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Abstract
Over the past few decades, microbial oils have been considered as a source of novel
oils due to their potential commercial applications including nutraceuticals,
pharmaceuticals, feed ingredients for aquaculture as well as feedstock for producing
biodiesel. Rhodococcus opacus strain PD630 is a genus of aerobic, non-sporulating
gram-positive bacteria that has the ability to accumulate large amounts of oil.

An optimized procedure for extraction of microbial lipids from R. opacus PD630 is
proposed. Different solvent extraction methods including chloroform/methanol (1:1,
v/v),

hexane/isopropanol

(3:2,

v/v),

dichloromethane/methanol

(1:1,

v/v),

dichloromethane/ethanol (1:1, v/v), dichloromethane/acetone (1:1, v/v) and diethyl
ether were tested to identify the most efficient solvent extraction method. Furthermore,
various cellular pre-treatment methods, including autoclaving, ultrasonication,
microwaves, and osmotic shock were examined to identify the most effective cell
disruption method. The result showed that a chloroform/methanol solvent mixture
gave the highest efficiency to extract lipids from R. opacus PD630. Also,
ultrasonication, microwave and osmotic shock cellular pre-treatment method have
higher efficiency for cell wall disruption than the autoclave method.

Analysis of lipid class by thin layer chromatography (TLC) showed that lipids from R.
opacus PD630 were mainly composed of triacylglycerols (TAG). Saturated fatty acids
(SFA) contribute a large portion (51.50 ± 0.49%) of total fatty acids. A high
proportion of fatty acids with an odd number of carbon atoms (32.08 ± 0.39%) were
detected. Lipids from R. opacus PD630 contained a high level of unsaponifiable
matter (USM). The lipid was high in red and yellow colour parameters. Lipids from R.
opacus PD630 was oxidatively stable and had good quality based on moisture and
volatile content, peroxide value (PV), p-anisidine value (p-AnV), TOTOX value, free
fatty acid (FFA), acid value (AV), conjugated diene and triene values, and polar
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compounds content.

Positional distribution of fatty acids in lipids of R. opacus PD630 were determined via
pancreatic lipase treatment followed by thin layer chromatography and gas
chromatography analysis. In TAG of R. opacus PD630, the SFA (70.56 ± 1.95%)
prefer sn-2 position against sn-1,3 position; C16:0 (39.35 ± 0.99%) was the dominant
SFA at sn-2 position. On the other hand, unsaturated fatty acids were predominantly
found at sn-1,3 position. A large proportion of C16:1, C17:1 and C18:1 were found at
sn-1,3 position which contribute 88.61 ± 1.76% monounsaturated fatty acids
(MUFA).

Melting and crystallization characteristics of lipids from R. opacus PD630 were
investigated using Differential Scanning Calorimetry (DSC) from -40 °C to 60 °C
under a nitrogen atmosphere. The melting and crystallization of lipid from R. opacus
PD630 occurred over a large temperature range from -7.45 °C to 32.37 °C and
17.62 °C to -19.93 °C respectively, due to its high degree of saturation.

Oxidative stability of lipids from R. opacus PD630 was studied using DSC and
Thermogravimetric Analysis (TGA) at 100 °C, 110 °C and 150 °C (TGA only) under
air atmosphere. Results showed that lipids of R. opacus PD630 were very stable
against oxidation at 100 °C and 110 °C isothermal conditions. At the temperature of
150 °C, the lipid started to decompose at 126.3 minutes but without an oxygen uptake
peak. Analysis of thermal stability of lipids from R. opacus PD630 was carried out
using TGA. Lipids from R. opacus PD630 decomposed in four stages during
non-isothermal heating, which were decomposition of USM, MUFA and SFA,
followed by decomposition of MUFA and SFA degradation products.

Antioxidants present in the lipid including α- and γ-tocopherols, chlorophyll, and total
phenolics and flavonoids may protect the lipid against oxidation. There were no αand γ-tocopherols or chlorophyll detected in the lipids of R. opacus PD630. On the
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other hand, small amounts of phenolic acids and flavonoids were found in the lipids
which may enhance oxidative stability of lipid. The antioxidant activity was
determined by using 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-azino-bis(3ethylbenzothiazoline-6-sulphonic acid), known as ABTS. The antioxidation effects of
bioactive compound of lipid were determined by DPPH and ABTS+ free radical
scavenging tests, the IC50 value was 675.2 µg/mL for DPPH and 510.0 µg/mL for
ABTS.

These results indicated that lipid from R. opacus PD630 was a good quality oil, and
very stable against oxidation and thermal decomposition.
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Introduction and Objectives
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1.1 Introduction
Nowadays, microbial oils have been receiving more and more attention as a source of
novel oils. Microorganisms accumulating more than 20-25% of their biomass as oil
may perhaps be termed as Oleaginous and their oils as single cell oils, unicellular oils
or microbial oils (Lewis et al, 2000). Rhodococcus opacus strain PD630 is an
oleaginous microorganism species, which has the ability to synthesize large amount
of microbial oils.
Microbial oils have a number of potential commercial applications as nutraceuticals,
pharmaceuticals, feed ingredients for aquaculture as well as feedstock for producing
biodiesel (Lewis et al, 2000). For example, some microbial oils contain large amounts
of polyunsaturated fatty acids (PUFA) such as arachidonic and docosahexanoic acids,
which have high amount of important dietary nutrients and γ-linolenic acid with
unique anticancer properties (Kenny et al., 2000). Furthermore, products from some
microbial oils including β-carotene, astaxanthin, canthaxanthin, squalene, phytosterols,
tocopherols, phospholipids, sterols, and sulfated extracellular polysaccharides are
demanded by pharmaceutical and food industries (Aki et al, 2003; Jiang et ah, 2004;
Fan and Chen, 2007; Okuyama et al, 2007; Jain et al, 2005).
The inherent advantages of microorganisms are their rapid growth rate with doubling
times for bacteria often being substantially less than one hour (Ratledge, 1986). The
major hindrance to their commercialization is their high cost of production. At the
present, the cost of microbial oil production is higher than that of vegetable and
animal oils. Therefore, it becomes necessary to find strategies that can improve oil
yields in order to widely commercialize microbial oils (Christophe et al., 2012).

Cellular pre-treatments and lipid extraction methods are important in microbial oil
extraction processes, as they will influence the amount of oil yield. The cell disruption
pre-treatment uses mechanical methods or non-mechanical methods to disturb cell
walls and cell membranes before solvent extraction (Halim et al., 2012). Solvent
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extraction uses non-polar organic solvents or a mixture of non-polar/polar organic
solvents to extract the lipids in microbial cells (Halim et al., 2012). The degree of
increased cell disruption could improve the efficiency of microbial lipid extraction.

In lipid analysis, information on physicochemical characteristics is important as they
will influence quality of microbial oil and affect determination of processing methods
that can be used (Shahidi and Wanasundara, 1998). Bioavailability of fatty acids in
microbial oil are affected by their positional locations in the triacylglycerols (TAG).
The positional distribution of fatty acids in TAG has been shown to influence, for
instance, the nutritional quality and technological properties of lipids (Kubow, 1996).
Determination of positional distribution of fatty acids in microbial oil can be
conducted via chemical and enzymatic transesterification followed by thin layer
chromatography (TLC) and gas chromatography (GC) analysis.

Thermal properties such as melting point, crystallization point, melting enthalpy, and
solid fat content (SFC) are associated with chemical composition of the microbial oil.
These parameters can provide information about utilization of a suitable processing
technique and functionality or application of the lipids. Differential Scanning
Calorimetry (DSC) is the most commonly used thermoanalytical technique for
determination of the melting point, crystallization point and SFC of the lipids. The
basic principle underlying this technique is to measure the heat flow and heat capacity
of a lipid sample during phase transition, namely during melting and crystallization
(Tan and Che Man, 2000).

Oxidative stability of microbial oil is an important parameter for the quality
assessment of lipids, as the shelf life and the final use of lipids depend on their
resistance to oxidation (Martínez-Monteagudo, 2012). Oxidative stability of microbial
oil over temperature ranges and times can be measured by Thermogravimetric
Analysis (TGA) and DSC. The basic principle of these techniques is to measure the
changes in weight (TGA) and thermal flow (DSC) due to oxygen uptake and thermal
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decomposition (Hassel, 1976). Thermal decomposition of microbial oil also can be
measured by TGA via programmed heating. Furthermore, antioxidants such as
phenolic acids, flavonoids, chlorophyll, and tocopherols are contained in some
microbial oils. The effectiveness of these antioxidants in protecting the microbial oil
can be evaluated using antioxidant scavenging assays using reagents such as
2.2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-azino-bis(3-ethylbenzothiazoline-6sulphonic acid), known as ABTS.

1.2 Objectives
The objectives of this study are as follows:
1.

To determine the most effective solvent extraction method on lipid extraction
from R. opacus PD630.

2.

To determine the most effective cell disruption method on lipid extraction from
R. opacus PD630.

3.

To characterize the physicochemical properties of lipid from R. opacus PD630.

4.

To determine positional distribution of fatty acids in lipid from R. opacus
PD630.

5.

To characterize the thermal properties of lipid from R. opacus PD630.

6.

To determine the oxidative stability of lipid from R. opacus PD630.
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2.1 Rhodococcus	
  
Rhodococcus is a genus of aerobic, non-sporulating gram-positive bacteria with a
high guanine plus cytosine content (van der Geize and Dijkhuizen, 2004). Rhodococci
are of environmental and biotechnological importance due to their broad catabolic
diversity and array of unique enzymatic capabilities (Warhurst and Fewson, 1994;
Bell et al., 1998). A number of applications of Rhodococcus are found in the
environmental, pharmaceutical, chemical and energy areas. Rhodococci are
well-suited industrial biocatalysts due to their robustness and their remarkable ability
to

degrade

hydrophobic

natural

compounds

and

xenobiotics,

including

polychlorinated biphenyls (van der Geize and Dijkhuizen, 2004). They are also
well-established industrial microorganisms for the large-scale production of
acrylamide and acrylic acid (van der Geize and Dijkhuizen, 2004). Furthermore,
Rhodococcus are excellent candidates for the industrial production of bioactive
steroid compounds (Fernandes, 2003). Moreover, various species of Rhodococcus
have capabilities regarding the biosynthesis of polyhydroxyalkanoic acids and other
lipids (Füchtenbusch and Steinbüchel 1999; Füchtenbusch et al. 1998; Spiekermann et
al. 1999).

Many species of this genus such as Rhodococcus opacus, Rhodococcus ruber,
Rhodococcus erythropolis and Rhodococcus fascians are capable of synthesizing
TAG as storage compounds for carbon and energy (Alvarez et al. 1997a, b). This
characteristic is rather unusual among bacteria and so far has been detected in only a
few other species belonging to the genera Acinetobacter, Mycobacterium, Nocardia,
Pseudomonas and Streptomyces; otherwise it is a feature of eukaryotic organisms
such as yeast, fungi, plants and animals (Alvarez et al. 1997a, b; Barksdale and Kim
1977; DeAndres et al. 1991; Makula et al. 1975; Packter and Olukoshi 1995;
Olukoshi and Packter 1994; Reiser 1997; Scott and Finnerty 1976; Ratledge 1992).
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2.2 Lipid in R. opacus PD630
R. opacus PD630 has the ability to accumulate large amounts of TAG and small
amounts of other acylglycerols (Alvarez et al. 1996; Figure 2.1). In R. opacus PD630,
the TAG are synthesized in the cytoplasm as insoluble inclusions from several carbon
sources such as carbohydrates, alkanes or fatty acids. They can accumulate up to 76%
of the cellular dry matter (CDM), probably the highest TAG content ever detected in
bacteria. The TAG present a relatively unusual composition comprising fatty acids
with 14–18 carbon atoms where there is a high proportion of fatty acids with an odd
number of carbon atoms (Alvarez et al. 1996; Wältermann et al. 2000). Odd
numbered fatty acids are unusual fatty acids that occur in small amounts in microbial
oils and animal fats, but are rare in vegetable oils. The potential application has
received more and more interest to date. Their concentration is generally below 5% of
the total fatty acids (Diedrich and Henschel, 1990).

The biotechnological relevance of TAG is due to the production of novel lipids that
are different to those already available from animals and crops (Voss and Steinbüchel,
2001). Hence, it is conceivable that R. opacus PD630 can become an interesting
candidate for the biotechnological production of “high-value single-cell lipid” as well
as other novel lipids such as branched-chain fatty acids that can be utilized for
specialized applications, for instance in food technology, if genetically modified
strains of this species are applied (Kalscheuer et al. 1999).
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Figure 2.1: TAG inclusions in R. opacus PD630 cell as revealed by electron
microscopy. Cell containing large amount of electron transparent oil bodies (ET1)
exhibiting a thin boundary layer (B)
(Adapted from Alvarez et al., 1996)

Nowadays, R. opacus PD630 has been studied in some detail, and it has become a
model microorganism for studying the metabolism and biosynthesis of TAG in
bacteria as well as the formation and structural aspects of the TAG inclusions.
Morphological studies on the TAG inclusions and some physiological studies on their
accumulation have been done, with the latter presenting that biosynthesis can be
inhibited or affected by different compounds and that TAG are true storage
compounds which are mobilized in the absence of an extracellular carbon source
(Alvarez et al. 1996; Alvarez et al. 1997b; Alvarez et al. 2000). In addition, the
composition of the TAG and the stereospecific distribution of the fatty acids on the
glycerol backbone have been studied (Wältermann et al. 2000).

However, most studies used glucose as carbon sources for TAG synthesis, but other
carbon sources, such as sucrose, have not been studied extensively for R. opacus
PD630 growth and TAG accumulation. Moreover, most of the physicochemical and
quality characteristics, as well as the thermal properties of lipids produced from R.
opacus PD630, are still unclear.
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2.3 Growth and cultivation of R. opacus PD630
A microbiological cultivation is a process of multiplying microorganisms by letting
them reproduce in predetermined culture medium under controlled laboratory
conditions (Sarami et al., 2011). In this process, every microorganism must find all of
the substances needed for energy generation and cellular biosynthesis in its
environment. The chemicals and elements of this environment which are used for
bacterial growth are referred to as nutrients or nutritional requirements (Todar, 2008).
At an elementary level, the nutrients of a bacterium such as R. opacus PD630 are
revealed by the elemental composition of the cell. The chemical composition of
bacteria is very similar although there is considerable variation in the specific
requirements for growth. The major elements in the composition of bacterial cells are
carbon (C), hydrogen (H), oxygen (O), nitrogen, phosphorus, and sulfur. Hence, these
elements are required in large quantities for bacterial cultivation. The minor elements
including calcium, iron, potassium, magnesium, and sodium are required in small
amounts, and the trace elements such as cobalt, manganese, molybdenum, nickel, and
zinc are required in relatively small amounts for most bacteria (Todar, 2008).

Generally, mineral salts medium (MSM) or phosphate-buffered defined medium are
used for R. opacus PD630 cultivation (Voss and Steinbüchel, 2001; Kurosawa et al.,
2010). It has been reported that R. opacus PD630 grown on gluconate MSM is
capable to accumulate up to 76% of the cellular dry matter CDM (Alvarez et al., 1996;
Wältermann et al., 2000). Moreover, a previous study has shown that R. opacus
PD630 grown in fed-batch conditions on MSM containing sugar beet molasses and
sucrose as carbon sources is able to reach a cell density of 37.4 g CDM l−1 with a fatty
acid content of 51.9% of the CDM (Voss and Steinbüchel, 2001). These results show
that R. opacus PD630 can be cultivated on mediums containing low cost carbon
sources derived from agricultural crops.
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There are four stages of bacteria growth during the cultivation (Figure 2.2): lag phase
(1), exponential phase (2), stationary growth phase (3) and decline or death phase (4)
(Ghosal and Srivastava, 2009). The total cell biomass of R. opacus PD630 is
enhanced largely during the exponential phase. Nutrient concentration in culture
medium is decreasing as the growth of R. opacus PD630 continues and finally is
depleted during the stationary phase and onwards. The total cell biomass of R. opacus
PD630 can be influenced by the concentration of carbon in the medium (Kurosawa et

Number of cells (log)

Nutrient concentration

al., 2010).

	
  
	
  
	
  

Time

Figure 2.2: Schematic representation of microbial growth in batch culture (solid
line) and nutrients concentration (dashed line)
(Adapted from Mata, 2010)
	
  

2.4 Organic solvent extraction of microbial lipids from R.
opacus PD630
The principles for organic solvent extraction of microbial lipids are anchored on the
basic chemistry concept of ‘like dissolving like’. Polar lipids such as glycolipid and
phospholipid, are more soluble in polar solvents such as methanol, than in non-polar
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solvents such as hexane (Table 2.1). On the other hand, neutral lipids such as
triacylglycerol and diacylglycerol are more soluble in non-polar solvents than in polar
solvents (Halim et al., 2012).
Table 2.1: Polar index of solvent
Solvent

Polar index

Hexane

0

Diethyl ether

2.8

Dichloromethane

3.1

Isopropanol

3.9

Chloroform

4.1

Acetone

5.1

Methanol

5.1

Ethanol

5.2

Water

9.0

(Source: Lorenz, 1990)

In the microbial cell such as R. opacus PD630, lipids occur in different physical forms.
Some simple neutral lipids participate in weak van der Waals attractions between one
another due to the interactions between their long hydrophobic fatty acid chains,
forming lipid globules in the cytoplasm. On the other hand, some other neutral lipids
are shown in the microbial cytoplasm as a complex with polar lipids, which is
strongly linked via hydrogen bonds to proteins in the microbial cell membrane (Kates,
1986).

The simple neutral lipids are very soluble in hydrocarbon solvents such as hexane or
cyclohexane, and in solvents of somewhat higher polarity, such as chloroform or
ethers. However, these simple neutral lipids tend to be rather insoluble in polar
solvents such as methanol; their solubility in polar solvents increases as the
chain-length of the fatty acid moieties in these lipids decrease or as the chain-length
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of the solvent alcohol increases. Furthermore, unsaturated lipids dissolve in most
solvents more easily than saturated and higher-melting analogues (Xiao, 2010).
During the extraction, the non-polar organic solvent can interact with these simple
neutral lipids using van der Waals forces, which forms an organic solvent-lipid
complex, to extract the lipids out of the cells (Kates, 1986; Medina et al., 1998). In
contrast, the neutral lipid-polar lipid complexes tend to be only sparingly soluble in
non-polar solvents, but they dissolve readily in more polar solvents such as
chloroform, methanol and acetone (Xiao, 2010). During the extraction, the
membrane-based lipid-protein associations of the complex lipids can not be disrupted
by the van der Waals interactions formed between non-polar organic solvent and
neutral lipids in the complex. Nevertheless, polar organic solvent can disrupt these
lipid-protein associations by creating hydrogen bonds with the polar lipids in the
complex, which release the lipids from the cell walls and extract them out of the cells
(Kates, 1986; Medina et al., 1998).

