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Abstract 
 

In metabolomics, the analytical challenge is to capture the chemical diversity of the 

metabolome. With the current technologies only a portion of the metabolome can be analysed. 

As a result there is a drive to direct significant analytical efforts towards capturing the 

metabolome or changes in the metabolome reliably and reproducibly in biological systems. 

Apart from analytical challenges, the challenges also include development of appropriate 

methodologies to quench and extract metabolites which is a crucial parameter in sample 

preparation and is required to achieve an accurate representation of phenotype. This thesis 

focuses on addressing both the challenges in mammalian and microalgal metabolomics. 

 

Metabolomics in cancer research is gaining momentum as a tool to understand the molecular 

mechanism of disease progression and for the identification of specific biomarkers which may 

assist distinguishing between normal, benign and metastatic cancer states. In our first 

investigation we developed GC-MS based modified direct cell scraping, bead harvesting and LN2 

methods for harvesting three adherently grown mammalian cell lines (two breast cancer cell 

lines MDA-MB 436, MCF7 and an endothelial cell line HMEC1) which provided rapid and reliable 

route with three fold improved metabolome coverage and reduced the artifacts due to 

metabolome leakage compared to conventional methods. Later optimized treatments were 

employed and the influence of various washing and quenching solvents (buffered/unbuffered) 

on metabolite leakage was investigated for metastatic cancer cell line MDA-MB-231. This 

identified one washing step with PBS followed by quenching with 60% methanol (buffered with 

HEPES) as the best washing and quenching solvents. Further validation and comparison of 

proposed workflows for metabolomic study of two metastatic TNBC cell lines (MDA-MB-231 and 

MDA-MB-436) resulted in recovery of 154 unique metabolites and demonstrated the robustness 

and reliability of these methods in pathway based analysis in cancer. 

 

In case of GC-MS based microalgal metabolomics, with comprehensive evaluation of selected 

quenching and extraction methods in model microalga C. reinhardtii, we have successfully 

demonstrated that the choice of quenching and extraction solvents have significant impact on 

recovery of different classes of metabolites. Our results clearly indicate that 60% methanol 

(buffered with HEPES) and 25 % aqueous methanol are the best suited quenching and extraction 

solvent respectively for untargeted metabolomic analysis of C. reinhardtii, as the highest 

number of metabolites belonging to various chemical classes were recovered with good 
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intensities and reproducibilities with this miniaturized proposed method compared to other 

evaluated methods.  

 

Later impact of various stages involved in biodiesel production workflow from microalga on 

recovery of biodiesel was assessed in three microalgal species namely C. reinhardtii, D. salina 

and N. salina. Within which we have developed an optimized GC-FID method and miniaturized 

direct TE method for quantification of fatty acids, which can be applied to a small amount of 

biomass and saves tremendous amounts of time, solvents and reagents required, is less 

expensive and uses environment friendly solvents making it more suitable for sustainable large 

scale production. 

 

In our final investigation, we directed our efforts towards preliminary optimization and 

comparative analysis of HILIC and IP-RP-HPLC based separation for the retention and separation 

of specific metabolites classes. This identified HILIC as the best available column till date for 

untargeted metabolomic studies.  

 

The descriptive understanding gained from each of these investigations provides greater insight 

into biology of mammalian and algal systems by improving the metabolome coverage for various 

metabolite classes. These insights illustrating the underlying molecular pathways involved in 

ǊŜǎǇŜŎǘƛǾŜ ōƛƻƭƻƎȅΩǎΣ ǿƛƭƭ ƘŜƭǇ ǎŎƛŜƴǘƛŦƛŎ ŎƻƳƳǳƴƛǘƛŜǎ ƛƴ ƛŘŜƴǘƛŦȅƛƴƎ ŀǎ-of-yet-missing reactions in 

the metabolic network.  In addition these insights will surely help in generating many hypothesis 

based investigations in microalgal and cancer community. 
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1. Introduction 
 

1.1 Background on metabolomics 
 

The post-genome era has seen ǘƘŜ ŜƳŜǊƎŜƴŎŜ ƻŦ Ψ-ƻƳƛŎΩ ŀǇǇǊƻŀŎƘŜǎ ǘƻ ŎŀǘŀƭƻƎǳŜ ōƛƻŎƘŜƳƛŎŀƭ 

events, especially with respect to the expression of proteins and metabolites. The functions of 

many open reading frames within the sequenced genomes are still unknown. Hence analysis at 

the level of functional unit like transcripts, proteins & metabolites has increasingly become 

relevant. When, mRNA gene expression & proteomic analyses do not tell the whole story of 

what might be happening in a cell, in such cases metabolic profiling can give us instantaneous 

snapshot of the physiology of that cell, as metabolites are the end products of cellular regulatory 

processes, and their levels can be regarded as the ultimate response of biological systems to 

genetic or environmental changes. 

In the case of genomics and proteomics the analytical methodologies have stabilized into several 

well characterized approaches, whereas analytical procedures for metabolomics analysis still 

remain in a considerable flux due to the diversity and dynamic nature of metabolome. With the 

current technologies only a portion of the metabolome can be analysed. As a result there is a 

drive to direct significant analytical efforts towards capturing  metabolome or changes in the 

metabolome reliably and reproducibly in biological systems with high enough precision, 

resolution and sensitivity. Challenges also exist in increasing analyte throughput and reliably 

detecting quantitative changes.  Most of the metabolites involved in the corresponding 

pathways are negatively charged and many are phosphorylated. As a result, to date, there is no 

single analytical method that is suitable for detection of all the metabolite classes. Apart from 

this, there are several metabolite classes that cannot be analysed with the currently available 

analytical techniques. Thus, for both targeted and un-targeted metabolomic investigations it is 

essential to define a uniform, comprehensive, reproducible and user-friendly system of 

classifying metabolites based on their physicochemical properties, which will serve as a basis for 

selection of analytical methods/protocols for the different metabolite classes in any biological 

system. Chromatographic separations coupled to mass spectrometry offer the potential to 

address these challenges and generate reliable metabolomic data. Hence we propose to 

investigate and develop the optimized method for metabolomics by examining application of 

both optimized GC-MS and LC-MS (offline MS) based techniques that has the potential to 

comprehensively profile the metabolome in a given biological species.  

Apart from analytical challenges, the challenges also include development of appropriate 

methodologies to quench the metabolism before analysis, techniques for reliable and 

comprehensive extraction of metabolites from the biological matrix, data interpretation using 
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statistical approaches, metabolite identification, optimal detections and quality control and 

validation of all the steps involved in metabolomics pipeline. Analysis of the metabolome is 

sample and cell dependent. Differences in cellular characteristics including membrane, wall 

structure and, size and sampling techniques employed, can influence the efficiency of 

quenching, recovery of different metabolite classes and the rate of metabolite leakage. To 

achieve an accurate representation of phenotype, development of rapid quenching and 

metabolite extraction techniques is a crucial parameter in sample preparation workflows for 

metabolomic investigations. 

 

1.2 Mammalian metabolomics 

 

Metabolome analyses have been increasingly applied in human studies on body fluids, for 

various clinical applications to define biomarkers related to prognosis or diagnosis of a disease 

or drug toxicity/efficacy to provide improved understanding of the pathophysiology of disease 

or therapeutic pharmacokinetics (Mamas et al., 2011). Metabolomics is being recognised  as a 

valuable tool to evaluate cellular state and the deterioration of structure ςpathway-activity-

relationships (SPARs) considered suitable for drug discovery (YƘƻƻ ŀƴŘ !ƭπwǳōŜŀƛΣ нллт).  

However, as reported previously there have been insufficient reports on the application of 

metabolomics in the analysis of cultured mammalian cell lines (2ǳǇŜǊƭƻǾƛŏ-Culf et al., 2010, Khoo 

ŀƴŘ !ƭπwǳōŜŀƛΣ нллт). Thus the potential of metabolomics in traditional and emerging biological 

areas have yet to be fully realized.  

The application of metabolomics to mammalian cell culture provides a controlled reproductive 

but relevant model without the requirement of ethical consideration for in vivo and human 

studies. Data are easier to interpret as focusing on a specific cell line reduces variability and 

provide a more constant background against which subtle metabolic changes can be identified 

(2ǳǇŜǊƭƻǾƛŏ-Culf et al., 2010). Consequently, metabolome analyses on immortalized cancer cell 

lines in cancer research is gaining momentum as a tool to understand the molecular mechanism 

of disease progression and, response and resistance to therapeutics, leading to the identification 

of specific biomarkers which may assist distinguishing between normal, benign and metastatic 

cancer states (Sheikh et al., 2011).  

Several studies have been published on optimization of sample pre-processing protocols, for 

example, on suspension cell culture (Dietmair et al., 2012, Dietmair et al., 2010, Kronthaler et 

al., 2012a, Sellick et al., 2011, Volmer et al., 2011, Wiendahl et al., 2007), but there are only a 

few reports on the handling of adherent mammalian cells for GC-MS based metabolomic 

analysis (Danielsson et al., 2010, Dettmer et al., 2011, Hutschenreuther et al., 2012b). The most 
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commonly used pre-treatments for handling of adherent mammalian cells are associated with 

the higher metabolome leakage during sampling and quenching process. Therefore, the 

development of optimised methods/workflows which will improve the metabolome coverage 

without altering the internal metabolite signatures and with minimal metabolite leakage is 

required. It is also important to establish the level of metabolome leakage for the specific cell 

line investigated. Rapid approaches that combine quenching and extraction steps may be more 

effective in retaining valid metabolome data, with minimal metabolome leakage occurring. 

For valid metabolomic data, it is also important to assess and compare the impact of newly 

developed and proposed methods/workflows with the previously reported methods with 

respect to metabolome leakage and coverage. Moreover, the proposed protocols should able 

to track the changes between the cell lines, which share common biological and morphological 

features, such as two metastatic triple negative breast cancer (TNBC) cell lines, namely MDA-

MB-231 and MDA-MB-436. Due to their aggressive phenotypes, TNBC only partially respond to 

chemotherapy and present lack of clinically established targeted therapies. Therefore, further 

validation of optimised workflows for handling adherent mammalian culture which can track the 

changes between TNBC cell lines is essential. To our knowledge we are not aware of such kind 

of analysis in adherent mammalian cell metabolomics where emphasis was given to improve the 

metabolome coverage with a comprehensive approach. Such a comprehensive analysis with the 

pathway-based metabolome coverage specific to cancer will surely help in generating many 

hypothesis based investigations in cancer community such as, for setting up a platform for 

classifying cancer sub-type, in defining the relative contribution of major metabolic pathways in 

TNBC and illustrating the underlying molecular mechanism involved in TNBC biology and finally, 

for generating novel therapeutic regimes by identifying novel targets for anticancer therapies. 

 

1.3 Microalgal systems 

 

Algae are one of the most important bio-factories on earth based on their photosynthesis/CO2 

Ŭxation capacity and supposed to be biofuels of the third generation (Wienkoop et al., 2010a). 

Not only do these organisms fix carbon dioxide, but they also have the potential to be used for 

the production of inexpensive bulk chemicals because the major inputs into the system (light 

and CO2) are essentially free. However, to harness this potential through metabolic engineering, 

a deeper understanding of photosynthetic metabolism is required (Boyle and Morgan, 2009, 

Field et al., 1998, May et al., 2008b). Bottlenecks in algal biodiesel production within the cell can 

be identified by metabolomics approaches in combination with proteomics and transcriptomics, 

as the identification of differentially expressed metabolites gives clues to rate-limiting processes 
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in cell, which can be backed up by the determination of metabolite flux. Finally, the integration 

of such a reliable metabolomics data will help us in identifying the as-of-yet missing reactions in 

the metabolic network which later will allow the fine tuning of algal properties by genetic or 

metabolite engineering in combination with other system biology approaches. 

The metabolic response of microalgae to environmental stimuli or stressors have to date only 

been carried out in Chlamydomonas, Dunaliella and Nannochloropsis species to obtain as much 

information as possible about key metabolites, which will provide first insight into the metabolic 

pathways employed. For example, the metabolic network of primary metabolism for C. 

reinhardtii, was constructed recently using genomic and biochemical information, which include 

484 metabolic reactions and 458 intracellular metabolites (Boyle and Morgan, 2009). However, 

the metabolome that can be covered with the currently available techniques is only one fifth of 

the C. reinhardtii metabolome and there is considerable scope for improvement in metabolome 

coverage. The major bottlenecks associated with the sample preparation workflow are efficient 

sampling, quenching and extraction of metabolites without altering the internal metabolites 

signatures. 

Past literature, demonstrated the potential of metabolomics in understanding the metabolic 

pathways involved, and their underlying regulation. However, very limited numbers of studies 

were reported on optimised non-targeted metabolic profiling approach that can potentially 

detect and quantify hundreds of metabolites, in order to obtain as much information as possible 

about key metabolites in micro algal species such as C. reinhardtii, N. salina and D. salina. 

Optimised quenching and extraction protocols with parallel application of optimized MS-based 

hyphenated techniques will provide first insight into the metabolic pathways employed, which 

requires further attention. 

C. reinhardtii is a unicellular green alga and was recently sequenced. In the era of global climate 

change and biofuels it is a primary biological model system for basic studies on photosynthesis 

and CO2 ςneutral biomass. N. salina is well appreciated in aquaculture due to its nutritional value 

and the ability to produce valuable chemical compounds, such as pigments chlorophyll a, 

zeaxanthin, astaxanthin and polyunsaturated fatty acids (EPA). Apart from this D. salina is also 

known to have higher lipid content thus can be considered suitable for biodiesel production. 

Biodiesel can be produced from the microalgal lipids through trans-esterification process, 

however overall workflow involves different stages which includes selection of suitable species 

with higher lipid contents, optimising the parameters for cultivation and harvesting of 

microalgae, selection of appropriate lipid extraction technique and solvent, trans-esterification 

of extracted lipids into FAMEs and accurate and reliable quantification of lipids and obtained 

FAMEs at various stages. For sustainable industrial scale production of biodiesel from 
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microalgae, the impact of above stages on quality of biodiesel yield and on environment should 

be carefully considered. Moreover, during quantification of fatty acids, it is essential to develop 

an optimised miniaturised lab based protocol that can save tremendous amount of time, 

solvents and reagents required, is less expensive and uses environment friendly solvents thus 

making it more suitable for sustainable large scale production. 

 

1.4 Aims and objectives 

 

1.4.1 Aim 

 

The aim of this project is to capture an accurate and reliable metabolome data by improving the 

metabolome coverage for all the major metabolite classes by developing an optimised GC-MS 

and LC-MS based sample preparation workflows that will aid in understanding of underlying 

molecular mechanisms involved and deeper insight into biology of both the adherently growing 

mammalian and microalgal systems. 

 

1.4.2 Objectives 

 

1. To assess the extent of metabolite leakage with conventional approaches used for 

harvesting adherently growing mammalian cells. Furthermore, characterisation of 

combined quenching and extraction protocols for rapid and reliable metabolome 

analysis towards improved metabolome coverage and minimal loss of intracellular 

metabolites during harvesting in three adherently grown mammalian cell lines (two 

breast cancer cell lines MDA-MB 436, MCF7 and an endothelial cell line HMEC1). 

(Chapter 3) 

2. To examine the influence of various washing and quenching solvents (buffered/non-

buffered) in metabolomics of adherently grown mammalian cells: A case study on the 

metastatic cancer cell line MDA-MB-231. (Chapter 4) 

3. Further validation and comparison of proposed protocols for metabolomics of two 

metastatic TNBC cell lines: MDA-MB-231 and MDA-MB-436. Analysis with respect to 

pathway specific metabolome coverage. (Chapter 5) 

4. To examine GC-MS based optimised sampling, quenching and extraction workflow for 

obtaining high quality metabolomic data for microalgal strain: Chlamydomonas 

reinhardtii. (Chapter 6, 7 and 8) 



8 
 

5. To optimise and make a comparative evaluation of conventional and direct trans-

esterification methods for reliable quantification of FAMEs from micro-algal biofuel 

strains. Three microalgal species were investigated namely C. reinhardtii, N. salina and 

D. salina. (Chapter 9) 

6. To evaluate the use of HILIC and IP-RP-HPLC for targeted analysis of amino acids, organic 

acids, water soluble vitamins, nucleotides, nucleosides and nucleobases towards 

improving metabolome coverage. (Chapter 10) 

 

 

 



 

 

 

 

 

 

 

 

Chapter 2 

 

Literature review 
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2. Literature Review 

 
2.1 Introduction to metabolomics  

 

In the pre-genomic era, the main focus was to seek function first and then to seek the 

corresponding genes that were involved in providing that function. Whereas, the post-genomic 

era tends to elucidate the function of all the genes, for many of which there is no corresponding 

biochemical activity or function known. However, these methods do not provide direct 

information about how a change in mRNA or protein is coupled to a change in biological 

function, which led to the evolution of systems biology (Fiehn et al., 2000, Kell and Oliver, 2004, 

Kitano, 2002). Systems biology is the study of an organism, viewed as an integrated and 

interacting network of genes, proteins and biochemical reactions. The post-genomic sciences 

basically include proteomics, transcriptomics and metabolomics (Kussmann et al., 2006). The 

term metabolomics was first coined in 1998 (Oliver et al., 1998) to describe the άŎƘŀƴƎŜ ƛƴ ǘƘŜ 

relative concentration of metabolites as the result of deletion or over-expression of geneέ. At 

the same time, the term metabolome analysis was coined, referred to the analysis of 

metabolites in phenotypic profile of E. coli (Tweeddale et al., 1998). In brief, the metabolome 

includes all the small molecular weight intermediates of metabolism (typically of mass <1500 

Da). In addition, xenobiotics and their biotransformation products can also constitute the 

metabolome (Roux et al., 2011). The term metabonomics was coined by (Nicholson et al., 2002, 

Nicholson et al., 1999) ŀƴŘ ǿŀǎ ŘŜŦƛƴŜŘ ŀǎΣ ά¢ƘŜ ǉǳŀƴǘƛǘŀǘƛǾŜ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ŘȅƴŀƳƛŎ 

multi-parametric response of a living system to pathophysiological stimuli or genetic 

ƳƻŘƛŦƛŎŀǘƛƻƴέΦ ¢ƘŜ ƳŜǘŀōƻƴƻƳƛŎǎ ǎǘǳŘƛŜǎ ƎŜƴŜǊŀǘŜ Ǝƭƻōŀƭ ƳŜǘŀōƻƭƛǘŜ ǇǊƻŦƛƭŜǎ ǘƘŀǘ ŜƴŀōƭŜ 

diagnostic changes of metabolites in a given biological sample, which help in generating 

metabolic phenotypes. Further, metabolic phenotype studies are used to obtain new and 

unexpected insights into biological processes like toxicity, onset and progression of disease as 

well as ageing and therapy (Roux et al., 2011, Theodoridis et al., 2008). The main difference 

between metabolomics and metabonomics is that metabonomics is concerned with dynamic 

changes within a system in response to some sort of stimulus, whereas metabolomics looks at 

ŀΣ άǎƴŀǇ-shot of the cellular metaboloƳŜέ (Tang and Wang, 2006).  

Exhaustive work has been done on genomics, proteomics and transcriptomics, which has made 

significant contribution to the field of functional genomics (Garcia et al., 2008). Now the 

question arises as to what the metabolomics can add? In a biological system, the metabolome 

represents the final -omic level and its component can be viewed as an end product of gene 

expression, which defines the biochemical phenotype of a cell or tissue (Ryan and Robards, 
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2006). In addition, metabolites are highly connected, and changes in gene expression and 

protein levels are amplified on the metabolome level. Also, metabolomics can be easily 

extended to different organisms, across all species, as a given  metabolite has the same chemical 

structure whilst proteins can have species specific isoforms (Wu et al., 2005). Quantitative and 

qualitative analysis of large number of cellular metabolites represents a broad view of 

biochemical status of an organism which is useful in monitoring and assessing the gene functions 

(Sumner et al., 2003). In contrast, proteomics and transcriptomics technologies have some 

limitations. Any changes in the transcriptome and proteome due to increase in RNA do not 

always corresponds to alteration in the biochemical phenotype. This may be because the 

translated protein may require post-translational modifications to be enzymatically active 

(Bedair and Sumner, 2008a). Furthermore, mRNA and proteins are identified by modern 

techniques through sequence similarity or database matching. Identification is based on quality 

of the match and is therefore indirect. In the absence of existing database of information, 

profiling of the transcripts or proteins yield very limited information (Sumner et al., 2003).  

Based on the above limitations, metabolomics is advantageous and complements other -omics 

technologies in many ways. It also provides the most functional information of the -omics 

technologies and facilitates metabolic engineering and system biology efforts towards designing 

superior biocatalysts and cell factories (Bedair and Sumner, 2008b, Garcia et al., 2008, Morris 

and Watkins, 2005, Ryan and Robards, 2006, Sumner et al., 2003, Wu et al., 2005). The 

metabolomics field is currently developing rapidly for the study of several biological systems 

including microbial, plant and mammalian systems. Proteomics studies generate generic protein 

identification, however metabolomics studies has the ability to reveal that, the accumulated 

enzyme is more specifically related to a specific biochemical pathway (Bedair and Sumner, 

2008a). Furthermore, knowledge of the metabolite level has led to the identification of 

bottlenecks in the metabolic reaction network. For example, reactions far from equilibrium, such 

as phosphofructokinase (PFK) and pyruvate kinase (PK), have been confirmed as key regulatory 

points of glycolytic flux through metabolomics. Metabolite concentration plays an important 

direct regulatory role through which rapid response to metabolic flux changes via allosteric or 

feedback inhibition mechanism of enzymes as a mode of pathway flux control is effected 

(Mashego et al., 2007, Theobald et al., 1993). Metabolomics (Springer) journal dedicated to 

publishing research related results to metabolomics was launched in 2005 and as of today has 

published 732 articles.  
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2.1.1 Approaches used in metabolomics  

 

Due to the wide diversity of metabolites in terms of their physicochemical properties, a major 

challenge in metabolomics is the comprehensive profiling of all the metabolites in a biological 

system. The chemical nature of metabolites ranges from ionic, inorganic species to hydrophilic 

carbohydrates, hydrophobic lipids and complex natural products, extending over 7-9 orders of 

magnitude in concentration (pM-mM) (Monton and Soga, 2007, Ryan and Robards, 2006). 

However, there is no single analytical platform that is currently available, which is capable of 

identifying and quantifying the entire metabolome in a given biological system, in an unbiased, 

reproducible way (Monton and Soga, 2007, Sumner et al., 2003). The approaches used in 

metabolomics today which are concerned with investigating subsets of the metabolome are 

listed in table 2.1 (Dettmer et al., 2007, Hall, 2006). 

 

Table 2.1 Approaches used in metabolomics 

 

 

Absolute quantification (to make data comparable) would be possible with metabolomics 

analysis, if standard reference materials are available. However, in most cases standard 

reference materials for metabolomics analysis are not available. Therefore metabolites are 

Term Definition 

 

Metabolomics 

 

Identification and quantification of all metabolites in a biological 
system in a given physiological state at a given point of time. 

 

Metabonomics 

The quantitative measurement of the dynamic, multi-parametric 
metabolic response of living system to pathophysiological stimuli or 
genetic modification. 

 

Targeted 
analysis 

Mainly used for screening purpose ï study of primary effects of any 
alteration. Biochemical profiling can be performed in greater detail on 
selected groups of metabolites by using optimized extraction and 
dedicated separation/detection technique. 

 

Metabolite 
profiling 

Identification and quantification of the metabolites present in an 
organism. For practical reasons this is generally only feasible for a 
limited number of components, which are generally chosen on the 
basis of discriminate analysis or on molecular relationships based 
upon molecular pathways/networks. 

Metabolic 
fingerprinting 

 

High throughput qualitative screening of the metabolic composition of 
an organism or tissue with the primary aim of sample comparison and 
discrimination analysis. Generally no attempt is initially made to 
identify the metabolites present. All steps from sample preparation, 
separation and detection should be rapid and simple as is feasible. 
Often used as a forerunner to metabolic profiling. Used for functional 
genomics, plant breeding and disease diagnosis. 

Metabolic 
footprinting 

Analysis of extracellular metabolites in cell medium as a reflection of 
metabolite excretion or uptake by cells. 
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mostly quantified using relative quantification by determining response ratio between the 

metabolite and an internal standard or other metabolite (Koek et al., 2010). 

 

2.1.2 Classification of metabolites 

 

Metabolites are the end products of cellular regulatory processes and their levels can be 

regarded as the ultimate response of biological systems to genetic or environmental changes. 

On the basis of their origin, metabolites are classified as endogenous and exogenous 

metabolites. Endogenous metabolites are further classified as primary and secondary 

metabolites. Primary metabolites are those which are directly involved in the essential life 

processes like growth, development and reproduction e.g. amino acids and glycolysis 

intermediates. Whereas, secondary metabolites are species-specific and include those which 

are not directly involved in those processes but usually has important ecological functions, as 

they are synthesized for a particular biological function e.g. antibiotics, alkaloids and pigments.  

On the other hand, exogenous metabolites are those that are secreted by an organism or 

transformed in its immediate vicinity. The concept of xenometabolome was proposed by 

(Holmes et al., 2008), which is a description of xenobiotic metabolic profile of an individual 

exposed to environmental pollutants, drugs and phytochemicals. 

In metabolomics, the analytical challenge is to capture the chemical diversity of the 

metabolome. Estimated number of metabolites present only in the plant and human 

metabolome ranges from 2,766 to well over 200,000 (Duarte et al., 2007, Fiehn, 2002). These 

metabolites vary in their polarity from non-polar lipids to extremely polar metabolites. 

Functional groups include alcohols, amines, organic acids, aromatic alcohols, esters, aldehydes, 

ethers, phosphates and many others. Lipidome and glycome are some of the metabolic 

subgroups which are so large and important that they have their own classification. Numerous 

isomers exist in the metabolome, as it comprises a relatively narrow band of molecular weights 

(typically < 1,500 Da). Compound chirality, chemical complexity of the metabolome and the 

physiological concentrations of metabolites that range from mM to pM is also a concern and a 

challenge to analysis (Dwivedi et al., 2008).  

It is clear that, there is no single analytical technique that can detect all metabolites present in 

a metabolome with high enough precision, resolution and sensitivity due to the large diversity 

and complexity of the metabolome (Van Der Werf et al., 2005). To overcome this problem it is 

essential to have an array of comprehensive analytical methods, as different analytical 

techniques are capable of analysing different classes of metabolites. While developing the 

analytical platforms that can allow the detection of all metabolites present in microbial, algal, 
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plant or mammalian metabolome, it is essential to have access to information about the class 

and number of metabolites potentially present in the metabolome. Hence, it is essential to 

classify all the metabolites depending upon their physicochemical properties, which will serve 

as a base, for setting up the analytical methods for different metabolite classes (Werf et al., 

2007). The classes of compounds and the analytical techniques with which they are most 

compatible are described in figure 2.1. 

 

 

Figure 2.1 Classes of compounds and the analytical techniques with which they are most 
compatible. 

 

Recently, a validated and comprehensive analytical platform was set up (Coulier et al., 2006) in 

which both GC-MS and LC-MS methods were developed to quantitatively analyze as many 

metabolites in microorganisms as possible. GC-MS platform was used to analyze several classes 

of small polar metabolites, i.e. sugars, amino acids and sugar phosphates. While the LC-MS 

platform was developed to analyze different classes of important metabolites that could not be 

analyzed by GC-MS such as nucleotides, coenzyme A esters, and sugar nucleotides. After analysis 

by different analytical platforms in different biological systems, metabolites were classified into 

different classes such as amino acid and its derivatives, polyamines, nucleotide pathways 

intermediates, TCA cycle intermediates, photorespiration intermediates, sugars/sugar alcohols, 

isoprenoids, organic acids, phosphates etc. Another approach was to classify them as cationic 

and anionic metabolites (Matthew et al., 2009, Saito et al., 2006, Vijayendran et al., 2008). 

