA synthesis and is an indicator 

of cell migration activity. The G1 and G2 phases correspond to pre and post DNA 

synthesis, respectively. The study conducted by Veeraperumal et al. on wound healing 

of keratinocytes by polysaccharides from Gracilaria lemaneiformis concluded that the 

purified polysaccharide fraction regulated the cell migration by enhancing DNA content 

during S phase [362]. Liu et al. prepared Spirulina extracts (SPCP) and tested its wound 

healing properties on human dermal fibroblast cells (CCD-986sk) and concluded that 

SPCP promotes cell migration and proliferation [363]. The authors hypothesised that 

according to the cell cycle analysis, SPCP assisted the cells in entering S phase from G1 

phase. The statistical analysis conducted reveals that the differences in the data was 

significant as denoted by p-value <0.05. 
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Figure 6.5 Wound closure percentage of HaCaT cells after treatment with GGP membrane 

at 12 and 24 h. 

 

The biocompatibility tests conducted resulted in a successful cell migration of HaCaT cells 

with microalgae protein adsorbed gelatine-GTA membrane. However, for future studies, 

analytical studies can be performed to confirm the morphological properties of the 

membrane. 

6.4. Conclusions 

The final study of this thesis is based on purified proteins extracted from Chlorella 

vulgaris by U-LTF system. The proteins were adsorbed on GGP membranes and this 

system was utilised to examine the cell proliferation, adhesion and migration on HaCaT 

cells. This study was successful in establishing the wound healing properties of Chlorella 

vulgaris derived proteins on human keratinocyte cells. The best performing system was 
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10GGP with cell proliferation of 90.26±0.22 % after 7 days. This set-up also resulted in 

the highest viable adherence of cells with estimated cell count of 3432±443 and the 

highest wound closure% of 82.10±1.65 % after 24 h. The wound healing application of 

purified proteins from microalgae by U-LTF system thus demonstrates the 

implementation of microalgae biorefinery in the industry. Thus, 10 GGP system can be 

potentially utilised as a wound healing material in future.  
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CHAPTER 7 

7. Conclusions and future research 

The potential of microalgal biomass to produce high-value bioactive components enables 

it as a promising raw material for bioprocessing. This thesis focused on obtaining various 

products from microalgae via biorefinery approach. The lipids extracted can be utilised 

as health supplements in form of PUFA in addition to biodiesel production, while proteins 

and carbohydrates can be used in diets and in fermentation industry, respectively. 

Various technologies are being investigated for obtaining the components with high 

production rate, ease of operation, higher yield and lower cost. However, these processes 

are still in the infant stage. This thesis explored extraction of proteins by sugaring-out 

method and potential microalgae biorefinery by U-LTF system. As the ACN is toxic for 

food-consumption, less toxic solvents were considered for the next 2 studies. The 

utilization of t-butanol resulted in high extraction of protein, lipid and carbohydrate from 

microalgae. From the results obtained, highest extraction of protein was observed 

followed by lipid and carbohydrates. Therefore, it can be concluded that the biorefinery 

should be based on protein extraction for either feed or wound-healing application 

presented here. This can be followed by biofuel production through lipid and 

carbohydrate. 

7.1. Optimisation of protein extraction from Chlorella vulgaris via novel 

sugaring-out assisted LBEF system 

In this experiment, microalgae specie of Chlorella vulgaris FSP-E was utilised for protein 

extraction via simple sugaring-out assisted Liquid Biphasic Electric Flotation system 

(LBEF). The external electric force provided to the two-phase system assists in disruption 

of rigid microalgae cell wall and releases the contents of microalgae cell. This experiment 

manipulates various parameters to optimise the set-up. The LBEF set-up is compared 

with a control Liquid Biphasic Flotation experiment without the electric field supply. The 
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optimised separation efficiency of the LBEF system was 73.99±0.74 % and protein 

recovery of 69.66±0.86 % compared with Liquid Biphasic Flotation, the separation 

efficiency was 61.58±0.36 % and protein recovery was 48.78±0.48 %. The separation 

efficiency and protein recovery for 5× time scaled-up system was observed at 

52.871±1.23 % and 73.29±0.70 %. The results confirmed that objectives set at the 

beginning of the study were achieved. The integration of simultaneous cell-disruption 

and protein extraction ensures high yield of protein from microalgae.  

7.2. Biorefinery of Chlorella sorokiniana using U-LTF system  

The aim of this experiment was to study ultrasonication-assisted Liquid Triphasic 

Flotation (U-LTF) System to obtain lipid and protein from microalgae Chlorella 

sorokiniana in a single step as a novel process. In the current study, a novel 

ultrasonication-assisted Liquid Triphasic Flotation (LTF) System was utilised to obtain 

lipid and protein from microalgae Chlorella sorokiniana in a single step. The highest 

protein recovery of 97.43±1.67 % and lipid recovery of 69.50±0.54 % were obtained. 