The lipid extraction efficiency is highly dependent on the solvent mixture used
(Ryckebosch et al., 2011). The solvent extraction methods for lipid extraction from R.
opacus PD630 have not been studied, however, previous studies have shown that a
chloroform/methanol solvent mixture is the most efficient solvent extraction method
for most microorganisms (Halim et al., 2012).

2.5 Cellular pre-treatments for R. opacus PD630
The microbial cellular pre-treatment is a procedure used to alter the conditions of the
microbial biomass before solvent extraction. The alterations include degree of cell
disruption, residual water content, and particulate size (Halim et al., 2012). According
to the manner that microbial cellular disintegrations are achieved, laboratory-scale
cellular pre-treatment methods can be classified into two groups: mechanical methods
and non-mechanical methods. Bead mills, presses, high-pressure homogenization,
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ultrasonication, autoclaves, lyophilization and microwaves are generally included in
the mechanical methods. Lysing the microbial cells with acids, alkalis, enzymes, or
osmotic shocks are classified into non-mechanical methods (Chisti and Moo-Young,
1986).

The pre-treatment process for microbial lipid extraction can be carried out either in a
single step or multiple steps. Most of the pre-treatment steps, such as microwave and
ultrasonication for cell disruption, are energy intensive. Hence they should only be
performed if they can substantially increase the efficiency of bacterial lipid extraction
(Halim et al., 2012).

Generally, the degree of increased cell disruption improves the efficiency of bacterial
lipid extraction. During cell disruption, the intact cells are disintegrated and lipids that
are inside the cellular structure will be liberated and released into the surrounding
medium. During the following lipid extraction, the eluting extraction solvent will not
need to penetrate into the cellular structures in order to interact with these free lipids.
Hence the transportation of extraction solvent and lipids to pass the cell membrane
will not be a limitation of the lipid extraction process (Halim et al., 2012). A higher
lipid recovery will result which is also completed more rapidly. It is noted that a
certain degree of moisture content in the microbial biomass is required in order to
operate successfully for most cell disruption methods. In addition, when processing
microbial concentrates with extremely low water contents such as a bacterial paste or
pellet, most cell disruption methods are not likely to be successful (Halim et al.,
2012).

The lipid extraction efficiency of pre-treated microbial cells is different according to
the microbial species and pre-treatment method. The cellular pre-treatment methods
for lipids extraction from R. opacus PD630 have not been studied, however, some
comparative studies for other microorganisms, such as microalgae, have been done.

	
  

13	
  

Lee et al. (2010) indicated that the microwave cell disruption method was the most
efficient cellular pre-treatment method for microalgae compared to autoclave, osmotic
shock, and ultrasonication method.

2.6 Composition of lipid in R. opacus PD630
2.6.1 Lipid classes
Lipids are generally classified into two groups namely simple lipids and complex
lipids based on their chemical composition. Simple lipids including fatty acids, TAG,
diacylglycerols (DAG), monoacylglycerols (MAG), sterols, sterol and wax esters, are
those that only contain C, H, O elements, and yield on hydrolysis at most two types of
primary products per mole. Complex lipids, including glycerophospholipids,
glyceroglycolipids, ether lipids and sphingolipids, normally contain one or more
additional elements, such as phosphorus, nitrogen or sulfur, and yield three or more
primary hydrolysis products per mole (Christie, 2003).

In extractable lipid of R. opacus PD630, about 90% (w/w) of the lipid components are
in TAG form, which consists of three fatty acids bound to a glycerol backbone via an
ester linkage (Figure 2.3) (Wältermann et al. 2000). A small amount of other simple
lipids including MAG, 1,2-DAG, 1,3-DAG and free fatty acids (FFA) were also
found in lipid of R. opacus PD630, however, none of the complex lipids were
detected (Wältermann et al. 2000).
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Figure 2.3: The structures of TAG
(Source: Christie, 2003)
H = hydrogen, C = carbon, O = oxygen, R = fatty acid
sn = stereospecific numbering

Lipid class analysis can be conducted by using thin layer chromatography (TLC)
analysis, which is a simple, quick, and inexpensive chromatography technique used in
analytical chemistry for separating mixtures (Harwood and Moody, 1989). In situ
quantitative TLC is a semi-quantitative procedure, based on the visual comparison of
size and/or intensity of colored spots. The quantification does not require laboratory
equipment and it is used for quick assessment due to the low accuracy (± 10%)
(Dhandhukia and Thakker, 2010).

2.6.2 Fatty acids
Fatty acids are carboxylic acids with a long aliphatic chain, which act as building
blocks of lipid. They generally contain even numbers of carbon atoms, normally in
the range 14 to 24 carbon atoms, in straight chains. However, the synthases can also
yield odd- and branched chain fatty acids to some extent when supplied with the
appropriate precursors; other substituent groups, including double bonds, are
generally incorporated into the aliphatic chain later by different enzyme systems
(Christie, 2003).
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When the R. opacus PD630 cells were cultivated on medium containing gluconic acid,
acetic acid, or fructose as carbon sources, the TAG in the cells presented a relatively
unusual composition comprising fatty acids with mostly 14–18 carbon atoms with a
high proportion of fatty acids with an odd number of carbon atoms (Alvarez et al.
1996; Wältermann et al. 2000). Palmitic acid (C16:0; 25.9-37.6%), margaric acid
(C17:0; 10.9-16.8%), ginkgolic acid (C17:1; 7.8-15.4%), and oleic acid (C18:1;
12.9-22.0%) are the major fatty acids in lipid from R. opacus PD630. A small
proportion of myristic acid (C14:0; 1.9-5.2%), pentadecanoic acid (C15:0; 6.3-11.4%),
palmitoleic acid (C16:1; 4.0-9.5%) and stearic acid (C18:0; 3.1-9.6%) is also found.
The saturated fatty acid (SFA) content is over 53.1%, and the content of
odd-numbered fatty acids is from 25.7% to 40.7% (Alvarez et al. 1996; Wältermann
et al. 2000).
	
  
Gas chromatography (GC) is the most common method to characterize fatty acid
profiles of lipids in biological materials. In fatty acid profile analysis, lipids need to
be converted into fatty acid methyl esters (FAME) in order to improve their volatility
and hence ensuring better GC peak shape. The FAME are seperated as they interact
with the column walls that have been coated with various stationary phases. The
FAME elute at different retention times, due to their different degrees of interaction.
FAME can be determined by comparison of their retention times with those of
individual purified standards based on lipids which have been well characterized in
literature (Eder, 1995).	
  
	
  

2.6.3 Unsaponifiable matter
The unsaponifiable matter (USM) in lipid consists of hydrocarbons, fatty alcohols,
sterols, pigments, glycerol ethers and bioactive compounds such as phenolics and
tocopherols.

For most animal and vegetable lipids, the USM usually contributes to

less than 2%, and often less than 1% (Fontanel, 2013; Mohamed and Awatif, 1998).
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The USM of microbial lipids has not been studied extensively.

Phenolic compounds and tocopherols are common bioactive compounds in lipids.
Phenolic compounds are classified into two main categories: phenolic acids and
flavonoids, which are reported to have anti-oxidative and free radical scavenging
properties (Tiwari et al., 2013). Tocopherols are also the antioxidants included in
USM. α- and γ-Tocopherols are usually the predominant tocopherols present in
vegetable oils. These bioactive compounds could affect the quality of lipid since they
are reported to correlate with colour, shelf life and resistance to oxidation (Rouhou et
al., 2006).
	
  

2.6.4 Physical properties
Colour is one of the physical parameters of lipids that may indicate the presence of
pigments such as β-carotene or chlorophyll. Furthermore, colour can be developed in
the lipids during processing and storage (Chakrabarty, 2009). Colour is commonly
determined based on three-dimensional “colour space” parameters by using Lab
colorimeters. L* is a measure of lightness where 0 refers to black and 100 refers to
white. a* values indicate redness (+) and greenness (-), and b* values indicate
yellowness (+) and blueness (-) (Hui et. Al., 2001).

Thermal properties such as melting point, crystallization point, and solid fat content
(SFC) are important parameters related to chemical composition of lipid. Melting
behavior of the lipid will influence the processing and functionality or application of
the lipid from R. opacus PD630. Melting point was defined as the temperature at
which a solid lipid changes to a liquid lipid (Stauffer, 1996). In the phase transition of
TAG from solid to liquid, the internal energy of lipids is increased, which breaks
down the ordering molecular entities in the solid to a less ordered state and the lipids
liquefy (Dickinson and McClements, 1995). The melting point of an individual TAG
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is determined by its chemical structure and increases with the increase in chain length,
but decreases with increases in degree of unsaturation (Nichols et al., 2011). The
melting point of common fatty acids and their melting enthapies are shown in Table
2.2.

Determination of the melting point, crystallization point and SFC of the lipid can be
carried out by DSC. DSC is a thermal analysis technique used to measure changes in
temperatures and heat flows associated with thermal transitions such as melting and
crystallization. DSC measurements provide both qualitative and quantitative
information about physical and chemical properties that involve endothermic (heat
absorbing) and exothermic (heat evolving) processes (Foon et al., 2006).
Table 2.2: Melting points and enthalpies of common fatty acids
Carbon number

Onset temperature Maximum temperature Enthalpy
(melting point °C)

(°C)

(kg/kJ)

C14:0

53.5

55.5

198.3

C16:0

59.8

63.9

212.8

C18:0

67.6

70.0

226.3

C20:0

70.6

75.8

236.9

C16:1

-0.9

1.6

125.8

C18:1

5.7

15.2

152.2

C18:2

-13.0

-4.1

119.1

C18:3

-21.0

-10.4

115.0

C20:2

-8.3

0.9

103.1

C20:4

-43.4

-38.4

113.3

C20:6

-47.4

-42.2

82.1

(Source: Sathivel et al., 2008)
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2.7 Positional distribution of fatty acids
The use of structurally modified lipids as a result of hydrogenation and
transesterification has rapidly increased nowadays; therefore, it is important to know
the regioisomer composition of TAG. The positional distribution of fatty acids in
TAG has been reported to influence the nutritional quality and technological
properties of lipids. The regioisomer compositions, i.e. the positional distribution of
fatty acids between the sn-2 and sn-1/3 positions, of TAG have been reported to
influence lipid metabolism, lipid absorption, infant nutrition as well as atherogenesis
in humans (Broun et al., 1999; Kubow, 1996; Carnielli et al., 1995). For example,
fatty acids in the sn-2 position are more easily absorbed, hence enhancing their
bioavailability (Christensen et al., 1995).
The fatty acids in TAG of R. opacus PD630 presented a relatively unusual positional
distribution when the cells were cultivated on medium using gluconic acid as carbon
sources. The shorter chain SFA including C14:0, C15:0, C16:0 and C17:0 tend to
prefer sn-2 position than sn-1/3 position. Unsaturated fatty acids and the fatty acids
with more than 17 carbon atoms were not found in large amounts at sn-2 position,
while the unsaturated fatty acids were predominantly found at sn-1/3 position
(Wältermann et al. 2000).

Pancreatic lipase is normally used for determination of positional distribution or
regiospecific of fatty acids in TAG. Pancreatic lipase is a 1,3 specific lipase, which
can hydrolyze TAG at sn-1 and sn-3 positions to produce 2-monoglycerides and FFA
(Figure 2.4). It cleaves and isolates the fatty acids from TAG, followed by separation
and analysis by TLC and GC-flame ionization detector (GC-FID) to quantify the fatty
acids present.

	
  

19	
  

H
H
R2COO

H

1
C OOCR

C

H

+ H2O

pancreatic
lipase

H C
R2COO

3
H C OOCR

C

OH
H +

H C OH

H

R1COOH

R3COOH

H

Triacylglycerol

2-Monoacylglycerol Free fatty acid

Figure 2.4: Pancreatic action on triacylglycerol
(Adapted from Christie, 1986)
H = Hydrogen, C = carbon, O = oxygen, R = fatty acid

2.8 Lipid rancidity and thermal decomposition
2.8.1 Rancidity
Lipid rancidity will influence quality and lead to disagreeable odour and flavour
(Vaclavik and Christian, 2003). The rate of lipid rancidity can be affected by several
factors which include fatty acid composition, temperature, presence of oxygen and
moisture, light and processing (Choe and Min, 2006). There are two basic types of
rancidity: hydrolytic rancidity and oxidative rancidity. Hydrolytic rancidity takes
place in the presence of water, and oxidative rancidity takes place in the presence of
oxygen (Amy, 2007).	
  

2.8.1.1 Hydrolytic rancidity
Hydrolytic rancidity is the reaction between lipids and water as shown in Figure 2.5.
Water hydrolyzes the bonds in the TAG, which breaks down into DAG, MAG and
FFA. DAG and MAG further react with water and result in more FFA. The reaction
can be catalyzed by free water or enzyme present in the extracted oil (Amy, 2007;
Food and Agriculture organization, 2007). Large amounts of FFA resulting from
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hydrolytic rancidity will decrease the quality of lipid, such as lowering the smoke
point.
CH2OCOR1

H2O

CHOCOR2
CH2OCOR3

R1COOH
H2O

CH2OH
CHOCOR2
CH2OCOR3

R2COOH

CH2OH
CHOH

H2O

CH2OCOR3
R3COOH

CH2OH
CHOH
CH2OH
Figure 2.5: Hydrolytic rancidity
(Source: Hamilton, 2009)

2.8.1.2 Oxidative rancidity
Oxidative rancidity of lipids occurs when exposed to oxygen in air (Amy, 2007).
Oxidation is more complex compared to hydrolysis, and is a potentially more
damaging reaction (Vaclavik and Christian, 2003). Lipid may undergo different
oxidation pathways under different conditions. Autoxidation is the most common
process that leads to deterioration which occurs via a free radical chain reaction as
shown in Figure 2.6.
	
  

The reaction is initiated with the formation of free radicals.
21	
  

Then the free radical reacts with a reactive oxygen species which leads to formation
of another free radical. The new free radical further reacts with a reactive oxygen
species, and this results in the chain reaction (propagation). Hydroperoxides (ROOH)
are considered as the primary oxidation product. The breakdown products of
hydroperoxides such as sldehydes, alcohols, ketones and hydrocarbons are considered
as the secondary products (Burri et al., 2008; Shahidi and Miraliakbari, 2005). The
secondary products generally possess unpleasant off-flavors and colour. These
compounds may also interact with other food components and bring changes in
functional properties of foods (Shahidi and Wanasundra, 1997).
Initiator
Initiation:

RH	
  

Propagation:

R + O2	
  

	
   	
  



R + H	
  
ROO	
  

ROO + RH

Termination:

R + R
R + ROO
	
  
ROO + ROO
	
  

ROOH + R	
  

RR
ROOR	
  
ROOR + O2	
  

Figure 2.6: Mechanism of lipid oxidation
(Adapted from Gunstone, 1996)
RH = substrate fatty acid
R = alkyl free radical
ROO = peroxyl free radical
ROOR = hydroperoxide
H = hydrogen
O2 = oxygen

Lipids are susceptible to oxidation and this can be catalyzed by heat, light, enzymes
or metals. Lipid oxidative rancidity gives rise to the development of offensive
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off-flavours and loss of nutritional value such as decrease of fat-soluble vitamins, and
other bioactives. Fats and oils with higher degrees of saturation are less susceptible to
oxidative rancidity compared to less saturated ones (Amy, 2007).

2.8.1.3 Lipid rancidity analysis
There are several methods that can be used to determine the degree of lipid rancidity.
Lipid rancidity can be measured via chemical, physical or sensory methods, including
instrumental analyses. The most commonly used methods are peroxide value (PV),
p-anisidine value (p-AnV), total oxidation value (TOTOX) value, FFA, acid value
(AV) and conjugated diene and triene values (Shahidi and Miraliakbari, 2005). PV
measures the formation of hydroperoxides by iodometric titration assay. The method
is based on the reaction of oxidation of the iodide ion (I-) by hydroperoxides (ROOH).
The concentration of peroxide can be calculated by the amount of liberated iodine
from potassium iodide (Shahidi and Zhong, 2005). PV can be used as an indicator of
the early stage of oxidation, however it may not represent actual oxidation stage as
hydroperoxide may breakdown into secondary oxidation products (Shahidi and Zhong,
2005).

p-AnV measures the amount of aldehydes based on the colour reaction between
p-anisidine and the aldehydes. p-AnV is a effective indicator of oxidative rancidity of
lipid (Irwin and Hedges, 2004; Shahidi and Zhong, 2005). TOTOX value is the
measurement of overall oxidation state. It combines PV with p-AnV which allows the
oxidation state in both early stage (past history) and later stage (present state) to be
taken into account (Irwin and Hedges, 2004; Shahidi and Zhong, 2005).

Conjugated diene and triene values are proportional to the formation of
hydroperoxides from unsaturated fatty acids. The formation of conjugated dienes and
trienes are due to the rearrangement of double bonds, and will lead to an increase in
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UV absorption peak at 232 and 270nm, respectively. However, conjugated diene and
triene values may be influenced by the presence of other compounds, such as
carotenoids, that also absorb at 232 or 270nm (Shahidi and Zhong, 2005).

FFA and AV measures the amount of FFA in the lipid that result from hydrolytic
breakdown of TAG molecules (Teh and Birch, 2013). The methods are commonly
employed as an indicator of hydrolysis, which is an important quality parameter (Cai
et al., 2013).