To date, different authors have tried to classify metabolites based on their research perspective 

rather than using a generalised approach. It is therefore essential to have a comprehensive, 

reproducible and user-friendly system for the classification of metabolites based on their 

physicochemical properties, which will serve as the basis for selecting analytical methods.  
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2.2 Metabolomics workflow 

 

The steps involved in comprehensive metabolome analysis in a given biological sample are 

discussed in this section which includes, 

1) Sampling and quenching 

2) Extraction of metabolites 

3) Metabolite analysis 

    a) Direct detection methods such as NMR, FTICR-MS, DIMS and MALDI-MS 

    b) Separation based techniques such as GC-MS, LC-MS and CE-MS 

4) Data export and analysis 

 

2.2.1 Sampling and quenching 

 

Rapid sampling and instantaneous quenching of enzyme activities are essential because of the 

high turnover rates of the intracellular metabolites. It is essential to inactivate the enzymes 

under mild conditions and as fast as possible during cell harvesting in order to retain a valid 

snapshot of the metabolic processes and to minimize changes to the internal metabolites 

signature (Lee and Fiehn, 2008b). Thus the ideal quenching solution should instantly arrest 

cellular metabolic activity without causing any significant cell membrane damage thus inhibiting 

leakage of intracellular metabolites from the cells (Dietmair et al., 2010).  

The two general strategies that are commonly used for quenching are: a) simultaneous sample 

processing, in which quenching and extraction are combined by rapid sampling of the broth 

directly into cold quenching solution. However, this method may lead to the risk of 

ƻǾŜǊŜǎǘƛƳŀǘƛƴƎ ƛƴǘǊŀŎŜƭƭǳƭŀǊ ǇƻƻƭǎΣ ŀǎ ƛǘ ŘƻŜǎƴΩǘ ƛƴǾƻƭǾŜ ǊŜƳƻǾŀƭ ƻŦ ƳŜǘŀōƻƭƛǘŜǎ ǇǊŜǎŜƴǘ ƛƴ the 

extracellular medium b) sequential sample processing involves quenching followed by a 

separation of biomass from the extracellular medium then extraction of intracellular 

metabolites (Link et al., 2008, Villas-Bôas et al., 2005b). A comparison of the different strategies 

is shown in Table 2.2. 
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Table 2.2 Comparison of the advantages and disadvantages between sequential and 
simultaneous sample processing for metabolomics studies. Table modified from (Mashego et 
al., 2007) 

 

 

The cold methanol and liquid nitrogen quenching are most widely used. However quenching 

with the liquid nitrogen does not allow separation between intra- and extracellular metabolites. 

Quenching with 60% v/v cold methanol at -40 or -50°C was originally pioneered in 

Saccharomyces cerevisiae and has been used widely for microbial metabolomics. The 

advantages of using methanol include: a) it is fully miscible with water b) it has a very low 

freezing point (-97.6°C) c) it is less harmful to the cells than other organic solvents and d) 

methanol-water solutions are not very viscous thus allowing easy centrifugation and cell 

separation (Canelas et al., 2008). However, quenching with cold methanol in prokaryotic cells, 

results in leakage of intracellular metabolites caused by cold shock.  

Alternative methods to cold methanol quenching has been developed by Rabinowitz and co-

workers (Rabinowitz, 2007). A filter culture methodology was used, in which cells were grown 

on filter on top of agarose media support, which enables quick quenching of metabolism simply 

 Advantage Disadvantage 

Sequential sample processing    

Cold methanol or liquid 

nitrogen quenching 

Separation of biomass from 

supernatant 

Possible metabolite leakage 

Sample matrix is cleaner Multiple extraction procedure 

for specific metabolites 

Separate extraction step             

(Targeted metabolites) 

Laborious 

Simultaneous sample 

processing 

  

Quenching & direct extraction 

with either alkali, acid, boiling 

ethanol or water 

Procedure is simpler to perform Difficult to interpret data 

No separation of biomass from 

supernatant required 

Sample matrix complex 

Total quantification of both 

intra and extracellular 

metabolites 

High salt content in samples 

Non-specific Metabolites are too dilute 

leading to poor detection and 

quantification 
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by transferring a filter from an agarose plate into cold quenching solution. Bolten and co-

workers used the fast filtration method which is only applicable if metabolites with high time 

constants are quantified (Bolten et al., 2007). Similarly, Kim and co-workers used the fast 

filtration method with a water washing step (Kim et al., 2013). Although  filtration can be quick, 

there is a risk of the filter getting blocked if the number of cells required for analysis is high 

(Dietmair et al., 2010). Glycerol-saline quenching fluid was also used (Villas-Bôas and Bruheim, 

2007) which showed reduction in leakage of intracellular metabolites compared to 

methanol/water, however the application of glycerol leads to additional problems as it is difficult 

to remove from the samples. Similarly, Link and co-workers used ATP as indicator for cell leakage 

in case of microbial metabolomics and based the analysis on recovery of adenylates both in cell 

extract and supernatant following quenching (Link et al., 2008). The authors suggested that the 

use of methanol/glycerol quenching fluid could reduce leakage of ATP as compared to the 

commonly applied methanol/water solution. However, the effect of glycerol on other 

metabolites has not yet been assessed, requiring further investigations in future. Moreover, 

analysis of ATP is just a representative of a small subset of metabolome, and results for other 

high-turnover metabolites might be different. All suggested alternative methods to cold 

methanol quenching has its own advantages and disadvantages and more importantly cannot 

be directly applied/extended to given organism. 

In order to limit metabolite leakage when cold methanol quenching is used, Faijes et al have 

suggested the inclusion of additives, which will act as a buffer or will restrict osmotic shock  

(Faijes et al., 2007). Later several researchers explored the inclusion of various buffer additives 

to the methanol quenching method to minimise metabolite leakage and reported contradicting 

results on the influence of buffers and salt concentration in the quenching solutions (Bolten et 

al., 2007, Canelas et al., 2008, Kim et al., 2013, Link et al., 2008, Spura et al., 2009). The 

commonly employed buffer additives at different concentration involves methanol 

supplemented with either HEPES, AMBIC, tricine or NaCl. Influence of these buffer additives in 

preserving the membrane integrity and therefore in minimising metabolite leakage is well 

studied for bacteria (Bolten et al., 2007, Faijes et al., 2007, Link et al., 2008, Marcinowska et al., 

2011, Taymaz-Nikerel et al., 2009), fungi (Hajjaj et al., 1998) and yeast  (Canelas et al., 2008, 

Castrillo et al., 2003, Kim et al., 2013, Spura et al., 2009). However, Canelas and co-workers 

investigated use of additives such as HEPES and AMBIC, and reported less recoveries of 

intracellular metabolites for buffered sample compared to use of non-buffered methanol in 

yeast, and suggested no additives are required for metabolome quenching (Canelas et al., 2008). 

Faijes and co-workers reported higher ATP leakage in L. plantarum when using methanol that 

was supplemented with NaCl, compared to that of 60% aqueous methanol (Faijes et al., 2007). 

On the other hand, some researchers (Canelas et al., 2008, Taymaz-Nikerel et al., 2009, Tredwell 
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et al., 2011) evaluated addition of tricine to methanol in order to reduce the osmotic shock 

during quenching, however all reports demonstrated lower recovery of metabolites in terms of 

number and concentration with use of methanol/tricine compared to that of 60% aqueous 

methanol alone. Moreover, Tredwell and co-workers reported strong interference of tricine 

with the derivatization reactions which affected GC-MS analysis and suggested use of methanol 

supplemented with AMBIC (Tredwell et al., 2011). Contrary to this, Castrillo and co-workers 

employed ESI-LC-MS/MS technique and reported higher recoveries with tricine in yeast samples 

compared to use of HEPES and non-buffered methanol (Castrillo et al., 2003). In E. coli, Taymaz 

and co-workers evaluated influence of various additives HEPES, NaCl and tricine and reported 

no significant improvement in the recovery of intracellular metabolites compared to non-

buffered aqueous methanol (Taymaz-Nikerel et al., 2009). Mashego and co-workers suggested 

use of different methods, where leakage of metabolites should be corrected by measuring the 

metabolites in both total broth and culture supernatants (Mashego et al., 2007). However 

quantification of such leaked metabolites is a daunting task and will require highly sensitive 

analytical method, as the concentration of leaked metabolites in culture supernatants is 

expected to be below 1 µM (Link et al., 2008). In addition this approach also has drawbacks 

because of the high salt content in the growth medium is likely to interfere with the MS analysis. 

To date it is not completely clear, if this leakage is a constant loss or if it is linked to biological 

parameters such as the state of the cells and length of time spent in the cold. Therefore, there 

is a need for novel optimized metabolic quenching steps in the experimental procedure in 

metabolomics for a given biological sample that can overcome all of the challenges in the field 

of metabolic quenching (Wellerdiek et al., 2009a). 

 

2.2.2 Extraction of metabolites 

 

Due to the diverse physicochemical properties of metabolites, the identification of an optimal 

extraction solvent to quantitatively extract all intracellular metabolites represents a major 

challenge in metabolomics. Different procedures and a range of extraction solvents have been 

used till date which includes acids, bases, organics, alcohols, water and the usage of hot or cold 

temperatures. However, each extraction condition and solution may favour a set of metabolites 

and certain cell types (Dietmair et al., 2010).  

In order to achieve efficient extraction, it is essential that the sample is homogenised. This can 

be achieved by various techniques such as liquid N2 grinding with a pestle and mortar (Erban et 

al., 2007), milling with vibrational mill with chilled holder (Weckwerth et al., 2004a), sonification 

and freeze-thaw cycle with the use of liquid N2 and dry ice (Roessner et al., 2001). Various 
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techniques have been used in order to increase the efficiency of extraction and these include: 

supercritical fluid extraction (Chen et al., 2008, Huie, 2002), microwave assisted extraction 

(Brachet et al., 2002, Kaufmann and Christen, 2002, Proestos and Komaitis, 2008), and 

pressurized liquid extraction (Barbero et al., 2006, Benthin et al., 1999, Ong, 2002).  

Extraction with boiling ethanol is capable of extracting a wide set of metabolites from glycolysis, 

TCA cycle and pentose phosphate pathway. However Mashego et al suggested that, it is still 

essential to classify the extraction protocols, in order to target classes of like metabolites 

(Mashego et al., 2007). For example, polar solvents for the extraction of polar metabolites, non-

polar solvents for extraction of non-polar metabolites, acids for extraction of acid stable 

ƳŜǘŀōƻƭƛǘŜǎΣ ŀƭƪŀƭƛΩǎ for extraction alkali stable metabolites, low temperature for thermo labile 

metabolites high temperature for thermo stable metabolites.  

In the case of microbial metabolomics, it has been (Prasad Maharjan and Ferenci, 2003a) 

suggested that cold methanol/water extracted more metabolites from E. coli, whereas it was 

suggested later (Rabinowitz, 2007) that extraction with this solvent mixture causes marked 

decomposition of nucleotide triphosphates, Additionally, they used the extraction with acidic 

acetonitrile for microbial samples which minimized loss of high energy metabolites and their 

conversion into low-energy derivatives. Hiller et al demonstrated that extraction with buffered 

hot water (30 mM triethanolamine, pH 7.5, 95°C) results in more reliable metabolite extraction 

in comparison to buffered ethanol, unbuffered hot water or perchloric acid for E. coli 

metabolomics (Hiller et al., 2007a). Yanes et al explored the influence of solvent polarity, 

temperature and pH, while extracting both polar and non-polar metabolites, and concluded that 

hot polar solvents are most efficient for this purpose (Yanes et al., 2011). Recently, Duportet et 

al compared different chemical extraction methods coupled to sonication for different microbial 

cell types including gram positive bacterium, gram negative bacterium, yeast and filamentous 

fungus, and concluded that different chemical extraction methods yield significantly different 

metabolic profiles (mainly due to polarity of solvents used), therefore it is essential to identify 

chemical extraction method using one or more organic solvents as an extraction agent for a 

given biological sample (Duportet et al., 2011). Canelas et al used an approach of addition of 13C-

labeled internal standards at different stages of the sample treatment process, which is useful 

in determination of metabolite recoveries (Canelas et al., 2008).  

In the case of mammalian cells optimization of extraction protocols was performed by fractional 

factorial design, based on the evaluation of different conditions on different response variables 

(Ritter et al., 2008).  Recently, Dietmair et al compared 12 different extraction methods with 

respect to mammalian cells and concluded that cold extraction using 50% acetonitrile was the 

best method  (Dietmair et al., 2010). 
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In the case of micro-algal metabolomics, the combination methanol:chloroform:water not only 

yields superior recoveries of amino acids, organic acids, and sugar alcohol but also adequately 

recovers phosphorylated compounds in comparison with methanol extraction methods (Jensen 

et al., 1999, Smits et al., 1998, Villas-Bôas et al., 2005a). Lee and Fiehn tested five different 

extraction solvent system with respect to C. reinhardtii which include 

methanol:chloroform:water (5:2:2) as published for plant organs (Gullberg et al., 2004a, 

Weckwerth et al., 2004a), methanol: isopropanol: water (5:2:2), 100% methanol (Villas-Bôas et 

al., 2005a), acetonitrile: isopropanol: water (5:2:2) as published for blood plasma (Fiehn and 

Kind, 2007), and methanol: chloroform: water (10:3:1) which previously found to be most 

suitable for C. reinhardtii (.ǀƭƭƛƴƎ ŀƴŘ CƛŜƘƴΣ нллр). In addition to this two alternative methods 

for cell disruption were also tested for efficiency of extraction which include use of mixer mill 

with glass beads and use of single 5 mm i.d. steel ball widely used in plant tissues. Authors 

concluded use of methanol:chloroform:water (5:2:2) coupled to steel ball milling for cell 

homogenization was the most efficient extraction method. Recently, Shin et al carried out 

evaluation of extraction methods for global metabolic profiling of gram negative marine 

bacterium Saccharophagus degradans which is capable of degrading wide range of 

polysaccharides, which enables its application to the saccharification of lignocellulose and 

marine microalgae for biofuel production (Shin et al., 2010). The evaluation criteria used was, 

the number of peaks detected for each extraction solvent, the peak intensity of structurally 

identified compound, and the reproducibility of metabolite quantification. Authors 

demonstrated that acetonitrile:methanol:water (2:2:1) and water: isopropanol: methanol 

(2:2:5) were found to be superior extraction solvents.  

Hence for the unbiased analysis of metabolites it is essential that all metabolites need to be 

completely, non-selectively and reproducibly extracted by avoiding their degradation (e.g., 

chemical, thermal) and conversion to other metabolites (e.g., due to enzymatic activity). For 

global metabolite profiling, the ideal extraction solvent should cover a broad range of chemical 

properties of metabolites, and should be capable of extraction of all metabolites in high yield 

regardless of their chemical class and in addition the resulting sample matrix should be 

compatible or amenable to the analytical method of choice (Dietmair et al., 2010, Mashego et 

al., 2007, Prasad Maharjan and Ferenci, 2003a, Shin et al., 2010, Villas-Bôas et al., 2005a). 

However it is impossible to generate such an extraction solvent, hence it is essential to acquire 

an optimal solvent system to develop a method with high extraction efficiency and 

reproducibility for a given biological sample (Canelas et al., 2008, Gullberg et al., 2004a, Shin et 

al., 2010). Completeness of extraction cannot be determined theoretically, as no one knows 

initially the number of metabolites present in the cells, hence determining the extent of 

metabolite degradation and efficacy of method should be tested to validate the optimal method. 
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Efficacy can be tested by comparing the different methods for the identical biological sample, 

whereas extent of metabolite degradation and the absence of enzyme activity can be tested by 

metabolite recoveries, by means of spiking or standard additions, which will give information on 

metabolite degradation (metabolite-specific recoveries much below 100%) and inter-conversion 

(metabolite-mixed recoveries above and below 100%). 

However several authors reported that it is essential to identify the optimal extraction condition 

with respect to the biological system considered for research study (Hiller et al., 2007a, Mashego 

et al., 2007, Oldiges et al., 2004). Different groups of metabolites have different extraction 

efficiencies, hence method optimization should be based not only on a few compounds, as seen 

in the previous studies, but rather on a broad range of metabolites (Dietmair et al., 2010). It is 

also essential to validate the performance of different extraction techniques available by 

utilizing methods described above with respect to microalgal species which has not been seen 

in the past literature. 

 

2.2.3. Metabolite analysis 

 

Historically, spectrophotometric assays capable of detecting single metabolites or by simple 

chromatographic separation of mixtures of low complexity were used for the measurement of 

metabolites. However, over the past decade, several analytical methods have been developed 

offering both high sensitivity and accuracy for metabolome analysis (Lisec et al., 2006). 

 

2.2.3.1.  Direct detection methods 

 

2.2.3.1.1 NMR 

In the case of more concentrated metabolites, NMR has been widely used in the past and has 

significantly contributed to the metabolite profiling studies (Gowda et al., 2008, Lindon et al., 

2004, Serkova and Niemann, 2006). NMR offers many advantages including high information 

content of resulting spectra, non-destructiveness, the relative stability of the resulting chemical 

shifts, the ease of quantification of multiple classes of metabolites and the lack of any need to 

pre-select the conditions employed for the analysis. One dimensional NMR laid the foundation 

of metabolomics studies, which offers an array of detection schemes that can be tailored to the 

nature of the sample and the metabolic problem that needs to be addressed. However 

complexity of the NMR spectra limits the identification of metabolites. Several attempts were 

made to improve peak assignments with the help of a metabolite database. However, it is still 
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inadequate for a complete and unambiguous assignment, particularly for metabolites at lower 

concentrations. In addition, NMR has a low sensitivity compared to MS and suffers from 

overlapping signals, leading to smaller number of absolute identifications. The hyphenation of 

NMR with HPLC can increase its efficiency by reducing the co-resonant peaks and improving the 

dynamic range, but their use still remains limited by low throughput and difficulties associated 

with metabolite identification (Bacher et al., 1998, Martin et al., 2007, Scalbert et al., 2009). 

 

2.2.3.1.2 FTICR MS  

FTICR has great potential to unravel metabolomes. This technique is capable of identifying many 

metabolite classes simultaneously without the need for chromatographic separations. It has 

been described for metabolome analysis of plant extracts and characterization of lipo-

oligosaccharides (Leavell et al., 2002). 

 

2.2.3.1.3 DIMS 

DIMS provide the high-throughput metabolic fingerprinting and foot printing analyses in which 

sample are directly injected in a flow injection mode into mass spectrometers without any prior 

separation (Vaidyanathan et al., 2002). Direct infusion is often employed with ESI-MS analysis 

for rapid characterization of organisms, cells or tissues for foot printing purposes  (Vaidyanathan 

et al., 2001). This techniques has also been described for profiling of secondary metabolites in 

plants and fungi (Villas-Bôas et al., 2005b). 

 

2.2.3.1.4 MALDI-MS 

MALDI-MS has not been widely used for metabolomics, due to interference from matrix ions in 

the low molecular weight range. However, introduction of 9-aminoacridine as a matrix has been 

shown successful application of this technique in quantitative detection of metabolites in 

negative ion mode (Edwards and Kennedy, 2005). Later to assess the performance of this 

method, a metabolite cocktail was spiked with different concentrations of single metabolites, 

which lead to conclusion that changes in the concentration of one analyte is often influenced 

the quantification of other metabolites (Vaidyanathan and Goodacre, 2007).  

However, FTICR-MS and DIMS are preferred techniques for metabolic fingerprinting, as they 

require minimal sample preparation and provide high throughput analysis. However the spectra 

obtained is very complex and elucidation of such spectra is very complicated task (Koek et al., 

2010). 
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2.2.3.2.  Separation based techniques 

 

2.2.3.2.1 Separation by chromatographic techniques 

In the case of metabolites having lower concentration, sequential approaches of concentration, 

separation and detection methods are commonly employed. Separation can be achieved by the 

use of chromatographic or electrophoresis methods, such as GC, LC or CE. Separation by GC can 

be applied for those metabolites which have high vapour pressures or can be derivatized to form 

volatile products. A major disadvantage of GC for metabolic profiling is that, non-volatile 

compounds cannot be determined and requires time consuming derivatization procedures to 

render them volatile. LC can be used for the separation of non-volatile metabolites, which makes 

up most of the metabolome. RP-HPLC has been widely applied for separation of non-volatile 

metabolites at lower concentration and varying polarities, however as compared to GC 

separation; this method is time consuming, has low resolution and does not adequately address 

the hydrophilic component of the metabolome (Asbury and Hill, 2000). Recently, UPLC has been 

introduced to overcome these limitations, with small diametŜǊ όҖн ҡƳύ ǇŀŎƪƛƴƎΩǎ ŀƴŘ ǘƘŜ ƴƻǾŜƭ 

silicoethyl bonded phase, thus linear mobile phase velocities of up to 10 mm/s can be achieved 

without sacrifice in resolution . Apart from these chromatographic techniques, CE can also be 

used for the efficient separation of cations and anions and/or hydrophilic metabolites in the 

metabolome, but it is too slow and can take up to 16 hours for some separations. Furthermore, 

the buffers used are not readily compatible with the ion source of MS.  

After chromatographic or electrophoretic separation of metabolites, identification of 

metabolites is achieved by MS (Dwivedi et al., 2008). MS is generally employed in combination 

with pre-fractionation methods, such as GC, LC and CE to reduce the complexity of target sample 

before MS or tandem MS analysis.  

 

2.2.3.2.2 Detection by Mass spectrometry (MS) 

Mass spectrometry is a well-established technique for the analysis of diverse chemicals and bio-

molecules on the basis of their mass to charge ratio (m/z). Over the last decade, MS has secured 

a pinnacle position and holds additional promise for the advancement of metabolomics based 

upon sensitivity, selectivity, relative cost and depth of coverage. The MS based hyphenated 

techniques combine chromatographic techniques for separation of metabolites based on their 

physicochemical properties coupled to mass detection with mass spectrometry.  
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MS instrumentation 

Typical mass spectrometer consists of an ionization source, mass analyzer and detector as 

shown in figure 2.2; 

 

Figure 2.2 General flow chart for mass spectrometry (figure modified from Feng et al., 2008). 

 

Mass spectrometers operate in a four step process. Following the sample introduction, ions are 

generated in an ion source, at vacuum pressures, in order to create charged species, a 

requirement for the separation of ions according to mass-to-charge (m/z) ratio. Subsequently 

separation, in space or time, of ions based on their m/z ratio occurs in a mass analyzer, followed 

by detection of ions either physically at a detector as an ion current or by the detection of orbital 

frequencies as image currents. 

 

Ionisation sources 

In MS, there are two types of ionization techniques, hard ionization techniques which result in 

a large amount of fragmentation of the analyte and soft ionization techniques which result in 

little ion source fragmentation and molecular ion peaks. Ionization methods can be further 

classified on the basis of the source of the ions, either in the gas-phase, by desorption or in a 

spray. In gas-phase sources, the sample is directly converted to gaseous ions and this mode is 

applicable to compounds with molecular masses of less than 103 Da. The electron impact 

ionization and chemical ionization methods employ gas-phase sources and can be easily coupled 

with GC, but not with LC. In desorption methods, the sample in either gas or liquid state is 

converted to gaseous ions and is applicable to analysis of much higher masses e.g. MALDI. Lastly, 
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the spray sources involves ionization of an aerosolized spray, which are commonly employed in 

techniques such as atmospheric pressure chemical ionization (APCI) and electrospray ionization 

(ESI).  

 

Analyzers  

In time of flight (TOF) mass analyzer, all ions having the same charge are imparted with the same 

kinetic energy by acceleration through an electrical field and are then allowed to drift freely 

through a vacuum tube. As all ions have the same kinetic energy, the lighter particles will 

transverse the flight tube faster than heavier particles, thus allowing separation of ions based 

on m/z. The TOF mass analyzers have several advantages over quadrupole and 3D ion traps 

because they have a wide mass coverage. It provides greater sensitivity by detecting all ions 

simultaneously rather than scanning mass ranges as is the case with many quadrupole 

instruments, thus prior knowledge of the metabolites to be detected is not required, as would 

be required for Q-TOF and triple quadrupole instruments in tandem MS. It has high acquisition 

rates greater than 100 Hz, thus it is suitable for sampling of data points across chromatographic 

peaks. It also provides accurate mass measurement of the molecular ion, with typical mass 

accuracies of less than 5 ppm. The hybrid Q-TOF instrument provides two routes to identify 

metabolites. First route involves accurate mass measurements of the molecular ion while the 

other provides accurate mass measurements of the precursor (molecular) and product ions 

using tandem mass spectrometry (MS/MS). FTICR mass spectrometers are well known to 

provide higher mass accuracy and mass resolution, but they are very expensive. However recent 

developments in Q-TOF instruments serves as a cheaper alternative to that of FTICR MS and are 

capable of providing higher mass accuracy, sensitivity and dynamic range (Dunn, 2008). 

 

Detectors 

The most commonly used detectors in MS are the electron multiplier and Faraday cup. Faraday 

cups are highly accurate, as the current produced is directly proportional to the number of ions, 

whereas it has less sensitivity as compared to electron multiplier because no amplification of 

signal takes place in Faraday cups (Dunn, 2008). 

In conclusion, coupling of high-resolution separations to MS can also substantially increase the 

depth-of-metabolome coverage, add an additional dimension for metabolite identification, and 

enhances the biological context through more rigorous identification of a greater number of 

metabolites (Bedair and Sumner, 2008a). Hence nowadays, hyphenation of GC, LC and CE based 

separation techniques to MS are preferred over NMR and other analytical techniques, as they 

are more robust and has the potential to be applied for the analysis of more than one metabolite 

class (Dettmer et al., 2007, Scalbert et al., 2009, Van Der Werf et al., 2005).  
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2.2.4. Data export and analysis 

 

The resulting data burden arising from the complexity and richness of the metabolome is 

regarded as one of the major bottlenecks. The raw instrumental data requires processing in 

order to extract information for further analysis and interpretation. A standard extensible 

markup language (XML) format for metabolomics is, a yet to be developed. Such a development 

can provide not only standardization of quantitative data output, but also a thorough sample 

annotation, which is required for data interpretation (Dettmer et al., 2007). All analytical 

instruments generally have software for quantitative data processing but unfortunately not all 

are capable of processing very rich comprehensive metabolomics data generated by GC-MS 

and/or LC-MS. Nowadays most of the instrument companies such as Agilent, Bruker and Thermo 

have become active in producing automated data extraction tools for metabolomics, however 

these tools work only for specific type of data and data formats (Scalbert et al., 2009). Hence, 

there is need for improvements in the area of data extraction. 

 

2.2.4.1 Data processing 

 

For data processing, essentially three types of methods are available: target analysis, peak 

picking and deconvolution. The main challenges in data processing are: the amount of data, 

unbiased data processing, alignment of peaks shifted along the retention time axis and lastly 

obtaining only one entry for each metabolite (Koek et al., 2010). The GC-MS and/or LC-MS 

experiments can generate 2 general types of data or mass spectral tags (MSTs): 1) parent mass 

+ chromatographic retention time or 2) parent mass + fragment mass + chromatographic 

retention time. The identification of both known and unknown compounds is possible if these 

properties are properly documented. The processing of obtained raw sets of chromatogram 

involves noise reduction, spectrum deconvolution, peak detection and integration, 

chromatogram alignment, compound identification and quantification (Lu et al., 2011). 