The corresponding parameters were microalgal biomass loading of 0.5 w/v%, (NH4)2SO4 

concentration of 40 w/v%, volume ratio of 1:1.5 (salt:alcohol), ultrasonication pulse 

mode of 20 s ON/20s OFF at 20 % amplitude for 5 min, flotation air flowrate of 100 

mL/min. Additionally, recycling of alcohol phase to study the circular nature of proposed 

biorefinery was investigated. The results confirmed that objectives set at the beginning 

of the study were achieved.   

7.3. Liquid triphasic systems as a sustainable downstream processing of 

Chlorella biorefinery for potential biofuels and feed production 

This study focused on optimisation of different parameters of ultrasonication-assisted 

LTF system (U-LTF) to extract proteins, lipids and carbohydrates from Chlorella 

sorokiniana CY-1. The optimised parameters were ammonium concentration of 40 w/v% 

with volume ratio of 1:1 for (NH4)2SO4:t-butanol; flotation air flowrate of 100 mL/min 
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for 5 min; ultrasound pulse settings of 20 s ON/ 30s OFF at pH of 6.5. The resultant 

protein separation efficiency, protein recovery, lipids recovery and carbohydrates 

recovery were 26.81±5.93 %, 96.59±8.15 %, 61.02±0.91 % and 52.69±1.90 % 

respectively. The comparison study showed that U-LTF system gave higher yields than 

the control runs. A large-scale system (20 ×) observed similar yields. The recycling of 

phases was successful and extraction for multiple cycles is possible. The results 

confirmed that objectives set at the beginning of the study were achieved. 

7.4. Preliminary in vitro evaluation of proteins from Chlorella vulgaris 

coated on gelatine-glutaraldehyde membrane and its wound healing 

application 

In this study, proteins extracted from Chlorella vulgaris were adsorbed on a GGP 

membrane. The biocompatibility of this protein-adsorbed membrane was examined on 

human keratinocyte cells. The cell proliferation (MTT assay), cell adhesion (FDA staining) 

and wound healing test were conducted. The best performing system was 10GGP with 

cell proliferation of 90.26±0.22 % after 7 days. This set-up also resulted in highest viable 

adherence of cells with estimated cell count of 3432±443 and highest wound closure% 

of 82.10±1.65 % after 24 h. The study successfully demonstrated the effectiveness of 

microalgae proteins on wound healing of HaCaT skin cells. The results confirmed that 

objectives set at the beginning of the study were achieved. 

7.5. Future research 

In this thesis, multiple component extraction from microalgae biomass was examined. 

The first study explored liquid biphasic flotation method coupled with electrolysis. The 

main limiting factors of this study was the low voltage of electrolysis. Future work needs 

to explore high voltage electricity such as High Voltage Electric Discharge (HVED) or 

Pulsed Electric Field (PEF) as a cell-disruption method. Moreover, ACN is considered as 

a highly toxic, flammable solvent and resultant purified proteins might not be 
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biocompatible. The biorefinery of Chlorella by U-LTF systems demonstrated high 

recovery of multiple components by single system and were successful in displaying the 

potential of microalgal biomass. The systems performed were in laboratory scale, 

including the large-scale system which had working volume of 1.5-2.0 L. Therefore, pilot 

scale plants need to be set-up to explore the efficiency of LTF system. A successful pilot 

plant will increase the confidence of investors in further commercialization of this system. 

Furthermore, purification of one component (proteins) was conducted in the last study. 

A biorefinery work with extraction, purification and end products of all the biomolecules 

ready for commercial usage is the end goal. Thus, future studies can focus on purification 

of all the three components and application. This thesis, however, boosts the current 

research in a pathway to successfully achieve biorefinery of microalgae. LCA and 

economic assessment of current large-scale processes with single product or two 

products system from microalgae deem it infeasible. The possibility of producing multiple 

bioactive components from a single microalgae strain has attracted the attention of 

researchers to optimise and streamline the material and energy balances. However, with 

current downstream processing techniques, multiple product extraction is not economical 

as the whole biorefinery creates more emissions. This issue can be tackled by research 

and development of simple and cheap downstream processing techniques. Therefore, 

this thesis focused on microalgae biorefinery as a fundamental step before 

commercialisation. To conclude, microalgae biorefinery by multiphase systems such as 

U-LTF conducted in this thesis paves a way to solve shortages of fossil fuels and feed 

experienced by mankind due to increasing global population. 
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