During the early stage of lipid oxidation, oxygen uptake results in an increase in
weight. Heating the oil and testing the weight gain periodically is a traditional method
for accelerated oxidative stability determination. However, the method may give
non-reproducible results due to discontinuous heating of the sample. Instrumental
methods are suggested to be used for lipid oxidation determination, such as TGA and
DSC. Instrumental methods have advantages compared to traditional methods
including continuous heating, sensitivity, high capacity and heating speed (Pardauil et
al., 2011; Shahidi and Zhong, 2005). Instrumental analysis has been used on oxidative
stability determination of vegetable oils (Pardauil et al., 2011).

DSC can be used to measure the oxidative stability based on the thermal release
caused by the oxidation reaction. Measurements can be carried out under air
atmosphere or oxygen flow. Isothermal conditions allow the determination of
induction time for oxidation and energy required for oxidation (Raemy et al., 2006;
Shahidi and Zhong, 2005). TGA can measure the level of lipid oxidation via weight
change as a function of temperature and time. A weight gain represents the oxygen
uptake and a weight loss represents decomposition and volatilization of intermediate
products (Robeson, 2007). Delay in weight gain under isothermal conditions indicates
greater stability (Mikula and Khayat, 1985).
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2.8.2 Thermal decomposition
Thermal decomposition is monitored by non-isothermal TGA through weight change
under heating. A higher onset temperature of decomposition suggests a higher thermal
stability (Dweck and Sampaio, 2004). The thermal stability of edible oil has been
studied in previous studies. It is believed that thermal stability of lipid correlates with
the fatty acid composition and is influenced by natural antioxidants present in the
lipid (Santos, 2002).

2.9 Analysis of oxidative stability
Natural anti-oxidants are widely used as reducing agents, free radical scavengers,
pro-oxidant metal chelators or singlet oxygen quenchers to increase nutritional value
or maintain lipid quality (Miraliakbari and Shahidi, 2008). Minor compounds present
in lipid can act as antioxidants including carotenoids, chlorophyll, tocopherols,
phenolics and flavonoids. The presence of natural antioxidants could increase the
stability of oil and help to maintain its quality (Miraliakbari and Shahidi, 2008). It is
suggested that natural antioxidants may reduce the availability of metal catalysts and
quench the radicals which result in the termination of free radical chain reaction of
lipid oxidation (Athukorola et al., 2003). Therefore, it is desirable to contain higher
amounts of these constituents (Miraliakbari and Shahidi, 2008).

The effectiveness of natural antioxidants can be determined by using free radical
scavenging assays. Most assays monitor the ability of sample compounds to scavenge
a synthetic coloured radical, or to reduce the redox-active compound, by
spectrophotometry (Floegel et al., 2011). DPPH (2, 2-diphenyl- 1-picrylhydrazyl) and
ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) radicals are the most
widely used synthetic radicals. DPPH assay is based on the reduction of purple
DPPH free radicals and ABTS assay is based on the reduction of blue/green
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ABTS+

free radicals. ABTS and DPPH assays are simple and convenient to use

(Floegel et al., 2011; Shahidi and Zhong, 2005).
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Chapter 3:
Comparison of Pre-treatment Methods and
Solvent Extraction Methods for Effective Lipid
Extraction from R. opacus PD630
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3.1 Introduction
Choice of solvent and cellular pre-treatment methods are important in microbial oil
extraction processes, as they will influence the amount of oil yield. Solvent extraction
uses non-polar organic solvents or a mixture of non-polar/polar organic solvents to
extract the lipids in microbial cells (Halim et al., 2012). The cell disruption
pre-treatment uses mechanical methods including autoclaving, microwave, and
ultrasonication, or non-mechanical methods such as osmotic shock to disturb cell
walls and cell membranes before solvent extraction (Halim et al., 2012). The degree
of increased cell disruption improves the efficiency of microbial lipid extraction.

Chloroform/methanol (1:1, v/v) is the most commonly used and efficient solvent
extraction method for most microorganisms (Halim et al., 2012). During the
extraction, biphasic partitioning can be induced using water so that the organic phase
(chloroform with some methanol) constitutes most of the neutral and polar lipids, and
the aqueous phase (water with some methanol) contains most of the non-lipids such as
proteins and carbohydrates (Medina et al., 1998). Hexane/isopropanol (3:2, v/v),
dichloromethane/methanol (1:1, v/v), dichloromethane/ethanol (1:1, v/v) and
dichloromethane/acetone (1:1, v/v) solvent mixture have been suggested as less
hazardous and less toxic solvent mixtures which can readily replace the commonly
employed chloroform/methanol solvent system (Cequier-Sánchez et al., 2008). These
solvent mixtures work in a similar mode as the chloroform/methanol system. Diethyl
ether also can be used to extract lipid from cells by itself. It has a strong affinity to
free-standing neutral lipid globules in the cytoplasm, however, its non-polar nature is
also a disadvantage as it limits interaction with membrane-associated lipid complexes
(Halim et al., 2012).
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The principle of the autoclaving cellular pre-treatment method is to disrupt the cell
wall by osmotic pressure when processing at a high temperature and pressure. The
tests are generally operated at 121 °C, 1 atm for 30 minutes. The principle of bacterial
oil extraction by microwave is to disturb the cell walls by using frequency-tuned
microwave bursts (OriginOil, 2008). Generally, a high temperature around 100 °C
and 2450 MH was used in the laboratory for microwave cell disruption (Lee et al.,
2010). Ultrasonication applies ultrasound energy to disrupt microbial cell structure as
it can crack cell walls and membranes through the cavitation effect (Lee et al., 2010).
20-50 KHz is typically applied to the microbial samples for lipid extraction. The
osmotic shock method is to use the microbial cell's inability to cope with rapid
fluctuations in concentrations of external solutes in order to force the cell to be
disrupted with osmotic pressure. This method involves letting cells acclimate to high
levels of external solutes, such as 10% NaCl solution, to equilibrate internal and
external osmotic pressure, and then quickly diluting away the NaCl solution. The cell,
in an attempt to balance the osmotic pressures, will then absorb water very quickly, so
that its internal pressure will rise and the cell will burst.

The objectives of the present study are as follows:
1.

To determine the most effective solvent extraction method on lipid extraction
from R. opacus.

2.

To determine the most effective cell disruption method on lipid extraction from
R. opacus.

3.2 Materials and Methods
3.2.1 Materials
R. opacus PD630 (DSM 44193) colonies were provided by the Department of
Microbiology, University of Otago, New Zealand.
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3.2.2 Methodology
3.2.2.1 R. opacus PD630 cultivation and harvest
R. opacus PD630 cultivation and harvest was conducted according to a modified
Kurosawa et al. (2010) method. Two 100 mL volumes of Brain Heart Infusion (BHI;
BD Bacto, USA) was inoculated with three colonies of R. opacus PD630 in shake
flasks, incubated at 30 °C on a shaking incubator (Ratex Orbital Mixer Incubator,
Ratek Instruments Pty Ltd, Australia) and shaken at 200 rpm for 72 hours. Cells were
harvested by centrifugation (Beckman J2-21M/E, Beckman Coulter Ltd., USA) at
4000 rpm for 15 minutes, and resuspended in sterile saline. Stock solution A was
produced by dissolving 200 mg sodium molybdate dehydrate (NaMoO4.2H2O;
Sigma-Aldrich Inc., USA) and 500 mg ethylenediaminetetraacetic acid ferric sodium
salt (FeNa.EDTA; Sigma-Aldrich Inc., USA) in 100 mL reverse osmosis (RO) water
in a Schott bottle. Stock solution A was sterilized at 121 °C for 30 minutes by using
an autoclave (AMA Range, Astell Scientific, UK), and cooled to room temperature.
Stock solution B was produced by dissolving 21 g ammonium sulfate (Sigma-Aldrich
Inc., USA), 10 g magnesium sulphate heptahydrate (Sigma-Aldrich Inc., USA) and
113.3 mg calcium chloride (CaCl2; Sigma-Aldrich Inc., USA) in 200 mL RO water in
a Schott bottle. Stock solution B was sterilized by microfiltration using 0.22µm
membrane filters. Trace element solution was produced by dissolving 500 mg ferrous
sulphate (FeSO4.7H2O; BDH Chemical Ltd., England), 400 mg zinc sulphate (BDH
Chemical Ltd., England), 20 mg manganous sulphate (BDH Chemical Ltd., England),
15 mg boric acid (BDH Laboratory Supplies, England), 10 mg nickel (II) chloride
hexahydrate (Sigma-Aldrich Inc., USA), 250 mg ethylenediaminetetraacetic acid
(Sigma-Aldrich Inc., USA), 50 mg cobalt (II) chloride hexahydrate (Sigma-Aldrich
Inc., USA), and 5 mg copper (II) chloride pentahydrate (Sigma-Aldrich Inc., USA) in
1L RO water in a Schott bottle. The trace element solution was sterilized by
microfiltration using 0.22 µm membrane filters. Nine thousand 500 milliliters of RO
water, 5 mL antifoam, 400 g sucrose (New Zealand Sugar Ltd, New Zealand), 16.5 g
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potassium phosphate monobasic (Sigma-Aldrich Inc., USA) and 40 g potassium
phosphate dibasic (Sigma-Aldrich Inc., USA) were added into a 14L fermentor
(BioFlo 410, New Brunswick Scientific Inc., USA; Figure 3.1). The fermentor was
equipped with a polarographic oxygen sensor (Mettler Toledo, Urdorf, Switzerland), a
pH probe (Ingold, Inﬁt, England), and on-line facilities for off-gas analysis (EX-2000,
New Brunswick Scientiﬁc, Edisin, NJ, USA), which included a paramagnetic oxygen
analyzer and an infrared carbon dioxide analyzer. The mixture was sterilized at 121°C
for 30 minutes by using the fermentor, then cooled to 30°C. Trace element solution
(10 mL), 10 mL of stock solution A, and 200 mL stock solution B were added into the
fermentor. R. opacus PD630 cells with an initial density of 1.5 x 1012 cells per mL
were added into the fermentor and cultivated at 30 °C for 72 hour with ambient air
supply at 10 L/m (1 vvm) and pH 7.0 control with 2 M sodium hydroxide (NaOH;
BDH Laboratory Supplies, England). The agitation system consisted of three disc
turbine impellers, 8 cm in diameter, with six ﬂat blades, operating at the stirrer speed
of 200 rpm. At the end of the cultivation, biomass was collected by centrifugation at
3000 xg for 15 minutes. The retained wet cell mass was resuspended in 500 mL of
RO water.

	
  
Figure 3.1: Microbial fermentor and wet R. opacus PD630 biomass
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3.2.2.2 Solvent extraction
3.2.2.2.1 Chloroform and methanol extraction
Chloroform and methanol extraction method was conducted according to a modified
Lee et al. (1998) method. Resuspended wet biomass sample (5 mL) was added into a
pre-weighed beaker. The sample was put in a vacuum oven, and dried at 70 °C and a
vacuum of 100 mm mercury for 12 hours. The sample was removed from the oven,
cooled to room temperature in a desiccator and weighed. The result became “A” in
the calculation.

Another 5 mL of resuspended wet biomass sample was added into a 50 mL Kimax
tube. Chloroform (15mL; Ajax Finechem Pty. Ltd., New Zealand), methanol (15 mL;
Ajax Finechem Pty. Ltd., New Zealand) and milli-Q water (5 mL; Barnstead
International Inc., USA) was added into the tube. The mixture was vortexed for 30
seconds by using a vortex mixer (Chiltern MT 17, Chiltern Scientific Instrumentation
Ltd., England).	
  The mixture was centrifuged (Beckman GPR, Beckman Coulter Ltd.,
USA) at 3000 rpm for 10 minutes, at 5 °C.	
   The two phases were separated and the
chloroform phase (lower phase) was collected into a beaker by using a glass pipette.
Extraction was repeated for another three times on the upper phase using 15 mL
portions of chloroform each time and extracts were collected.	
   Sodium sulfate (1 g;
Na2SO4; BDH Laboratory Supplies, England) was added into the combined extracts
and held for 2 hours.	
   The mixture was passed through filter paper (Whatman No.1,
Whatman Ltd., UK) into a pre-weighed round bottom flask. Chloroform of the
mixture was removed by using a rotary evaporator (IKA Works Inc., USA) under
reduced pressure at 40 °C. The flask with residue was cooled in a desiccator and then
weighed. The result became “B” in the calculation. The lipids yield rate was
calculated as follows:
Lipid  extraction  rate  (%) =
Where:
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B
×100	
  
A

B = weight of extracted lipid in 5 mL resuspended wet biomass sample, g
A = weight of dry cells in 5 mL resuspended wet biomass sample, g

3.2.2.2.2 Hexane and isopropanol extraction
The hexane and isopropanol extraction method was conducted according to a
modified Lee et al. (1998) method. The method described in Section 3.2.2.3.1 was
followed with the following amendments:
Instead of using chloroform and methanol, hexane (18 mL; Ajax Finechem Pty. Ltd.,
New Zealand) and isopropanol (12 mL; Ajax Finechem Pty. Ltd., New Zealand) was
added into 5 mL of resuspended wet biomass sample in Kimax tube. Instead of
collecting chloroform phase after the mixture was centrifuged, hexane phase (upper
phase) was collected. Instead of using 15 mL portions of chloroform for repeated
extraction for another three times, 18 mL of hexane was used.

3.2.2.2.3 Dichloromethane and methanol extraction
The dichloromethane and methanol extraction method was conducted according to a
modified Lee et al. (1998) method. The method described in Section 3.2.2.3.1 was
followed with the following amendments:
Instead of using chloroform and methanol, dichloromethane (15 mL; Merk KGaA,
Germany) and methanol (15 mL; Ajax Finechem Pty. Ltd., New Zealand) was added
into 5 mL of resuspended wet biomass sample in Kimax tube. Instead of collecting
chloroform phase after the mixture was centrifuged, dichloromethane phase (lower
phase) was collected. Instead of using 15 mL portions of chloroform for repeated
extraction for another three times, 15 mL of dichloromethane was used.
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3.2.2.2.4 Dichloromethane and ethanol extraction
The dichloromethane and methanol extraction method was conducted according to a
modified Lee et al. (1998) method. The method described in Section 3.2.2.3.1 was
followed with the following amendments:
Instead of using chloroform and methanol, dichloromethane (15 mL; Merk KGaA,
Germany) and ethanol (15 mL; Merk KGaA, Germany) was added into 5 mL of
resuspended wet biomass sample in Kimax tube. Instead of collecting chloroform
phase after the mixture was centrifuged, dichloromethane phase (lower phase) was
collected. Instead of using 15 mL portions of chloroform for repeated extraction for
another three times, 15 mL of dichloromethane was used.

3.2.2.2.5 Dichloromethane and acetone extraction
The dichloromethane and acetone extraction method was conducted according to a
modified Lee et al. (1998) method. The method described in Section 3.2.2.3.1 was
followed with the following amendments:
Instead of using chloroform and methanol, dichloromethane (15 mL; Merk KGaA,
Germany) and acetone (15 mL; Merk KGaA, Germany) was added into 5 mL of
resuspended wet biomass sample in Kimax tube. Instead of collecting chloroform
phase after the mixture was centrifuged, dichloromethane phase (lower phase) was
collected. Instead of using 15 mL portions of chloroform for repeated extraction for
another three times, 15 mL of dichloromethane was used.

3.2.2.2.6 Diethyl ether extraction
Diethyl ether extraction was conducted according to a modified Lee et al. (1998)
method. The method described in Section 3.2.2.3.1 was followed with the following
amendments:
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Instead of using chloroform and methanol, diethyl ether (30 mL; Ajax Finechem Pty.
Ltd., New Zealand) was added into 5 mL of resuspended wet biomass sample in
Kimax tube. Instead of collecting chloroform phase after the mixture was centrifuged,
diethyl ether phase (upper phase) was collected. Instead of using 15 mL portions of
chloroform for repeated extraction for another three times, 30 mL of diethyl ether was
used.

3.2.2.3 Cellular pre-treatments
3.2.2.3.1 Autoclaving
Autoclaving cellular pre-treatment method was conducted according to a modified
Lee et al. (2010) method. Resuspended wet biomass sample (5 mL) was added into a
pre-weighed beaker. The sample was put in a vacuum oven (Gallenkamp; Fistream
International Ltd., UK), and dried at 70 °C and a vacuum of 100 mm mercury for 12
hours. The sample was removed from the oven, cooled to room temperature in a
desiccator and weighed. The result became “A” in the calculation.

Another 5 mL of resuspended wet biomass sample was added into a 50 mL Schott
bottle, and autoclaved at 121 °C with 1.5 MPa for 5 minutes. Chloroform (15 mL;
Ajax Finechem Pty. Ltd., New Zealand), methanol (15 mL; Ajax Finechem Pty. Ltd.,
New Zealand) and milli-Q water (5 mL; Barnstead International Inc., USA) was
added into the bottle. The mixture was vortexed for 30 seconds by using a vortex
mixer (Chiltern MT 17, Chiltern Scientific Instrumentation Ltd., England).	
   The
mixture was centrifuged (Beckman GPR, Beckman Coulter Ltd., USA) at 3000 rpm
for 10 minutes, at 5 °C.	
   The two phases were separated and the chloroform phase
(lower phase) was collected into a beaker by using a glass pipette. Extraction was
repeated for another three times using 15 mL portions of chloroform each time.	
  
Na2SO4 (1 g; BDH Laboratory Supplies, England) was added into the combined
extracts and held for 2 hours.	
  The mixture was passed through filter paper (Whatman
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No.1, Whatman Ltd., UK) into a pre-weighed round bottom flask. Chloroform was
removed by using a rotary evaporator (IKA Works Inc., USA) under reduced pressure
at 40 °C. The flask with residue was cooled in a desiccator and then weighed. The
result became “B” in the calculation. The lipid yield was calculated as follows:
Lipid  yield  (%) =

B
×100	
  
A

Where:
B = weight of extracted lipid in 5 mL resuspended wet biomass sample, g
A = weight of dry cells in 5 mL resuspended wet biomass sample, g

3.2.2.3.2 Microwave
Microwave cellular pre-treatment was conducted according to a modified Lee et al.
(2010) method. The method described in Section 3.2.2.3.1 was followed with the
following amendments:
Instead of using an autoclave, 5 mL of resuspended wet biomass sample was
pre-treated by using a microwave oven (R-930AK, Sharp Corp., Japan) at 100 °C and
2450 MHz for 5 minutes.