The construction of mass spectral libraries and metabolite databases is essential so as to define 

the metabolome more comprehensively. The most commonly used databases for compound 

identification are NIST 08, GMD, MassBank, METLIN, MMCD, and HMDB (Go, 2010). However 

these libraries are not specific from the metabolomics perspective. In GC-MS, a number of 

research groups are developing their own metabolite mass spectral/retention index libraries, an 

example currently available is the GOLM metabolome database. The variation in the retention 

times across multiple samples can be normalized by addition of retention indices like n-alkanes 

to the sample which increases the reproducibility of chromatographic alignment. A match factor 
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greater than 70% is generally employed for a mass spectral match. Recently, NIST libraries have 

been carefully curated and available as NIST 14 with 242,477 spectra and GC retention indices 

for 82,337 compounds. However there are no mass spectral/retention index libraries available 

for 2D GC-MS (Dunn and Ellis, 2005). In LC-MS applications, these libraries are much less 

developed. Recent development of the MZmine and MZmine 2 provides important platform 

independent software for the processing of the LC-MS data in metabolomics and proteomics (Lu 

et al., 2008a).  Similarly, a web based platform known as XCMS online has been recently 

developed for analysis of LC-MS based metabolomics data which offers feature detection, RT 

correction, alignment, annotation, statistical analysis and data visualization followed by putative 

identification of metabolites against the METLIN database (Patti et al., 2012, Smith et al., 2006, 

Tautenhahn et al., 2007, Tautenhahn et al., 2008, Tautenhahn et al., 2012). 

Deconvolution makes the use of the differences in mass-spectra information between different 

metabolites to separate overlapping peaks. One of the tools, performing spectra deconvolution 

and application of retention indices is the AMDIS, which is freely available from NIST. It is most 

promising method for GC-MS, as it can handle huge datasets, automated processing, automatic 

peak alignment and provides just one quantitative value per metabolite per sample.  However, 

AMDIS is not compatible with LC-MS or CE-MS, but ESI-LC-MS data can be processed using 

component detection algorithm. Recently freely available software tool have been developed 

by (Behrends et al., 2011) for backfilling missing values obtained from AMDIS-processed GC-MS 

spectra, producing a data matrix more suitable for subsequent chemometric analysis.  

Further development of LC-MS and GC-MS mass spectral libraries with respect to mammalian 

and microalgal samples, and their applicability and availability across many research laboratories 

is essential, but not yet achieved.  

 

2.2.4.2 Data interpretation and visualisation  

 

Once raw data has been converted to a quantitative description, one can, in principle apply 

statistical tools which are commonly employed for normalization, alignment, corrections, noise 

removal and transformation of large data sets. The selection of statistical tool, in metabolomics, 

highly depends on aim of the study. For sample classification; unsupervised methods such as 

PCA, HCA or ICA are used, while for biomarker discovery, supervised methods, such as PLS, 

ANOVA or SIMCA can be used. Data normalization and data transformations are used to 

minimize the impact of variability of high intensity peaks. Each sample is usually normalized to 

the sum of its intensities, while transformation is intended to reduce high intensity values but 

keep low intensity values (Dettmer et al., 2007). The widely used pattern recognition tools are 
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PCA and HCA, which enable the ease of comparison and visualization of similarities and 

differences between data sets. PCA is a mathematical procedure that transforms a number of 

possibly correlated variables into a smaller number of uncorrelated variables called principal 

components, which are linear combinations of the original variables (Hotelling, 1933, Lu et al., 

2011). To gain further insight into data characteristics such as p-value, fold change, retention 

time, m/z ratio and signal intensity of all detected features, cloud plot visualization tool have 

been recently developed by the XCMS online platform (Patti et al., 2012). 

 

2.2.4.3 Metabolite identification 

 

In order to extract the biological context from the data, it is essential to identify the metabolites. 

Metabolites should be identified or classified as either, unknown, belonging to a certain 

chemical class, putatively identified by a match to a database MST or confirmed with an 

authentic standard. Recently the Metabolomics Standard Initiative (MSI), proposed a guideline 

for the identification of non-novel metabolites, in which a minimum of two independent and 

orthogonal data relative to an authentic standard compound analyzed under identical 

experimental conditions are proposed as necessary for metabolite identification (Fiehn et al., 

2007, Sansone et al., 2007). Metabolites can also be identified by a library search. The largest 

spectra libraries are available from Wiley and NIST 14. 

Recently the first draft of minimum standard reporting requirements for biological samples in 

metabolomics experiment was proposed and this has allowed the scientific community to 

evaluate, understand, repeat, compare and re-investigate metabolomics studies (Fiehn et al., 

2006, Sumner et al., 2007, van der Werf et al., 2007). However this approach has not been widely 

used in mammalian and microalgal metabolomics and requires further attention. 

 

2.3 GC-MS and LC-MS based metabolomics 

 

2.3.1 GC-MS based metabolomics 

 

GC-MS is one of the most widely used analytical techniques in metabolomics. It combines the 

high separation efficiency and resolution of capillary GC that is essential for complex metabolic 

profiling with the high sensitivity of mass selective detection. A wide range of volatile and/or 

derivatized non-volatile metabolites can be analyzed qualitatively and quantitatively with high 

analytical reproducibility and at lower costs compared to LC-MS and CE-MS. Coupling of GC to 

quadrupole MS, provides high sensitivity and a wide dynamic range but it has nominal mass 
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accuracy and slow scan speed. These limitations can be overcome by GC-TOF-MS, which is 

widely used in metabolic profiling as it offers higher mass accuracy and mass resolution. 

Furthermore, it offers high scan speed essential for adequate sampling of high-resolution 

chromatographic peak widths in the range of 0.5 to 1 s which also facilitates the implementation 

of fast GC methods, thus reducing the analysis time and increases the productivity. However a 

major disadvantage associated with GC-MS is the requirement of analyte volatility and thermal 

stability, which incorporates derivatization steps in analysis, which are time consuming. 

Derivatization introduces an additional source of variance to the experimental procedures and 

increases complexity of data, as a single metabolite can produce multiple derivatized metabolite 

peaks (Dunn, 2008).  

The derivatized samples are then introduced into the GC capillary column which provides high 

resolution and peak capacity, through split or split less injection mode. GC columns are silica 

capillaries that have lengths between 10-60 m with internal diameter between 100-500 µm, 

coated externally with an imide layer to reduce column fragility and internally with a liquid 

stationary phase of siloxane of thickness 10-50 µm. In metabolomics DB5 or DB17 columns are 

generally employed which contains a 95/5 mix of methyl/phenyl groups and a 50/50 mix of 

methyl/phenyl groups respectively. Separation can be achieved by non-polar stationary phase 

that separates analytes according to their boiling point and polar stationary phase that separates 

analytes based on their polarity (Bedair and Sumner, 2008a, Dunn, 2008). However, for complex 

biological samples, peak capacities, resolving power and depth of metabolome coverage can be 

further increased by the use of 2-D GC (GC x GC), that utilizes two columns having different 

ǎǘŀǘƛƻƴŀǊȅ ǇƘŀǎŜ ǎŜƭŜŎǘƛǾƛǘȅΩǎ ŀƴŘ ŀǊŜ ŎƻƴƴŜŎǘŜŘ ǎŜǊƛŀƭƭȅΦ {Ƴŀƭƭ ǇƻǊǘƛƻƴǎ ƻŦ ǘƘŜ ŜŦŦƭǳŜƴǘ ŦǊƻƳ ŀ 

first-dimension column, usually non-polar, are continuously trapped and released via a 

modulator onto the second column, usually more polar, for further separation. Therefore, two 

metabolites of similar volatility but different polarity can be separated. This mode of separation 

provides higher sensitivity and wider dynamic range as compared to 1-D GC. In order to acquire 

sufficient data points across the sharp narrow peaks, 2-D GC, is often coupled with TOF-MS. 

However, the data generated by GC x GC-TOF-MS is large and complex requiring the use of 

chemometric methods in order to gather the information from these profiles, using multivariate 

tools like PCA, HCA, PLS-DA, Fisher ratio and PARAFAC. PARAFAC provides a fully deconvoluted 

mass spectrum as an aid to convert raw data to biological significance (Dunn, 2008, Zhang et al., 

2008). 
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2.3.1.1 Sensitivity of GC-MS 

 

Intracellular metabolites are present at low concentrations and therefore the detector has to be 

highly sensitive.  Analytical sensitivity is dependent on choice of the mass analyzer, the data 

acquisition mode (full scan/SIM), and the chromatographic setup. In SIM mode, TOF-MS and ion 

traps provide higher sensitivity, however the dynamic range is lower than for quadrupoles 

operated in SIM mode. The full scanning mode requires sufficient number of data points, in 

order to describe the chromatographic elution profile adequately. SIM mode is more sensitive 

for quantitative analysis of isotopes; however it is not the method of choice for metabolite 

profiling. The sensitivity also depends on the injection techniques used. Split-less injection is 

most commonly used for quantitative analysis of low concentration [0.1-50 ppm (ng/µL)] and 

very dilutes samples, whereas split injection methods are non-quantitative and generally 

employed for target analysis (Chen et al., 1998, Kopka et al., 1995, Villas-Bôas et al., 2005b). 

 

2.3.1.2 Reproducibility of GC-MS 

 

The major sources of variability in GC-MS analysis are caused by the analytical methodology 

(chromatography, detection and stability of derivatized samples); and the sample preparation 

(sampling, quenching, extraction, and concentration). Reproducibility of retention indices 

between GC columns from different manufacturers allows transfer of libraries between GC 

columns, however production of reproducible fragmentation mass spectra on different 

instruments is difficult and is a major limitation to the development of these libraries (Dunn, 

2008). The application of CID is more variable across different instruments when compared to 

the higher reproducibility of fragmentation patterns with EI ionization acquired on different 

instruments. Hence use of multiple collision energies are recommended for the construction of 

MS/MS libraries, as the precursor ion of one metabolite may extensively fragment at a given 

collision energy whereas a separate metabolite may not produce significant fragmentation of 

the molecular ion at the same collision energy. Large standard deviations may be observed if 

the derivatized samples are not sufficiently stable (within 24 hrs). Use of cold tray at the GC auto 

sampler could reduce the variations caused by loss of sample due to evaporation. The sample 

to sample variation can be minimized by use of internal standards, by adding it to sample as 

early as possible in the process. Typical internal standards used are synthetic compounds such 

as N-ƳŜǘƘȅƭŀƴƛƭƭƛƴŜ ŀƴŘ рʰ-cholestane, which should not exhibit significantly higher or lower 

boiling points than the analytes, and should not interfere with the metabolites present in the 

sample (Villas-Bôas et al., 2005b). 
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2.3.1.3 Derivatization  

 

The primary requirement for GC-MS analysis is that analyte must be volatile and thermally 

stable. Short-chain alcohols, esters, and low molecular weight hydrocarbons and lipids meet 

these requirements; however majority of the metabolites which includes, amino acids, organic 

acids and sugars are highly polar and non-volatile, thus requires chemical derivatization at the 

functional group in order to reduce their polarity, render them volatile and increase their 

thermal stability prior to GC-MS analysis (Dettmer et al., 2007, Wittmann, 2007). To date, the 

commonly used derivatization methods for GC-MS analysis of metabolites involves silylation, 

alkylation or acylation reactions which are simple and lead to high yield with efficient conversion 

of non-volatile analyte to volatile derivative. In alkylation, silylation and acylation reactions the 

functional groups such as ςCOOH, -OH, -NH and ςSH can be derivatized (Wittmann, 2007). 

Silylation reactions involve replacement of the active hydrogen by an alkylsilyl group 

[trimethylsilyl (TMS)] with formation of TMS ethers, TMS esters, TMS sulfides or TMS amines. 

The formed silyl derivatives shows better thermal stability, higher volatility and can produce 

more distinct MS spectra as compared to their underivatized precursors. In metabolomics, the 

predominantly used reagents for trimethylsilylation are BSTFA (N, O-bis-(trimethylsilyl)-

trifluoroacetamide) and MSTFA (N-methyl-tri-methylsilyltrifluoroacetamide). The problem with 

BSTFA is, the leaving group is trifluoroacetamide, which is responsible for causing interference 

with early eluting peaks, whereas, comparable in silyl donor strength, MSTFA is the most volatile 

of the TMS acetamides and therefore preferred over BSTFA for GC-MS analysis. In certain cases, 

1% trimethylchlorosilane is also added as a catalyst. The disadvantage with silylation is its 

sensitivity to water, which requires that reaction must be carried out under anhydrous 

conditions and that derivatized samples must be stored in a dry environment, in order to prevent 

degradation. In addition to this, silylation reactions are also responsible for conversion reactions, 

as arginine is being converted into ornithine by reaction with MSTFA or BSTFA (Bedair and 

Sumner, 2008a, Dettmer et al., 2007). Alternatively t-butyldimethylsilylation (TBS) derivatives, 

can be used in addition to trimethylsilylation, which are less sensitive to moisture than TMS 

derivatives, however TBS derivatives have higher molecular mass than TMS derivatives, which 

often leads to higher degree of partial derivatization in compounds with  multiple functional 

groups due to steric hindrance. Alkylation and esterification have been used but they can 

derivatize a narrower range of metabolites than silylation (Bedair and Sumner, 2008a). As a 

result silylation is preferred in metabolomics over other available alternatives.  

In addition to this, hydroxylamine or alkoxyamines are also used to transform carbonyl groups 

to corresponding oximes in order to stabilize the reducing sugars in the open-chain 
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ŎƻƴŦƻǊƳŀǘƛƻƴ ŀƴŘ ŀƭǎƻ ǘƻ ǇǊŜǾŜƴǘ ǘƘŜ ŘŜŎŀǊōƻȄȅƭŀǘƛƻƴ ƻŦ ʰ-ketoacids. Depending upon the 

orientation at the carbon-nitrogen double bond, oximes derivatives can be formed as syn  and 

anti-isomers that can be chromatographically resolved, leading to two GC peaks for each 

compound (Bedair and Sumner, 2008a, Dettmer et al., 2007). For identification purposes, 

alkoxyamines are preferred over hydroxylamines (Fiehn et al., 2000). 

The two-step derivatization procedure is most commonly utilized for GC-MS metabolite 

profiling, in order to obtain broad coverage of the metabolome, which include methoximation 

followed by silylation. So in the first step alkoxyamines convert carbonyl groups to oximes as 

described above, while in the second step, the active hydrogen in polar functional groups is 

replaced with trimethylsilyl group by silylation with MSTFA.  

In the past, attempts have been made to study the influence of oximation temperature and time 

followed by silylation with MSTFA (with 1% trimethylchlorosilane) and variation of silylation 

temperature, amount of reagent, and addition of co-solvent such as hexane, acetonitrile. The 

derivatization efficiency study with respect to plant metabolomics was carried out by (Gullberg 

et al., 2004a) by using reference compounds and concluded that methoximation with 

methoxyamine in pyridine for 17 hours at room temperature, followed by silylation with MSTFA 

for 1 hour at room temperature to be the optimum derivatization procedure. 

More recently, (Koek et al., 2006) conducted an experiment with respect to microbial 

metabolomics, in order to calculate the derivatization efficiency, by using a set of n-alkanes as 

reference compounds. Several parameters were tested including the choice of derivatization 

solvents (i.e., acetonitrile, dimethylforamide, dimethyl sulfoxide, pyridine, tetrahydrofuran), 

oximation reagents (hydroxylamine, ethoxyamine), silylation reagents (BSA, MSTFA, BSTFA and 

a mixture of trimethylsilylimidazole/BSA/trimethylchlorosilane 3:3:2 v/v), derivatization times 

(15-90 min), and temperature (30-70°C).  

Moreover, in view of analytical performance of different metabolites which is mainly governed 

by the stability of the silylation product after derivatization, Koek and co-workers, classified 

metabolites based on their derivatization efficiencies, where authors demonstrated higher 

derivatization efficiencies for metabolites containing hydroxylic and carboxylic functional groups 

such as organic acids and sugars. Results for these metabolites showed higher derivatization 

efficiencies (60 ς 115%), analysis of repeatability (RSDs < 5% in cell extracts) and reproducibility 

(RSDs 8 ς 14%). Metabolites containing amine or phosphoric functional groups showed 

satisfactory derivatization efficiencies (30 ς 110%), repeatability (1 ς 7%) and reproducibility 

(10%), whereas metabolites with amide, thiol, or sulfonic functional groups were found to be 

difficult to analyse with the silylation reagents (Koek et al., 2006). Similar conclusions on these 

metabolite classes with the use of silylation reagents were reported by Gullberg and co-workers 
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(Gullberg et al., 2004a) as that of Koek and co-workers (Koek et al., 2006) with respect to 

derivatization efficiencies and application range.  

Recently, the source of bias in GC-MS based metabolomics was discussed briefly by (Mishur and 

Rea, 2011). The authors suggested that bias in metabolomics occurs in two forms. Type A bias 

which are universal and affect all the metabolites equally and can be corrected by the addition 

of an internal standard, whereas type B bias, are those which affect individual metabolites 

differently. They concluded that the primary source of bias in GC-MS is the sample derivatization 

step, which introduces both Type A and to a greater extent Type B bias. Therefore it is essential 

to ensure that enough derivatizing agent and optimum experimental conditions exist for the 

efficient derivatization of hundreds to thousands of organic compounds with a variety of 

functional groups all competing for the same reagent. In addition the correct duration and 

temperature also needs to be identified in order to ensure complete derivatization step, as 

incomplete derivatization of compound with multiple functional groups may result in eluting 

multiple peaks for the same metabolite. 

Few derivatization efficiency studies have been conducted with respect to plant and microbial 

samples, and methods have been optimized with respect to them, however there is no evidence 

of such studies in the literature with respect to microalgal metabolomics. 

 

2.3.2 LC-MS based metabolomics 

 

The LC-MS platform in metabolomics offers several advantages over GC-MS, such as operation 

at lower analysis temperature, thus enabling analysis of thermo labile metabolites which often 

degraded during GC analysis. More importantly LC-MS analysis does not require chemical 

derivatization, thus simplifying the sample preparation steps and identification of the 

metabolites. Ionization in the positive ion mode (amines and amino acids) and negative ion 

mode (sugars and lipids) leads to the detection of two sets of analytes that can differ 

significantly. Detection in both the positive and negative ion mode simultaneously is possible 

with LC-MS, thus reducing the time required for analysis and reduce bias due to injection errors. 

However, the major disadvantage of LC-MS is ion suppression, which can be overcome to some 

extent by miniaturization of ESI to nanospray ionization and by better separation of the 

metabolites. Other major drawbacks with the use of LC-MS metabolomics is contamination of 

the MS source, and adduct formation. Both have significant consequences for the robustness of 

the method and result in the lack of transferable LC-MS libraries for metabolite identification 

(Coulier et al., 2006).   
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LC operates by the passage of a liquid mobile phase through a stainless steel column packed 

with the stationary phase, silica or related small diameter particles to which the stationary phase 

is chemically bonded. The liquid mobile phase is pumped through the high resistance system, a 

mixing system for combining multiple mobile phases, the column and the detector. The most 

commonly used columns in LC separation are reverse-phase columns, such as C18 or C8, for 

efficient separation of non-polar/hydrophobic metabolites (such as aromatics, lipids, 

phospholipids and bile acids). However retention of polar metabolites on reverse-phase 

columns is not sufficient and/or often co-elute close to the column void volume, thus making 

their detection difficult with MS. This problem can be overcome by use of HILIC, which uses 

water miscible polar organic solvents, such as acetonitrile and water and offer a complementary 

metabolic profile providing greater retention of hydrophilic metabolites. In HILIC a stagnant 

water layer is established within the stationary phase and the separation is achieved by 

partitioning the analyte between that polar layer and the mobile phase.  However, greater 

metabolome coverage can be obtained by employing both reverse and HILIC phase columns  

(Dunn and Ellis, 2005). An alternative option for the analysis of hydrophilic metabolites with 

reverse phase columns is use of ion pair reagents containing non-polar moieties and as a result 

hydrophilic metabolites are retained on hydrophobic stationary phase. This approach has been 

widely applied in microbial metabolomics to study glycolysis, pentose phosphate and TCA cycle 

metabolites (Coulier et al., 2006, Luo et al., 2007a). 

Recently, UHPLC system which uses a polar mobile phase, typically consisting of water and 

acetonitrile has been introduced. Separation is achieved at relatively higher flow rate and high 

pressure, around 15,000 psi, and involve the use of column packed with sub-2-µm stationary 

phase. Reduction in the particle size, greatly enhances the chromatographic resolution and 

efficiency, thus can be applied in resolving complex biological mixtures in non-targeted 

metabolic profiling (Zhang et al., 2012). Miniaturization, such as reduced column dimension and 

reduced flow rates, increases the sensitivity in ESI-MS. Several applications of the latter in 

metabolomics and proteomics as demonstrated with Shewanella oneidensis (Bedair and 

Sumner, 2008a) have been reported. Capillary columns packed with nine different stationary 

phases were evaluated by Ding and co-workers (Ding et al., 2007) for efficient separation of 

small polar metabolites in Cyanobacterium sp. Good separation was achieved with a Synergi-

fusion-RP column with packing material having a pore size less than 0.01 µm and a surface area 

larger than 400m2/g. The separation of polar analytes can be further improved with the use of 

stationary phases which have polar functional groups imbedded in the C18 chain for better 

interaction with polar metabolites. Alternatively, long capillary monolithic columns can also be 

used as seen with metabolomics study of Arabidopsis thaliana, the use of which resulted in the 

detection of several hundred peaks (Tolstikov et al., 2003).  
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Due to complicated experimental set-up, the implementation of 2D LC-MS for metabolomics has 

lagged behind than that of 2D-GC-MS. In practice, effluents from the first column are transferred 

to the second at constant interval via automated valves equipped with multiple sample loops. 

The first column is used for the primary separation mode, usually with long analysis time and 

gradient elution, while the second column is short with a larger inner diameter, used for the 

orthogonal separation of the modulated fractions from the first dimensional separation. 

However, in order to minimize the loss in the first dimensional resolution, fast modulation is 

required, while to decrease the extra band broadening it requires a very fast second-dimensional 

separation. A recent study showed that, the loss in the first dimensional resolution can be 

minimized to 20- 30 % by employing sampling rate of less than 1.5 times the standard deviation 

of the first dimensional peaks (Schoenmakers et al., 2006). Alternatively, the use of high 

temperature > 100°C RP gradient elution chromatography, using thermally stable stationary 

phase results in a second dimensional analysis time of 20 s, thus permitting a high modulation 

rate. Recently 2D LC-ESI-TOF-MS was successfully applied for the analysis and quantification of 

Stevia rebaudiana glycosides (Pól et al., 2007). 

 

2.3.2.1 Issues and challenges in LC-MS 

 

The off-line identification of metabolites at multiple collision energies with CID is possible; 

however it is not suitable for the online identification of metabolites in LC applications. There 

are two types of artefacts introduced by the analytical system in LC-MS analysis: 1) Chemical 

noise, i.e. real peaks that are generated in the instrument or apparent changes that are 

instrument related, such as ion suppression 2) Apparent sample differences introduced by the 

experimental protocol or the data processing (Burton et al., 2008). However, it is essential to 

detect these artefacts, prior to normalization of the data by using visualization, univariate and 

multivariate tools, so that they can be identified (Burton et al., 2008). The consistency of the 

analytical results are assessed by injecting a mixture of reference compounds at regular intervals 

to assess the performance of both the chromatographic column and the mass spectrometer 

during the measurements.  Alternatively, QC samples can also be used that are representative 

of the biological samples, but this approach is not sufficient to normalize peak intensities, hence 

other normalization approaches have been developed to facilitate comparison of datasets, such 

as NOMIS or CCMN in order to overcome analytical variability. Other instrumental artefacts 

which are mainly linked to the sample acquisition order can be determined and minimized by 

randomizing the order of samples throughout the sequence of injections prior to data 

acquisition. With this approach, the only systematic differences between these samples will be 
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due to time related artefacts and, if all real classes are roughly equally represented, class effect 

should cancel out (Burton et al., 2008, Roux et al., 2011). 

However no single analytical method is suitable for the detection of all the metabolites. As the 

physicochemical properties such as pKa, polarity and size of metabolites cover a wide range, 

hence it is not possible to separate all metabolites with one separation method (GC, LC or CE). 

In addition, it is not possible to measure all metabolites with one detector. MS cannot detect all 

metabolites, as some metabolites do not ionize well under certain conditions, or their 

concentrations are too low for detection. The dynamic range of most MS is also still only 3-4 

orders of magnitude, whereas the range of concentration of metabolites in biological samples is 

often much larger. In addition to being complex, a metabolome is transient, as biochemical 

pathways are especially sensitive to stresses such as minor changes in pH, temperature, 

concentration, reaction rates, composition and location. Due to this, metabolome which is 

measured at one set of conditions will not necessarily be the same as that measured at another 

set of conditions. Hence, to fully characterize a biological system, the evolving nature of its 

metabolome must be monitored through flux analysis (Dunn, 2008, Dwivedi et al., 2008).   

Thus for the acquisition of a comprehensive metabolite profile, it is essential to set up the 

generic metabolomics platforms that can analyze the maximum number of metabolites, by 

parallel application of several techniques, using a combination of GC-MS, LC-MS and/or CE-MS 

methods.  

 

2.4 Microalgae for biofuel production 

 

2.4.1 What are microalgae? 

Algae are photosynthetic aquatic organisms. The term is often used to refer specifically to 

eukaryotic organisms, thus excluding photosynthetic bacteria (such as cyanobacteria, which are 

alsƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨōƭǳŜ-ƎǊŜŜƴ ŀƭƎŀŜΩύΦ ¢ƘŜȅ Ƴŀȅ ōŜ ǳƴƛŎŜƭƭǳƭŀǊ όƳƛŎǊƻŀƭƎŀŜύ ƻǊ ƳǳƭǘƛŎŜƭƭǳƭŀǊ 

(macroalgae). The latter category includes seaweeds. The algae are very diverse in evolutionary 

terms. The red algae and green algae belong to one group, while the others, including diatoms, 

brown algae, heterokonts, and dinoflagellates have all evolved separately. Whilst some aquatic 

photosynthetic organisms, such as sea-grasses, are more closely related to flowering plants 

(Scott et al., 2010). 

The biodiversity of microalgae is enormous and they represent an almost untapped resource. It 

has been estimated that about 200,000-800,000 species exist of which about 40,000 species 

ƘŀǾŜ ōŜŜƴ ƛŘŜƴǘƛŬŜŘΦ !ƭƎŀŜ ŀǊŜ ŎƭŀǎǎƛŬŜŘ ƛƴ ƳǳƭǘƛǇƭŜ ƳŀƧƻǊ ƎǊƻǳǇƛƴƎǎ ŀǎ ŦƻƭƭƻǿǎΥ ŎȅŀƴƻōŀŎǘŜǊƛŀ 
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(Cyanophyceae), green algae (Chlorophyceae), diatoms (Bacillariophyceae), yellow-green algae 

(Xanthophyceae), golden algae Chrysophyceae), red algae (Rhodophyceae), brown algae 

όtƘŀŜƻǇƘȅŎŜŀŜύΣ  ŘƛƴƻƅŀƎŜƭƭŀǘŜǎ  ό5ƛƴƻǇƘȅŎŜŀŜύ ŀƴŘ ΨǇƛŎƻ-ǇƭŀƴƪǘƻƴΩ tǊŀǎƛƴƻǇƘȅŎŜŀŜ ŀƴŘ 

Eustigmatophyceae). 

 

2.4.1.1 Microalgae for non-biofuel products 
 

Over 15,000 novel compounds originating from algal biomass have been chemically determined. 

Most of these microalgae species produce unique products such as carotenoids, antioxidants, 

polyunsaturated fatty acids (PUFAs), enzymes, polymers, peptides, toxins, stable isotopes, 

polysaccharides and sterols (Lamers et al., 2010a, Pulz and Gross, 2004, Wijesekara et al., 2011). 

The chemical composition of microalgae is not an intrinsic constant factor but varies over a wide 

range, depending on species and on cultivation conditions. It is possible to accumulate the 

desired products in microalgae to a large extent by changing environmental factors such as 

temperature, illumination, pH, CO2 supply, salt and nutrients. 

 

2.4.1.2 Microalgae for other biofuel products 
 

The first generation bioethanol suffered from food vs fuel dilemma whereas the second 

generation bioethanol (from lignocellulose feedstock) is associated with higher investment costs 

and still lacks economic viability for large scale production. The conversion of lignocellulose to 

biofuel is costly and resistance to degradations adds to the cost of overall biomass 

saccharification. In contrast, bioethanol can be easily produced from algal biomass through 

fermentation, as unlike plant biomass, algal biomass do not contain lignin and hence it is less 

resistant to conversions into simple sugars (Daroch et al., 2013). Furthermore, in addition to 

cellulose and hemicellulose C. reinhardtii (Choi et al., 2010) and C. vulgaris (Hirano et al., 1997) 

have high starch contents as reserve material. Therefore bioethanol from microalgal biomass 

has the potential to replace conventional gasoline. 

During photosynthesis microalgae converts water molecule into hydrogen ions (H+) and oxygen, 

and under anaerobic conditions expression of a hydrogenase enzyme which recombines H+ and 

e- (resulting from the photosynthetic electron transfer chain) resulting in H2 production. C. 

reinhardtii is considered as one of the most efficient eukaryotic producers of H2  (Amaro et al., 

2013). Thermochemical conversion of algal biomass via the gasification process have been 

shown to convert carbonaceous materials into synthetic gas (syngas) such as methane and 

nitrogen by means of partial oxidation, in the presence of air, at around 850-1000°C (Amin, 

2009). In addition, hydrothermal liquefaction under sub-critical water conditions can be 
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employed to convert wet algal biomass to crude bio-oil (Amin, 2009). Anaerobic digestion of 

microalgal biomass is also known to yield methane gas. Recently, methane recovery from post 

trans-esterified microalgal residues of Chlorella sp. coupled with optimised biomass and lipid 

production have been reported by (Ehimen et al., 2011). 

 

2.4.2 Microalgae for biodiesel production 
 

Several microalgal strains have been reported to be significantly rich in oil which can be 

converted into biodiesel. Biodiesel is a mixture of fatty acid alkyl esters which differ in chain 

length and unsaturation, obtained conventionally by trans-esterification (alcoholysis) of 

triglycerides from vegetable oils and animal fats. It is a complex mixture consisting of 90-98% of 

triglycerides by weight, small amounts of free fatty acids (1-5%), mono and diglycerides, residual 

amounts of phospholipid, phosphatides, carotenes, tocopherols, sulphur compounds and traces 

of water (Mata et al., 2010). The overall biodiesel properties are determined by properties of 

individual fatty esters. The properties of the fatty esters are determined by structural features 

which include the chain length, degree of unsaturation and branching of the chain. The latter 

have greater impact on fuel properties such as cetane number, exhaust emission, heat of 

combustion, cold flow, oxidative stability, viscosity and lubricity (Knothe, 2005). 

 

2.4.3 Lipids and fatty acids  
 

There is no such widely accepted definition for the lipids. However according to (Fahy et al., 

2005)Σ ƭƛǇƛŘǎ ŀǊŜ ŘŜŦƛƴŜŘ ŀǎ άIȅŘǊƻǇƘƻōƛŎ or amphipathic small molecules that may originate 

entirely or in part by carbanion-based condensation of thioesters such as fatty acids, polyketides 

etc. and/or by carbanion based condensation of isoprene units such as ǇǊŜƴƻƭǎΣ ǎǘŜǊƻƭǎ ŜǘŎΦέ hƴ 

the other hand, lipids are loosely defined by (Manirakiza et al., 2001)Σ ŀǎ ά! ŘƛǾŜǊǎŜ ƎǊƻǳǇ ƻŦ 

biological substances made up primarily of non-polar compounds (triglycerides, diglycerides, 

monoglycerides and sterols) and more polar compounds (free fatty acids, sphingolipids and 

phosphoƭƛǇƛŘǎύέΦ [ƛǇƛŘǎ ŀǊŜ ŎƻǾŀƭŜƴǘƭȅ ōƻǳƴŘ ǘƻ ŎŀǊōƻƘȅŘǊŀǘŜǎ ŀƴŘ ǇǊƻǘŜƛƴǎ ǘƻ ŦƻǊƳ ƎƭȅŎƻƭƛǇƛŘǎ 

and lipoproteins respectively. Lipids are broadly classified into simple and complex lipids where 

simple lipids are those which yield two types of products on hydrolysis (fatty acids, sterols and 

acylglycerols) whereas complex lipids are those which yield three or more products on hydrolysis 

like glycerophospholipids and glycosphingolipids.  

Fatty acids are the major building blocks of phospholipid and glycolipids in biological membranes 

and are widely known as fuel molecules for biofuel production. In general, fatty acids contain a 

long hydrocarbon chain and a terminal carboxylic group. On the basis of their chemical 
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properties, fatty acids are classified into two categories, saturated and unsaturated. Saturated 

fatty acids (SFAs), are solid at room temperature, in contrast unsaturated fatty acids, are liquid 

at room temperature. A fatty acid is said to be saturated when each of the carbon atoms except 

the two at the ends of the chain is bonded to two hydrogen atoms i.e. all the bonding capacity 

of the carbon is saturated with hydrogen. Examples of SFAs includes: caprylic acid, lauric acid, 

myristic acid and palmitic acid etc. The fatty acid is said to be unsaturated when two adjacent 

carbon atoms in the chain except the two at the ends of the chain is bonded to only one 

hydrogen, and a double bond exist between the pair of carbons. The unsaturated fatty acids are 

further classified into two categories: monounsaturated fatty acids (MUFAs) and 

polyunsaturated fatty acids (PUFAs). In case of MUFAs, the chain contains only one double bond 

e.g. oleic acid whereas in PUFAs the chain contains two or more double bonds e.g. linoleic acid. 

On the basis of the location of their double bonds PUFAs are further classified into omega 3 and 

omega 6 fatty acids. An omega or n notation indicates the number of carbon atoms from the 

methyl end of the acyl chain to the first double bond. Each family is derived from a specific 

essential fatty acid that cannot be made by humans, and the two families cannot be 

interconverted. The n-6 family is derived from linoleic acid (LA) whereas n-3 family is derived 

from alpha-linoleic acid (ALA).    

 

Microalgal lipids 

All marine and freshwater microalgae are primarily made up of lipids, proteins, carbohydrates 

and nucleic acid in different proportions. The microalgal lipids mainly comprise of neutral lipids 

such as triglycerides, pigments and trace amounts of hydrocarbons and polar lipids such as 

phospholipids, phosphotidylcholine, sterols, and prenyl derivatives such as tocopherols, 

terpenes and quinines. Lipid content of algae varies from 1 to 70 % of dry weight and can be 

escalated to around 90% of dry weight under controlled growth conditions. Lipid content is 

species dependent and also on the growth conditions and induced stress factors.  Recently, Mata 

et al reviewed, summarised and compared the lipid content and productivities of different algal 

species among which Dunaliella, Nannochloropsis and Chlorella species were shown to have oil 

yields between 20 to 50%, which could be further increased, suitable for biodiesel production 

(Mata et al., 2010). 

 

2.4.4 Lipid extraction 
 

The sustainability of microalgal biofuel production relies on efficient extraction of lipids. For 

microalgal biodiesel production, an ideal extraction method should be more selective towards 
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extraction of specific lipid classes and simultaneously minimise the co-extraction of non-lipid 

contaminants. The bottlenecks in microalgal lipid extraction include: 

1) Selection of suitable microalgal strain for biofuel production: For biodiesel production, the 

desired lipid fraction includes neutral lipids containing mono-, di- and trienoic fatty acyl 

chains (Halim et al., 2011). In brief, biodiesel produced from long chain FAs possess high cloud 

point, representing a bad fuel characteristic whereas biodiesel derived from short chain FAs 

have low cloud point, improved flow characteristics and are anti-oxidative (Stournas et al., 

1995). Furthermore, the overall biodiesel fuel characteristics such as cetane number, 

oxidative stability and cold flow are largely dependent on fatty acid composition of the 

microalgal species, hence selection of appropriate strain is crucial (Slocombe et al., 2013). 

2) Selection of appropriate disruption technique: The chemical complexity and the variety of 

structural robustness of algal cell wall can influence the choice of extraction technique. For 

efficient extraction, it is essential to weaken cell wall by liberation of cell wall mono- or 

polysaccharides followed by complete disruption of the cell wall prior to lipid extraction. 

Currently, there is no such disruption technique that can be widely applied to all microalgal 

species belonging to different taxonomic classes.  

3) Selection of appropriate solvent and solvent ratios: The commonly applied conventional 

protocols use solvent mixtures which include chloroform and methanol because of their 

ability to penetrate the cell wall as they have high polarity index values suggesting higher 

solubility for all polar lipid compounds. However, both the solvents are toxic, non-

environment-friendly, pose health risk to humans and are expensive. As a result many 

researchers have focused on the use of non-chlorinated solvents which are cheaper, less 

toxic, and have lesser impact on the environment compared to chlorinated solvents and 

more importantly they have nearly the same lipid extraction efficiency. However, in the past 

literature, the extraction efficiencies achieved with the use of chlorinated solvents have been 

shown to be much higher than achieved with the use of non-chlorinated solvents. In addition, 

the use of different solvent ratios with the same solvent system can also affect extraction 

efficiency. Therefore, it is essential to carefully select the optimum extraction solvent system 

and their ratios prior to use. The selected solvent system should also be evaluated for their 

selectivity towards desired lipid classes of interest with minimum extraction of non-lipid 

contaminants. 

4) Effect of pre-treatments: Pre-treatments for lipid extraction from microalgae include 

lyophilisation, inactivation of lipases and addition of an antioxidant. All the pre-treatments 

are time consuming and will incur costs when used on an industrial scale, hence it is essential 

to assess the requirement for these and the effect of them  on lipid extraction efficiency. 
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2.4.4.1 Lipid extraction techniques and methods 
 

Conventional methods 

The original Bligh and Dyer method (Bligh and Dyer, 1959) was optimised for marine tissues such 

as cod muscle and with the recommendation that the protocol should only be extrapolated to 

those samples which contain at least 80 ± 1% of water and about 1% lipid. Microalgae often have 

lipid contents greater than 10%. In spite of this, the method has been treated as a gold standard 

and is widely used for algal lipid estimation. However, it is essential to keep the actual volumes 

of chloroform, methanol and water in the proportion of 1:2:0.8, v/v/v (before homogenisation) 

and 2:2:1.8, v/v/v respectively (ratios considering the amount of water present in the wet 

sample biomass).  

The original Folch method (Folch et al., 1957) was regarded as a classical method, for lipid 

analysis in animal tissue, which was based on the assumption that the tissue/sample has specific 

gravity of water, so 1 g of tissue/sample is computed as 1 ml. Moreover, Folch method relies on 

initial homogenization of the sample with chloroform-methanol mixture (2:1, v/v) to a final 

dilution, 20 fold the volume of wet sample and later addition of water to remove non-lipid 

materials, while keeping the final ratios of chloroform-methanol-water to 8:4:3, v/v/v. 

 

Solvent extraction 

The use of toxic solvents such as chloroform and methanol on an industrial scale will have a 

great impact on the environment and will pose a threat to health. Considering toxicity of 

methanol and chloroform, attempts were made in which lipids were extracted  from plaice,  

mussel  and  herring samples using non-chlorinated solvents (Modified Bligh and Dyer method) 

as suggested previously (Smedes, 1999a), where methanol was replaced by propan-2-ol or 

ethanol and chloroform was replaced by cyclohexane or DIPE or MTBE in hexane. Among them 

propan-2-ol and cyclohexane mixture was found to be the best alternative to the chloroform-

methanol mixture. Moreover, cyclohexane has a lower density than chloroform, hence 

separates on top of the extraction mixture, making isolation of organic phase easier and 

minimises dripping losses. Another study investigated various combinations of solvents, which 

are less toxic such as MTBE, ethanol, hexane, IPA, butanol and acetic acid esters for lipid 

extraction from wild-type Synechosystis PCC 6803 (Sheng et al., 2011). The authors concluded 

that, methanol-MTBE (1.5:5 v/v) mixture was the most suitable alternative to methanol-

chloroform mixture, although it resulted in slightly lower yield than the conventional solvents, 

however it is less toxic and less harmful to the environmental as the proportion of methanol was 

reduced because of the higher proportion of MTBE used. Other solvent mixtures were 

ineffective in extracting lipids from wild-type Synechosystis PCC 6803. In another investigation  



43 
 

(Matyash et al., 2008), the use of methanol-MTBE (1.5:5 v/v) for shotgun lipidomics was 

demonstrated as an alternative with equal or better recoveries for all major lipid classes from 

mouse brain, human blood plasma, E. coli  and Caenorhabditis elegans samples. Like 

cyclohexane, MTBE has a lower density than chloroform, hence separates on top of the 

extraction mixture, facilitating better recovery and minimising dripping losses. The use of 

dichloromethane (DCM) has been recommended (/ŜǉǳƛŜǊπ{łƴŎƘŜȊ Ŝǘ ŀƭΦΣ нллу) as an alternative 

to chloroform for lipid extraction for animal and plant samples. DCM is much less hazardous, 

less toxic and cheaper than chloroform, and equal recovery of FAs to that of chloroform was 

obtained. Lee and co-workers evaluated different solvent systems for extraction of lipids from 

green alga Botryococcus braunii which included acetone-DCM 1:1, hexane-IPA 3:2, chloroform-

methanol 2:1 and DCM-ethanol 1:1 among which the use of chloroform-methanol 2:1 mixture 

resulted in the highest recovery of lipids (Lee et al., 2010). Recently, Ryckebosch and co-workers 

evaluated seven different solvent systems for lipid extraction across four different microalgal 

species and concluded that chloroform-methanol (1:1)  resulted in highest lipid yields 

(Ryckebosch et al., 2012). A recent study (Kumari et al., 2011) compared conventional methods 

with the method suggested by Cequier-Sanchez et al. (/ŜǉǳƛŜǊπ{łƴŎƘŜȊ Ŝǘ ŀƭΦΣ нллу), and 

concluded that methanol-chloroform mixture has more potential in extracting lipids compared 

to that of the DCM-methanol mixture. 

 

Bead beating 

Bead beating is the most commonly used and recommended cell disruption technique in the 

current literature. Recently, it was reported (Halim et al., 2012) that the most effective 

disruption methods  includes high-pressure homogenization, sulphuric acid treatment and bead 

beating, however the authors did not account for the energy expenses while comparing those 

methods. Similarly, Serive and co-workers evaluated nine disruption techniques on two 

microalgal species for metabolomics studies and concluded that the use of glass beads with the 

use of mixer mill was the most effective technique (Serive et al., 2012). However, in the same 

ǎǘǳŘȅΣ ǘƘŜ ŀǳǘƘƻǊΩǎ ŀōŀƴŘƻƴŜŘ ǘƘŜ ƳŜǘƘƻŘ ƻŦ ǳǎƛƴƎ ōŜŀŘ ōŜŀǘŜǊs because of excessive rise in 

temperature of the samples. The possible reasons for the higher temperatures might be due to 

the use of 2 mm i.d. glass beads, which have an upper limit of milling time and number of cycles 

as 4 minute and 4 cycles respectively, while keeping the relaxation time constant as 1 minute.  

In contrast to the above report, Ryckebosch and co-workers suggested bead beating was the 

most effective technique that yielded higher lipid contents compared to sonication and freeze-

thaw cycles with liquid nitrogen (LN2) (Ryckebosch et al., 2012). This finding was in agreement 

with that of Lee and co-workers (Lee et al., 2010). Some report suggests combined use of bead 

beating with microwave (Lee et al., 2010) or sonication bath (Breuer et al., 2013), which might 
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not be a practical solution in terms of time and cost incurred. It is clear that there is an important 

missing link while comparing these disruption techniques. There is a lack of agreement on the 

selection of the experimental parameters.  

 

Sonication 

In contrast to bead beating, the use of sonication in conjunction with deep freezing in LN2 and 

mechanical grinding has been reported (Jaki et al., 2006) as a better disruption technique for 

metabolomics studies of mycobacterial cells. Similarly the combined use of grinding, microwave 

treatment and sonication has been demonstrated (~ƻǑǘŀǊƛő Ŝǘ ŀƭΦΣ нлмн) to achieve better yields 

of lipids from microalga C. vulgaris. Recently, Araujo and co-workers evaluated and suggested 

that sonication improves the efficiency and recovery of lipids from microalga C. vulgaris  while 

investigating the efficiency of five lipid extraction methods (Araujo et al., 2013). In addition, 

Adam and co-workers reported a solvent free ultra-sound assisted extraction of fresh microalgae 

as an optimum method to extract lipids from N. oculata (Adam et al., 2012). Other studies 

(Kumari et al., 2011, Paik et al., 2009) have also incorporated sonication as an efficient disruption 

techniques for fatty acid profiling analysis of different microalgal species by GC-FID.   

 

Other lipid extraction techniques 

The other techniques widely used for lipid extraction includes: conventional Soxhlet apparatus, 

supercritical fluid extractor (SFE), thermal liquefaction, solid phase extraction (SPE), accelerated 

solvent extraction (ASE) and microwave assisted extraction (MAE). However, overall use of ASE, 

Soxhlet, and thermal liquefaction requires longer extraction times, larger solvent requirements 

and high energy inputs making them inappropriate candidates for large scale biofuel production 

from microalgae.  

MAE seems to be a more environmentally friendly option compared to ASE, Soxhlet, thermal 

liquefaction and SPE because the high heating rates effectively reduces the extraction time and 

volume of extraction solvent required. The working principle of this method has been described 

by Balasubramanian and co-workers (Balasubramanian et al., 2011). Briefly, when an oscillating 

electric field at frequencies of MHz ς GHz was applied to wet microalgal biomass containing 

water and other polar compounds, oscillations of polar molecules occurs resulting in inter- and 

intra-molecular friction coupled with the movement and collision of very large number of 

charged ions resulting in rapid heating of the sample within seconds. This subsequent 

intracellular heating causes pressurised effects resulting in rupturing of microalgal cell wall along 

with electroporation effects. MAE has several advantages over conventional extraction 

methods. In addition to the excellent recovery of interested components other key advantages 

include: ease of use, fast and shorter reaction times, single step conversion process, removal of 
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water (expensive step) is not required instead water serves as an excellent solvent for extraction 

and is non-toxic (Patil et al., 2012). Recently, (Balasubramanian et al., 2011) developed and 

optimised continuous microwave system for efficient lipid extraction from wet green alga 

Scenedesmus obliquus, where higher percentages of unsaturated and essential fatty acids were 

recovered with superior quality compared to conventional Soxhlet extraction method. Despite 

all these advantages offered by MAE, the method usually involves, the use of organic solvent 

such as hexane for microalgal lipid extraction, which is not considered to be environmentally 

friendly for industrial scale application. Moreover closed vessel MAE system poses high risk of 

injuries to analysts due to use of higher pressures, whereas polytetrafluoroethylene (PTFE) 

material used in the construction of vessels does not allow the use of high temperature and 

therefore additional cooling steps are required in order to avoid the loss of extracted volatile 

components. Open vessel systems are safer than closed vessel systems but the extraction 

conditions are less reproducible. In addition it cannot process many samples simultaneously and 

requires longer extraction times to achieve efficiency similar to that of closed vessel system 

(Tatke and Jaiswal, 2011).  

MAE seems to be a suitable candidate as it offers higher extraction efficiencies, however 

problems associated with the use of environment friendly solvent are still under investigation 

and in addition the system poses high risk to analyst dues to use of higher pressures in closed 

vessel system.  

 

2.4.5 In situ lipid extraction and transesterification 
 

Fatty acids can occur in nature in the free unesterified form, however most often fatty acids are 

found as esters, linked to glycerol, cholesterol or long chain aliphatic alcohols, and as amides in 

sphingolipids. The physical state of the lipids varies greatly, and they can be isolated as pure lipid 

classes or else remain as a mixed lipid extract (Christie, 1993). The esterification or trans-

esterification (TE) reactions are carried out either after extraction of the lipids or else they can 

be effected while the lipids are present inside the sample matrix. It is important to note that 

there is a difference between the terms esterification and transesterification. Derivative 

reactions are usually catalysed by acidic or basic media or in the presence of acid or base 

catalyst. The reactions usually occur with the following: a) free fatty acids in sample in presence 

of catalyst. The reaction is called esterification. b) Fatty acids included in complex lipids by O-

acyl bonds (ester) (such as phospholipids, triacylglycerols (TAGs)) in acid or basic media. The 

reaction is called TE or trans-methylation. TE reactions are also known as alcoholysis or 

methanolysis. As most of the fatty acids in the biological samples are included in TAGs and 

phospholipids, thereby derivatization reactions of fatty acids from such biological samples are 
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often referred to as transesterification or FAME synthesis from fatty acid mixtures (Carrapiso 

and García, 2000).  

Direct transesterification (DT) methods offer several advantages over two step TE methods 

(extraction followed by TE). In DT methods, a separate extraction step is avoided and FAs are 

simultaneously extracted and transesterified in presence of a catalyst.  

 

2.4.6 Catalysts used in TE reactions 
 

Homogeneous acid catalysed TE 

The main advantage of acid catalysed reactions are their ability to catalyse the esterification 

from samples containing higher content of FFAs (free or linked). They also have an ability to 

simultaneously catalyse both the fatty acid esterification and oil TE reactions. However, the main 

drawbacks associated with the use acid catalyst compared to base catalyst include: they are 

4000 times slower reaction rate than the base catalysed reactions, high molar ratios of alcohol 

to oil are required, and higher temperatures (60°C to 90°C) and longer reaction times. The 

commonly used acid catalysts in methanol are HCl, H2SO4 and BF3.  

In 1964, Morrison and Smith (Morrison and Smith, 1964) recommended the use of Lewis acid 

BF3/methanol as a powerful acidic catalyst for the preparation of FAMEs and dimethylacetals. It 

has potential to transesterify most lipid classes but usually longer reaction times are required. 

Subsequently, the TE efficiency of acetyl chloride/methanol and BF3/methanol was investigated 

and the results demonstrated that acetyl chloride was the most appropriate reagent (Lepage 

and Roy, 1984). In addition, severe peak tailing of solvent peak was another major disadvantage 

and this finding was in agreement with the findings of Rogiers and co-workers (Rogiers, 1977). 

Other problems associated with the use of BF3/methanol are well summarised in reviews   

(Carrapiso and García, 2000, Christie, 1993). Briefly, the BF3/methanol can be quickly destroyed 

in the presence of water, it is more toxic, expensive and has a limited shelf life even when 

refrigerated. In addition to this, it suffers from the formation of major artefacts, and the use of 

old or highly concentrated (~50%) solutions may result in loss of PUFAs. If the extract contain 

antioxidants such as BHT, BF3/methanol is known to react with BHT to produce methoxy 

derivatives which co-elute with methyl pentadecanoate or hexadecanoate in GC analysis. 

Recently, Xu and co-workers suggested the use of acetyl chloride/methanol as the best option 

compared to other reagents (Xu et al., 2010). This finding is in agreement with the findings of 

Lepage and Roy (Lepage and Roy, 1984), however the authors suggested addition of the reagent 

should be done in a dry ice bath, as addition at room temperature leads to exothermic reaction 

which can lead to the loss of PUFAs due to their lower stability and this can result in over-
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estimation of C16:0 and C18:1 FAs. On the other hand, Harmanescu et al evaluated TE efficiency 

of BF3/methanol and HCl/methanol and concluded that BF3/methanol is better, as it resulted in 

less interfering compounds and better statistical parameters compared to that of  HCl/methanol 

(Harmanescu, 2012). It is important to note that the findings are in contrast to that of Lepage 

and Roy (Lepage and Roy, 1984). However, the authors did not consider the use of acetyl 

chloride/methanol for evaluation purposes.  

 

Homogeneous base catalysed TE 

 

The main advantage of base catalysed reactions over acid catalysed reactions are, they are 

widely preferred for industrial scale application because of their higher efficiency, lower cost 

and less corrosiveness. In addition, they have faster reaction rate and require lower temperature 

and pressure conditions (Ejikeme et al., 2010). In contrast, the main drawbacks are the 

formation of soap between FFAs (content > 3%) and base catalyst. Algae usually contains as high 

as 35.1% of FFAs which make them highly unsuitable for biodiesel production from microalgae 

(Daroch et al., 2013). In addition, the post-reaction treatments to remove catalyst from biodiesel 

and treatment of the alkaline waste water is more expensive on industrial scale. The most 

commonly used alkali catalysts are NaOH, KOH, TMG and sodium methoxide (CH3ONa). CH3ONa 

is the most popular among them, because at much lower concentration about 0.5M, 98% yield 

could be easily obtained with shorter reaction time (30 minutes), but it requires complete 

absence of water, thereby making it inappropriate for industrial scale application (Ejikeme et al., 

2010). On the other hand, a special type of non-ionic base catalyst such as TMG has been 

reported in a comprehensive review by Schuchardt et al (Schuchardt et al., 1998)  to be the most 

suitable alkaline catalyst for in situ derivatization as it has the ability to react with FFAs as well.  

  

Combined: acid and base catalysed TE 

The long reaction times required with the use of homogeneous acid or base catalyst can be 

reduced drastically by sequential use of base catalyst followed by an acid catalyst. As FAs from 

TAG are saponified or trans-esterified at a faster rate using base catalyst and FFAs are then 

esterified using acid catalyst owing to their high esterifying power. Use of CH3ONa followed by 

BF3/methanol has been widely applied. Recently, Griffiths and co-workers investigated the 

sequential use of CH3ONa followed by BF3/methanol in presence of water for two microalgal 

species and concluded that 100% TE efficiency was obtained with sequential use of both 

catalysts compared to each separately (Griffiths et al., 2010). Similarly, Laurens and co-workers 

applied the standard AOAC method 991.39 to four microalgal species involving the use of 
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CH3ONa and BF3/methanol, however in this case both the acid and base catalyst were added 

simultaneously and incubated together which was in contrast to that of (Griffiths et al., 2010) 

method (Laurens et al., 2012b). However, so far sequential use of CH3ONa with acetyl chloride 

in methanol or methanolic HCl has not been applied to microalgae for evaluating FAME 

recoveries.  

 

2.4.7 Lipid determination 
 

The most popular and commonly used conventional methods include extraction of lipids by 

using single or mixed solvent followed by lipid quantification by gravimetry (weighing) or by gas 

chromatography (GC). The conventional gravimetric estimation of total lipid content has been 

in practice for many years and is still routinely used. This method usually involves lipid extraction 

by organic solvent followed by estimation of total lipid content by gravimetric determination. 