3.2.2.3.3 Ultrasonication
Ultrasonication cellular pre-treatment was conducted according to a modified Lee et
al. (2010) method. The method described in Section 3.2.2.3.1 was followed with the
following amendments:
Instead of using an autoclave, 5 mL of resuspended wet biomass sample was
pre-treated by using a ultrasonicator (Elma S40H, Elma Electronic Inc., Germany) at
a resonance of 37 kHz for 5 minutes.
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3.2.2.3.4 Osmotic shock
Osmotic shock cellular pre-treatment was conducted according to a modified Lee et al.
(2010) method. The method described in Section 3.2.2.3.1 was followed with the
following amendments:
Instead of using an autoclave, 10% sodium chloride solution (NaCl; BDH Laboratory
Supplies, England) was added into 5 mL of resuspended wet biomass sample with a
vortex for one minute and standing for 48 hours.

3.2.2.4 Statistical analysis
All measurements were carried out in triplicate. Data were reported as mean ±
standard deviation (SD). Statistical analysis of data was performed using IBM SPSS
Statistics Version 20. One way ANOVA and Tukey test were used to determine
significant difference between samples for each measurement at p < 0.05.

3.3 Results and Discussion
3.3.1 Growth of R. opacus PD630
Figure 3.2 shows the growth of R. opacus PD630 biomass. The cells entered the
exponential growth phase at the 16th hour as they were in a rapidly growing and
dividing state. After 72 hours, the reproduction rate of cells slowed down as they
entered the stationary growth phase, and an OD600nm of 58.6 was obtained.
Approximately 430 g wet cell material was obtained after centrifugation.
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Figure 3.2: Growth profile of R. opacus PD630

3.3.2 Solvent extraction
The results (Figure 3.3) showed that each solvent extraction method gave a
significantly different result than others. The most efficient solvent extraction method
for R. opacus PD630 was the chloroform/methanol mixture by which 28.81% of
lipids was extracted. The diethyl ether solvent extraction method gave the lowest
efficiency for R. opacus PD630, which only extracted 1.86% lipids. The amount of
lipids recovered by using diethyl ether was about 15 times lower than that by using
chloroform/methanol. Furthermore, the results indicated that the second to fifth most
efficient

methods

were

dichloromethane/methanol,

dichloromethane/ethanol,

dichloromethane/acetone and hexane/isopropanol, which recovered 16.72%, 14.00%,
9.95 % and 6.89% of lipids, respectively.
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Figure 3.3: Effect of solvent/solvent mixture on the total amount of lipids
extracted (mean ± SD; n = 3) from R. opacus PD630. The different letters in the
graphs (a, b, c, d, e, f) indicate the results were all significantly different to each
other at P < 0.05
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mixtures

	
  

(chloroform/methanol,

dichloromethane/ethanol

and

dichloromethane/acetone), which contain both polar and non-polar solvent, recovered
more lipids from R. opacus PD630 than when a single non-polar solvent (diethyl ether)
was used. Only the non-polar lipids are dissolved in the relative non-polar diethyl
ether, explaining the low lipids yield when using this solvent (Ryckebosch et al.,
2011).
When the organic solvent mixtures were applied to extract the lipids from R. opacus
PD630, the free-standing neutral lipid globules in cytoplasm were extracted out from
cells by non-polar organic solvents (chloroform, hexane, or dichloromethane).
Moreover, the neutral lipids-polar lipids complex linked to proteins in the cell
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membrane also could be extracted out where the polar organic solvent (methanol,
isopropanol, ethanol or acetone) formed hydrogen bonds with the polar lipids in the
complex to disrupt the lipid-protein associations and release the lipids.

Then the

lipids subsequently dissolved in the non-polar solvent. On the other hand, when
diethyl ether was used alone for lipids extraction, the free-standing neutral lipid
globules could be extracted from cells as the same principle as using solvent mixtures
but the membrane-associated lipid complex could not be removed.

The results also indicated that different solvent mixtures gave a significantly different
lipid

yield

for

R.

opacus

PD630.

Chloroform/methanol

and

dichloromethane/methanol solvent mixture gave the highest and second highest lipids
extraction efficiency respectively among all the solvent mixtures, while
hexane/isopropanol showed the lowest lipids extraction efficiency. This might due to
the different extent of lipid complex release from cell membranes by each polar
solvent, and the different nature of each non-polar solvent (Hamilton et al., 1992).
Firstly, compared with ethanol, acetone and isopropanol, the hydrogen bonds formed
between methanol and the polar lipids in the lipids complex might be stronger to
break the lipid-protein associations to release more lipids that were linked to the cell
membrane. Therefore, the lipid extraction efficiency of solvent mixtures containing
methanol were higher than the others. Secondly, the different natures of each
non-polar solvent might be another reason to give different lipid extraction efficiency
(Hamilton et al., 1992). The polarity index of chloroform (4.1) is higher than that of
dichloromethane (3.1), and hexane (0), which suggests the simple neutral lipids might
be more soluble in a non-polar solvent with a higher polarity index.

Ryckebosch et al. (2011) and Lee et al. (1998) studied different solvent systems for
extraction of lipids from different microorganisms. Ryckebosch et al. (2011)
compared different solvent extraction methods including chloroform/methanol,
hexane/isopropanol, dichloromethane/ethanol, and diethyl ether, for extraction of
lipids from the green alga Chlorella vulgaris. The result indicated that the amount of
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lipids recovered from chloroform/methanol was the highest among these four
compared solvent systems, while the amount of lipids extracted by using diethyl ether
was the lowest. Dichloromethane/ethanol and hexane/isopropanol method gave the
second and third highest lipid extraction efficiency, respectively (Ryckebosch et al.,
2011).
Lee

et

al.

(1998)

also

compared

different

solvent

systems,

including

chloroform/methanol (2:1, v/v), hexane/isopropanol, and dichloromethane/acetone,
for

extraction

of

lipids

from

the

green

alga

Botryococcus

braunii.

Chloroform/methanol and hexane/isopropanol gave the highest and second highest
extracted lipids percentage, respectively. The amount of lipids extracted by using
dichloromethane/acetone was the lowest.

The results of this study were in good agreement with Ryckebosch et al. (2011).
However, Lee et al. (1998) indicated that the amount of lipids extracted by using
hexane/isopropanol was higher than that by using dichloromethane/acetone, whereas
in the experimental results, the lipids extraction efficiency of hexane/isopropanol
method was significantly lower than dichloromethane/acetone method. This
difference might due to the difference in the microbial species.

3.3.3 Cellular pre-treatments
The results (Figure 3.4) indicated that the ultrasonication method, microwave method
and osmotic shock method were the most efficient pre-treatment methods for R.
opacus PD630, where 32.76%, 34.05% and 33.52% of lipids was obtained
respectively. There was no significant difference between total lipid yields from these
three methods.
The autoclaving cell disruption method was the least efficient among the compared
methods for R. opacus PD630, which recovered 30.66% lipids. The amount of lipids
extracted by using autoclaving method was 2.10% - 3.39% lower than that by using
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other pre-treatment methods. The lipid extraction efficiency of the autoclaving
method was significantly lower than the other cellular pre-treatment methods and
there was no significant difference between using autoclaving method and
non-disruption extraction method.
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Figure 3.4: Effect of cellular pre-treatment methods on the total amount of lipids
extracted (mean ± SD; n = 3) from R. opacus PD630. The different letters in the
graphs (a, b) indicate a significant difference at P < 0.05
	
  
In the study of Lee et al. (2010), various cellular pre-treatment methods, including
autoclaving, microwave, ultrasonication, and osmotic shock were tested on three
species of microalgae (Botryococcus sp., Chlorella vulgaris, and Scenedesmus sp.) to
identify the most effective cell disruption method. The result indicated that the lipid
extraction efficiency was different according to the species and pre-treatment method,
where microwave methods showed the highest efficiency for all species of microalgae
(Lee et al., 2010). For Botryococcus sp., the microwave method was the most efficient
among the compared methods; the autoclaving method gave the second highest
efficiency, whereas the ultrasonication and osmotic shock method gave the lowest
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efficiency (Lee et al., 2010). For C. vulgaris, the microwave method and autoclaving
method gave the highest efficiency, osmotic shock showed the second highest
efficiency, while the ultrasonication method was the least efficient among the
compared methods (Lee et al., 2010). For Scenedesmus sp., the microwave method
showed the highest efficiency, whereas the autoclaving method showed the lowest
efficiency, which was not significantly different to the non-disruption extraction
method. Osmotic shock and ultrasonication method gave the second highest
efficiency (Lee et al., 2010).

Comparison between the experimental results and the results of the previous study
showed the microwave method gave equal highest lipid extraction efficiency for R.
opacus PD630 in this experiment as well as the highest for the three other species of
microalgae in the previous study (Lee et al., 2010).
On the other hand, the efficiency of other pre-treatment methods, including
autoclaving, ultrasonication and osmotic shock, were highly dependent on the
microbial species. For example, autoclaving method gave the highest lipid extraction
efficiency for C. vulgaris, but lowest efficiency for Scenedesmus sp. and R. opacus
PD630. Also, osmotic shock and ultrasonication method gave the highest lipid
extraction efficiency for R. opacus PD630 in this study. However, in previous study,
they gave the lowest efficiency for Botryococcus sp., and second lowest efficiency for
Scenedesmus sp. that were more efficient than autoclaving method but less than
microwave method.

3.4 Conclusion
In conclusion, the chloroform/methanol solvent mixture was the most efficient solvent
mixture to extract lipid from R. opacus PD630. This might be because of the different
extent of lipid complex release from cell membrane by polar solvent, and the different
nature of non-polar solvent. Also, ultrasonication, microwave and osmotic shock
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cellular pre-treatment method gave equal higher efficiency for cell wall disruption
than the autoclave method. Thus, it was concluded that the ultrasonication,
microwave, or osmotic shock pre-treatment method with chloroform/methanol solvent
extraction method would appear to be the most efficient method for lipid extraction
from R. opacus PD630.
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Chapter 4:
Physicochemical Characterization of Lipids and
Positional Distribution of Fatty Acids on the
Triacylglycerols from R. opacus PD630
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4.1 Introduction
Information on physicochemical characteristics is important in lipid analysis, as they
will influence the quality, processing method and application of microbial oil (Shahidi
and Wanasundara 1998). Lipid oxidation is the major problem of lipids during
extraction and storage, which can decrease the quality, stability and safety of lipids.
Determination of lipid oxidation can be conducted by chemical analyses such as PV,
p-AnV, TOTOX, FFA, AV and conjugated diene and triene values (Shahidi and
Wanasundara, 2005). Moisture content is also an important characteristic due to the
influence on the lipid oxidation rate. Furthermore, microbial oil contains USM which
consists of sterols, hydrocarbons, glyceryl ethers, fatty alcohols and minor quantities
of pigments, vitamins and various oxidation products.

Bioavailability of fatty acids in microbial oil is affected by their positional locations
in the TAG. The positional distribution of fatty acids in TAG has been shown to
influence, for instance, the nutritional quality and technological properties of lipids
(Kubow, 1996). Determination of positional distribution of fatty acids in microbial oil
can be carried out by enzymatic hydrolysis techniques. In this technique, TAG are
mixed with 1,3 specific lipase such as pancreatic lipase, to cleave the ester linkages in
the glycerol molecule (Christie, 2003). The reaction products are then separated by
using TLC analysis, and the fatty acids are analyzed as FAME using GC analysis.

The objectives of the present study are as follows:
1.

To characterize the physicochemical properties of lipid from R. opacus.

2.

To determine the positional distribution of fatty acids in lipid from R. opacus.
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4.2 Materials and Methods
4.2.1 Materials
R. opacus PD630 (DSM 44193) used in this study was described in Section 3.2.1.
Lipid used in this study was extracted by using a chloroform and methanol solvent
mixture as described in Section 3.2.2.3.1.

4.2.2 Methodology
4.2.2.1 Physicochemical characterization
4.2.2.1.1 Thin layer chromatography
Lipid classes analysis was conducted using aluminum silica gel thin layer
chromatography (TLC) plates (silica gel 60 F254 Merck KGaA, Germany). The neutral
lipids standards were spotted on TLC plate. One drop of lipid sample taken by
capillary tube was dissolved in 1 mL chloroform. The sample solution was spotted
five to six times on the TLC plates. Each drop of sample solution was allowed to dry
before applying another drop at the same spot. The distance between each spot was 1
cm and the spots were 1.5 cm from the bottom of the TLC plate. The plate was placed
in a covered TLC vessel and developed using hexane-diethyl ether-acetic acid (90: 10:
0.5, v/v/v) solution. When the solvent had moved up to 90% to the top of the plate,
the plate was taken out from the vessel and left to dry at room temperature. The dried
TLC plate was sprayed with phosphomolybdic acid (Sigma-Aldrich Inc., USA) in 5%
ethanol and then placed in an oven (Sanyo MOV-212F, Sanyo Electric Co. Ltd.,
Japan). The plate was heated at 120 °C for 15 minutes then the sample and lipid
standard bands on TLC plate became visible.
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4.2.2.1.2 Fatty acid methyl esters (FAME) analysis
Fatty acid methylation was carried out according to a modified Van Wijingaarden
(1967) method. Lipid sample (50 mg) and 1 mg internal standard (C10:0;
Sigma-Aldrich Inc., USA) was weighed into a test tube with a liner cap. Potassium
hydroxide (KOH; BDH Laboratory Supplies, England) in methanol (0.5 N; 2 mL)
was added into the test tube and vortexed for 30 seconds. The mixture was saponified
at 80 °C using a heating block (Grant BT3; Grand Instruments Ltd., England) for 2.5
hours and then cooled at room temperature. Diethyl ether (2 mL) and 5 mL of milli-Q
water were added into the test tube and mixed by tilting. The mixture was allowed to
settle down until two phases of solution appeared. The diethyl ether phase (upper
phase) was collected for tocopherol analysis (see Section 5.2.2.4.1), and the aqueous
phase (bottom phase) was acidified with hydrochloric acid (37% HCl; Merk KGaA,
Germany) until it was red to litmus paper. The acidified aqueous phase was washed
with 2 mL of diethyl ether. Two phases of solution appeared and the diethyl ether
phase (upper phase) was collected into a new glass tube. Boron trifloride (BF3; 14%)
in methanol (1 mL; Sigma-Aldrich Inc., USA) was added into the glass tube, and the
mixture was heated at 80 °C for 20 minutes. Saturated NaCl (5 mL) solution was
added into the mixture. Two phases appeared and the FAME phase (upper phase) was
collected into a 2 mL glass vial for GC analysis.

Analysis of fatty acid composition was conducted by gas chromatography-flame
ionization detection (Agilent 6890N; Agilent Technologies Inc., USA). Injection
sample was 1µL with a split ratio of 20:1. Hydrogen was used as the carrier gas and
the flow rate was 2.2 mL/min. A BP70 capillary column (50 m × 330 µm × 0.25 µm;
SGE International Pty Ltd., Australia) was used as the GC column. The temperatures
of injector and detector were 250 °C. Column temperature was initially held at 35 °C
for five minutes, then increased to 205 °C at 2.5 °C/min. The fatty acids were
identified by using a FAME reference standard (FAMQ-005; AccuStandard Inc.,
USA). HP Chemstation computer software (Hewlett Packard, Agilent Technologies
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Inc., USA) was used for data analysis.
	
  
4.2.2.1.3 Moisture and volatile matter
Analysis of moisture and volatile matter was conducted according to a modified
American Oil Chemists’ Society (AOCS) (2003) Official Method Ca 6b-53. Lipid
sample (3 g) was weighed into a tared moisture dish that had been dried and cooled
previously in a desiccator. The sample was dried in a vacuum oven at 70 °C for 12
hours. The sample was removed from the oven, cooled to room temperature in a
desiccator and weighed. The moisture and volatile matter content was calculated as
follows:
Moisture  and  volatile  matter  (%) =

Loss  in  mass, g
×100
Mass  of  sample, g

4.2.2.1.4 Unsaponifiable matter
Unsaponifiable matter (USM) analysis was carried out according to a modified AOCS
(2003) Official Method Ca 6b-53. Lipid sample (5 g) was added into a 250 mL
Erlenmeyer flask. Ethanol (95%; 30 mL) and 5 mL of 50% KOH solution was added
into the flask. The mixture was boiled gently under reflux air condenser for two hours.
The condenser was washed with 5 mL of ethanol. Then the saponified mixture was
transferred while still warm to a separating funnel. Transfer was completed with
warm and then cold milli-Q water until the total volume was 80 mL. The flask was
washed out with 5 mL of petroleum ether (40 – 60 °C; Ajax Finechem Pty. Ltd., New
Zealand) and added to the separating funnel. Petroleum ether (50 mL) was added into
the separating funnel when the content was cooled to room temperature.
The mixture was shaken vigorously for one minute and allowed to settle until both
phases were clear. The lower soap phase was transferred into another separating
funnel and the ether extraction was repeated another six times using 50 mL portions
of petroleum ether each time. The combined ether extracts were washed in the
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separating funnel with 25 mL portions of 10% ethanol in milli-Q water each time
until the wash solution no longer gave a pink colour after the addition of one drop of
phenolphthalein solution (BDH Limited, England). During the washing, the mixture
was shaken vigorously, and the aqueous ethanol phase was drawn off after each
extraction.
The petroleum ether extract was transferred to a tared flask and evaporated to dryness
using a rotary evaporator. After all the solvent had evaporated, the residue with the
flask was put into a vacuum oven at 75-80 °C with internal pressure at 180 mm of
mercury. The flask with residue was cooled in a desiccator and then weighed. The
result became “A” in the calculation. After weighing, the residue was taken up in 50
mL of warm (50 °C) 95% ethanol, containing phenolphthalein indicator and
previously neutralized to the phenolphthalein end point. The mixture was titrated with
0.02N sodium hydroxide (NaOH; BDH Laboratory Supplies, England) to the same
final colour. The weight of the residue was corrected for free fatty acid content by
using the following relationship:
1 mL of 0.02N NaOH is equivalent to 0.0056 g of oleic acid.
The grams of fatty acid determined by this titration become “B” in the calculation for
determining percent unsaponifiable matter. A reagent blank correction was also
determined by conducting the unsaponifiable matter procedure without any fat or oil
present. The blank determined by this procedure became “C” in the calculation below:
USM   % =

A − (B + C)
×100
Weight  of  sample, g

Where:
A = mass of residue, g
B = mass of fatty acids, g
C = mass of blank, g

4.2.2.1.5 Colour analysis
Analysis of oil colour was carried out using a MiniScan XE spectrocolourimeter
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(HunterLab, Virginia, USA) with a measuring head hole of 22 mm, D65 colour
illuminant and 10° observer. The spectrocolourimeter was calibrated with black and
white (X = 79.61, Y = 84.45, Z = 90.64) tiles before sample measurement. Lipid
sample was added into a 22 mL container and the instrument lens was placed over the
container to exclude external light. Colour intensities were measured using the
CIELAB (L*, a*, b*) colour scale. The L* value represents the lightness of the
sample, where 100 represents white and zero represents black. The a* value
represents redness when positive or greenness when negative. The b* value represents
yellowness when positive or blueness when negative.