Gravimetric determinations are less time consuming and do not require specialised instruments 

such as GC or HPLC. However, the quantitative determination of lipids by gravimetry is highly 

inaccurate and could be overestimated due to the presence of non-fatty acid compounds such 

as proteins, pigments and steroids. In addition, the accuracy and precision of this method is 

dependent on the accuracy and precision of the weight and volume measurements which 

cannot be corrected with the use of an internal standard (Phillips et al., 1997). Therefore, for 

biodiesel production, where only fatty acid content of the microalgal extract is of interest, 

gravimetric determinations may not provide required accuracy.  

On the other hand, GC along with flame ionisation detector (FID) is the most popular method 

for the fatty acid profiling of lipids as compared to that of gravimetric determinations. GC is 

capable of quantifying individual fatty acids as well as the total fatty acid content in a very short 

time.  However the sample needs derivatization to volatile samples prior to GC-FID analysis, 

which is usually achieved by TE of lipid-bound FAs (TAGs and PLs) and esterification of FFAs to 

FAMEs in the presence of excess methanol and a catalyst. These procedures eliminate the 

probability of overestimation of total FA content as unlike gravimetric estimations, non-fatty-

acid substances are not detected by GC. 

The identification of fatty acids in a sample is relatively simple and is based on retention times 

of commercially available authentic FAMEs standards. However, in certain application where 

identification of complex organic compounds is essential, GC-MS is the preferred choice because 

it combines the retention time parameters determined by GC with the structural information 

provided by the mass spectrometry (MS). GC-FID with fused-silica capillary column comprising 

of polar cyanopropyl polysilphenylenesiloxane phase (70%) is the most preferred and frequently 
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used analytical methods for FAME analysis due to its high sensitivity and linear range response 

for carbon-containing compounds. 

 

Figure 2.3 A Typical flame ionisation detector design (Figure modified from 
http://www.chromacademy.com). 

 

A typical FID design is shown in figure 2.3. Briefly, a small voltage (200-300V) is applied between 

anode and cathode resulting in ion formation, as the column effluent is burned in the flame 

produced from a mixture of hydrogen, make up gas and air. The exact mechanism of ion 

production is not well characterised, however it is suggested that any hydrocarbons in the 

sample will produce carbon ions via pyrolysis and small organic fragment ions via high energy 

combustion. FID produces a constant proportional response to the number of carbon atoms in 

a molecule. Sensitivity of FID detector can be severely reduced when heteroatoms are present. 

Therefore, for quantitative determinations one should always generate calibration curves for 

each analyte in order to account for the response variations due to the nature of the 

compounds. 

 

 



50 
 

2.5 Microalgal metabolomics 
 

άaƛŎǊƻŀƭƎŀŜ ƴƻǘ ƻƴƭȅ Ǉƭŀȅ ŀƴ ƛƳǇƻǊǘŀƴǘ ŜŎƻƭƻƎƛŎŀƭ ǊƻƭŜΣ ōǳǘ are also of commercial importance 

and therefore call for an in depth knowledge of basic biological functions through 

ƳŜǘŀōƻƭƻƳƛŎǎέ (Jamers et al., 2009a). In algae, most metabolic analyses have so far been 

ŦƻŎǳǎŜŘ ƻƴ ǘƘŜ ǉǳŀƴǘƛŬŎŀǘƛƻƴ ŀƴŘ ƛŘŜƴǘƛŬŎŀǘƛƻƴ ƻŦ ǎŜŎƻƴŘŀǊȅ ƳŜǘŀōƻƭƛǘŜǎ ǿƛǘƘ economic value 

in food science, the pharmaceutical industry and public health, among others. Fatty acids, 

steroids, carotenoids, polysaccharides, lectins, polyketides and algal toxins are among the algal 

products that have been studied (Siew Moi, 2004).  

Algae are one of the most important bio-factories on earth based on their photosynthesis/CO2 

Ŭxation capacity, and rich sources of biofuels of the third generation (Wienkoop et al., 2010a). 

Not only do these organisms fix carbon dioxide, but they also have the potential to be used for 

the production of inexpensive bulk chemicals because the major inputs (light and CO2) are 

essentially free. However, to harness this potential through metabolic engineering, a deeper 

understanding of photosynthetic metabolism is required (Boyle and Morgan, 2009, Field et al., 

1998, May et al., 2008b). Bottlenecks in algal biodiesel production within the cell can be 

identified by metabolomics approaches in combination with proteomics and transcriptomics, as 

the identification of differentially expressed metabolites gives clues to rate-limiting processes in 

cell. Finally the integration of such a reliable metabolomics data will help us in identifying the 

as-of-yet missing reactions in the metabolic network which may help to fine tune algal 

properties by genetic or metabolite engineering in combination with other system biology 

approaches. 

Metabolomics also has a good potential to support environmental risk assessment of chemicals 

in future, even if the genome of a test species is not known. Kluender et al in their study showed 

that, the parallel analysis of algal growth parameters (cell volume) and metabolite composition 

indicates that metabolomics can support interpretation of well-established toxicological 

assessment parameters. The study also revealed multiple metabolic markers, responding to 

exposure, providing additional observation parameters to traditional endpoints in phytotoxicity 

assessment (Kluender et al., 2009a). Understanding toxicant induced deviations from 

developmental metabolic trajectories may help to discriminate between primary and secondary 

toxic effects.  

As metabolites are the first to react to stressors, (Jamers et al., 2009b, Kluender et al., 2009a, 

Viant, 2007b), it will be advantageous to carry out the evaluation of stress induced effects in 

microalgae in combination with multivariate data analysis. Examples of such studies, as applied 

by various researchers in past includes: evaluation of phytotoxic effects on green alga 
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Scenedesmus vacuolatus during the light phase of the cell cycle and profiling altered responses 

of gene expression or metabolite level in response to availability of macronutrients such as 

phosphate, sulphur, carbon and nitrogen in C. reinhardtii. (Kluender et al., 2009a, Lee and Fiehn, 

2008b). Recently, the metabolomics study enabled researchers to propose a working model for 

the co-ordination regulation of cellular metabolism during the induction of the carbon 

concentrating mechanism in C. reinhardtii (Kempa et al., 2009a, Renberg et al., 2010).  

These observations indicate the importance of understanding metabolic pathways and their 

underlying regulation. In particular, the increased energy burden of any new pathway, and more 

importantly, the interdependence of pathways (Scott et al., 2010). The integration of 

metabolomics data in the draft metabolic network of microalgae will help in the identification 

of missing reactions in the network. Considering the fraction of metabolites whose presence 

cannot yet be explained by the draft network, it can be estimated how incomplete the network 

actually still is.  

However very limited numbers of studies were reported on optimised non-targeted metabolic 

profiling approach that can potentially detect and quantify hundreds of metabolites, in order to 

obtain as much information as possible about key metabolites in micro algal species such as C. 

reinhardtii, N. salina and D. salina. Optimised quenching and extraction protocols with parallel 

application of optimized MS-based hyphenated techniques, will provide initial insight into the 

metabolic pathways, which will form the basis for a detailed investigation. 

 

2.6 Mammalian metabolomics 
 

Mammalian metabolomics has received special attention in recent years mainly because of its 

potential in both in vitro and in vivo oncology studies, specifically in the prognosis and diagnosis 

of cancer and for assessing the treatment efficacy by analysing cells, fluids or tissues for specific 

biomarkers. Metabolomic biomarkers are generally explored pre-clinically using animal models 

or human subjects followed by their quantification and validation in biofluids (urine, serum 

samples) or directly using tumour tissues (Mamas et al., 2011). The metabolomics workflow for 

biofluid analysis is well developed and several reports have been published for exploring tumour 

biochemistry with metabolome analysis of urine, serum, plasma, saliva, bronchial washes, 

prostatic secretions and/or faecal water (Spratlin et al., 2009). The application of metabolomics 

directly to tumour tissues is more complex and expensive as it requires microdissection 

techniques, without which the protocols could be extremely tedious, as contamination from 

surrounding stromal and epithelial cells could severely alter the metabolomics profile (Spratlin 

et al., 2009). In contrast to this, application of metabolomics directly to mammalian cell cultures 
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instead of tumour tissues, animal models or human subjects offers several advantages. The 

application of metabolomics to mammalian cell culture provides a controlled reproductive but 

relevant model without the requirement of ethical consideration for in vivo and human studies. 

Data are easier to interpret as focusing on a specific cell line reduces variability and provide a 

more constant background against which subtle metabolic changes can be identified 

(2ǳǇŜǊƭƻǾƛŏ-Culf et al., 2010). Consequently, metabolome analyses on immortalized cancer cell 

lines in cancer research is gaining momentum as a tool to understand the molecular mechanism 

of disease progression, response and resistance to therapeutics, leading to the identification of 

specific biomarkers which may assist distinguishing between normal, benign and metastatic 

cancer states (Sheikh et al., 2011). However, as reported previously there have been insufficient 

reports on the application of metabolomics in the analysis of cultured mammalian cell lines 

(2ǳǇŜǊƭƻǾƛŏ-Culf et al., 2010, YƘƻƻ ŀƴŘ !ƭπwǳōŜŀƛΣ нллт). As a result the potential of 

metabolomics in traditional and emerging biological areas have yet to be fully realized. 

Sampling and quenching methods have extensively studied in case of prokaryotes as discussed 

in section 2.2.1, but the methods cannot be simply adopted for mammalian cells due to basic 

differences in cell structure. Briefly, mammalian cells lack cell wall, and instead have a cell 

membrane which makes it more prone to metabolite leakage due to the delicate and fragile 

nature of the cell envelope compared to that of prokaryotes (Dietmair et al., 2010). As a result, 

in case of CHO cells, numerous authors (Dietmair et al., 2010, Sellick et al., 2008, Volmer et al., 

2011, Wurm and Zeng) have used various washing solutions and additives for quenching 

solutions which aid in preserving the membrane integrity by maintaining the ionic strength and 

preventing osmotic shock. However, rigorous studies demonstrating effective quenching 

methods for adherent cell cultures have been few and far between. The sampling and quenching 

of adherently grown cells is much more complicated than suspension cultures, as the former 

involves detachment of adhered cells from the bottom of the cultured flask. This might be a 

possible obstacle and deterrent for many researchers while development of sampling and 

quenching protocols for adherent cells. The detachment of adherent cells from bottom of 

culture flask is popularly achieved by either trypsinization (Beloueche-Babari et al., 2006, Lane 

and Fan, 2007) or cell scraping (Metallo et al., 2009, Yuan et al., 2012). In trypsinization, which 

is performed before quenching, the enzyme trypsin is used to cleave membrane-based integrin 

attachments and release the cells in the medium to get a suspension from which the metabolites 

can be extracted. EDTA, a calcium chelator is often added to mop up divalent cations which 

would otherwise inhibit trypsin. In cell scraping, which is performed after quenching, the cells 

are detached by mechanically lifting the cells or scrapping them off gently by means of a cell 

lifter or a scraper. In case of simultaneous quenching methods, Teng and co-workers suggested 

direct quenching and extraction of human breast cancer cells using methanol  (Teng et al., 2009). 
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Similar approach with use of LN2 was recently reported (Lorenz et al., 2011), where the authors 

recommended washing with water, direct LN2 quenching and rapid single step extraction for LC-

MS based metabolomics of adherent cultures.  Various uses of LN2 have been reported in the 

literature including for preserving mammalian cell lines, extraction of metabolites using freeze-

thaw cycles and so on; where the procedures are simple and various safety measures are 

available to conduct these procedures safely. In the case of suspension cultures, quenching with 

LN2 does not allow separation between intra- and extracellular metabolites. However in the case 

of adherent cultures, direct quenching with LN2 can be successfully applied (Lorenz et al., 2011), 

where LN2 is directly poured into culture flask or well plates. As previously reported (Teng et al., 

2009) trypsinized cells exhibit a chemical deviation from cells in their attached state and the 

effective time of incubation employed for sufficient detachment of cells by trypsin treatment 

can lead to significant cell leakage. Given differences in the cell types, metabolite leakage during 

trypsinization or cell scrapping in different cell types could be affected to different degrees. 

Apart from simultaneous quenching methods, influence of various washing steps and inclusion 

of various buffer additives to methanol quenching on extent of metabolite leakage in sequential 

quenching protocols with adherent cultures is not well documented. To date, we are not aware 

of any report except that of a very recent report by Purwaha and co-workers (Purwaha et al., 

2014), where the authors evaluated the use of buffer additives such as AMBIC, HEPES and NaCl 

and concluded that the use of methanol/AMBIC is an effective quenching solution for OVCAR-8 

cells (ovarian cancer cells). Despite potential advantages of metabolomics, there are several 

bottlenecks in sample preparation workflow for metabolome analyses of mammalian cell 

cultures, among which the most important is the development of accurate and reliable sampling 

and quenching methods.  
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3. Metabolite leakage in metabolome analyses of adherent 

mammalian cell lines  
 

3.1 Introduction  
 

Metabolome analyses has been increasingly applied to the human body fluids, for various clinical 

applications in order to define biomarkers related to the prognosis or diagnosis of a disease or 

to test drug toxicity/efficacy. These investigations provide improved understanding of the 

pathophysiology of disease or information on the therapeutic pharmacokinetics of drugs 

(Mamas et al., 2011). Metabolomics is recognised  as a valuable tool for the evaluation of the  

cellular state and the determination of structure-pathway-activity-relationships (SPARs) 

considered essential for drug discovery (YƘƻƻ ŀƴŘ !ƭπwǳōŜŀƛΣ нллт).  However, as reported 

previously there have been insufficient reports on the application of metabolomics in the 

analysis of cultured mammalian cell lines (2ǳǇŜǊƭƻǾƛŏ-Culf et al., 2010, YƘƻƻ ŀƴŘ !ƭπwǳōŜŀƛΣ 

2007). Thus the potential of metabolomics in traditional and emerging biological areas have yet 

to be fully realized. The application of metabolomics to mammalian cell culture provides a 

controlled reproducible model which can be used without the requirement for ethical approval 

for in vivo and human studies. Data are easier to interpret as the focus is on for a specific cell 

line thus reducing variability and providing a more constant background against which subtle 

metabolic changes can be identified (2ǳǇŜǊƭƻǾƛŏ-Culf et al., 2010). Consequently, metabolome 

analyses on immortalized cell lines in cancer research is gaining momentum as a tool that can 

be used to understand the molecular mechanism of disease progression, response and drug 

resistance resulting in the  identification of specific biomarkers, which may assist in 

distinguishing between normal, benign and metastatic cancer states (Sheikh et al., 2011).  

Recent advances and developments in analytical technologies have enabled profiling of the 

mammalian cell metabolome. GC-MS is one of the most widely used analytical techniques in 

metabolomics, which combines the high separation efficiency and resolution of capillary GC that 

is essential for complex metabolic profiling with the high sensitivity of mass selective detection. 

A variety of volatile and/or derivatized non-volatile metabolites can be analysed qualitatively 

and quantitatively with high analytical reproducibility and lower costs as compared to LC-MS, 

CE-MS and NMR. However improvements in the analytical techniques are not sufficiently 

supported by similar improvements in methods for sample preparation. The entire 

metabolomics experimental workflow should be planned, and requires careful consideration, 

because the instrumental data are only as good as the experimental design and sample pre-

treatments, which are invariably linked to the quality and reliability of the metabolomic data.  
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For the development of an analytical protocol to quantify metabolomes, it is essential to arrest 

the metabolic activities, by inactivating enzymes as rapidly and with minimal disruption to 

metabolism as possible, during the period of harvesting, in order to obtain a valid snapshot of 

metabolism without altering the internal metabolite signature. The ideal quenching solution 

should instantly arrest cellular metabolic activity without causing any significant cell membrane 

damage thus preventing leakage of intracellular metabolites from the cells.  The quenching 

methods commonly employed are highly sample and cell dependent, and differences in cell 

membrane, cell wall structure and cell size influences the efficiency of quenching and the rate 

of metabolite leakage (Sellick et al., 2008). Often the methods employed for quenching and 

other sample pre-treatment approaches in metabolomics are not sufficiently characterised with 

respect to the effect they have on metabolite leakage from the cells. 

Several studies have been published on the optimization of sample pre-processing protocols, for 

example, on suspension cell cultures (Dietmair et al., 2012, Dietmair et al., 2010, Kronthaler et 

al., 2012a, Sellick et al., 2011, Volmer et al., 2011, Wiendahl et al., 2007), but there are only a 

few reports on the handling of adherent mammalian cells for GC-MS based metabolomic 

analysis (Danielsson et al., 2010, Dettmer et al., 2011, Hutschenreuther et al., 2012b). The 

sampling and quenching of adherently grown cells is more complicated than for suspension 

cultures, because of the need to detach adherent cells from the culture flask. Trypsinized cells 

exhibit a chemical deviation from cells in their attached state and the effective incubation time 

to achieve sufficient cell detachment can lead to significant cell leakage. Given differences in the 

cell types, metabolite leakage during trypsinization or cell scrapping in different cell types is 

likely to be affected by varying degrees. Although this has been suggested in published 

literature, there is minimal experimental evidence to support these claims (Dettmer et al., 2011, 

Hutschenreuther et al., 2012b, Lorenz et al., 2011, Teng et al., 2009). It is not clear whether, and 

to what degree, trypsinization and cell scrapping affect different cell types. This is a crucial step 

for devising appropriate reproducible protocols for representative metabolome analyses of 

adherently grown mammalian cells.   

An alternative to the conventional approaches involves simultaneous quenching and extraction 

of adherently grown cells using a single organic solvent such as cold methanol (Martineau et al., 

2011, Teng et al., 2009) or a combination of methanol and water (Dettmer et al., 2011). The use 

of acetone for deproteination of mammalian cells prior to metabolome profiling has also been 

suggested for both suspension cell cultures (Aranibar et al., 2011, Bruce et al., 2009, Tiziani et 

al., 2008) & adherently grown cells (Danielsson et al., 2010). Recently, the use of liquid nitrogen 

for direct quenching, followed later by extraction using a suitable extraction solvent, was 

suggested for LC-MS based metabolomics of adherently grown clonal ̡-cell line INS-1 (Lorenz et 

al., 2011) and human pancreatic cancer cells Panc-1 (Bi et al., 2013). The breast cancer MCF-7 
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cell line has been analysed using GC-MS based metabolomics after a similar quenching and 

extraction approach (Hutschenreuther et al., 2012b).  

The objective of this study is to assess whether and to what extent the conventional methods of 

trypsinization and cell scrapping affect metabolite leakage in different adherently grown 

mammalian cell lines. Two breast cancer cell lines, the primary MCF and the metastatic MDA-

MB 436, in addition to the human microvascular endothelial cell line HMEC-1, were studied. 

Furthermore, we characterised the effect of acetone precipitation and combined quenching and 

extraction protocols, for rapid and reliable metabolome analysis of adherently grown 

mammalian cells, with the aim of improving metabolome coverage and reducing loss of 

intracellular metabolites during harvesting and quenching.  We also investigated metabolome 

leakage with respect to recoveries of different metabolite classes during the quenching and 

extraction steps. 

 

3.2 Materials and Methods 

 

3.2.1 Chemicals and reagents  

 

The RPMI-1640 medium was obtained from Lonza (Gibco-BRL, Paisley, UK). All other reagents 

and consumables were obtained from Sigma-Aldrich (Dorset, U.K.), unless stated otherwise. 

3.2.2 Cell lines, cell culture and growth assessment  

 

The MDA-MB-436, MCF-7 breast cancer cell lines and the HMEC-1 cell line (Human dermal micro 

vascular endothelial cells) were obtained from American Type Culture Collection (ATCC), 

(http://www.atcc.org/). MDA-MB-436, HMEC-1 and MCF-7 cell lines were cultured at отɕ/ ǿƛǘƘ 

5% CO2 in T75 flasks with approximately 1x106 cells per flask containing 10 ml RPMI media, 10% 

fetal bovine serum, 1% penicillin/streptomycin and 1% glutamine. Growth curves were 

produced by seeding cells in 24 well plates with 1 mL media and a seeding density of 0.1x106 

cells per plate. Viable cell counts are obtained at 24, 48 and 72 hours using a Beckman Coulter 

Vi-Cell XR cell viability analyser (Beckman Coulter, Germany) after trypsinization. Control flasks 

were prepared without seeding cells, to determine any unwanted background signal.  
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3.2.3 Cell quenching 

 

The cells were grown to mid-άŜȄǇƻƴŜƴǘƛŀƭέ ǇƘŀǎŜ όос ƘƻǳǊǎύ ŀƴŘ ǘƘŜƴ ǊŀǇƛŘƭȅ ǉǳŜƴŎƘŜŘ ōŜŦƻǊŜ 

extraction. Initially, the culture medium was removed from the T75 flask and cells were quickly 

washed twice with 5 mL ice-cold phosphate-buffered saline (PBS, pH 7.4). The residual PBS was 

removed by vacuum. The cells were rapidly quenched by addition of fivefold volumes of 

precooled 60% aqueous methanol supplemented with 0.85% (w/v) ammonium bicarbonate 

(AMBIC, pH 7.4) at -50°C to 1 x 107 cells, unless stated otherwise (Sellick at al. 2008). Addition of 

cells to the quenching solution increased the temperature by no more than 15°C. 

 

3.2.4 Metabolite Extraction  

 

Quenching and extraction were performed using the methods described below and illustrated 

schematically in Figure 3.1. 

 

 

 

 

Figure 3.1 Overview of different metabolomic workflows applied across different adherently 
growing mammalian cell lines. a) Trypsinization b) Cell scraping c) Modified cell scraping method 
and d) Bead harvesting e) Direct quenching and extraction with LN2. 
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3.2.4.1 Trypsinization 
Trypsinization is the conventional sample preparation method for adherently grown mammalian 

cells, described in Figure 3.1a (Beloueche-Babari et al., 2006, Lane and Fan, 2007, Teng et al., 

2009). After removal of culture medium and two washings with PBS, 3 mL of trypsin was added 

to the T75 culture flask with 5 minutes incubation time to detach the cells, which were then re-

suspended in 3 mL of culture medium and rapidly quenched. The quenched biomass was then 

centrifuged for 5 minutes at 2500g at -9°C, with the rotor pre-chilled at -24°C to minimize any 

increase in the temperature during centrifugation. The supernatant was removed rapidly, and 

an aliquot (1 mL) was transferred to a 2 mL pre-chilled Eppendorf to assess the leakage of 

internal metabolites.  The cell pellets and supernatants were rapidly snap frozen in liquid 

nitrogen and stored at -80°C for further analysis. The procedure was repeated simultaneously 

for the RPMI 1640 media which was treated as a control sample. 

 

3.2.4.2 Cell scraping 

Cell scraping (Figure 3.1b), is another conventional sample preparation method used previously 

for adherent cells (Metallo et al., 2009, Yuan et al., 2012). In contrast to trypsinization, cells are 

quenched after removal of culture medium and two PBS washings. The cells are then suspended 

in the quenching solution by cell lifting with a pre-chilled cell lifter, all these steps were 

performed on dry ice. The quenched biomass is then centrifuged; with cell pellets and 

supernatants collected and stored at -80°C. 

 

3.2.4.3 Modified cell scraping 

The modified sample preparation method, in which cells were rapidly quenched after removal 

of culture medium and PBS washings, in a similar manner to the cell scraping approach, but in 

contrast the quenching solution was removed rapidly at this stage, and an aliquot (1 mL) was 

transferred to a 2 mL pre-chilled Eppendorf to assess the leakage of internal metabolites (Figure 

3.1c). This step was performed on dry ice. The adherent cells in the T75 flask were then subjected 

to extraction by addition of 750 µL of pre-chilled 100% methanol, followed by cell lifting with a 

pre-chilled cell lifter, all these steps were performed on dry ice. The cell suspension was then 

transferred to 2 mL pre-chilled Eppendorf and stored on dry ice. A further 750 µL aliquot of 100% 

methanol was added to culture flask and the procedure was repeated. The first and second 

aliquot was mixed together and metabolites were extracted by performing freeze-thaw cycles 

as suggested elsewhere (Winder et al., 2008). Briefly the aliquot was snap frozen in liquid 

nitrogen for 3 minutes, followed by thawing on dry ice and vortexed. The freeze-thaw cycle was 

repeated three times for complete cell disruption and followed by centrifugation at 16000g at -
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9°C for 5 minutes. The pellet was re-extracted with 500 µL of 100% methanol. The first and 

second aliquots were then combined together and the extract was lyophilized overnight prior 

to metabolite derivatization.  

 

3.2.4.4 Bead harvesting 

In this novel experimental approach, the cells were cultured on beads in 50 mL Falcon tube (in 

a fixed horizontal position) instead of the conventional T75 flask, as shown in Figure 3.1d. The 

quenching and extraction was performed as described for the modified cell scraping method 

except that the cells were bead beaten prior to freeze-thaw cycles.  

 

3.2.4.5 Acetone precipitation 

The quenching and extraction was performed as described for the trypsinization method except 

that the extract was subjected to protein precipitation by acetone prior to lyophilisation. (Tiziani 

et al., 2008). Briefly, after performing the freeze-thaw cycles for extraction of intracellular 

metabolites, the four times extract volume of pre-chilled acetone (-20°C) was added to the 

extract. The tube was vortexed and incubated for 60 minutes at -20°C, followed by 

centrifugation for 10 minutes at 15,000 g.  The supernatant was carefully transferred to a new 

Eppendorf and lyophilized overnight prior to metabolite derivatization.  

 

3.2.4.6 Direct quenching with liquid nitrogen 

A recently described method was used (Bi et al., 2013, Hutschenreuther et al., 2012b, Lorenz et 

al., 2011) with little modification as shown in figure 3.1e. Briefly, after removal of culture 

medium and two washings with PBS, cells were rapidly quenched by directly adding ~15 mL 

liquid nitrogen (LN2) to the T75 flask. The adherent cells in the T75 flask were then immediately 

subjected to extraction by addition of 750 µL of pre-chilled 100% methanol (-40°C) followed by 

lifting with a pre-chilled cell lifter, all these steps were performed on dry ice.  The cells were re-

extracted and further steps were performed as described in the modified cell scraping method. 

 

3.2.5 Metabolite Derivatization 

 

Metabolite derivatization was performed as described elsewhere (Winder et al., 2008). Briefly, 

to the lyophilized extract, 40 µL of 20mg/mL methoxyamine hydrochloride in pyridine was added 

and samples were shaken for 80 min at 37°C. The samples were then derivatized by 

trimethylsilylation of acidic protons by addition of 40 µL MSTFA (N-methyl-N-
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trimethylsilyltrifluoroacetamide) with further incubations in shaking conditions at 40°C for 80 

min. A retention index solution was added for the chromatographic alignment prior to analysis 

by GC-MS.  

 

3.2.6 GC-MS analysis 

 

Metabolite data was acquired on a Thermo Finnigan TRACE DSQ GC-MS System (Thermo 

Scientific, Hertfordshire, UK)  operating in EI mode onto a TRACE TR-5MS capillary column (30 

m x 0.25 mm x 0.25 µm). The derivatized sample volume of 1 µL was injected in split less mode 

at 230°C, with the transfer line temperature was maintained at 250°C. The GC was operated at 

a constant flow of 1 mL/min helium. The temperature program was started at 80°C for 6 min, 

followed by temperature ramping at 6°C/min to final temp of 290°C and held constant at 310°C 

for 5 min. Data acquisition was performed on a DSQ MS system with a mass range of 50 to 650.  

 

3.2.7 Metabolite identification 

 

The metabolites were identified as TMSi derivatives by comparing their mass spectral and RI 

index with online databases (The GOLM Metabolome database: http://csbdb.mpimp-

golm.mpg.de/ and NIST 05 database). The acquired spectra were deconvolulated by AMDIS 

(Automated Mass Spectral Deconvolution and Identification System), before comparing with the 

database. Spectra of individual components were further transferred to the NIST mass spectral 

search system and matched with NIST main library, RI index library and the GMD (GOLM 

metabolome database). 

 

3.2.8 Data analysis 

 

 GC-MS analysis yield complex data sets (time x mass x intensity) which require deconvolution, 

as fragment ions may be shared between two co-eluting compounds.  All GC-MS chromatograms 

were processed using freely available AMDIS 2.70 software. The peaks were deconvoluted and 

the retention indices (RIs) were automatically calculated according to the retention time of the 

alkane mixture by exporting the RI calibration file into AMDIS. AMDIS deconvolution parameters 

used are as follows:  resolution   was   set   to   high, sensitivity   was   high, shape  requirement  

was  medium,  and  component  width  was  at  12 (Validated with 12 metabolite standard 

mixture). For identification, the minimum match factor was kept at 60, resolution: high; 

http://csbdb.mpimp-golm.mpg.de/
http://csbdb.mpimp-golm.mpg.de/
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sensitivity: high; shape requirement: medium.  Finally, a report was generated in *.xls format 

and the first hit considered. Compounds found at least in two out of three biological replicates 

were considered true hits.  Data for retention time, S/N ration, peak tailing, m/z value and peak 

area was collected manually by exporting to MS Excel 2013. MATLAB  7.0  (MathWorks,  Natick,  

MA,  USA)  with in house routines employed for analysing the data containing metabolite 

identities. For intracellular metabolites the GC-MS data was normalised to viable cell count and 

sum of peak areas as suggested elsewhere (Hutschenreuther et al., 2012b).  

 

3.3 Results and Discussion  

 

A wide range of sampling and quenching protocols are reported in the literature for profiling 

metabolomes in mammalian cell cultures. We directed our efforts towards evaluating and 

minimising the leakage of intracellular metabolites during different sampling and quenching 

protocols. We adopted previously published quenching and extraction solvents for sampling of 

adherently grown mammalian cells with a few modifications. For all the sampling methods, 

except for direct quenching with LN2, cells were quenched by 60% aqueous methanol 

supplemented with 0.85% AMBIC at - 400 C to minimise the leakage of intracellular metabolites 

(Sellick et al., 2008), followed by an extraction with pure methanol (Winder et al., 2008). 

However, when the study objective is to maximise metabolome coverage, characterisation of 

leakage with respect to metabolite class is required. For this, it is essential to first identify and 

classify metabolites detected based on their physicochemical properties, thus generating a 

metabolite matrix that can be utilized for interpretations. Hence, all the identified metabolites 

with the different sample treatment approaches were initially classified based on their 

physicochemical properties. Although, there are issues with metabolite identifications in GC-MS, 

changes in metabolite classes within a sample set, provide a reasonable measure to compare 

and assess. 

The first objective of the investigation was to assess if the cell lines show differences in leakage 

of intracellular metabolites when conventional methods of trypsinization and cell scraping are 

employed, during quenching of adherently grown mammalian cells. This was carried out on 

three different cell lines, namely, two breast cancer cell lines MDA-MB-436 and MCF-7, and the 

human microvascular endothelial cell line HMEC-1. Subsequently, recently suggested optimized 

methods that involve direct scraping (Bi et al., 2013, Dettmer et al., 2011, Hutschenreuther et 

al., 2012b, Lorenz et al., 2011, Martineau et al., 2011, Teng et al., 2009) were assessed as 

alternative approaches after appropriate modifications, and compared with the two 

conventional approaches, with respect to evidence for metabolite leakage. In addition, we 
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examined the influence of acetone precipitation on leakage and changes in metabolite classes 

captured by the GC-MS approach adopted. Further, the use of glass beads to cultivate and 

rapidly harvest metabolomes as a method of minimising metabolite leakage, was also examined. 

These latter investigations were performed only on the breast cancer cell line, MDA-MB-436.  

3.3.1 Trypsinization versus Cell scraping 

 

In order to compare the degree to which different cell lines are influenced by the conventional 

cell detachment methods, MDA-MB-436, MCF-7 and HMEC-1 cells were either detached by 

trypsinization or by scraping. Adherent cells attach to the surface of tissue culture flasks or 

dishes using secreted proteins to form a tight bridge between the cell and the surface. This needs 

to be disrupted to lift the cells off the surface and extract the metabolites within. This is 

traditionally achieved biochemically with the help of a protease, typically trypsin, to cleave the 

protein bridges and release the cells for harvest and analysis. Alternatively, the cells can be 

mechanically lifted off the surface by scrapping. Both methods have the potential (have been 

shown) to introduce artefacts (Dettmer et al., 2011, Hutschenreuther et al., 2012b, Lorenz et al., 

2011, Teng et al., 2009). 

For an overall comparison, the harvested cell extracts, cell-free supernatant of quenched cells 

and the blank sample (culture medium) were analysed to determine the extent of leakage of 

intracellular metabolites during quenching. After monitoring cell-free supernatant of quenched 

cells and the blank medium, the necessary correction was done for appropriate calculation of 

intracellular metabolites. Only features that were present in at least two biological replicates 

out of three were considered for further analysis. A summary of the unique recovery efficiency 

of both methods for three different cell lines is shown in figure 3.2.  
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Figure 3.2 Effect of trypsinization and cell scraping treatment on leakage of intracellular 
metabolites during quenching was compared for three different cells lines, MDA-MB-436, MCF-
7 and HMEC-1. X-axis represents different sampling protocols; Trp_436= trypsinization on MDA-
MB-436; Csr_436 = cell scraping on MDA-MB-436; Trp_MCF7 = trypsinization on MCF-7; 
Csr_MCF7 = cell scraping on MCF7; Trp_Hmec = trypsinization on HMEC-1 and Csr_Hmec = cell 
scraping on HMEC-1. Y-axis represents median number of metabolites of each class. After both 
the treatments the extracted metabolites from cell extracts, cell-free supernatant post 
quenching and blank samples were analysed by GC-MS. (a) metabolites identified in cell extracts 
only, (b) metabolites identified in supernatant only, (c) metabolites present only in cell extract 
(and not in the supernatant) - unique to cells; (d) metabolites present only in supernatants (and 
not in cell extract) - unique to supernatants, (e) metabolites present in both the cell extract and 
supernatant ς (common to both). 

 

In total, after correction of leaked metabolites, 129, 116 and 119 unique metabolites were 

identified with the trypsinization treatment in MDA-MB-436, MCF-7 and HMEC-1 respectively, 

whereas with the cell scraping treatment, 115,112 and 103 unique metabolites were identified 

in MDA-MB-436, MCF-7 and HMEC-1 respectively. Metabolite identification and data analysis 

was performed as detailed in section 3.2.7 and 3.2.8. In contrast to a previously published report 

(Dettmer et al., 2011), for all the three cell lines we have found higher TIC for trypsinization 

treatment as compared to cell scraping, which is in agreement with the recently published 

report (Hutschenreuther et al., 2012b). The leakage of metabolites during sampling and 

quenching method is suggested to be highly dependent on the cell membrane structure 

(Dettmer et al., 2011, Hutschenreuther et al., 2012b, Winder et al., 2008). There is, however, a 
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lack of experimental data to show the degree to which the specific treatments affect metabolite 

leakage, therefore this was assessed in three different cell lines.  

The results of the investigation are summarised in Figure 3.2, where the metabolite class and 

numbers detected for each of the cell lines and treatment are plotted. Figure 3.2a summarises 

the metabolites detected in the cell pellets, Figure 3.2b those detected in the cell-free 

supernatant, Figure 3.2c indicates the metabolites present in the cells but not in the 

supernatants, Figure 3.2d indicates metabolites present in the supernatants and not in the cells, 

and Figure 3.2e metabolites present in both the cell pellet and the supernatant. Metabolites 

detected in the supernatant are from: a) the culture medium component, b) intracellular 

metabolites actively secreted into the medium through overflow metabolism, and/or c) 

intracellular metabolites leaked into the medium as sample treatment artefact. High metabolite 

numbers in the supernatant (Figure 3.2b), relatively high numbers detected in both the cells and 

the supernatants (Figure 3.2e), and corresponding low numbers unique to the cell pellets (Figure 

3.2c) indicates high metabolite leakage. Higher proportion of metabolites detected in Figure 

3.2e, compared to that detected in Figure 3.2c or Figure 3.2d indicates that there is an increased 

chance of metabolite leakage. 

As can be seen from Figure 3.2, for the trypsinization treatment of HMEC-1 cells (Trp_Hmec), 

metabolites unique to the cells are the highest (77% of cell extract) (Figure 3.2c), and 

correspondingly, metabolites common to both the cells and supernatant (Figure 3.2e) are the 

lowest (22% of cell extract). The number of metabolites detected in the supernatant is also the 

least for all cell lines and treatments. This suggests minimum leakage from cells into the 

supernatant following trypsinization, whereas cell scraping for this cell line results in 26% and 

68% leakage respectively, suggesting significantly greater metabolite leakage. Compared to the 

breast cell lines, trypsinization of HMEC shows minimum metabolite leakage. For the other two 

cell lines, both trypsinization and cell-scraping protocols adopted result in metabolite leakage, 

but this is greater (by 2 fold) for trypsinization than for cell-scraping, as indicated by the 

proportion of metabolites detected that are unique to the cells (Figure 3.2c as a proportion of 

Figure 3.2a). This suggests that cell lines are differentially influenced by trypsinization and cell-

scraping, and that, dependent on the specific cell line, the ideal approach requires optimisation, 

to minimise metabolite leakage. A PCA analysis revealed that, the reproducibility of metabolome 

recovery for biological replicates was better with the cell scraping treatment compared to the 

trypsinization protocol adopted, for all three cell lines.   

Analysiǎ ƻŦ ǘƘŜǎŜ άƳŜǘƘƻŘ ŘŜǇŜƴŘŜƴǘέ ƎǊƻǳǇǎ ǊŜǾŜŀƭŜŘ major differences in five major 

classification groups as shown in figure 3.2. In the case of MDA-MB-436 & HMEC-1, 

trypsinization yielded a larger proportion of organic acids, amino acids, sugars and phosphates, 
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whereas in contrast to this, for MCF-7 cells there was negligible variance between the two 

treatments in the recovery of organic acids & sugars [Figure 3.2 (a)], whilst the scraped samples 

comprised greater amino acids and amines than trypsinized samples [Figure 3.2 (c)]. However, 

the extent of leakage of organic acids, amino acids and sugars was higher following scraping 

compared to trypsinization for both MDA-MB-436 & HMEC-1. In contrast MCF-7 cells, showed 

severe leakage of alkanes, ketones & ethers on scrapping whereas trypsinization resulted in loss 

of organic acids & fatty acids [Figure 3.2 (d)]. 

In conclusion, the three cell lines investigated appear to be differently influenced by the two 

conventional methods, with respect to metabolite leakage, both in terms of numbers and the 

metabolite class detected. Trypsinized cells exhibit a chemical deviation from cells in their 

attached state and the effective time for sufficient detachment of cells by trypsin treatment may 

lead to significant metabolite leakage (Teng et al. 2009). The cell-scraping protocol is subjective, 

in the sense that it might be difficult to reproduce between experiments, although there was 

good reproducibility in our hands. However as shown in this investigation, it is important to note 

that the leakage of metabolites during trypsinization and scraping treatments is highly 

dependent on the cell membrane structure which varies greatly across the different cell lines 

and can significantly affect recovery of different metabolite classes. 

 

3.3.2 Modified approaches 

 

From our data we have shown that the conventional methods of sample preparation result in 

leakage of intracellular metabolites, hence there is a need to address this problem in the 

experimental protocol and preparation for the metabolome analyses of adherently grown 

mammalian cells. Therefore, we have investigated a further 3 modified approaches as 

comparisons to the conventional approaches of trypsinization and cell scraping in a single cell 

line MDA-MB 436 cell line. In addition, the effect of protein precipitation using acetone was also 

investigated. The data was analysed as described previously, and is presented Figure 3.3.  

 

 



69 
 

 

Figure 3.3 Effect of the sampling protocols on leakage of intracellular metabolites during 
quenching for MDA-MB-436.After all the treatment the extracted metabolites from cell extract, 
supernatant following quenching and blank samples were analysed by GC-MS. X-axis represents 
different sampling protocols; Trp_436 = trypsinization ; Csr_436 = cell scraping; NTcs = modified 
cell scraping; Ap_436 = trypsinization with acetone precipitation; Bead_436 = bead harvesting 
and LN2 = direct quenching and extraction with liquid nitrogen. Y-axis represents median number 
of metabolites of each class; (a) metabolites identified in cell extracts only, (b) metabolites 
identified in cell-free supernatant only, (c) metabolites present only in cell extract (and not in 
the supernatant) - unique to cells; (d) metabolites present only in supernatants (and not in cell 
extract) - unique to supernatants, (e) metabolites present in both the cell extract and 
supernatant ς (common to both). 

 

3.3.3 Modified direct cell scraping (NTcs) 

 

We investigated the recently suggested direct scraping method (Dettmer et al., 2011, Teng et 

al., 2009), with a modification. Instead of combined cell harvesting and extraction, MDA-MB-

436 cells were quenched and extracted separately for assessing the leakage of intracellular 

metabolites and for comparison with the other applied treatments (Figure 3.3c).  

As can be seen in figure 3.3 (c), and (e), the highest recoveries of metabolites unique to the cell 

extracts and minimal proportion common to the cells and supernatants was determined for this 

modified protocol, suggesting minimal leakage over all the applied protocols. The exception to 

this is with LN2 treatment where the supernatants could not be collected and analysed, as the 

LN2 evaporates. 
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As previously reported (Hutschenreuther et al., 2012b), the combined cell harvesting and 

extraction technique does not allow determination of cell number, as cell detachment is a 

prerequisite to cell counting. The protein content of the cell pellet can be determined for 

normalisation (Dettmer et al. 2011),  however, a recently published report (Hutschenreuther et 

al., 2012b) suggested normalization to the sum of peak areas, as a superior approach, since 

normalisation to cellular protein content does not allow for adjustment of extract concentration 

prior to metabolite extraction. In the method employed in the current studies, conventional cell 

count for normalisation of data can be achieved by parallel cultivation of flasks, as quenching 

and extraction are performed separately. In addition to this, the modified method offers an 

advantage for selection of appropriate quenching and extraction solvents, depending upon the 

cell type.  

 

3.3.4 Bead harvesting 

 

Here, we investigated a novel approach of cell culture in beads for quenching and harvesting 

with minimal time lag. The cells were cultured on beads in a 50 mL Falcon tube (kept in a fixed 

horizontal position), and harvested as described in the modified direct cell scraping method. The 

motivation behind culturing the cells on beads and in a flacon tube originated in a quest to find 

a suitable means to culture and harvest the cells from a platform that aids rapid quenching and 

extraction of metabolites from cells. We have adopted two extraction techniques together, bead 

beating followed by freeze-thaw cycle to achieve higher extraction efficiency, as it was much 

easier to apply in this approach, as cells were cultured in a Falcon tube and on beads, which was 

not possible to achieve with the conventional T75 flasks.  

The quantitative data is shown in figure 3.3.  The overall recovery of intracellular metabolites 

was improved compared to cell scraping, and similar to other sampling and quenching 

techniques applied, as can be seen in figure 3.3 (a).  With respect to the unique recoveries of 

metabolites in cell extracts (Figure 3.3 (c)), overall this approach proved superior to 

deproteination (Ap_436) and the conventional methods for recovery of organic acids and sugars. 

A similar trend was observed with leakage analysis, with this approach superior to 

deproteination and conventional methods, with fewer metabolites in supernatants as shown in 

figure 3.3 (d). However yields of fatty acids were much reduced compared to all other 

treatments applied as can be seen in figure 3.3 (c).  Further investigations on the composition 

of the cells grown on beads will be required to interpret this observation. However, this is an 

appropriate method to use if the focus is on non-lipid metabolites. 
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3.3.5 Direct quenching using LN2 

 

The recently described use of LN2 (Bi et al., 2013, Hutschenreuther et al., 2012b, Lorenz et al., 

2011) for direct quenching and storage of cells in -80 °C for later extraction was also investigated 

in this study, and compared with the other sampling and quenching protocols. The overall 

recovery of metabolites with this approach (LN2_436 in Figure 3.3 (a)) was similar to that of bead 

harvesting and modified direct cell scraping treatment. However, compared to the other 

modified approaches nucleotides/nucleosides/nucleobases, biogenic amines/polyamines and 

phosphates demonstrated increased recovery with the LN2 approach, whereas recovery of fatty 

acids/alcohols appeared compromised. Recoveries of organic acids was reasonable, but that of 

amino acids and derivatives were less than that of the modified direct cell scraping (NTcs_436) 

method. 

 

3.3.6 Protein precipitation using acetone (AP)  

 

The presence of proteins in metabolome extracts of adherently grown mammalian cell is likely 

to interfere with the composition of the metabolite pool, with a proportion of these are 

enzymes, potentially affecting the metabolite pool post-extraction, changing composition. In 

addition, they could interfere with the chromatographic separation of the metabolites. As 

demonstrated in the past with LC-MS data (Bruce et al., 2009)Σ ŜŦŬŎƛŜƴǘ  ǊŜƳƻǾŀƭ  ƻŦ  ǇǊƻǘŜƛƴǎ  

before  injection  onto  an analytical chromatographic column is important to help in ensuring 

high-quality data όŜŦŬŎƛŜƴǘ ŜȄǘǊŀŎǘƛƻƴ ƻŦ ƳŜǘŀōƻƭƛǘŜǎΣ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅύ ŀƴŘ ŀƭǎƻ ǘƻ ǇǊŜǎŜǊǾŜ ǘƘŜ 

lifetime of the column. In the case of serum samples, the use of organic solvents such as acetone 

for deproteination of metabolome extracts has been regarded as an effective method in reports 

for the removal of detergents, lipids, small molecular-mass nucleic acids, and other contaminant 

species, while providing high metabolite recoveries, most reliable data and also minimal post-

preparation problems such as ion source contamination(Aranibar et al., 2011, Bruce et al., 2009, 

Duan et al., 2009, Tiziani et al., 2008). We were therefore interested in examining if a protein 

precipitation step prior to metabolome analysis enabled improved recoveries or perceivable 

changes in composition.  Accordingly, cells were harvested by trypsinization and deproteinized 

using cold acetone, prior to derivatization. 

As shown in figure 3.3 (a), surprisingly the overall recovery of metabolites appears to be slightly 

reduced with the deproteination treatment as compared to the trypsinization protocol. With 

respect to the unique recoveries, deproteination treatment shows a slightly higher unique cell 

recoveries for sugars and nucleotides (figure 3.3 (c)), as compared to the trypsinization protocol.  
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However, we did not see any significant improvements following deproteination treatment, with 

the cell line investigated. It is possible that co-precipitation of some metabolites along with the 

precipitation of the macromolecules occurred, suggesting careful optimization is required to 

prevent artificially introduced metabolome compositional changes. Overall, acetone 

precipitation of proteins does not dramatically alter the pattern of different classes of 

metabolites detected in MDA-MB 436, as compared with the other treatments. 

 

3.3.7 Comparison of conventional and modified methods  

 

In order to understand better the coverage of different classes of metabolites in cell extracts 

and the extent of leakage during quenching by each of the applied approaches, we assessed and 

compared all applied sampling protocols for the recovery of eleven different classes of 

metabolites identified by GC-MS in the cell extracts and the cell free supernatants post 

quenching. Metabolites from each of the applied sampling protocols were identified using the 

NIST 05 and GOLM metabolome database, which were then classified into eleven different 

classes of metabolites, based on their physicochemical properties.  Further, the unique 

metabolite recoveries obtained from the cell extract and the extent of metabolite leakage in 

supernatants following quenching for each of the applied sampling protocol was assessed and 

then used to generate a heat map, as displayed in figure 3.4. Each band represents the median 

metabolite levels from three independent determinations, normalised for each condition and 

expressed on a logarithmic scale to capture the variation that was over orders of magnitude. 
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Figure 3.4 Heat maps comparing the response of 11 different classes of metabolite signals 
identified by GC-MS by each of the applied sampling and harvesting approaches across three 
different cell lines. A = All metabolites in cell extracts; B = Metabolites present only in cell 
extracts (unique to cells); C = Metabolites present only in supernatants (unique to supernatants). 

 

As displayed in figure 3.4A, the recovery of all classes of metabolites was significantly improved 

with the modified direct cell scraping, direct LN2 quenching and bead harvesting methods, 

compared to the conventional methods. The recovery of amino acids and its derivatives with 
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the modified direct scraping treatment was found to be superior over all the compared 

treatments, as no leakage was observed in the supernatant with the modified direct scraping 

treatment. Whereas recovery of sugars/sugar alcohols and its derivatives was found to be 

superior with the bead harvesting and deproteination treatment. The direct quenching with LN2 

resulted in superior recovery of nucleotides/nucleosides/nucleobases, biogenic 

amines/polyamines and phosphates whereas recovery of fatty acids/alcohols and its derivatives 

was severely impeded as compared to modified direct scraping, bead harvesting and 

deproteination treatments. With respect to the recoveries of all metabolites classes unique to 

the cells (figure 3.4B), there was an approximate threefold increase in the recoveries with the 

modified cell scraping method compared to the conventional method, whereas a two fold 

increase was noted with the bead harvest method when compared to the conventional cell 

scraping. However, LN2 treatment could not be analysed due to nature of the protocol, 

henceforth displaying highest recoveries in figure 3.4B and no intracellular leakage in figure 

3.4C. 

The heat map in figure 3.4C shows that the recovery of metabolites unique to the supernatant 

for all three cell lines was higher for cells harvested by conventional cell scraping method 

indicating higher metabolite leakage during treatment particularly with amino acids. This finding 

was in contrast to the previously published report, where the author reported higher leakage of 

amino acids with the trypsinization treatment (Dettmer et al., 2011). However, with the 

modified cell scraping and bead harvest method, the extent of metabolite leakage was 

significantly reduced, except for leakage of few fatty acids/alcohols. 

 

3.4 Conclusions  

 

In this study, we have initially compared the conventional methods of handling adherent 

mammalian cells across three different cell lines and successfully demonstrated that the leakage 

of intracellular metabolites is highly dependent on cell type and the sampling and quenching 

protocol used and it significantly affects recovery of different classes of metabolites. Moreover, 

trypsinized cells exhibit a chemical deviation from cells in their attached state and that the 

effective time for sufficient detachment of adherent cells by trypsin treatment. In conclusion, it 

is important to assess the treatment methodology for each cell type and optimise it to minimise 

metabolome leakage. Inclusion of a step to precipitate proteins using acetone in the 

trypsinization protocol, prior to metabolite profiling in MDA-MB-436 showed some changes in 

the metabolite levels detected, suggesting that inclusion of this step in the protocol needs to be 

assessed for the specific cell type before being included.  
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The direct quenching and extraction techniques yielded higher recovery of all metabolite 

classes, approximately three fold higher than the conventional sampling techniques. However 

comparison within them, showed little variations with respect to number of metabolites 

recovered, although recovery of different classes of metabolites appears to be altered 

significantly across different simultaneous quenching and extraction treatments.  In this 

investigation we have introduced bead harvesting, which is rapid, effective and an efficient 

approach for recovery of different classes of metabolites, and does compare favourably with the 

conventional approaches. The modified direct cell scraping & LN2 treatments provide a rapid 

and reliable route to quenching and extraction, and could be combined with bead harvesting to 

minimise artefacts due to metabolome leakage. Whichever approach is chosen, it is imperative 

that the option is first characterised for metabolome leakage with the particular cell type being 

investigated before it is adopted. Moreover, when particular class of metabolites are of interest, 

it is necessary to carefully consider the impact of different treatments on recovery of different 

classes of metabolites. 
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of adherently grown mammalian cells: A case study 
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4. Effect of washing and quenching in metabolomics of adherently 

grown mammalian cells: A case study on the metastatic cancer 

cell line MDA-MB-231 
 

4.1 Introduction 
 

In Chapter 3, we demonstrated that selection of the sampling methods largely depend on the 

type of cells, culture format (adherent or non-adherent) and analytes of interest (exo-

metabolome or endo-metabolome), similarly different washing steps/solution and various 

quenching additives might influence the analysis. In the case of suspension cultures, cells are 

separated from the media by means of filtration or centrifugation followed by quenching and 

washing steps. Whereas in the case of adherent cultures, the media can be simply removed by 

suction followed by a washing step. However, cells need to be detached from cell surface prior 

to quenching. In metabolomics, potential problems connected to sampling have not been 

considered properly, which often leads to enormous errors, as they are normally adopted from 

the literature without due consideration and critical evaluation for the given case and the 

investigated organism as noted by several investigators (Canelas et al., 2008, Sellick et al., 2008, 

Wellerdiek et al., 2009a). 

As discussed in Chapter 2, despite contradicting reports, sampling methods are rigorously 

studied in case of prokaryotes which cannot be simply adopted for mammalian cells due to basic 

differences in the cell structure. In case of suspension mammalian cultures (CHO cells), 

methanol/water (buffered/un-buffered) was compared with cold isotonic saline (0.9% w/v NaCl) 

(Dietmair et al., 2010), and it was shown that quenching with isotonic saline did not damage 

cells and resulted in proper metabolic arrest, as it effectively halted the conversion of ATP to 

ADP and AMP. However in contrast, no improvement in metabolite recoveries was reported 

with the use of 0.9% NaCl compared to that of 60% aqueous methanol (Sellick et al., 2008) and 

various authors have suggested the use of methanol supplemented AMBIC. With this solution 

the membrane integrity preserved compared to other additives, thereby minimising the leakage 

of intracellular ATP. A fluorescent marker such as green fluorescence protein (GFP) has been 

used as a visualisation marker by Wurm and co-workers to estimate the rate of metabolite efflux 

calculated by numerical modelling from CHO cells upon membrane damage (Wurm and Zeng). 

!ǳǘƘƻǊǎ ǊŜǇƻǊǘŜŘ фл҈ ƻŦ ŀ ǎƳŀƭƭ ƳŜǘŀōƻƭƛǘŜǎ ǿƻǳƭŘ ōŜ ƭƻǎǘ ǿƛǘƘƛƴ Җ м ǎ when 5% of membrane 

damage is caused by washing, quenching solutions or harsh sampling techniques. This clearly 

underlines the requirement of rapid sampling methods with suitable quenching or washing 

solutions in order to avoid metabolite leakage. 
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Rigorous studies demonstrating effective washing and quenching methods for adherent cell 

cultures have been few and far between. Moreover composition of media used for mammalian 

cultures are very rich in nutrients such as amino acids, vitamins, sugars etc. which are also 

present inside the cells as an intracellular metabolites. Hence subsequent extraction of cells 

followed by quenching, without any washing step will result in false higher recoveries for specific 

intracellular metabolites that are found to be present in the medium as well. Moreover these 

media carryovers might also interfere in the post extraction analytical protocols. Inclusion of a 

washing step for adherent cultures would be advantageous as it can be performed rapidly prior 

to quenching, and does not prolong the quenching time frame and thus might improve the 

validity of the intracellular metabolite measurements. However, this needs to be validated to 

see if the use of washing solution and a number of washing steps employed influences the 

intracellular metabolite leakage from adherent cultures? To our knowledge, no quantitative 

data on effectiveness of various washing step/solutions and quenching solvents (buffered or 

non-buffered) on adherent cultures is available. 