4.2.2.1.6 Peroxide value
Analysis of peroxide value (PV) of the sample was carried out according to a
modified AOCS (2003) Official Method CD 8-53. Lipid sample (3 g) was weighed
into a 250 mL Erlenmeyer flask with glass stopper. Glacial acetic acid (18 mL; Merk
KGaA, Germany) and chloroform (12 mL) was mixed and added to the sample. The
flask was swirled to dissolve the sample. Saturated potassium iodide (0.5 mL; BDH
Laboratory Supplies, England) solution was added to the mixture and the flask was
shaken for one minute before 30 mL of milli-Q water was added into it. The mixture
was titrated with 0.01N sodium thiosulfate (BDH Laboratory Supplies, England)
gradually with constant agitation until yellow iodine colour had almost disappeared.
Starch indicator solution (2 mL; Hopkin & William Ltd., England) was added and
titration was continued with constant agitation until the blue colour totally
disappeared. A blank determination of the reagent was carried out using the same
procedure. The PV was calculated as follows:
PV  (milliequivalents  peroxide/1000g  sample) =
Where:
B = volume of titrant for blank titration, mL
S = volume of titrant for sample titration, mL
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(S − B)×N×1000
Weight  of  sample, g

N = normality of sodium thiosulfate solution
4.2.2.1.7 p-Anisidine value
Analysis of p-Anisidine value (p-AnV) was carried out by AOCS (2003) Official
Method Cd 18-90. Lipid sample (0.5 g) was weighed into a 25 mL volumetric flask.
The sample was dissolved and diluted to volume with isooctane (Merck KGaA,
Germany). The absorbance of the sample solution was measured at 350 nm in a glass
cuvette (Starna Pty. Ltd, Australia) with the spectrophotometer (Ultrospec 3300 pro;
Amersham Biosciences, Sweden), isooctane solution was used as a reference. The
lipid solution (5 mL) was pipetted into a test tube and 1 mL of p-anisidine reagent
(BDH Chemical Ltd., England) was added into it. Isooctane (5 mL) and 1 mL of
p-anisidine reagent was added into another test tube and used as a blank solution.
Both test tubes were placed in a shaker (Ratex Orbital Mixer Incubator, Ratek
Instruments Pty Ltd, Australia) and shaken at 250 rpm for one minute, then stood at
room temperature for 10 minutes. The lipid solution and isooctane, both containing
p-anisidine reagent were measured at 350 nm. The p-AnV was calculated as follows:
𝑝 − AnV =

25×(1.2As − Ab)
m

Where:
As = absorbance of the lipid solution after reaction with the p-anisidine reagent
Ab = absorbance of the lipid solution
m= mass of sample, g

4.2.2.1.8 Total oxidation value
Total oxidation (TOTOX) value was calculated according to Shahidi and
Wanasundara (2002) method:
TOTOX  value = 2PV + 𝑝 − AnV
Where:
PV = peroxide value
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p-AnV = p-Anisidine value
4.2.2.1.9 Free fatty acids
Determination of FFA in the lipids was carried out according to AOCS (2003)
Official Method Ca5a-40. Lipid sample (1 g) was weighed into a 100 mL Erlenmeyer
flask. Ethanol (95%; 20 mL) was neutralized to the end point by adding a few drops
of phenolphthalein into it, and then it was titrated with NaOH until a permanent faint
pink colour appeared. The neutralized 95% ethanol was heated to 50 °C and then
added into the flask to dissolve the sample. The sample was titrated with 0.1N
ethanolic NaOH and vigorously shaken until the appearance of the first permanent
pink colour of the same intensity as that of the neutralized solvent before the latter
was added to the sample. The percentage of FFA was calculated as oleic acid as
follows:
FFA  as  oleic  acid  (%) =

mL  of  NaOH  ×  N  ×  28.2
Weight  of  sample, g

Where N = normality of NaOH, mol/L

4.2.2.1.10 Acid value
Determination of acid value in the lipids was conducted according to AOCS (2003)
Official Method Cd 3d-63. Lipid sample (1 g) was weighed into an Erlenmeyer flask.
Isopropyl alcohol (125 mL; Merck KGaA, Germany) and toluene (125 mL; Ajax
Finechem Pty. Ltd., New Zealand) was mixed and was neutralized to the end point by
adding a few drops of phenolphthalein (1%) into it, and then it was titrated with
methanolic KOH (0.1N) until a permanent faint pink colour appeared. The neutralized
solvent mixture was added into the flask to completely dissolve the lipid. The sample
was titrated with 0.1N methanolic KOH and shaken vigorously until the appearance
of the first permanent pink colour of the same intensity as that of the neutralized
solvent before the latter was added to the sample. A blank titration was performed
using 125 mL of the neutralized solvent mixture. The acid value was calculated as
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follows:
Acid  value, mg  KOH/g  of  sample =

A − B   ×  N  ×  56.1
W

Where:
A = volume standard KOH used in the titration, mL
B = volume of standard alkali used in titrating the blank, mL
N = normality of standard KOH, mol/L
W = mass of sample, g

4.2.2.1.11 Conjugated dienes and trienes
Conjugated dienes and trienes analysis was carried out according to AOCS (2003)
Official Method Ti 1a-64. Lipid sample (1 g) was weighed into a 25 mL volumetric
flask. The sample was diluted to volume with isooctane and mixed thoroughly. The
absorbance was measured by scanning from 230-235 nm, and 268-273 nm in a glass
cuvette with the spectrophotometer, and the maximum absorbance near 233 nm and
270 nm was recorded. Isooctane was used as a reference. Conjugated dienes and
trienes of the lipid were calculated as follows:
A232
bc
A270
Conjugated  trienes =
bc
Conjugated  dienes =

A232 = absorbance at 232 nm
A270 = absorbance at 270 nm
b= cuvette length, cm
c = concentration of sample, g/100 mL
	
  
4.2.2.1.12 Polar compounds
Lipid sample (1 g) was weighed into a 100 mL volumetric flask. Hexane (50 mL) was
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added into the flask and mixed thoroughly. The mixture was filtered through a florisil
sorbent tube (500 mg/2.8 mL; Alltech Associates Pty Ltd., Australia) and collected
into another 100 mL tared flask and evaporated to dryness using a rotary evaporator
under reduced pressure at 40 °C. After all the solvent had evaporated, the residue with
the flask was cooled in a desiccator and then weighed. The polar compound was
calculated as follows:
Polar  compounds  (%) =   

A−B
×100	
  
A

Where:
A = mass of lipid, g
B = mass of residue, g
	
  
4.2.2.2 Positional distribution
4.2.2.2.1 Pancreatic lipase treatment and isolation of reaction products
Analysis of positional distribution of fatty acids was conducted according to a
modified method of Lawson and Hughes (1988). Lipid sample (100 mg) was added
into a test tube, and mixed with 3 mL of buffer containing 1M of tris
(hydroxymethyl)-amino methane (Merk KGaA, Germany) pH8.0, 0.15M CaCl2, and
0.01% bile salts (DIFCO Laboratories, USA). Pancreatic lipase, Type II (200 mg;
Sigma-Aldrich Inc., USA) was mixed with 5 mL tris buffer, and 0.5 mL of this
mixture was added into the test tube. The test tube was incubated at 37 °C on a
shaking incubator and shaken at 250 rpm for eight minutes. Diethyl ether (3 mL) was
added into reaction products and left to settle until two phases of solvent became
visible. The diethyl ether phase (upper phase) was extracted and transferred into a
new test tube. The extraction was repeated for three more times with 3 mL of diethyl
ether each time. The combined diethyl ether extract was back-washed with 2 mL of
milli-Q water and transferred into another test tube and concentrated under a stream
of nitrogen gas.
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The concentrated diethyl ether and the neutral lipid standards were spotted on a glass
silica gel TLC plate (silica gel 60 F254; Merck KGaA, Germany), previously washed
with hexane-diethyl ether (50:50, v/v) before use. The spots were 1.5 cm from the
bottom of the TLC plates. Separation of lipid classes was conducted using
hexane-diethyl ether-acetic acid (50: 50: 1, v/v/v) solution. The plate was taken out
from the vessel when the solvent had moved up to 90% to the top of the plate and left
to dry at room temperature. The TLC plate was then covered with an aluminum foil
except for the area where the lipids standard was spotted. The uncovered area was
sprayed with 5% phosphomolybdic acid in ethanol. Afterward, the sprayed areas of
TLC plate were heated by using a hair dryer to visualize the lipid standard bands and
the plate was placed under UV light to observe the lipid fractions. The MAG and FFA
bands were marked and scraped off the plate for the methylation process.

4.2.2.2.2 Fatty acid methyl esters (FAME) analysis
The scraped MAG silica band was placed in a test tube. Methanol (2 mL) and 50 µl
sodium methoxide reagent (Aldrich Chemical Company, Inc., USA) were added into
the test tube to transmethylate the MAG. The mixture was heated at 80 °C for 10
minutes. Diethyl ether (2 mL) and 2 mL of milli-Q water were added to the heated
solution and vortexed for 10 seconds. The solution was left to settle until two phases
of solution appeared. The diethyl ether phase (upper phase) was collected into a 2 mL
glass vial for GC analysis.
The scraped FFA silica band was placed in a test tube and methylated using a method
adapted from Van Wijingaarden (1967). Methanol (2 mL) and 1 mL BF3 (14%) in
methanol were added into the test tube. After the mixture was heated at 80 °C for 20
minutes using a heating block, diethyl ether (2 mL) and 5 mL saturated NaCl were
added to the heated solution and vortexed for 10 seconds. The solution was left to
settle until two phases of solution appeared. The diethyl ether phase (upper phase)
was transferred into a 2 mL glass GC vial.
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Analysis of FAME was conducted by GC-FID (Agilent 6890N) with an autosampler
(Agilent 7683; Agilent Technologies Inc., USA). The operational programming was
as described in Section 4.2.2.1.2 with a new column and GC operation parameters.
The new BPX70 capillary column was 50 m x 330 µL x 0.25µL (SGE International
Pty Ltd., Austrlia) and the temperature was programmed at 120°C initially and
increased to 240°C at 3°C/min and then held at 240°C for 15 minutes. The FAME
samples obtained from MAG and FFA silica bands were injected into the GC with a
splitless and split ratio of 20:1, respectively.

4.2.2.3 Statistical analysis
All measurements were carried out in triplicate. Data were reported as mean ±
standard deviation (SD). Statistical analysis of data was performed using IBM SPSS
Statistics Version 20. One way ANOVA and Tukey test were used to determine
significant difference between samples for each measurement at p < 0.05.

4.3 Results and Discussion
4.3.1 Physicochemical characterization
4.3.1.1 Thin layer chromatography
The separation of neutral lipid classes of lipid from R. opacus PD630 on the TLC
plate is shown in Figure 4.1. From the TLC result, it can be seen that lipid of R.
opacus PD630 was mainly composed by TAG. On the other hand, DAG, MAG and
FFA were not found in significant amounts. This result is in agreement with the result
found by Wältermann et al. (2000), in which R. opacus PD630 cells were cultivated in
MSM with sodium gluconate as carbon source. Wältermann et al. (2000) reported that
TAG contributes up to 90% of total extractable lipids.
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Figure 4.1: Separation of lipid classes of lipid extracted from R. opacus by TLC
Lane 1: C18:1 mono, di and triacylglycerol, and oleic acid (FFA) standard; lane 2-4:
lipid samples of R. opacus PD630

4.3.1.2 Moisture and volatile content
Table 4.1 shows the percentage of moisture and volatile matter in lipid of R. opacus
PD630. The percentage of moisture and volatile matter was 1.08 ± 0.08%, which was
higher compared to several vegetable oils

(0.60 – 0.72) including hemp seed oil,

canola oil and flaxseed oil (Teh and Birch 2013). It is desirable for lipids to contain
low moisture content because moisture could accelerate lipid decomposition as it
reacts with TAG to form FFA.
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Table 4.1: Physicochemical characterization of R. opacus PD630
Analysis

R. opacus PD630

Moisture and volatile content (%)

1.08 ± 0.08

Unsaponifiable matter (%)

15.04 ± 0.66

Colour

L*

49.33 ± 0.67

a*

15.37 ± 0.48

b*

19.14 ± 0.45

Means ± SD, n=3
L* represents lightness of the sample, 0 = black, 100 = white; a* represents redness
when positive, greenness when negative; b* represents yellowness when positive,
blueness when negative.

4.3.1.3 Unsaponifiable matter
The percentage of USM found in lipid of R. opacus PD630 is shown in Table 4.1.
Lipid contained 15.04 ± 0.66% USM. The result is similar to lipid extracted from
microalgae Myxophyceae and Chlorophyceae which gave 9-23% USM (Paoletti et al.
1975). However, the USM content of lipid from R. opacus PD630 was much higher
compared to less than 2% USM for most animal and vegetable lipids (Fontanel, 2013;
Mohamed and Awatif, 1998).

4.3.1.4 Colour analysis
The colour of lipids is related with the nature of the pigment present in the lipids. For
example, carotenoid is responsible for yellow colour and chlorophyll is responsible
for green colour (Minguez-Mosquera et al., 1991). The colour of lipid from R. opacus
PD630 is orange. Table 4.1 shows the colour parameters of lipid which were 49.33 ±
0.67, 15.37 ± 0.48 and 19.17 ± 0.45 for L*, a* and b* values respectively. According
to Hsu and Yu (2002), the L*, a* and b* values for vegetable oils including olive oil,
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sunflower oil, corn oil and palm oil generally are 63.4-69.5, 3.8-4.4, and 9.2-10.4,
respectively. The a* and b* values of lipid from R. opacus PD630 are higher than that
of vegetable oils. The result might suggest that the lipid of R. opacus PD630
contained higher level of yellow pigments. The L* value of lipid from R. opacus
PD360 was lower than that of vegetable oil, which suggests that lipid from R. opacus
PD360 was darker compared with vegetable oils.

4.3.1.5 Fatty acid composition
Table 4.2 shows the fatty acid concentration and percentage of lipid from R. opacus
PD630. The total concentration of fatty acids in TAG was 809.07 ± 7.14 mg/g, which
is consistent with remainder of the lipid fraction being USM and glycerol. The fatty
acids ranged from 14 to 18 carbon atoms in chain length. SFA contributed to 51.50 ±
0.49% of total fatty acids, while monounsaturated fatty acids (MUFA) contributed to
48.50 ± 0.40%. There was no PUFA found in lipid from R. opacus PD630. The most
dominant fatty acid was C16:0, which contributed to 28.10 ± 0.15% of total fatty
acids. Then followed by C18:1 and C17:1, which was 24.45 ± 0.19% and 15.74 ±
0.17%, respectively.
Similar results were also found in previous studies with lipids obtained from R.
opacus PD630 incubated with different carbon sources. It is reported that C16:0,
C18:1 and C17:1 are the most three abundant fatty acid respectively when the cells
are cultivated on gluconic acid, fructose or acetic acid (Alvarez et al., 1996). A
similar result was also found by Wältermann et al. (2000) on the crude lipid extract
from R. opacus PD630 cells cultivated with sodium gluconate as carbon source.

Lipid from R. opacus PD630 was found to contain several odd carbon numbered fatty
acids, which were C15:0, C17:0 and C17:1. This finding is similar to Řezanka and
Sigler (2009), who indicate that C15:0, C17:0 or C19:0 are the most common odd
carbon numbered fatty acids found in bacterial oil and fats. The odd carbon numbered
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fatty acids found in lipid of R. opacus PD630 contribute to 32.08 ± 0.41%, which is
much higher than in vegetable and animal lipids. This is in agreement with 34.30%
odd carbon numbered fatty acids found in lipid of R. opacus PD630 cells which was
cultivated with sodium gluconate as carbon source (Wältermann et al., 2000).
However, the percentage of odd carbon numbered fatty acids can be influenced by
carbon sources in the medium (Alvarez et al., 1996).
Table 4.2: Fatty acid composition of lipids extracted from R. opacus PD630
Fatty acids

Concentration (mg/g)

Percentage (mol %)

14:0

12.25 ± 0.21 a

1.77 ± 0.03 a

15:0

35.42 ± 1.18 b

4.81 ± 0.16 b

16:0

218.8 ± 1.17 h

28.10 ± 0.15 h

17:0

94.70 ± 0.66 e

11.53 ± 0.08 e

18:0

45.68 ± 0.60 c

5.29 ± 0.07 c

ΣSFA

406.9 ± 3.82

51.50 ± 0.49

16:1

64.24 ± 0.31 d

8.31 ± 0.04 d

17:1

128.3 ± 1.39 f

15.74 ± 0.17 f

18:1

209.7 ± 1.63 g

24.45 ± 0.19 g

ΣMUFA

402.2 ± 3.33

48.50 ± 0.40

Means ± SD, n = 3.
abcdefgh

Values with different superscript letters within a column are all significantly

different to each other (p<0.05)

4.3.1.6 Peroxide value, p-anisidine value and TOTOX value
PV measures the primary oxidation products in lipid. Table 4.3 shows the PV of lipid
from R. opacus PD630, which was 0.07 ± 0.00 (mequiv peroxide/kg sample). It is
favorable to have a low PV because a low PV means the lipid is less oxidized. The
oxidation level of lipid from R. opacus PD630 was low as the PV was lower than 10
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(Choo et al., 2007). p-AnV measures the secondary oxidation products that resulted
from decomposition of hydroperoxides. The p-AnV of lipid from R. opacus PD630 is
shown in Table 4.3, which was 0.31 ± 0.04. This result showed that the lipid of R.
opacus PD630 was good in quality as p-AnV was less than 2 (Subramanian et al.,
2000). TOTOX value is a measurement of overall oxidation. TOTOX value of lipid of
R. opacus PD630 was 0.45 ± 0.04 (Table 4.3). TOTOX value showed that lipid of R.
opacus PD630 was good in quality as TOTOX value was less than 4 (Frankel, 2005).
Table 1.3: Lipid rancidity parameters of R. opacus PD630
Parameters

R. opacus PD630

Peroxide value (mequiv. peroxide/kg sample)

0.07 ± 0.00

p-Anisidine value (unit)

0.31 ± 0.04

TOTOX value (unit)

0.45 ± 0.04

Free fatty acids, as oleic (%)

1.25 ± 0.03

Acid value (mg KOH/g of sample)

2.48 ± 0.04

Conjugated diene (unit)

0.07 ± 0.00

Conjugated triene (unit)

0.09 ± 0.00

Polar compound content (%)

4.96 ± 0.27

Means ± SD, n=3

4.3.1.7 Free fatty acid and acid value
FFA and AV of lipid of R. opacus PD630 are shown in Table 4.3. The FFA was 1.25
± 0.03%. The AV was 2.48 ± 0.04 KOH/g. The percentage of FFA and AV in lipid of
R. opacus PD630 might be related to the moisture content in lipid, as the moisture in
lipid leads to hydrolytic breakdown of TAG to form FFA. The presence of FFA will
decrease smoke point and produce foaming during heating or mixing (Chen et al.,
2011). The quality of the lipid from R. opacus PD360 was good as AV was lower
than 4.0 mg KOH/g (New Zealand Food Regulations, 1984).
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4.3.1.8 Conjugated diene and triene values
The conjugated diene and triene values of lipid from R. opacus PD630 are shown in
Table 4.3. Conjugated diene and triene values represent the concentration of
conjugated hydroperoxides in oils that resulted from shifting of double bonds. Higher
conjugated diene and triene values indicate a higher level of oxidation (LukeŠová et
al., 2009). Lipid of R. opacus PD630 had low conjugated diene and triene values
namely 0.07 ± 0.00 and 0.09 ± 0.00 respectively. The conjugated diene value of lipid
from R. opacus PD360 was much lower than that of most vegetable oils including
peanut oil (0.37), hemp oil (1.53), flax oil (2.08) and canola oil (2.21) whereas the
conjugated triene value of lipid from R. opacus PD360 was slightly higher compared
to these vegetable oils (0.02-0.07) (Hassanein et al., 2003; Teh and Birch, 2013).

4.3.1.9 Polar compounds
Polar compounds contain all of the lipid oxidation products including primary,
secondary and tertiary oxidation products. Polar compound level correlates inversely
with quality of lipids (Chen et al., 2013). The percentage of polar compound in lipid
from R. opacus PD630 was 4.96 ± 0.27% as shown in Table 4.3. In previous study,
the amounts of polar compound present in microbial lipids extracted from
Micrococcus sp. and Penicillium sp. ranges from 1.01% to 14.00% (Jones, 1969).
Therefore, it can be seen the polar compound content is highly dependent on
microbial species. There was no standard reference found in the literature on
microbial oils. It is suggested that frying oil with more than 25% of polar compounds
should be discarded (Boskou, 2002).
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4.3.2 Positional distribution
The results of positional distribution of the fatty acids in lipids of R. opacus PD630
are shown in Table 4.4, which revealed rather asymmetric distribution of fatty acids
on the glycerol. The result showed the SFA prefer sn-2 position against sn-1,3
position where 70.56 ± 1.95% SFA was found at sn-2 position. C16:0 was the
dominant SFA at sn-2 position. Furthermore, 29.44 ± 0.83% MUFA was found at
sn-2 position. On the other hand, unsaturated fatty acids were predominantly found at
sn-1,3 position. A large proportion of C16:1, C17:1 and C18:1 were found at sn-1,3
position contributing to 88.61 ± 1.76% MUFA. Moreover, a small amount of SFA
(11.40 ± 0.52%) were also found at sn-1,3 position.
Table 4.4: Percentage distribution of fatty acids and their positional distribution
in R. opacus PD630 lipid following pancreatic lipase treatment
Fatty acids

Total TAG

sn-2

sn-1,3

14:0

1.77 ± 0.03 b

2.74 ± 0.14 c

0.28 ± 0.02 a

15:0

4.81 ± 0.16 b

8.23 ± 0.21 c

0.58 ± 0.05 a

16:0

28.10 ± 0.15 b

39.35 ± 0.99 c

8.14 ± 0.23 a

17:0

11.53 ± 0.08 b

14.12 ± 0.43 c

1.24 ± 0.10 a

18:0

5.29 ± 0.07 b

6.12 ± 0.22 c

1.16 ± 0.12 a

ΣSFA

51.50 ± 0.49 b

70.56 ± 1.95 c

11.40 ± 0.52 a

16:1

8.31 ± 0.04 b

7.17 ± 0.26 a

22.51 ± 0.60 c

17:1

15.74 ± 0.17 b

10.00 ± 0.37 a

21.68 ± 0.33 c

18:1

24.45 ± 0.19 b

12.27 ± 0.20 a

44.42 ± 0.83 c

ΣMUFA

48.50 ± 0.40 b

29.44 ± 0.83 a

88.61 ± 1.76 c

Means ± SD, n = 3.
abc

Values with different superscript letters within a row are significantly different

(p<0.05)
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In the study of Wältermann et al. (2000), positional distribution analysis was carried
out on the lipid of R. opacus PD630 which were cultivated on medium using gluconic
acid as carbon sources. The result showed that C14:0, C15:0, C16:0 and C17:0 were
found at sn-2 position which contribute to 99.90% of SFA. Unsaturated fatty acids
and fatty acids with more than 17 carbon atoms were not presented in significant
amounts at sn-2 position. On the other hand, MUFA (C16:1, C17:1 and C18:1) were
dominant at sn-1,3 position. Small amount of SFA (C14:0, C15:0, C16:0, C17:0 and
C18:0) were also found at sn-1,3 position.

The results of present study were in agreement with Wältermann et al. (2000) that
SFA prefer sn-2 position but MUFA prefer sn-1,3 position. However, there were more
MUFA found at sn-2 position, but less SFA found at sn-1,3 position in the present
study. These differences might be due to the different carbon source used for R.
opacus PD630 cultivation. Furthermore, the positional distribution of the fatty acids
in lipids of R. opacus PD630 are similar to that of animal fats as SFA were
predominantly found at sn-2 position in most animal fats, whereas MUFA prefer sn-2
position against sn-1,3 position in vegetable oils (Christie 1986).

4.4 Conclusion
In conclusion, TAG is the major component in lipid of R. opacus PD630 and other
compounds such as DAG, MAG and FFA were not found in significant amounts. A
large proportion of C16:0, C18:1 and C17:1 were found in the lipid, furthermore, a
high proportion of fatty acids with an odd number of carbon atoms were detected. The
lipid of R. opacus PD630 in the present study is less susceptible to lipid oxidation due
to the high SFA content, as reflected by its low PV, p-AnV, TOTOX value, FFA
content, AV, conjugated diene and triene value, and polar compound level. The USM
content of the lipid is much higher than most animal and vegetable lipids. The colour
parameters of lipid were 49.33 ± 0.67, 15.37 ± 0.48 and 19.17 ± 0.45 for L*, a* and
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b* value respectively, which suggest that the lipid from R. opacus PD630 was darker,
redder and yellower compared with vegetable oils. In TAG of R. opacus PD630, SFA
(70.56 ± 1.95%) were predominantly found at sn-2 position; C16:0 (39.35 ± 0.99%)
was the dominant SFA at sn-2 position. On the other hand, unsaturated fatty acids
tend to prefer sn-1,3 position against sn-2 position. Large proportion of C16:1, C17:1
and C18:1 were found at sn-1,3 position which contribute to 88.61 ± 1.76% MUFA.
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Chapter 5:
Thermal Analysis, Measurement of
Antioxidants, and Antioxidant Activity in Lipid
from R. opacus PD630

	
  

67	
  

5.1 Introduction
Information on thermal properties such as melting and crystallization characteristics
are important in lipid analysis to provide information about designing a suitable
processing technique and functionality or application of the lipids (Tan and Che Man,
2000). Solid fat content (SFC) is another important parameter in lipid analysis since it
shows the percentage of solid lipid in a sample during heating and as it decreases with
increasing temperature. Furthermore, oxidative stability of microbial oil is an
important parameter for the quality assessment of lipids as the shelf life and the final
use of lipids depend on their oxidative stability (Martínez-Monteagudo, 2012).

Melting and crystallization characteristics as well as SFC of microbial lipid can be
measured by Differential Scanning Calorimetry (DSC). DSC is a thermal analysis
technique used to measure heat flow and heat capacity of lipid sample during phase
transition, namely melting and crystallization (Tan and Che Man, 2000). Melting and
crystallization characteristics of microbial lipid and the energy required during
melting or release during crystallization processes, known as enthalpy, are associated
with its chemical composition. The melting and crystallization points and enthalpy
increase with the increase in fatty acid chain length, but decrease with increases in
degree of unsaturation (Nichols et al., 2011; Tan and Che Man, 2000).

DSC and Thermogravimetric Analysis (TGA) can be used to determine the oxidative
stability of microbial oil over temperature ranges and times. In this technique, DSC is
used to measure the oxidative stability based on the thermal release caused by
oxidation reactions. On the other hand, TGA is used to determine peroxide formation
through weight change as a function of temperature and time. A weight gain
represents the oxygen uptake and a weight loss represents decomposition and
volatilization of intermediate products (Robeson, 2007). The oxidative stability of
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microbial lipid over temperature range and storage times can be determined by both
isothermal and non-isothermal DSC and TGA analyses.

Moreover, some antioxidants including phenolic acids, flavonoids, chlorophyll, and
tocopherols are contained in some microbial oil, which can inhibit lipid oxidation.
Antioxidant scavenging power of these antioxidants can be measured using
antioxidant scavenging assays such as DPPH and ABTS.

The objectives of the present study are as follows:
1.

To measure the melting and crystallization characteristics and SFC of lipid from
R. opacus PD630.

2.

To determine the thermal oxidative stability of lipid from R. opacus PD630.

3.

To measure phenolic acids, flavonoids, chlorophyll, and α- and γ-tocopherol
content in lipid of R. opacus PD630.

4.

To measure the antioxidant activity of lipid from R. opacus PD630.

5.2 Materials and Methods
5.2.1 Materials
R. opacus PD630 (DSM 44193) used in this study was described in Section 3.2.1.
Lipid used in this study was extracted by using chloroform and methanol solvent
mixture as described in Section 3.2.2.3.1.
	
  

5.2.2 Methodology
5.2.2.1 Melting and crystallization characteristics
Melting and crystallization characteristics of lipid from R. opacus PD630 were
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measured by Differential Scanning Calorimetry (DSC Q2000, TA Instruments Ltd.,
USA; Figure 5.1) over the temperature range -50 °C to 60 °C at 2 °C /min under
nitrogen atmosphere (50 mL/min). Lipid sample (10 mg) was weighed into an
aluminum pan (Tzero pan; TA Insruments Ltd., USA), the pan was then hermetically
sealed with an aluminum lid (Tzerolid; TA Insruments Ltd., USA) and weighed. A
sealed empty aluminum pan was used as a reference. The lipid sample was heated to
60 °C and cooled to -50 °C at 2 °C /min, then isothermally held at -50 °C for 10
minutes before being heated up to 60 °C at 2 °C /min. Analysis was conducted in
duplicate. The DSC instrument was calibrated using indium (melting point = 156.6 °C,
enthalpy = 28.45 J/g) according to the DSC instrument manual (TA Instruments Ltd.,
USA).
Melting and crystallization profiles, transition enthalpies and SFC of the lipid sample
were produced by using TA Universal Analysis 2000 software (TA Instruments Ltd.,
USA). The data were normalized based on the sample weight by the software. The
transition enthalpy (ΔH) was calculated based on the integrated peak areas over the
melting regions. The SFC of the sample was calculated based on the integrated area
over the melting curve according to Cassel (2002) method.

Figure 5.1: Differential Scanning Calorimeter
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5.2.2.2 Effects of temperature on oxidative stability (isothermal)
Analysis of oxidative stability of lipid from R. opacus PD630 was determined by
using DSC and TGA. For DSC, lipid sample (10 mg) was weighed into a pre-weighed
Tzero open aluminum pan. A blank open aluminum pan was used as a reference pan.
Calibration was conducted according to the DSC instrument manual using indium.
The sample and reference pans were placed in the DSC cell and isothermally heated
at 100 °C for 4500 minutes under air atmosphere. Analysis was repeated at 110 °C.
For analysis by TGA (Q50, TA Instruments Ltd., USA; Figure 5.2), sample (10 mg)
was placed into a platinum pan (TA Instruments Ltd., USA). The pan was then placed
in a furnace and an exact weight of the sample was measured. The sample was
isothermally heated at 100 °C for 4500 minutes under air atmosphere. Analysis was
repeated at 110 °C and 150 °C. Calibration was carried out according to the TGA
instrument manual (TA Instruments Ltd., USA). The data of DSC and TGA analyses
were analyzed and plotted by using TA Universal Analysis 2000 software. The data
were normalized based on the sample weight.

Figure 5.2: Thermogravimetric Analyser
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5.2.2.3 Thermal decomposition by Thermogravimetric Analysis (non-isothermal)
Sample (15 mg) was placed into the TGA platinum pan. The pan was then placed in a
furnace and the exact sample weight was recorded. The sample was heated from
10 °C to 700 °C at 2 °C /min in the air atmosphere. Data on the percentage of weight
changes were obtained by using the TA Universal Analysis 2000 software as
mentioned above and further analyzed using a Microsoft Excel spread sheet. The
onset temperature for TOD was extrapolated from the thermal decomposition curve
according to Dweck and Sampaio (2004).

5.2.2.4 Antioxidant analysis
5.2.2.4.1 α- and γ-Tocopherol content
Samples for analysis of α- and γ-tocopherol were prepared from the USM in the
diethyl ether phase after saponification of the TAG (see Section 4.2.2.1.2). The
sample was dried under a stream of nitrogen gas and then reconstituted with 200 µl of
acetonitrile: methanol: chloroform solution (47: 47: 6, v/v/v). Reconstituted sample
(25 µl) was injected into a high performance liquid chromatography instrument
(HPLC Agilent 1100; Agilent Technologies Inc., USA) with a diode array detector
and C18 column (Phenomenex Inc., USA). The mobile phase was acetonitrile:
methanol: chloroform solution (47: 47: 6, v/v/v) solution with a flow rate of 0.9
mL/min. α-and γ-Tocopherol were measured at 325 nm. Data were analysed by using
HP Chemstation software (Hewlett Packard, Agilent Technologies Inc., USA).
Concentrations of the samples were calculated using calibration curves of the external
standards; α-tocopherol (Sigma-Aldrich Inc., USA) and γ-tocopherol (Sigma-Aldrich
Inc., USA).
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5.2.2.4.2 Chlorophyll content
Analysis of chlorophyll content was conducted according to a modified AOCS (2003)
Official Method Cc 13i-96. Lipid sample was placed into a 1 mL plastic cuvette and
measured spectrophotometrically at 630 nm, 670 nm and 710 nm against air. The
chlorophyll content was calculated as follows:
Chlorophyll  content, as  mg  of  pheophytin  a/kg  of  lipid
=

(A670 − 0.5×A630 − 0.5×A710)
L

Where:
A630 = absorbance at 630 nm
A670 = absorbance at 670 nm
A710 = absorbance at 710 nm
L = cuvette length, cm

5.2.2.4.3 Total phenolics content
Extraction of polar compounds from lipid of R. opacus PD630 was carried out
according to a modified Teh and Birch (2013) method. Sample (5 g) was weighed into
a test tube. Hexane (30 mL) and 20 mL aqueous methanol (60%, v/v) was added into
the test tube. The mixture was vortexed for 30 seconds, and centrifuged at 3000 rpm
for 10 minutes, at 5 °C. The two layers were separated and aqueous methanol layer
(lower layer) was collected into a pre-weighed round bottom flask by using a glass
pipette. Extraction was repeated for another three times using 20 mL portions of
aqueous methanol each time. Aqueous methanol was removed using a rotary
evaporator under reduced pressure at 40 °C. The polar compound yield was calculated
as follows:
Extraction  yield  (%) =

	
  

Weight  of  residue, g
×100	
  
Weight  of  lipid, g
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Determination of total phenolics content in lipid of R. opacus PD630 was carried out
according to a modified Gutfinger et al. (1981) method. The dry residue (5 mg) was
dissolved in 5 mL methanol and stored at -20 °C prior to analysis. Methanolic extracts
(0.1 mL) and milli-Q water (5 mL) were added into 10 mL volumetric flask.
Folin-Ciocalteu’s phenol reagent (2 N; 0.5 mL; Sigma-Aldrich Inc., USA) and 1 mL
of 35% saturated sodium carbonate (BDH Laboratory Supplies, England) solution
was added into the mixture then incubated for eight minutes at room temperature. The
mixture was topped up to 10 mL with milli-Q water and then left to stand for one hour.
The mixture was measured spectrophotometrically at 725 nm against a reagent blank.
Gallic acid (Sigma-Aldrich Inc., USA) in the concentration range of 0–400 mg/mL
assay solution was used to prepare the standard curve for the total phenolic acids
content. Total phenolic content of the lipid was calculated as follows:
Total  content  of  phenolic  compounds  in  gallic  acid  equivalents, mg/g
= C×

V
×  Polar  compound  extraction  yield  (%)
M

Where:
C = the concentration of gallic acid established from the calibration curve, mg/mL
V = volume of methanolic extracts, mL
M = weight of extracts, g

5.2.2.4.4 Total flavonoids content
Determination of total flavonoids content in lipid of R. opacus PD630 was carried out
according to a modified Oomah et al. (1996) method. Methanolic extracts (1 mL;
refer to 5.2.2.4.3) and milli-Q water (3 mL) was added into a Kimax tube, and then
100 µL diphenylboric acid 2-aminoethyl ester solution (1%; Sigma-Aldrich Inc., USA)
was added into the extract. The mixture was measured spectrophotometrically at 404
nm against a reagent blank. Luteolin (Sigma-Aldrich Inc., USA) with concentration
range of 0–14 mg/mL assay solution in methanol (82%) was used as the standard for
the calibration curve. Total flavonoids content of the lipid was calculated as follows:
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Total  content  of  flavonoids  compound  in  luteolin  equivalent, mg/g
= C  ×