Hence, one objective of this research is to determine quantitatively, whether leakage occurs in 

adherent cultures during the quenching step with the variety of quenching solutions employed. 

In case of intracellular leakage, the research will be directed towards determination of the 

metabolite levels in the fractions in order to establish mass balances and to trace the fate of 

metabolites. In addition, the effect of other factors which includes: the properties of the 

quenching solution with various buffer additives, the number of washing steps required, 

interferences with the analytical techniques (GC-MS) and validity check of data will be 

investigated. To achieve our objectives, we have employed an approach which involves initial 

quantification of intracellular ATP levels from adherent metastatic MDA-MB-231 cell line using 

bioluminescence assay. The concentration of ATP was determined after the various washing 

steps/solutions and normalised to total cellular protein content determined by BCA assay. In 

addition, the effect of various quenching solutions (buffered or non-buffered) on MDA-MB-231 

cell membrane integrity was visualised using scanning electron microscopy (SEM). Furthermore, 

we investigated the overall recovery of eleven different metabolite classes using GC-MS 

technique and compared the results with those obtained from the ATP assay and SEM analysis. 
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4.2 Material and Methods 
 

4.2.1 Chemicals and reagents  
 

The RPMI-1640 medium was obtained from Lonza (Gibco-BRL, Paisley, UK). All other reagents 

and consumables were obtained from Sigma-Aldrich (Dorset, U.K.), unless stated otherwise. 

 

4.2.2 Cell lines, cell culture and growth assessment  
 

The cell lines where maintained, cultured and provided by the Microcirculation research group 

led by Prof. Nicola Brown at the Medical School. The MDA-MB-231 epithelial breast cancer cell 

line was obtained from American Type Culture Collection (ATCC), (http://www.atcc.org/). Cell 

ƭƛƴŜ ǿŀǎ ŎǳƭǘǳǊŜŘ ŀǘ отɕ/ ǿƛǘƘ р҈ /h2 in 100mm Nucleon dish (Nucleon®, Thermo Scientific) with 

approximately 2x105 cells per dish containing 10 ml RPMI media which contains 10% fetal bovine 

serum (FBS), 1% penicillin/streptomycin (GIBCO®) and 1% glutamine. Growth curves were 

produced by seeding cells in a 24 well plates with 1 mL media and seeding density of 0.1x106 

cells per plate. Viable cell counts are obtained at 24, 36, 48 and 72 hours using a Beckman coulter 

Vi-Cell XR cell viability analyser (Beckman Coulter, Germany) after trypsinization. Control flasks 

were performed but omitted seeding cells to determine any unwanted background signal.  

 

4.2.3 ATP assay 
 

For all ATP assay, all assay vials, glassware and pipette tips were soaked in 1N HCl overnight 

followed by washing 3 times with ultrapure water and then dried in an oven at 40°C for 1 hour. 

MDA-MB-231 cells were seeded in triplicate (5 x 104 per well) in 24 well plate (Corstar®). Cells 

were incubated in 500 µL of RPMI 1640 media containing 1% fungazone, 10% fetal bovine serum 

όC.{ύΣ м҈ ǇŜƴƛŎƛƭƭƛƴκǎǘǊŜǇǘƻƳȅŎƛƴ όDL./hϯύ ŀƴŘ м҈ ƎƭǳǘŀƳƛƴŜ ŀǘ отɕ/ ǿƛǘƘ ҕр҈ /h2.  After 36 

hours of incubation, culture medium was removed from each well and cells were treated 

differently based on experimental design which include various washings and buffered 

quenching reagents including direct quenching with LN2. The level of free ATP in response to 

various treatments indicating leakage, was determined using ATP bioluminescent somatic cell 

assay kit (FLASC) purchased from Sigma-Aldrich (Dorset, U.K.). The assay parameters are shown 

in Table 4.1. Briefly, 100 µL of ATP assay mix was added to the assay vials and incubated for at 

least 3minutes at room temperature in order to hydrolyse any endogenous ATP. Cells in each 

well were suspended in 150 µL of ATP releasing agent (ARR) which includes: p-tertiary-

Octylphenoxy polyethyl alcohol and edetic acid. Finally 75 µL of sterile dH2O was added to vial 
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containing luciferase assay mix followed by addition of 75 µL of sample as shown in figure 4.1. 

The amount of light emitted from each reaction was measured immediately in luminescence 

units (RLU) using microplate luminometer (Centro LB 960, Berthold, Germany). The 

concentration of ATP in nM in each sample was determined from the log-log plot of eight or 

seven ATP standards (0 to 1.5 nM) against relative luminescence units (RLU). To normalise for 

differences in cell number between various treatments, the concentration levels of free ATP 

were corrected for the levels of protein (in micrograms) present in the same cell extracts 

prepared for the ATP assay. Determination of total protein content was described in detail in 

section 4.2.4. The nM amounts of ATP per mg of protein produced by MDA-MB-231 cells, after 

each treatment (n=3) was determined.  Finally, the mean, standard deviation and standard error 

of the mean (SEM) values were determined for each treatment and levels of free ATP 

determined were reported in nM ATP per mg of protein. 

 

Table 4.1 Assay parameters employed for the estimation of ATP content by luciferase 
bioluminescence assay in MDA-MB-231 cells. The amount of ATP determined was then 
normalised to protein content estimated by BCA microplate assay 

 

Scale  24 well plate (Corstar®)

Seeding density   50000 cells per well (cpw) 

Incubation  36hr - 500µl full* RPMI 1640 (37°C + 5% CO2 ) 

Luciferase assay mix dilution factor           1:25 (FLASC Kit dilution buffer)  

Amount of ATP releasing reagent (ARR) 150 µl ATP Releasing Reagent, 100µl Luciferase 

ATP standard range (n=3) for preliminary experiments0, 0.2, 0.3, 0.44, 0.67, 1.0, 1.25, 1.5 (nM) 

ATP standard range (n=3) for other experiments. 0, 0.44, 0.67, 1.0, 1.25, 1.5, 2 (nM) 

Base line ATP MDA-231 1.2-1.3 nM

Additional test std.  dilution  (0.87nM) (n=3) 6.5µl (1.5nM ATP) + 1493µl dH2 O 

Protein quantification BCA Microplate assay (ab. 570nm) (Pierce)

*Full = supplemented: 1% fungazone, 1% strep/P, 1% glutamine and 10% fetal bovine serum (FBS)

Assay Parameters
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Figure 4.1 Schematic for determining level of free ATP in response to various washing and 
quenching processes using luciferase bioluminescence assay in adherently growing metastatic 
cells MDA-MB-231. 

 

4.2.3.1 Preliminary ATP assay optimisation 
As a part of optimisation and to evaluate successful application of ATP assays to determine the 

extent of leakage from adherently growing mammalian cell lines, preliminary ATP assay was 

performed on eight ATP standard solutions, additional test ATP standard solution and MDA-MB-

231 cell extract (n=3). The eight ATP standard solutions were prepared with ultrapure water in 

different nM concentrations (0, 0.2, 0.3, 0.44, 0.67, 1, 1.25 and 1.5 nM). The standard solutions 

were prepared by making serial dilutions of the ATP standard stock solution (20 µM) supplied 

with the ATP bioluminescent somatic cell assay kit (FLASC). The level of free ATP in response to 

various ATP standard solutions, test solution and MDA-MB-231 cell extract sample was 

determined using ATP assay as described above. 

 

4.2.3.2 ATP assay in response to various washing solutions and steps 
After 36 hours of incubation, the culture medium was removed from each well and the cells 

were subjected to various ice-cold washing steps, which includes no washing (control), washing 

once with PBS (PB1), washing twice with PBS (PB2), washing once with water (W1) and washing 

twice with water (W2). The level of free ATP in response to various washing solvents and steps 

was determined using ATP assay as described above. 

 

4.2.3.3 ATP assay in response to various quenching solvents 
After 36 hours of incubation, the culture medium was removed from each well and the cells 

were washed with appropriate selected washing solution based on results of the above 
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experiment (section 2.2.3.2). After washing step, the cells were rapidly quenched separately 

with five different quenching solvents (either buffered or non-buffered) along with the control 

sample. The various treatments includes no quenching (control), quenching with 100% 

methanol, 60% (v/v)  aqueous methanol, 60% (v/v) aqueous methanol buffered with 0.85% 

ammonium bicarbonate (AMBIC), 60% (v/v)  aqueous methanol buffered with 70 mM of 2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethane sulfonic acid (HEPES) and direct quenching using LN2. The 

level of free ATP in response to various quenching solvents was determined using the ATP assay 

described above. 

 

4.2.4 Protein assay as a normalisation to ATP content 
 

The nM amounts of free ATP produced in response to various washing solutions/steps and 

quenching reagents were normalised to the protein levels within each whole-cell lysate. The 

total protein content was determined by detergent-compatible bicinchoninic acid (BCA) protein 

assay using the MicroBCA Protein Assay Kit purchased from Thermo Scientific. Briefly, seven 

diluted albumin (BSA) standards in mg/mL (1, 0.8, 0.6, 0.4, 0.2, 0.1 and 0 mg/mL) were prepared 

initially from a BSA stock solution (2 mg/mL) using ARR as a diluent. Total volume of Micro BCA 

working reagent (WR) required was determined and WR was prepared according to 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴ όMicro BCA Protein Assay Kit, Pierce/Thermo Scientific, Rockford, IL, 

USA) by mixing 25 parts of Micro BCA reagent MA and 24 parts of reagent MB with 1 part of 

reagent MC (25:24:1, reagent MA:MB:MC). Finally, 75 µL of cell extract (MDA-MB-231) was 

added to the 96 well plate (Corstar®) followed by addition of 75 µL of BCA WR. The components 

were gently mixed for 30 sec and incubated at 37°C for 2 hours wrapped in an aluminium foil. 

The plates were cooled to room temperature for 5 minutes after incubation and absorbance 

was measured at 570 nm on a plate reader (Centro LB 960, Berthold, Germany). The average 

absorbance reading of blank standard was subtracted from the absorbance reading of all 

individual standards. Average values of all replicates samples (blank-corrected) were 

determined and used to generate a BCA standard curve by plotting the mean standard 

absorbance values vs the respective concentrations. A best-fit polynomial equation was used for 

the standard curve and to estimate the amount of total protein content (mg).  
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4.2.5 Scanning electron microscopy (SEM) analysis 

 

 

Figure 4.2 Schematic displaying workflow for SEM analysis of adherently growing cells.  Adherent 
cells were grown on silicon wafers, which can be removed from the well plates by simply lifting 
the silicon wafers with forceps and cells along with the silicon wafers can be fixed for SEM 
analysis. 

 

SEM analysis was performed on samples of control (non-quenched cells) and on MDA-MB-231 

cells quenched with four different quenching reagents. The cells were grown in 12 well plate 

under similar conditions as described in section 4.2.2. However for ease of SEM analysis we used 

silicon wafers as shown in figure 4.2, for growing adherent mammalian cells. Briefly, the 

specimens were fixed in 3% glutaraldehyde in 0.1M phosphate buffer at 4°C. The specimens 

were then washed thrice in 0.1M phosphate buffer with 30 mins intervals at 4°C. Secondary 

fixation was carried out in 1% osmium tetroxide aqueous for 1 hour at room temperature. 

Dehydration was carried out through a graded series of ethanol concentrations in the following 

order: 75% ethanol for 15 mins, 95% ethanol for 15 mins, 100% ethanol for 15 mins, 100% 

ethanol for 15 mins, 100% ethanol dried over anhydrous copper sulphate for 15 mins. All the 

above dehydration steps were carried out at room temperature. Later the specimens were 

placed in a 50/50 mixture of 100% ethanol and 100% hexamethyldisilazane for 30 min followed 

by 30 minutes in 100% hexamethyldisilazane. The specimens were then allowed to air dry 

overnight at room temperature before mounting on aluminium stubs. Upon completion of 

drying, the specimens were mounted on 12.5 mm diameter stubs and attached with Carbon-

Sticky Tabs and then coated in an Edwards S150B sputter coater with approximately 25nm of 

gold. The specimens were examined in a Philips XL-20 Scanning Electron Microscope at an 

accelerating voltage of 20Kv. 
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4.2.6 Cell quenching for metabolome analysis 
 

The cells were grown to mid-άŜȄǇƻƴŜƴǘƛŀƭέ ǇƘŀǎŜ όпу ƘƻǳǊǎύ ŀƴŘ ǘƘŜƴ ǊŀǇƛŘƭȅ ǉǳŜƴŎƘŜŘ ōŜŦƻǊe 

extraction. Initially, the culture medium was removed from the Nucleon dish and cells were 

quickly washed once with about 3 mL ice-cold phosphate-buffered saline (PBS, pH 7.4). The 

residual PBS was removed by suction. The cells were rapidly quenched  with 3 mL of pre-chilled 

(-50°C) quenching solutions (buffered or non-buffered): 100% methanol alone, 60% aqueous 

methanol, 60% aqueous methanol supplemented with 0.85% (w/v) ammonium bicarbonate 

(AMBIC, pH 7.4) and 60% aqueous methanol supplemented with 70 mM HEPES. Addition of the 

cells to the quenching solution increased the temperature by no more than 15°C. After 60 sec, 

the quenching solution was removed, and an aliquot (2 mL) was transferred to a 2 mL pre-chilled 

Eppendorf to assess the leakage of the internal metabolites. This step was performed on dry ice.  

An aliquot was then snap frozen in LN2 and stored at -80°C freezer for further extraction step.  

 

4.2.7 Metabolite Extraction using modified cell scraping method 
 

Quenching and extractions were performed using the methods illustrated schematically in 

figure 4.3. 
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Figure 4.3 Overview of quenching and extraction workflow using modified cell scraping method for metabolome analyses of adherently growing metastatic cancer 
cell line MDA-MB-231. 1 = Washing step with PBS; 2 = quenching protocol and 3 = extraction protocol. 
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The adherent cells in the Nucleon dish were then subjected to extraction by addition of 1 mL of 

pre-chilled 100% methanol (-40°C). The cells were then suspended in extraction solvent on dry 

ice by cell lifting with a pre-chilled rubber tipped cell lifter. The cell suspension was then 

transferred to a 2 mL pre-chilled Eppendorf and stored on dry ice. A further 1 mL aliquot of 100% 

methanol was added to the culture flask and the same procedure was repeated. The first and 

second aliquot were mixed together and the metabolites were extracted by performing freeze-

thaw cycles as suggested elsewhere (Winder et al., 2008). Briefly the aliquot was snap frozen in 

liquid nitrogen for 3 minutes, followed by thawing on dry ice & vortexed. The freeze-thaw cycle 

was repeated five times for complete cell disruption and followed by centrifugation at 16000g 

at -9°C for 5 minutes. The pellet was re-extracted with 500 µL of 100% methanol. The first and 

second aliquots were then combined and the extract was lyophilized overnight prior to 

derivatization.  

 

4.2.8 Simultaneous quenching and extraction with liquid nitrogen 
 

Recent protocols (Bi et al., 2013, Hutschenreuther et al., 2012b, Lorenz et al., 2011) were 

adopted with a few modifications. Briefly, after removal of the culture medium and washings 

with PBS, the cells were rapidly quenched by directly adding about 15 mL liquid nitrogen (LN2) 

to the Nucleon dish. The adherent cells in the Nucleon dish were then immediately subjected to 

extraction on dry ice by addition of 1 mL of pre-chilled 100% methanol followed by lifting the 

cell with a pre-chilled rubber tipped cell lifter. The cells were re-extracted and further steps were 

performed as described in section 4.2.7. 

 

4.2.9 Metabolite derivatization, GC-MS analysis, metabolite identification and data 

analysis 
 

Metabolite derivatization, GC-MS analysis, metabolite identification and data analysis was 

performed as described in Chapter 3.  

 

4.3 Results and Discussion 
 

To obtain a snapshot of the intracellular metabolome, it is essential that the employed washing 

solutions are effective in removing the extracellular media components and similarly the 

quenching solution is efficient in halting the metabolic activities within the cell without altering 

the cell wall/membrane integrity. To achieve these primary objectives, required for any 

metabolomics research, it is important to evaluate the efficiency of the washing and quenching 
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solutions. In this context, we have directed our approach for evaluating metabolite leakage in 

adherently grown metastatic cancer cell line MDA-MB-231 using a variety of washing and 

quenching solutions (buffered/non-buffered). Results from the different treatments are 

evaluated and compared using ATP assay, SEM analysis (for visual observation of membrane 

integrity) and GC-MS based untargeted metabolomics. 

 

4.3.1 ATP assay 
 

ATP is a key central metabolite to all live cells with high turnover rate (1.5 mM/s) (Dietmair et 

al., 2010) and with constant concentration across each cell. Unlike other metabolites, ATP is 

never secreted into the extracellular environment by cells under normal conditions. However, 

when cells are subjected to  environmental stress or membrane damage, rapid changes in ATP 

concentration occurs because of the high turnover rate and subsequent leakage into the 

extracellular medium can occur (Lee and Fiehn, 2008a, Schwiebert and Zsembery, 2003). 

Quenching protocols in metabolomics studies are well known to cause severe leakage of 

metabolites from cells due to cold shock. Therefore, estimating changes in the total intracellular 

ATP content in response to various washing and quenching solution will provide an indication of 

the extent of metabolite leakage and quenching efficiency of the solutions. 

Based on the above rationale, the first objective of this investigation was to evaluate the extent 

of metabolite leakage in response to different washing and quenching solutions (buffered/non-

buffered) using the ATP assay. The ATP content was determined using a luciferase 

bioluminescence assay and normalised to protein content estimated by the BCA assay. ATP and 

protein assays have been successfully applied to the bacterial and mammalian cell suspension 

cultures, in contrast application to the adherent cell cultures are few. Hence prior to application 

of these assays to actual experiments on adherent cultures, standard curves were generated for 

both ATP and protein assay using standard solutions, an additional test standard solution and 

the MDA-MB-231 cell extract  (n=3). The standard curves for both assays are shown in figure 

4.4. 
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Figure 4.4 Standard curves generated for both luciferase bioluminescence ATP assay (a) and BCA 
protein assay (b) using mean values of ATP and protein content obtained with set of standard 
solutions (n=3). 

 

4.3.2 Leakage of ATP in response to washing steps/solutions 
 

The composition of the media used for mammalian cultures is  rich in nutrients such as amino 

acids, vitamins, sugars etc., which are also present inside the cells as  intracellular metabolites. 

Hence subsequent extraction of the cell content followed by quenching, without any washing 

step, will result in high recoveries for specific intracellular metabolites that are present in the 

medium as well. In the suspension culture, the washing step is performed after quenching and 

centrifugation of the sample. As addition of fivefold volume of quenching reagent to that of 

suspension culture will dilute the media components, some reports have suggested exclusion of 

washing step for rapid quenching of the culture and have demonstrated minimum leakage by 
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doing so (Dietmair et al., 2010, Kronthaler et al., 2012a, Sellick et al., 2008). Moreover, inclusion 

of a washing step extends the duration of quenching resulting in more leakage. 

In adherent cultures, similar workflow as that of suspension cultures cannot be applied as lifting 

of cells from their attached state by trypsinization or cell scraping will result in more mechanical 

damage causing severe leakage than would be caused by quenching or washing steps alone. 

Hence, it is essential to quench the adherent cultures in the adhered state only after removal of 

the medium. It is known that usage of large volumes of quenching solvents virtually removes all 

traces of most media components and extracellular metabolites. However, in cases where the 

media components are relatively more concentrated than the intracellular metabolites, the 

inclusion of a washing step to remove media components or extracellular metabolites could be 

advantageous. However, a key concern is whether the use of washing solutions and number of 

washing steps employed influence the metabolite leakage from adherent cultures? 

In order to evaluate the effects of washing, the levels of free ATP in the washing solutions were 

determined after the washing step. (See Appendix 4.1 for calculation part). 

 

Figure 4.5 The effect of washing treatments on intracellular ATP levels of MDA-MB-231: C = No 
washing step (control); PB1 = washing once with PBS; PB2 = washing twice with PBS; W1 = 
washing once with water and W2 = washing twice with water. Bars represents the mean of 3 
independent experiments ± standard error of the mean (SEM). 

 

As can be seen in figure 4.5, washing with de-ionised water (W1 & W2) resulted in higher leakage 

of ATP (by 2 fold) compared to washing with PBS (PB1 & PB2). As the number of water washes 

increased to two, more leakage of ATP can be noticed (W1 vs W2; PB1 vs PB2). On the other 

hand, washing once with PBS (PB1) appears to show similar results to the control sample (C) 
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suggesting that one PBS wash has a lower detrimental effect than a two-step PBS wash. As 

mentioned earlier in this report, mammalian cells are more delicate and to preserve their 

membrane integrity, it is essential to keep the ionic strength of their medium highly compatible. 

The extremely low ionic strength of water might be responsible for more leakage of intracellular 

ATP into extracellular environment caused by osmotic shock. The effect of more than 2 washes 

with PBS was not investigated as it will increase the processing time and will result in the 

decrease in ATP level due to the conversion of ATP to ADP and AMP and the estimation of 

metabolite leakage will not be reliable. For subsequent experiments, washing wash with PBS 

prior to quenching was selected as the optimal washing step. 

 

4.3.3 Leakage of ATP in response to quenching solutions 
 

As quenching is highly cell and sample dependent, differences in the use of optimal quenching 

additives with respect to specific sample can be explained. However, within the same biological 

system contradictory reports have been published with respect to extent of metabolite leakage 

(Dietmair et al., 2010, Kronthaler et al., 2012a, Sellick et al., 2008). On the other hand, in the 

case of adherent cell cultures, except for the recent report by Purwaha and co-workers (Purwaha 

et al., 2014), where the authors evaluated the use of buffer additives  for OVCAR-8 cells (ovarian 

cancer cells), there is little information available. Even here, it is important to note that the 

evaluation was based on a very narrow approach, as the conclusions were drawn based on only 

amino acid analysis by HPLC. Moreover, there was no separate washing step included in the 

protocol, instead the quenching solvent was employed in two washings, which in fact might have 

caused more leakage than a single step rapid quenching. Furthermore, no analysis of 

supernatant following quenching was performed. However, to our knowledge, no quantitative 

data on the effectiveness of quenching solvents on adherent cultures have been presented with 

a broader approach. The broader approach in this context refers to the conclusions which are 

based highly correlated findings and obtained using two or more analytical platforms. 

We have evaluated levels of free ATP in supernatant following quenching with various 

quenching solvents, the results of which are shown in 4.6. 
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Figure 4.6 The effect of five quenching reagents on intracellular ATP levels of MDA-MB-231: C = 
unquenched sample (control); 100%M = quenching with 100% methanol; 60%M = quenching 
with 60% methanol; AMB = quenching with 60% aqueous methanol supplemented with 0.85% 
AMBIC; HEP = quenching with 60% aqueous methanol supplemented with 70 mM HEPES and 
LN2 = simultaneous quenching and extraction with LN2 followed by extraction with 100% 
methanol. Bars represents the mean of 3 independent experiments ± standard error of the mean 
(SEM). 

 

Influence of non-buffered methanol quenching on leakage 

As can be seen in figure 4.6, in case of non-buffered methanol quenching, quenching with 100% 

methanol compared to 60% aqueous methanol resulted in higher leakage of intracellular ATP, 

because of its detrimental effect on cell membrane integrity. The levels of free ATP in nmole/mg 

of proteins obtained with 100% methanol and 60% aqueous methanol are 2.21 nmole/mg and 

5.02 nmole/mg respectively. However Koning and co-workers suggested use of 60% aqueous 

methanol as the most appropriate choice for effective quenching step because of its lower 

freezing point (Koning and Dam, 1992). Whilst evaluating the influence of increasing methanol 

concentration above 60% our results showed severe leakage of metabolite (figure 4.6). Our 

findings are in agreement with those of Canelas and co-workers where higher leakage of 

intracellular metabolites in S. cerevisiae was reported with the increase in methanol 

concentration (Canelas et al., 2008). In GC-MS analysis, we expect higher recoveries of 

intracellular metabolites with 60% aqueous methanol compared to that of 100% methanol 

which will be discussed later in detail.  
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Influence of buffered methanol quenching on leakage 

In the case of buffered methanol quenching, methanol supplemented with HEPES showed a 

lower leakage of intracellular ATP (1.51 nmole/mg) compared to that supplemented with AMBIC 

(2.79 nmole/mg). In addition, an overall comparison of the non-quenched and methanol 

quenched (buffered/non-buffered) samples clearly suggests that methanol supplemented with 

HEPES causes minimum leakage of intracellular ATP and  could be said to have the least 

detrimental effect on the membrane integrity of metastatic MDA-MB-231 cells. Our results of 

ATP assay are in partial agreement with that of Faijes and co-workers, where authors reported 

less leakage with buffered methanol compared to that of methanol alone (Faijes et al., 2007). 

However, in contrast to our results the study reported equal quenching efficiencies for both 

HEPES and AMBIC in case of Lactobacillus plantarum. In addition, contradicting data was 

published by Sellick and co-workers for CHO cells, where the authors reported AMBIC buffered 

methanol to be better than HEPES buffered methanol in preserving membrane integrity (Sellick 

et al., 2008). As stated elsewhere in this report, this might be due to considerable differences 

between the sample and cell size and/or cell wall/membrane structure. Methanol 

supplemented with 70 mM HEPES has shown less leakage of intracellular ATP and thereby can 

be said to preserve the membrane integrity of MDA-MB-231 cells compared to other quenching 

solvents.  

 

4.3.4 SEM 
 

In addition to the ATP assay, the cell membrane integrity of MDA-MB-231 was further studied 

with SEM analysis after the application of the quenching solutions. The adherent mammalian 

cell integrity was studied on samples of unquenched cells with single PBS wash (as a control) 

and cells quenched with four different quenching solutions such as with 100% methanol, 60% 

aqueous methanol, 60% aqueous methanol supplemented with 0.85% AMBIC and with 60% 

methanol supplemented with 70 mM HEPES. The results of SEM observation on MDA-MB-231 

in response to various quenching solutions are summarised in figure 4.7.   
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Figure 4.7 The effect of various quenching solutions (buffered/non-unbuffered) on MDA-MB-
231 cell membrane integrity was visualised and compared against the non-quenched cells using 
SEM observations, where: 1 = Non-quenched cells (Control); 2 = quenched with 100% methanol; 
3 = quenched with 60% aqueous methanol; 4 = quenched with 60% aqueous methanol 
supplemented with 0.85% AMBIC and 5 = quenched with 60% aqueous methanol supplemented 
with 70 mM HEPES. 
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In the case of non-quenched cells (control) (Fig 4.7-1), it can be clearly seen that MDA-MB-231 

cells adopted a polygonal and a flat morphology in the adhered/fixed state, where the patterned 

network and vascular channels are clearly visible. However, when the cells are quenched with 

100% methanol (Fig 4.7-2), detrimental effects on cellular morphology (completely shrinked) 

can be clearly seen where patterned network, vascular channels and pores have completely 

vanished. The use of 60% aqueous methanol (Fig 4.7-3) also shown to have a similar effect, 

however managed to preserve the membrane integrity to some extent compared to that of 

100% methanol. The use of additives such as HEPES and AMBIC managed to preserve the 

membrane integrity to a greater extent, where slight damage to cellular network can be seen 

with use of AMBIC (Fig 4.7-4) compared to control. Overall, quenching with methanol 

supplemented with 70 mM HEPES (Fig 4.7-5) seems to be a better choice compared to other 

quenching solutions and correlates very well with our finding based on ATP assay. 