V
×  Polar  compound  extraction  yield  (%)
M

Where:
C = the concentration of luteolin established from the calibration curve, mg/mL
V = volume of methanolic extracts, mL
M = weight of extracts, g

5.2.2.4.5 DPPH• scavenging activity
Analysis of DPPH• scavenging activity of polar compounds in lipid of R. opacus
PD630 was carried out according to a modified Nieva Moreno et al. (2000) method. A
series concentration (50 µg/mL, 75 µg/mL, 100 µg/mL, 150 µg/mL, 200 µg/mL, 250
µg/mL, 300 µg/mL, 400 µg/mL 500 µg/mL, 600 µg/mL, 700 µg/mL, 800 µg/mL, 900
µg/mL, 1000 µg/mL, 1100 µg/mL, 1200 µg/mL, 1300 µg/mL, 1400 µg/mL, 1500
µg/mL, 1600 µg/mL, 1700 µg/mL, 1800 µg/mL, 1900 µg/mL) of polar compound
sample in methanol was prepared. Sample solution (0.5 mL) and 0.5 mL of DPPH•
solution (0.15mM in methanol; Sigma-Aldrich Inc., USA) was added into a Kimax
tube. The mixture was vigorously shaken and left to stand at room temperature for 20
minutes in the dark. The absorbance of solvent mixtures were measured at 517 nm
versus methanol as blank solution. DPPH solution without the lipids sample served as
control. Reduction of DPPH• in percent (R%) was calculated as follows:
R% =

Ac − As
  ×  100
Ac

Where:
Ac = absorbance of the control at 517 nm
As = absorbance of the lipids sample at 517 nm
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5.2.2.4.6 ABTS•+ scavenging activity
Analysis of ABTS•+ scavenging activity of polar compound in lipid of R. opacus
PD630 was carried out according to a modified Re et al. (1999) method. A series
concentration (50 µg/mL, 75 µg/mL, 100 µg/mL, 150 µg/mL, 200 µg/mL, 250 µg/mL,
300 µg/mL, 400 µg/mL 500 µg/mL, 600 µg/mL, 700 µg/mL, 800 µg/mL, 900 µg/mL,
1000 µg/mL, 1100 µg/mL, 1200 µg/mL, 1300 µg/mL, 1400 µg/mL) of polar
compound sample in methanol was prepared. ABTS solution (10 mL; 7 mM;
Sigma-Aldrich Inc., USA) and 10 mL of 2.45 mM potassium persulfate (Ajax
Chemicals, Australia) was placed into a Kimax tube and left to stand for 12 hours at
room temperature in the dark. The ABTS•+ stock solution was diluted with ethanol to
an absorbance of approximately 0.7 ± 0.02 at 734 nm. Sample solution (100 µL) was
mixed with diluted ABTS solution (200 µL). The mixtures were vigorously shaken
and left to stand at room temperature for 5 minutes in the dark. The absorbance of
solvent mixtures was measured at 734 nm versus methanol as blank solution. Diluted
ABTS solution without the lipids sample was served as control. Reduction of ABTS•+
in percent (R%) was calculated as follows:
R% =

Ac − As
  ×  100
Ac

Where:
Ac = absorbance of the control at 734 nm
As = absorbance of the lipids sample at 734 nm

5.2.2.5 Statistical analysis
All measurements were carried out in triplicate. Data were reported as mean ±
standard deviation (SD). Statistical analysis of data was performed using IBM SPSS
Statistics Version 20. One way ANOVA and Tukey test were used to determine
significant difference between samples for each measurement at p < 0.05.
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5.3 Results and Discussion
5.3.1 Melting characteristics
Figure 5.3 shows a representative melting profile of lipid from R. opacus PD630. The
melting range of lipid from R. opacus PD630 occurred between -7.45 °C to 32.37 °C
in two distinct regions, as shown in Table 5.1. The result is in accordance with Samyn
et al. (2012), who indicated that fats and oils show transition regions rather than one
specific melting point. During the comparison between the experimental results and
the results of previous studies, lipid of R. opacus PD630 showed a higher melting
point range than most vegetable oils such as soybean oil, cottonseed oil, hemp oil,
flax oil and canola oil, however, it showed a similar melting point range with palm oil
(-15.5 - 29.4 °C) (Nassu and ConÇalves, 1999; Teh and Birch, 2013). This
corresponds to the various fatty acid compositions of the oils as SFA have higher
melting points than unsaturated fatty acids, and lipid of R. opacus PD630 has a much
higher SFA content but lower unsaturated fatty acids content than most vegetable oils
(Tan and Che Man, 2000). The lipid has a similar SFA content and MUFA content
with palm oil (SFA content: 41.14%, MUFA content: 44.53%) (Nassu and ConÇalves,
1999).
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Figure 5.3: DSC melting profile of lipid from R. opacus PD630
Table 5.1: Transition temperatures and enthalpy during melting of lipid from R.
opacus PD630
Region 1

Region 2

Tmax1 (°C)

1.69 ± 0.33

ΔH1 (J/g)

9.35 ± 1.20

Tmax2 (°C)

26.59 ± 0.46

ΔH2 (J/g)

37.72 ± 3.72

Total ΔHT (J/g)

47.50 ± 2.96

Melting range (oC)

-7.45 to 32.37

Mean ± SD, n=3
Tmax1 = Peak maxima of region 1, Tmax2 = Peak maxima of region 2, ΔH1 = Melting
enthalpy region 1, ΔH2 = Melting enthalpy region 2, ΔHT = Total melting enthalpy

Multiple endothermic regions during heating relate to separate melting events of the
TAG (Samyn et al., 2012). There were two endothermic regions of the melting curve.
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The first endothermic region at 1.69 ± 0.33 °C represent the melting of MUFA and
the second endothermic region at 26.59 ± 0.46 °C indicate the contribution of SFA.
The peak shapes are the result of overlapping effects from composition and
polymorphism (Samyn et al., 2012).

Melting enthalpy refers to the amount of energy needed to melt a gram of solid
substance at its melting point into a liquid form, which is proportional to the area
under the melting curve (Huang and Sathivel, 2008; Rouhou et al., 2006). The total
melting enthalpy for lipid from R. opacus PD630 was 47.50 ± 2.96 J/g. The melting
enthalpy of the second region (ΔH2) was higher than that of the first region (ΔH1).
This is in agreement with findings on vegetable oils in previous study conducted by
Tan and Che Man (2002). This is due to unsaturated fatty acids are not aligning as
neatly as SFA due to their cis double bonds, hence they require less energy to
overcome the intermolecular attraction compared to SFA in the second region.

5.3.2 Crystallization characteristics
Figure 5.4 shows a representative crystallization profile of lipid from R. opacus
PD630. The transition temperatures ranged from 17.62 °C to -19.93 °C in two regions
as shown in Table 5.2. The range of crystallization points of lipid from R. opacus
PD630 is higher than that of most vegetable oils including corn oil, peanut oil, sesame
oil, safflower oil, sunflower oil, soybean oil, hemp oil, flax oil and canola oil which is
due to its higher degree of saturation (Tan and Che Man, 2000; Teh and Birch, 2013).
This result is in agreement with the results of Samyn et al., (2012), which showed that
a higher amount of SFA leads to higher crystallization temperature region.
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Figure 5.4: DSC crystallization profile of lipid from R. opacus PD630
Table 5.2: Transition temperature and enthalpy during crystallization of lipid
from R. opacus PD630
Region 1

Region 2

Tmax1 (°C)

14.52 ± 0.67

ΔH1 (J/g)

-41.28 ± 1.19

Tmax2 (°C)

-16.31 ± 0.34

ΔH2 (J/g)

-11.31 ± 0.83

Total ΔHT (J/g)

-52.59 ± 1.99

Crystallization range (°C)

17.62 to -19.93

Mean ± SD, n=3
Tmax1 = Peak maxima of region 1, Tmax2 = Peak maxima of region 2, ΔH1 =
Crystallization enthalpy region 1, ΔH2 = Crystallization enthalpy region 2, ΔHT =
Total Crystallization enthalpy

The crystallization profile of lipid from R. opacus PD630 exhibited two exothermic
regions. The first exothermic peak occurred at 14.52 ± 0.67 °C and the second
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exothermic peak took place at -16.31 ± 0.34 °C. The crystallization enthalpy of lipid
from R. opacus PD630 was -52.59 ± 1.99 J/g. Crystallization enthalpy is negative
because during the phase transition of lipid from liquid to solid, the energy is released
as crystallization is an exothermic process.	
  There was no significant difference found
between the ΔHT for melting and ΔHT for crystallization. This indicates that the
melting and crystallization processes were corresponded to each other.

5.3.3 Solid fat content
The SFC was calculated on the basis of the area under the integration line over the
melting curve. According to Augusto et al. (2012), the SFC tends to a maximum
asymptotic value at low temperature (below melting range) as the lipid is in solid
form. The SFC starts to decrease as the lipid gradually liquefies when heated at
intermediate temperatures. At a high temperature above the melting range, the SFC
tends to a minimum asymptotic value of 0% as lipid is completely melted and no solid
fat can be observed.
Figure 5.5 illustrates the SFC of lipid from R. opacus PD630. Lipid of R. opacus
PD630 was in the solid form at around -5 °C and melts as temperature increases until
completely converted into liquid form at a temperature above 30 °C. The melting of
lipid from R. opacus PD630 showed two stages. As shown in Figure 5.5, the solid fat
content started to drop rapidly at the beginning, then slowed down at around 5 °C, and
begin to decrease rapidly again from around 10 °C until there was no solid fat left.
The first stage represents the melting of MUFA in the lipid, and the second stage
represents the melting of saturated fatty acids. This is supported by Augusto et al.
(2012), who indicated that unsaturated fatty acids are easier to melt than SFA.
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Figure 5.5: Solid fat content of lipid from R. opacus PD630

5.3.4 Oxidative stability
Figure 5.6 shows the oxidative stability curves of lipid from R. opacus PD630
determined by DSC at 100 °C and 110 °C (maximum temperature for DSC). The lipid
of R. opacus PD630 was stable at 100 °C and 110 °C as no peaks were observed
within 4500 minutes. Figure 5.7 shows the oxidative stability curves of lipid from R.
opacus PD630 determined by TGA at 100 °C, 110 °C and 150 °C. The lipids of R.
opacus PD630 were stable at 100 °C and 110 °C as no weight changes were detected
within 4500 minutes, which confirm the result from DSC. On the other hand, the lipid
started to decompose at 126.3 min without oxidation (no weight gain) at 150 °C.

The beginning of oxidation is generally characterized by absorption of oxygen
through the unsaturated fatty acid chain and hence leads to the formation of
hydroperoxides. This behavior leads to a slight increase in initial mass of oil samples
which can be detected by TGA (Aardr et al., 2004; Souza et al., 2004). However, the
mass increase was not observed by TGA at 150 °C isothermal condition in the present
study. This might be because the lipid of R. opacus PD630 has a high SFA content,
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which makes it highly stable against oxidation, and any loss of MUFA was masked
due to volatile release.

Lipid from R. opacus PD630 was highly stable compared to vegetable oils such as
passion fruit oil, rubber seed oil and buriti oil under the same conditions (Pardauil et
al. 2011). At 100 °C, passion fruit oil, rubber seed oil and buriti oil started to oxidize
at 116.3, 106.3 and 778.9 minutes by DSC, respectively. At 110 °C, passion fruit oil,
rubber seed oil and buriti oil started to oxidize at 42.52, 51.84 and 369.4 minutes by
DSC, respectively. The higher oxidative stability of lipid from R. opacus PD630 was
due to the higher degree of saturation. Results of oxidative stability analysis
conducted by Tan et al (2002) also showed that vegetable oils with higher degree of
saturation are more stable against oxygen compared to less saturated oils under pure
oxygen conditions.

	
  
Figure 5.6: Oxidative stability of lipid from R. opacus PD630 by DSC at 100 °C
and 110 °C
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Figure 5.7: Oxidative stability of lipid from R. opacus PD630 by TGA at 100 °C,
110 °C and 150 °C

5.3.5 Thermal Stability
The mass change of lipid during heating in air atmosphere is the equilibrium effect of
mass loss from lipid decomposition and absorption reaction of fatty acids with
atmospheric oxygen to form peroxides (Solís-Fuentes et al., 2010). A higher initial
decomposition temperature indicates a better quality of lipid (Wesolowski and
Erecinska, 1998). The initial decomposition temperature is influenced by the degree
of saturation and the intermolecular dispersion forces (Sathivel et al., 2003). SFA are
more stable against heating than unsaturated fatty acids. Also, fatty acids with longer
carbon chains are more thermally stable compared to fatty acids with shorter carbon
chains because of the larger intermolecular dispersion forces (Nawar, 1996).
Moreover, the onset temperature for thermal decomposition changes as heating rate
increases (Souza et al., 2004).
Figure 5.8 shows the thermal decomposition process for lipid of R. opacus PD630.
The green and blue lines show the weight change and the rate of weight change
during thermal decomposition from 10 °C to 700 °C by TGA. The result showed that
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the lipid of R. opacus PD630 started to decompose from 185.4 °C, and there was no
residue remaining after 550 °C.
The initial decomposition temperature of lipid from R. opacus PD630 was lower
compared to that of lipid extracted from rambutan (Nephelium lappaceum L.) seed,
which is 237.3 °C (Solís-Fuentes et al., 2010). This might due to the different lipid
composition of oils. The percentage of SFA and MUFA in lipid of R. opacus PD630
(51.5% and 48.5%) was similar as that in lipid obtained from rambutan seed (50.7%
and 49.3%). However, lipid of rambutan seed are predominantly composed by fatty
acids with longer carbon chains (C18:1 and C20:0) which can give the lipid a higher
thermal stability.

2

1

3
4

	
  
Figure 5.8: Thermal decomposition of lipid from R. opacus PD630 by TGA from
10 °C and 700 °C
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Table 5.3: Temperature range of thermal decomposition stages of lipid from R.
opacus PD630
Stage

Temperature (°C)

1*

173.6 to 252.1

2*

252.1 to 362.2

3*

362.2 to 423.5

4*

423.5 to 545.4

*Average temperature taken from three replicates (n=3)

According to a previous study on thermal stability of vegetable oils, oxidation of oils
normally occurred before lipid decomposition during non-isothermal heating, which
resulted in a slight increase in the initial mass of lipid samples (Souza et al., 2004).
However, in the present study, the mass increase was not observed before thermal
decomposition (10 °C - 185.4 °C) of lipid from R. opacus PD630 during heating.
This phenomenon correlates with the result found by isothermal TGA at 150 °C
(Figure 5.7). This might because the degree of saturation of lipid from R. opacus
PD630 is high, which makes it highly stable against oxidation. A similar phenomenon
was also observed in previous study done by Solís-Fuentes et al. (2010) on thermal
stability of fat of rambutan seed, which has a similar SFA and MUFA content with
the lipid of R. opacus PD630.

The rate of weight loss of lipid from R. opacus PD630 exhibited four stages of lipid
decomposition during heating. Different stages represent the decomposition of
different fatty acids and degradation products. The temperature range for each stage
of the thermal decomposition is presented in Table 5.3. The first stage (173.6 to
252.1 °C) and second stage (252.1 to 362.2 °C) may represent the decomposition of
USM and MUFA, and decomposition of SFA, respectively. The third stage (362.2 to
423.5 °C) and last stage (423.5 to 545.4 °C) may represent the decomposition of
degradation products formed from previous steps.
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Previous studies mainly investigated the thermal decomposition processes of fish oils
including sardine, tuna and salmon oils, and vegetable oils including sunflower,
canola, soybean and olive oil (Araujo et al., 2011; Dweck and Sampaio, 2004; Souza
et al., 2002; Souza et al., 2004). In these studies, thermal decompositions
corresponded with the initial fatty acid composition, and the progressive
decomposition of PUFA, MUFA and SFA could be observed. SFA proved to be more
stable against heat while PUFA were least stable. However, there was no literature to
describe the thermal decomposition processes of microbial oils.

5.3.6 Antioxidants analysis
5.3.6.1 Antioxidants content
Table 5.4 presents the amount of antioxidant compounds in lipid of R. opacus PD630.
There were no α- or γ-tocopherols and chlorophyll pigments detected in lipid of R.
opacus PD630. The amount of total phenolic acid in lipid of R. opacus PD630 was
50.15 ± 0.35 mg/100g as gallic acid equivalents (GAE). The amounts of total
flavonoids in lipid of R. opacus PD630 was 2.03 ± 0.26 mg/100g as luteolin
equivalents (LE). Total phenolic acids and flavonoids can act as free radical
scavengers to provide protection against oxidation (Miraliakbari and Shahidi, 2007).
The phenolic acids and flavonoids present in lipid help to enhance the antioxidation
activity of lipid and hence increase quality (Ghasemzadeh and Ghasemzadeh, 2011;
Miraliakbari and Shahidi, 2008).
Compared to coconut fat, which also has a high degree of saturation, the phenolic
content of lipid from R. opacus PD630 was higher than that of coconut fat, which
ranges from 6 to 29 mg GAE/100g oil (Marina et al., 2009). Small amounts of
α-tocopherols (1.82 mg/100g) and trace amount of γ-tocopherols were detected in
coconut fat but none of them were found in lipid of R. opacus PD630 (Syväoja et al.,
1986).
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Table 5.4: Antioxidant compounds content
Compounds

R. opacus PD630

α-Tocopherol

N.D.

γ-Tocopherol

N.D.

Chlorophyll pigments (mg of pheophytin a/100g)

N.D.

Total phenolic acid, as gallic acid equivalents (mg/100g)

50.15 ± 0.35

Total flavonoids, as luteolin equivalents (mg/100g)

2.03 ± 0.26

Means ± SD, n=3

5.3.6.2 Free radical analysis
Antioxidant scavenging activities of lipid from R. opacus PD630 were tested by using
DPPH and ABTS assays as shown in Figure 5.9 and 5.10, respectively. The amount
of antioxidant compounds required to scavenge 50% of the DPPH and ABTS radical
present in the assay medium were determined and referred to as the IC50. Lower IC50
value indicates a stronger antioxidative activity (Miraliakbari and Shahidi, 2008).
Table 5.5 shows the IC50 of antioxidant compounds of lipid from R. opacus PD630.
The IC50 of antioxidant compounds of lipid from R. opacus PD630 was 675.2 µg/mL
and 510.0 µg/mL for the DPPH and ABTS assay respectively.
Bioactive compounds of lipid from R. opacus PD630 showed a higher scavenging
activity against DPPH and ABTS than bioactive compounds of coconut fat (IC50,
229.8 µg/µL and 51.75 µg/µL, respectively), which also have a high degree of
saturation. These might be because the lipid of R. opacus PD630 contains higher
amount of total phenolic content than coconut fat, which give it a higher antioxidative
ability. This finding is in agreement with Janu et al. (2013) who indicated that oils
that have higher total phenolic content give a higher pattern of radical scavenging
property.
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Figure 5.9: DPPH radical scavenging activity of antioxidants in lipid from R.
opacus PD630
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Figure 5.10: ABTS radical scavenging activity of antioxidants in lipid from R.
opacus PD630
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Table 2: DPPH and ABTS IC50 value of lipid from R. opacus PD630
Test

DPPH

ABTS

IC50 (µg/mL)

675.2

510.0

5.4 Conclusion
The lipid of R. opacus PD630 showed a high melting and crystallization range at
-7.45 °C to 32.37 °C and -19.93 °C to 17.62 °C, respectively. Furthermore, the lipid
of R. opacus PD630 was highly stable against oxidation and thermal decomposition at
100 °C and 110 °C isothermal condition, it started to decompose at 126.3 minutes at
150 °C but without an oxygen uptake peak. These might due to the high degree of
saturation of the lipid.
Under non-isothermal heating from 10 °C to 700 °C, the lipid of R. opacus PD630
started to decompose from 185.4 °C until there was no residue remaining after 550 °C.
The rate of weight loss exhibited four stages of decomposition, the first and second
stage represents the decomposition of USM, MUFA and SFA. The third and fourth
stage shows the decomposition of degradation products of MUFA and SFA.
α- and γ-Tocopherols and chlorophyll pigments were not found in the lipid of R.
opacus PD630. Phenolic acids (50.15 ± 0.35 mg GAE/100 g oil) and flavonoids (2.03
± 0.26 mg LE/100g oil) were detected in lipid, which can increase the antioxidant
ability of the lipid. Antioxidant scavenging activities of lipid from R. opacus PD630
were tested by using DPPH and ABTS assays. The IC50 value of bioactive compounds
of lipid was 675.2 µg/mL for DPPH and 510.0 µg/mL for ABTS.
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6.1 Overall Discussion
In the microbial lipid extraction process, methods of cellular pre-treatment and lipid
extraction are important because they can influence the amount of oil produced.
In the present study, chloroform/methanol solvent mixture gave the highest lipid
extraction efficiency for R. opacus PD630 (see Figure 3.3). Furthermore,
ultrasonication, microwave and osmotic shock cellular pre-treatment method showed
the highest cell disruption efficiency for R. opacus PD630 (see Figure 3.4). Therefore,
the ultrasonication, microwave or osmotic shock pre-treatment method with
chloroform/methanol solvent extraction method would appear to be the most efficient
method for lipid extraction from R. opacus PD630.
	
  
	
  
Physicochemical characteristics are important in microbial lipid analysis because they
can affect the quality, processing method and application of microbial oil (Shahidi
and Wanasundara 1998).
Fatty acid composition will influence the oxidative stability of the oil. SFA are less
susceptible to oxidation compared to unsaturated fatty acids. In the present study, the
lipid of R. opacus PD630 has a high SFA content (51.50 ± 0.49%) which made it
unsusceptible to oxidation by DSC and TGA. This is indicated by its low PV, p-AnV,
TOTOX value, FFA content and conjugated diene and triene values (See Table 4.3).
Fatty acids composition will also influence the physical properties of lipids. The
temperature ranges of melting and crystallization of lipid from R. opacus PD630 were
high due to its high degree of saturation. The thermal stability of lipid also correlates
with the fatty acids composition. Thermal decomposition of lipid from R. opacus
PD630 in the present study exhibited four stages, which may represent the progressive
degradation of USM, MUFA and SFA, and followed by the decomposition of
degradation products from previous steps (see Figure 5.8).
The USM and polar compound content of microbial oil is highly dependent on the
microbial species. The USM content of lipid from R. opacus PD630 is much higher
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than most animal and vegetable lipids.

Positional distribution of fatty acids in TAG will influence the nutritional quality and
technological properties of lipids. In the present study, determination of positional
distribution of fatty acids was conducted by enzymatic hydrolysis by using pancreatic
lipase.
In TAG of R. opacus PD630, SFA prefer sn-2 position against sn-1,3 position that
70.56 ± 1.95% SFA was found at sn-2 position. On the other hand, unsaturated fatty
acids were predominantly found at sn-1,3 position which contribute to 88.61 ± 1.76%
MUFA (See Table 4.4).

Lipid oxidation has been recognized as a major problem affecting oils and fats as it
reduces the nutritional quality and safety of lipid products. In the present study,
determination of oxidative stability and antioxidant activity of lipid was carried out by
using DSC and TGA as well as DPPH and ABTS free radicals.
In present study, the lipid of R. opacus PD630 was highly stable against oxidation.
The lipid can remain stable against oxidation and thermal decomposition at 100 °C
and 110 °C isothermal condition for 4500 minutes, and at 150 °C isothermal condition
for 126.3 minutes (see Figure 5.7).
Also, the IC50 value of bioactive compounds of lipid indicates the lipid has
antioxidant ability (See Table 5.5). These phenomena correlate with the natural
antioxidants present in lipid including phenolic acid and flavonoid levels.

Based on the data in the present study, lipid of R. opacus PD630 can be considered as
a good quality oil which is stable against oxidation and thermal decomposition. The
unusually high content of margaric and margaroleic acid warrants further
investigation for potential health benefits.
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6.2 Recommendations for Future Work
Based on the results of the present study and literature, recommendations for future
work are as follows:
•

Comparatively study the physicochemical characteristics and thermal properties
for lipids of R. opacus PD630 cultivated with different carbon sources including
glucose, sucrose and fructose.

•

Comparatively study the efficiency of lipid extraction from R. opacus PD630 by
using chloroform/methanol method and supercritical carbon dioxide extraction
method. The supercritical carbon dioxide extraction method offers new
opportunities for using CO2, which is a non-toxic, non-flammable, inexpensive,
and environmentally friendly solvent (Létisse et al., 2006).

•

Analysis on the physicochemical characteristics and thermal properties for lipid
of R. opacus PD630 extracted using supercritical carbon dioxide extraction
method if the method can give a high lipid extraction efficiency.

•

Determine the changes of physicochemical characteristics during storage of lipid
from R. opacus PD630.
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Appendix 1: Comparison of solvent/solvent mixture on the total amount of lipids
extracted from R.opacus PD630
Lipid yield (%)
1

2

3

Average

Chloroform/methanol

29.60

28.32

28.51

28.81 ± 0.69 f

Hexane/isopropanol

6.70

6.62

7.34

6.89 ± 0.39 b

Dichloromethane/methanol

17.11

16.40

16.65

16.72 ± 0.35 e

Dichloromethane/ethanol

13.93

14.32

13.75

14.00 ± 0.29 d

Dichloromethane/acetone

9.50

9.97

10.36

9.95 ± 0.43 c

Diethyl ether

1.97

1.85

1.76

1.86 ± 0.11 a

abcdef

Values with different superscript letters within the average column are all

significantly different to each other (p<0.05)

Appendix 2: Comparison of cellular extraction methods on the total amount of
lipids extracted from R.opacus PD630
Lipid yield (%)
1

2

3

Average

Non-disruption

29.60

28.32

28.51

28.81 ± 0.69 a

Autoclave

30.21

30.33

31.43

30.66 ± 0.67 a

Ultrasonication

32.86

32.79

32.36

32.67 ± 0.27 b

Microwave

34.84

33.46

33.88

34.06 ± 0.71 b

Osmotic shock

34.68

32.51

33.36

33.52 ± 1.09 b

ab

Values with different superscript letters within the average column are significantly

different (p<0.05)
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Appendix 3: Physicochemical characteristics of lipid from R. opacus PD630
Parameters

1

2

3

Average

Moisture and volatile content (%)

1.08

0.99

1.15

1.08 ± 0.08

Unsaponifiable matter content (%)

14.36

15.08

15.67

15.04 ± 0.66

L*

48.57

49.60

49.82

49.33 ± 0.67

a*

15.93

15.13

15.06

15.37 ± 0.48

b*

19.50

18.64

19.28

19.14 ± 0.45

Peroxidase value

0.066

0.070

0.070

0.07 ± 0.00

p-Anisidine value (unit)

0.32

0.27

0.35

0.31 ± 0.04

TOTOX value (unit)

0.45

0.41

0.49

0.45 ± 0.04

Free fatty acids, as oleic (%)

1.27

1.21

1.26

1.25 ± 0.03

Acid value

2.52

2.44

2.46

2.48 ± 0.04

Conjugated diene (unit)

0.071

0.071

0.072

0.07 ± 0.00

Conjugated triene (unit)

0.090

0.090

0.091

0.09 ± 0.00

Polar compound content (%)

5.27

4.83

4.77

4.96 ± 0.27

Color

(mequiv. peroxide/kg sample)

(mg KOH/g of sample)
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Appendix 4: Fatty acid composition of lipids extracted from R. opacus PD630
Percentage (mol %)
Fatty acids

1

2

3

Average

14:0

1.78

1.73

1.79

1.77 ± 0.03 a

15:0

4.98

4.66

4.80

4.81 ± 0.16 b

16:0

28.19

27.92

28.18

28.10 ± 0.15 h

16:1

8.26

8.34

8.31

8.31 ± 0.04 d

17:0

11.55

11.59

11.44

11.53 ± 0.08 e

17:1

15.73

15.69

15.80

15.74 ± 0.17 f

18:0

5.31

5.34

5.21

5.29 ± 0.07 c

18:1

24.64

24.46

24.26

24.45 ± 0.19 g

Concentration (mg/g)
Fatty acids

1

2

3

Average

14:0

12.34

12.01

12.41

12.25 ± 0.21 a

15:0

36.64

34.29

35.34

35.42 ± 1.18 b

16:0

219.49

217.44

219.45

218.8 ± 1.17 h

16:1

63.91

64.53

64.27

64.24 ± 0.31 d

17:0

94.88

95.24

93.97

94.70 ± 0.66 e

17:1

128.22

126.93

129.70

128.3 ± 1.39 f

18:0

45.87

46.16

45.00

45.68 ± 0.60 c

18:1

211.32

209.74

208.07

209.7 ± 1.63 g

abcdefgh

Values with different superscript letters within the average column for

percentage and for concentration are significantly different (p<0.05)
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Appendix 5: Positional distribution in R.opacus PD630 lipid following pancreatic
lipase treatment
sn-2 (%)
Fatty acids

1

2

3

Average

14:0

2.85

2.71

2.66

2.74 ± 0.14 a

15:0

8.43

8.26

8.01

8.23 ± 0.21 c

16:0

40.47

38.59

38.98

39.35 ± 0.99 h

16:1

6.87

7.34

7.30

7.17 ± 0.26 bc

17:0

14.61

13.82

13.92

14.12 ± 0.43 g

17:1

9.60

10.33

10.08

10.00 ± 0.37 d

18:0

6.32

5.88

6.16

6.12 ± 0.22 b

18:1

12.09

12.22

12.49

12.27 ± 0.20 f

sn-1,3 (%)
Fatty acids

1

2

3

Average

14:0

0.30

0.29

0.26

0.28 ± 0.02 a

15:0

0.63

0.57

0.53

0.58 ± 0.05 a

16:0

8.40

7.98

8.03

8.14 ± 0.23 b

16:1

22.78

21.82

22.92

22.51 ± 0.60 c

17:0

1.34

1.24

1.15

1.24 ± 0.10 a

17:1

21.81

21.92

21.31

21.68 ± 0.33 c

18:0

1.28

1.14

1.06

1.16 ± 0.12 a

18:1

43.47

45.03

44.75

44.42 ± 0.83 d

abcdefg

Values with different superscript letters within the average column for position

sn-2 and for position sn-1,3 are significantly different (p<0.05)

	
  

120	
  

Appendix 6: Transition temperature and enthalpy during melting of lipid from
R. opacus PD630
1

2

3

Average

Tmax1 (°C)

1.97

1.32

1.77

1.69 ± 0.33

ΔH1 (J/g)

10.63

9.15

9.56

9.78 ± 0.76

Tmax2 (°C)

26.07

26.94

26.76

26.59 ± 0.46

ΔH2 (J/g)

33.59

40.83

38.73

37.72 ± 3.72

Total ΔHT (J/g)

44.22

49.98

48.29

47.50 ± 2.96

Tmax1= Peak maxima of region 1, Tmax2= Peak maxima of region 2, ΔH1 = Melting
enthalpy region 1, ΔH2 = Melting enthalpy region 2, ΔHT = Total melting enthalpy

Appendix 7: Transition temperature and enthalpy during crystallization of lipid
from R. opacus PD630
1

2

3

Average

Tmax1 (°C)

13.77

15.04

14.75

14.52 ± 0.67

ΔH1 (J/g)

-40.05

-42.43

-41.36

-41.28 ± 1.19

Tmax2 (°C)

-16.68

-16.02

-16.21

-16.31 ± 0.34

ΔH2 (J/g)

-10.36

-11.88

-11.68

-11.31 ± 1.07

Total ΔHT (J/g)

-52.41

-54.31

-53.05

-52.59 ± 1.99

Tmax1= Peak maxima of region 1, Tmax2= Peak maxima of region 2, ΔH1 =
Crystallization enthalpy region 1, ΔH2 = Crystallization enthalpy region 2, ΔHT =
Total Crystallization enthalpy
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Appendix 8: SFC of lipid from R. opacus PD630
Percentage of SFC (%)
Temperature (°C)

1

2

3

Average

-10

100.0

99.98

99.98

99.99 ± 0.01 g

-5

99.40

98.80

99.22

99.14 ± 0.25 g

0

92.43

91.35

91.45

91.74 ± 0.49 f

5

79.96

75.32

76.14

77.14 ± 2.02 e

10

75.41

67.07

69.98

70.83 ± 3.46 d

15

69.31

66.89

66.53

67.58 ± 1.23 d

20

59.81

57.93

57.29

58.34 ± 1.07 c

25

35.65

33.23

35.48

34.79 ± 1.10 b

30

1.58

1.39

1.32

1.43 ± 0.11 a

35

0

0

0

0

40

0

0

0

0

abcdefg

Values with different superscript letters within the average column are

significantly different (p<0.05)

Appendix 9: Antioxidant compound content
1

2

3

Average

α-Tocopherol

N.D.

N.D.

N.D.

N.D.

γ-Tocopherol

N.D.

N.D.

N.D.

N.D.

Chlorophyll pigments

N.D.

N.D.

N.D.

N.D.

49.77

50.23

50.46

50.15 ± 0.35

2.01

2.06

2.01

2.03 ± 0.26

(mg of pheophytin a/100g)
Total phenolic acid, as
gallic acid equivalents (mg/100g)
Total flavonoids, as
luteolin equivalents (mg/100g)
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Appendix 10: DPPH radical scavenging activity of antioxidants in lipid from R.
opacus PD630

	
  

Concentration (µl/mg)

1

2

3

Average

50

3.96

3.71

3.96

3.88 ± 0.14

75

3.58

3.33

3.96

3.63 ± 0.31

100

6.71

6.21

6.34

6.42 ± 0.26

150

10.84

10.84

10.59

10.75 ± 0.14

200

14.84

14.46

14.71

14.67 ± 0.19

250

19.72

19.59

19.72

19.67 ± 0.07

300

24.97

24.84

25.22

25.01 ± 0.19

400

32.85

32.85

32.60

32.76 ± 0.14

500

38.35

38.72

38.47

38.52 ± 0.19

600

46.23

46.35

46.10

46.23 ± 0.13

700

53.98

53.98

54.11

54.02 ± 0.07

800

57.98

57.98

58.23

58.07 ± 0.14

900

60.61

60.61

60.48

60.57 ± 0.07

1000

65.49

65.49

65.24

65.40 ± 0.14

1100

68.99

68.99

68.86

68.95 ± 0.07

1200

74.99

74.99

74.86

74.95 ± 0.07

1300

77.99

77.74

77.62

77.78 ± 0.19

1400

78.74

78.87

79.12

78.91 ± 0.19

1500

83.49

83.74

83.74

83.66 ± 0.14

1600

87.24

87.37

87.49

87.37 ± 0.14

1700

89.00

89.00

89.00

89.00 ± 0.00

1800

90.62

90.87

90.87

90.79 ± 0.14

1900

91.00

91.25

91.00

91.08 ± 0.14
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Appendix 11: ABTS radical scavenging activity of antioxidants in lipid from R.
opacus PD630
Concentration (µl/mg)

1

2

3

Average

50

6.26

5.85

5.64

5.92 ± 0.31

75

7.89

6.87

6.66

7.14 ± 0.66

100

8.09

8.29

8.29

8.23 ± 0.12

150

17.26

17.26

16.65

17.06 ± 0.35

200

20.52

21.13

20.93

20.86 ± 0.31

300

28.06

28.27

28.27

28.20 ± 0.12

400

39.47

39.27

39.27

39.34 ± 0.12

500

46.81

46.40

46.61

46.61 ± 0.20

600

56.59

56.59

56.80

56.66 ± 0.12

700

68.82

69.02

68.41

68.75 ± 0.31

800

75.14

74.53

76.97

75.55 ± 1.27

900

82.07

82.47

82.68

82.41 ± 0.31

1000

85.94

85.73

85.33

85.67 ± 0.31

1100

88.59

88.38

88.59

88.52 ± 0.12

1200

91.44

92.05

91.85

91.78 ± 0.31

1300

96.74

96.54

96.54

96.60 ± 0.12

1400

97.55

97.35

97.35

97.42 ± 0.12
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