 

4.3.5 GC-MS based overall recovery of metabolites 
 

In order to obtain confirmation of the findings from the ATP assay and SEM, GC-MS analysis of 

the samples was undertaken after reaction with the quenching solutions (buffered or non-

buffered). In total 140 unique metabolites were identified (Appendix 4.2) across all treatments 

in adherently growing metastatic cancer cell line MDA-MB-231  However, when the study 

objective is to maximise metabolome coverage, characterisation of the leakage with respect to 

metabolite class is required. For this, it is essential to first identify and classify the metabolites 

detected based on their physicochemical properties, thus generating a metabolite matrix that 

can be utilized for interpretations. Hence, all the identified metabolites with the different 

sample treatment approaches were initially classified into eleven different metabolite classes 

based on their physicochemical properties (Table 4.2). 

 

 

 



97 
 

Table 4.2 Eleven different metabolite classes along with their class IDs 

 

 

4.3.5.1 Metabolite leakage in response to washing steps 
 

After monitoring cell-free supernatant of quenched cells and the blank medium, the necessary 

correction was applied for appropriate calculation of intracellular metabolites. Only features 

that were present in at least two biological replicates out of three were considered for further 

analysis. A summary of the recovery efficiency for all the applied sampling protocols are shown 

in figure 4.8, where the metabolite class and numbers detected for various treatment are 

plotted. Figure 4.8a summarises the metabolites detected in the cell pellets, Figure 4.8b those 

detected in the cell-free supernatant, Figure 4.8c indicates the metabolites present in the cells 

but not in the supernatants, Figure 4.8d indicates metabolites present in the supernatants and 

not in the cells, and Figure 4.8e shows metabolites present in both the cell pellet and the 

supernatant. Higher metabolite numbers in the supernatant (Fig 4.8b), relatively high numbers 

detected in both the cells and the supernatants (Fig 4.8e), and corresponding low numbers 

unique to the cell pellets (Fig 4.8c) indicates high metabolite leakage. Higher proportion of 

metabolites detected in Figure 4.8e, compared to that detected in Figure 4.8c or Figure 4.8d 

indicates that there is an increased chance of metabolite leakage. 
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Figure 4.8 The effect of five quenching reagents with (single) or without PBS wash step on 
leakage of intracellular metabolites during quenching was compared for MDA-MB-231. X-axis 
represents different sampling protocols; 100M_P = 100% methanol with PBS wash step; 
100M_WP = 100% methanol without PBS wash step; 60M_P = 60% methanol (aqueous) with 
PBS wash step; 60M_WP = 60% methanol (aqueous) without PBS wash step; 60MA_P = 60% 
methanol (aqueous with 0.85% w/v AMBIC) with PBS wash step; 60MA_WP = 60% methanol 
(aqueous with 0.85% w/v AMBIC) without PBS wash step; 60MH _P = 60% methanol (aqueous 
with 0.85% w/v HEPES) with PBS wash step; 60MH _WP = 60% methanol (aqueous with 0.85% 
w/v HEPES) without PBS wash step; C _P = control (unquenched) with PBS wash step; C _WP = 
control (unquenched) without PBS wash step; LN2 _P = liquid nitrogen with PBS wash step and 
LN2 _WP = liquid nitrogen without PBS wash step. Y-axis represents median number of 
metabolites of each class. After both the treatment the extracted metabolites from cell extracts, 
cell-free supernatant post quenching and blank samples were analysed by GC-MS. (a) 
metabolites identified in cell extracts only, (b) metabolites identified in supernatant only, (c) 
metabolites present only in cell extract (and not in the supernatant) - unique to cells; (d) 
metabolites present only in supernatants (and not in cell extract) - unique to supernatants, (e) 
metabolites present in both the cell extract and supernatant ς (common to both). 

 

As can be seen from figure 4.8c, 60% aqueous methanol supplemented with HEPES yielded 

similar recoveries of metabolites unique to the cells with both inclusion and exclusion of washing 

step and highest compared to other treatments (except that of LN2). Correspondingly 

metabolites common to both the cells and supernatant (Fig 4.8e) are the lowest (with slightly 

higher recovery with exclusion of washing step (60MH_WP)). The number of metabolite 
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detected in the supernatant are also the least compared to other treatments (Fig 4.8d). Among 

other treatments, exclusion of washing step with 100M_WP and 60MA_WP treatments resulted 

in overall higher recovery of metabolites unique to the cells compared to that of with inclusion 

of PBS wash (Fig 4.8c). In contrast, higher recoveries were obtained with 60M_P and C_P 

treatments involving washing step compared to that of exclusion of washing step. However, 

recoveries of metabolites common to both the cells and supernatant (Fig 4.8e) exclusion of 

washing step in all the treatments resulted in higher recoveries compared to that of inclusion of 

washing step. Possible reason might be carry-over of media components along with the 

intracellular metabolites contributing to the higher recoveries with all the treatments without 

washing step. Only use of HEPES, direct quenching with LN2 (with or without PBS wash) showed 

negligible variations in recovery of metabolites in cell extracts (Fig 4.8a). 

Our findings are in disagreement to the previously published report (Sellick et al., 2008), where 

the authors suggested no washing step is required in the case of suspension CHO cultures, based 

on their ATP assay results. The authors reported loss of ATP with all the evaluated treatments 

which includes methanol alone and that supplemented with 70 mM HEPES, 0.85% AMBIC and 

0.9% NaCl. However it is important to note that, the authors did the washing step with 

quenching reagents which may further aggravate the metabolite leakage due to cold shock 

phenomenon and extended time limits for quenching step. In another report (Kronthaler et al., 

2012a), similar strategy was adopted for CHO cells, where the authors investigated the effect of 

additional washing steps (one, two and three) against no washing, where PBS was used for both 

washing and quenching steps. The authors reported severe leakage with the all the washing 

steps. The possible reason might be the longer duration of the protocol which might have 

accelerated the conversion of ATP to ADP and AMP. We have demonstrated minor variation in 

ATP leakage between non-washed (control) and cells washed once with PBS, which clearly 

suggests that the washing step with PBS does not result in major leakage of metabolites in 

adherent mammalian cultures. Moreover GC-MS analysis confirmed this conclusion, where 

minor variations in recovery of intracellular metabolites were observed (Fig 4.8c) across all the 

applied treatments. 

 

4.3.5.2 Metabolite leakage in response to various quenching solutions 
 

With respect to analysis of metabolite classes recovered, non-buffered methanol quenching 

treatments (both 60% aqueous and 100%) resulted in severe leakage of nearly all metabolite 

classes (Fig 4.8c) compared to that of cells quenched with buffered methanol and direct 

quenching with LN2. Data is not shown for LN2, as there was no supernatants analysed with this 

treatment due to the nature of the protocol. Among buffered quenching solutions, methanol 
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supplemented with HEPES resulted in the highest recoveries of organic acids, amino acids, 

nucleotides and phosphates compared to that of AMBIC supplemented methanol. With all the 

applied treatments no recovery for alkanes and ketones was observed in MDA-MB-231 cells. 

This finding is in contrast to a previously published report (Purwaha et al., 2014), where the 

authors reported similar recoveries obtained for amino acids in OVCAR-8 ovarian cancer cell line 

with both treatments. However as discussed in section 2.3.3, the possible reasons for this 

contradictory result might be the use of different analytical techniques employed for the 

evaluation of the treatment method, and in this case conclusions were drawn based on only 

amino acid analysis by HPLC.  

In contrast to both buffered and non-buffered methanol, direct quenching with LN2 yielded 

highest recoveries for all the metabolite classes (Fig 4.8a). However, there were problems in 

using LN2 for simultaneous quenching and extraction of metabolites. The procedure involves 

pouring of LN2 directly into T75 culture flasks (small neck diameter) or well plates, and this could 

result in frostbite or cryogenic burns, and possible asphyxiation. In addition the compatibility of 

culture flasks or well plates used for culturing adherently growing mammalian cells should be 

carefully tested for direct use with LN2, in order to avoid the loss of samples.  

 

4.3.5.3 Evaluating the interference of quenching additives with derivatization reactions 

and GC-MS analysis 
 

In past, Sellick and co-workers successfully demonstrated the use of AMBIC with no apparent 

interference with the derivatization reactions and GC-MS analysis (Sellick et al., 2008). However, 

no such evaluation has been reported for HEPES.  Kronthaler and co-workers suggested the use 

of simultaneous quenching and washing step with PBS for suspension cultures (Kronthaler et al., 

2012a), although addition of fivefold volume of simultaneous quenching and washing solvent 

will result in extreme concentration of phosphate with the subsequent potential of interference 

with the GC-MS analysis.  
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Figure 4.9 GC-MS based analysis of intracellular metabolites extracted from adherent MDA-MB-
231 mammalian cells. Cells were washed once with PBS and later quenched with either 60% 
aqueous methanol alone (black), or 60% aqueous methanol + 0.85% AMBIC (red) or 60% 
aqueous methanol + 70 mM HEPES (green) prior to extraction of metabolites using cold 
methanol. For clarity, the Y-axis for 60% aqueous methanol and for 60% aqueous methanol + 
0.85% AMBIC has been offset.  

 

To evaluate the effects of PBS washing step and use of quenching additives (HEPES or AMBIC) 

on two step derivatization protocols (methoximation followed by silylation) and GC-MS based 

analysis, we have profiled the metabolome and compared the chromatograms of methanol 

supplemented with HEPES to that of methanol supplemented with AMBIC  and methanol alone. 

Fig 4.9 represents GC-MS based analysis of intracellular metabolites extracted from adherent 

MDA-MB-231 mammalian cells. Cells were washed once with PBS and later quenched with 

either 60% aqueous methanol alone (black), or 60% aqueous methanol + 0.85% AMBIC (red) or 

60% aqueous methanol + 70 mM HEPES (green) prior to extraction of metabolites using cold 

methanol. For clarity, the Y-axis for 60% aqueous methanol and 60% aqueous methanol + 0.85% 

AMBIC has been offset. Comparison between three different sample types with respect to total 

numbers and amounts of metabolites recoved showed no major diffrences between them.  In 

total 41 ± 3 unique metabolites were identified with each of the three different sample types. 

However, slightly higher relative peak areas for all the metabolites were obtained with methanol 

+ HEPES treatment compared to other two treatments. This analysis clearly reveals that the 

presence of HEPES and AMBIC does not interefere with the derivatization reactions and GC-MS 

analysis. Our results for inclusion of AMBIC were in agreement with that of Sellick and co-

workers (Sellick et al., 2008), however in addition to that we note no apparent interference of 

HEPES with the derivatization rections and the GC-MS analysis. 



102 
 

4.4 Conclusions 
 

Estimation of the intracellular ATP levels in response to various washing steps/solutions resulted 

in minor variations in ATP leakage between non-quenched (control) cells and cells washed once 

with PBS, indicating a single washing step with PBS does not alter the membrane integrity of 

adherent mammalian cultures. Moreover, GC-MS analysis confirmed this conclusion, where 

similar numbers of intracellular metabolites were recovered (Fig 4.8c) with all the applied 

treatments. On the other hand, estimation of intracellular ATP levels in response to various 

quenching solvents has shown less leakage of intracellular ATP with the use of methanol 

supplemented with 70 mM HEPES, and appears to preserve the membrane integrity of MDA-

MB-231 cells compared to other quenching solvents. Similar conclusions were drawn from GC-

MS based metabolomic analyses, where analysis based on recoveries of eleven different 

metabolite classes clearly demonstrated severe leakage of nearly all metabolite classes with the 

use of non-buffered methanol quenching treatments compared to that of cells quenched with 

buffered methanol and direct quenching with LN2. Among buffered quenching solutions 

containing 60% aqueous methanol, HEPES supplemented methanol resulted in highest 

recoveries of organic acids, amino acids, nucleotides and phosphates compared to that of AMBIC 

supplemented methanol. Furthermore, SEM analysis in response to various quenching solvents 

yielded similar conclusion to that of ATP assay and GC-MS based analyses. In addition, we have 

demonstrated no interferences on the derivatization reactions and GC-MS based analysis when 

PBS and HEPES are employed in the protocol.  All these findings from different analytical 

platforms correlate very well and clearly indicate that a single washing step with PBS and 

quenching with methanol supplemented with 70 mM HEPES resulted in minimum leakage of 

intracellular metabolites.  
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5. Comparison of proposed protocols for metabolomics of two 

metastatic TNBC cell lines: MDA-MB-231 and MDA-MB-436 
 

5.1 Background 
 

Breast cancer (BC) based on their genomic profiles and tumour characteristics is a highly 

heterogeneous type of cancer for which different subgroups of cell lines that are 

morphologically and clinically distinct have been established (Hutschenreuther et al., 2013). In 

human mammary gland, there are two distinct types of epithelial cells namely basal and luminal 

cells which are immuno-histochemically distinct from each other (Perou et al., 2000). Steroid 

hormone receptors such as estrogen receptor (ER) and progesterone receptor (PR) in concert 

with the oncogene ErbB-2 (HER-2) are critical determinants of BC subtypes. The triple negative 

breast cancer (TNBC) is characterised by absence of ER, PR and lack of overexpression of HER-2. 

TNBC represents approximately 20% of all BC and is typically associated with poor prognosis. 

Moreover, due to its aggressive phenotype TNBC only partially responds to chemotherapy and 

present lack of clinically established targeted therapies thus increases the probability of fatality 

in patients (Criscitiello et al., 2012, Gluz et al., 2009, Podo et al., 2010).  

In order to sustain growth and proliferation of tumour cells, they constantly require 

supplements of macromolecular precursors thereby exhibiting altered metabolism compared to 

quiescent cells. As a result, several researchers have employed the metabolomics approach to 

catalogue these and have focused on the classification approach where healthy cells were 

compared against tumour cells (Podo et al., 2010). Nevertheless, while doing so it is important 

to obtain reliable metabolomics data using an optimised workflow which will provide maximum 

coverage for all classes of metabolites with minimum leakage. 

In Chapter 3, conventional techniques were compared against the simultaneous quenching and 

extraction techniques using three different adherently growing mammalian cell lines and 

successfully demonstrated that the direct quenching and extraction techniques yielded three 

fold higher recovery of all metabolites classes compared to the conventional sampling 

techniques. Among the simultaneous quenching and extraction techniques the modified direct 

cell scraping (NTcs) and LN2 treatments provided a rapid and reliable route which can be 

combined with the newly suggested bead harvesting technique in order to minimise artefacts 

due to metabolome leakage. In Chapter 4, we employed the optimised NTcs and LN2 treatments, 

and investigated the effect of washing steps/solvents and quenching solvent additives on 

metabolite leakage from adherently growing metastatic cancer line MDA-MB-231. This 

identified one washing step with PBS followed by quenching with 60% aqueous methanol 

supplemented with the 70mM HEPES as the best washing and quenching solvents for NTcs 
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treatment which resulted in minimal leakage of metabolites compared to 60% aqueous 

methanol supplemented with 0.85% AMBIC.   

It is important to note that, in both Chapters it was demonstrated that whichever approach is 

chosen, it is imperative that the option is first characterised for the metabolome leakage with 

the particular cell type being investigated before being adopted, moreover it is essential to 

consider the impact of different treatments on recovery of different classes of metabolites. In 

comparing the previously characterised metabolite profiles of two metastatic cancer lines 

(MDA-MB-231 and MDA-MB-436) after optimised NTcs and LN2 treatments will provide 

preliminary insight into the impact of these two treatments on the recovery of different classes 

of metabolites. Data obtained from these measurements were analysed with the following 

objectives: 

1) To examine the proposed protocols for adherent mammalian cell metabolomics to 

identify significant variations between them?  

2) To examine whether the proposed protocols able to track the changes between the cell 

lines, which share common biological and morphological features?  

3) To examine the impact of these proposed methods in pathway based analysis for 

deriving meaningful biological interpretations, which will aid in understanding the 

cancer metabolism and developing novel therapeutic regimens. 

In order to meet these objectives, data obtained from the proposed protocols was selected from 

Chapter 3 and 4 (NTcs and LN2) and compared with the results obtained with them for two 

metastatic cancer cell line (MDA-MB-231 and MDA-MB-436).  

 

5.2 Comparison of the proposed protocols for adherent mammalian cell 

metabolomics  
 

To investigate the influence of two proposed treatments (NTcs and LN2) on recovery of different 

classes of metabolites and thereby numbers of metabolites recovered within each class were 

further investigated for two different cell lines (MDA-MB-231 and MDA-MB-436), thereby 

resulting in four different conditions, as detailed below: 

Condition A: Metabolome coverage with NTcs method for MDA-MB-231 

Condition B: Metabolome coverage with LN2 method for MDA-MB-231 

Condition C: Metabolome coverage with NTcs method for MDA-MB-436 

Condition D: Metabolome coverage with LN2 method for MDA-MB-436 
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The results of the treatments are summarised in figure 5.1, where the distribution of metabolite 

classes detected in metabolome of the two metastatic cancer cell lines are plotted.  

 

 

Figure 5.1 Distribution of metabolite classes detected in metabolome of two metastatic cancer 
cell lines namely MDA-MB-231 and MDA-MB-436 using two quenching and extraction protocols 
namely modified direct cell scraping (NTcs) and direct quenching and extraction with LN2 (LN2). 
Y-axis represents average number of metabolites identified in the cell pellets. X-axis represents 
distribution of metabolite classes where 1 = organic acids (non-fatty) and derivatives; 2 = 
sugar/sugar alcohols and derivatives; 3 = amino acids and derivatives; 4 = nucleotides, 
nucleosides and nucleobases; 5 = fatty acids/fatty alcohols and derivatives; 6 = biogenic 
amines/polyamines; 7 = phosphates; 8 = alkanes; 9 = alcohols (others); 10 = ketones and ethers; 
11 = others. 

 

As can be seen from figure 5.1, for MDA-MB-231 cell line similar recoveries for five organic acids 

were observed with both the applied methods, however with MDA-MB-436 higher recoveries 

were obtained with LN2 method (around 18 organic acids). For sugar/sugar alcohols and amino 

acids and its derivatives, higher recoveries were obtained with NTcs method (recovered 16 

sugars and 24 amino acids) than with LN2 method (recovered 12 sugars and 18 amino acids) for 

MDA-MB-436, whereas in contrast to this higher recoveries were obtained with LN2 method 

(recovered 13 sugars and 28 amino acids) than with NTcs method (recovered 12 sugars and 11 

amino acids) in MDA-MB-231. With both methods, no recoveries for 

nucleotides/nucleosides/nucleobases was seen in MDA-MB-231, whereas in MDA-MB-436 

slightly higher recoveries were obtained with LN2 method than with NTcs method, for this class. 

With both the cell lines, NTcs method showed higher recoveries for fatty acids/fatty alcohols 

compared to LN2 method, whereas in contrast to this, LN2 method showed higher recoveries for 

biogenic amines/polyamines class compared to NTcs method. 
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With both methods and in both the cell lines no recoveries were observed for alkanes (8), 

whereas minor variations in recoveries of alcohols were observed.  Only LN2 method recovered 

few metabolites in MDA-MB-436 belonging to ketone and ether class, whereas except LN2 in 

MDA-MB-436, all other methods recovered few other classes of metabolites in both the cell 

lines.  

To further investigate, influence of these methods in recovering different metabolites within the 

same class, we have plotted the median intensities of metabolites recovered in each class, the 

result of which are summarised in figure 5.2. In total 157 unique metabolites, were identified 

with both the cell line and methods, using NIST 05 and GOLM metabolome databases, which 

were then further classified into eleven different classes of metabolites, based on their 

physicochemical properties. The list of 157 unique metabolites along with their class ID as 

mentioned in figure 5.2, are summarised in Appendix 5.1. 
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Figure 5.2 Median intensities of metabolites recovered in individual metabolite class with two metastatic cancer cell lines namely MDA-MB-231 and MDA-MB-436 
across two different quenching and extraction protocols namely modified direct cell scraping (NTcs) and direct quenching and extraction with LN2 (LN2). X-axis 
represents method and cell line investigated. Y-axis represents median intensities of metabolites recovered in individual metabolite within each metabolite class. In 
total 157 metabolites (See Appendix 5.1) were identified across all the treatments which were classified into 11 different metabolite classes and plotted separately. 
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As can be seen from figure 5.2, in case of organic acids, the recovery obtained with both methods 

were similar in the case of MDA-MB-231. In MDA-MB-436, higher numbers were recovered with 

LN2 method (20), whereas higher intensities were observed with NTcs method. It is important 

to note that both methods showed variation in recovery of different organic acids. In case of 

sugars/sugar alcohols and amino acids and its derivatives, both higher number and intensities 

were recovered with LN2 method than with NTcs method in case of MDA-MB-231, whereas 

contrast results were observed with MDA-MB-436, where NTcs method seems to be superior to 

LN2. With both methods, no recoveries for nucleotides/nucleosides/nucleobases was seen in 

MDA-MB-231, whereas in case of MDA-MB-436, higher recoveries in numbers with lower 

intensities were obtained with LN2 method. In both the cell lines, NTcs method seems to be 

superior than the LN2 method in recovery of fatty acids/fatty alcohols and derivatives. In 

contrast, for remaining metabolites classes in both the cell lines, LN2 method seems to be 

superior to that of NTcs method. 

Overall, it can be seen that, in both the cell lines, both the LN2 method and NTcs method are 

superior with respect to recoveries of different metabolite classes and intensities recovered. 

 

5.3 Are the proposed protocols able to track the changes between the cell lines 

which share common biological and morphological features? 
 

In order to understand better the coverage of different classes of metabolites in cell extracts of 

both the cell lines with both the applied methods and to evaluate whether both the proposed 

methods are able to track the variation in metabolome of these two metastatic cancer cell lines, 

we assessed and compared both the sampling protocols in both the cell lines for the recovery of 

eleven different metabolites classes and then used to generate heat map, as displayed in figure 

5.3. Each band represents the median metabolite levels from three independent 

determinations, normalised for each condition and expressed on a logarithmic scale to capture 

variation that was over orders of magnitude. Data for retention time, S/N ration, peak tailing, 

m/z value and peak area was collected manually by exporting to MS Excel 2013. MATLAB 7.0 

(MathWorks, Natick, MA, USA) with in house routines employed for analysing the data 

containing metabolite identities to obtain median values for each identified metabolite. For 

intracellular metabolites the GC-MS data was normalised to viable cell count and sum of peak 

areas as suggested elsewhere (Hutschenreuther et al., 2012b). 
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Figure 5.3 Heat map comparing the response of 11 different classes of metabolite signals 
identified by GC-MS in metabolome of two metastatic cancer cell lines namely MDA-MB-231 
and MDA-MB-436 using two quenching and extraction protocols namely modified direct cell 
scraping (NTcs) and direct quenching and extraction with liquid nitrogen (LN2). 

 

As displayed in figure 5.3, minor variations in the recovery of organic acids was observed in MDA-

MB-231 with both methods, whereas higher recoveries were observed in MDA-MB-436 with the 

LN2 method. In MDA-MB-231, the recovery of amino acids and its derivatives and sugars/sugar 

alcohols and its derivatives with the LN2 method was found to be superior over NTcs method, 

however contradictory results were observed in MDA-MB-436, where NTcs method show higher 

recoveries than the LN2 method. In both the cell lines, the LN2 method resulted in superior 

recovery of nucleotides/nucleosides/nucleobases, biogenic amines/polyamines and phosphates 

whereas recovery of fatty acids/alcohols and its derivatives was severely impeded as compared 

to NTcs method. Overall the recovery with respect to metabolome coverage with both methods 

in both cell lines showed minor variations as summarised in table 5.1, although slightly higher 

variations were observed with respect to recovery of different metabolite classes as displayed 

in figure 5.3. 
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Table 5.1 Median number of metabolites recovered in MDA-MB-231 and MDA-MB-436 across 
two different quenching and extraction protocols namely modified direct cell scraping (NTcs) 
and direct quenching and extraction with LN2 (LN2) 

 

 

Despite these minor variations between the two proposed methods, we selected both methods 

for further investigation, where we directed our efforts in tracking the variations in the 

metabolome with both methods in two metastatic cancer cell lines which share common 

biological and morphological similarities. To assess the sample arrangements, PCA is calculated 

(figure 5.4) using the feature intensities from all the analysed samples using XCMS online. 

Comparison within the two cell lines with both methods (436 vs 231 -NTcs) and (436 vs 231 -

NTcs) displayed around 5 fold more significant changes along the X-axis than those on the Y-axis. 

To further gain access to different data characteristics such as p-value, fold change, retention 

time, m/z ratio and signal intensity of all detected features, XCMS online, a web based platform 

was employed for further validation of GC-MS results using visualisation of the results by PCA 

analysis and cloud plot. The results of these investigations are summarised in figure 5.4 and 5.5, 

and table 5.2.
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Figure 5.4 PCA analysis of metabolomics data displaying clustering of samples between two metastatic cancer cell lines with both the proposed methods: NTcs (left) 
and LN2 (right). PCA is calculated using the feature intensities from all samples. The colours (red/blue) are assigned based on the sample class. Distance to the model 
(DModX) test was used to verify the presence of outliers and to evaluate whether a submitted sample fell within the model applicability domain. 

Table 5.2 Number of significantly different features across method and cell line comparison 

 

Comparison type Comparison Significant features 

Method comparison A Vs B (NTsc Vs LN2 for 231) 83 

C Vs D (NTsc Vs LN2 for 436) 308 

Cell line comparison A Vs C (231 Vs 436 By NTsc) 1204 

B Vs D (231 Vs 436 By LN2) 1149 
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Figure 5.5 Cloud plots generated for four different comparison (C vs D (top left); A vs B (top right); A vs C (bottom left) and B vs D (bottom right)) as listed in Table 
5.2, displaying significant features with p-vŀƭǳŜ Җ лΦлм ŀƴŘ ŦƻƭŘ ŎƘŀƴƎŜ җ мΦо. Up-regulated features are shown in green, whereas down-regulated features were 
shown in red bubbles. The size of each bubbles corresponds to the log fold change of that feature. The shade of the bubble corresponds to the magnitude of the p-
value. Darker the colour, the smaller the p-value.   
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As can be seen from figure 5.5 and table 5.2, fewer dysregulated features were detected when 

both the cell lines (83 with A vs B and 308 with C vs D) are compared, although very high number 

of dysregulated features were detected across the cell line comparison with both methods (1204 

with A vs C and 1149 with B vǎ 5ύΦ ά{ƛƎƴƛŦƛŎŀƴǘ ŦŜŀǘǳǊŜǎέ ƛƴ ǘƘƛǎ ŎŀǎŜΣ ǊŜŦŜǊǎ ǘƻ ǘƘƻǎŜ ƛƴǘŜƴǎƛǘƛŜǎ 

were altered between sample groups with p-ǾŀƭǳŜ Җ лΦлм ŀƴŘ ŦƻƭŘ ŎƘŀƴƎŜ җ мΦоΦ ¦Ǉ-regulated 

features are shown in green, whereas down-regulated features were shown in red bubbles. The 

size of each bubble corresponds to the log fold change of that feature. The shade of the bubble 

corresponds to the magnitude of the p-value, darker the colour, the smaller the p-value. The 

statistical significance of the fold change, as calculated by a Welch t test with unequal variances, 

is represented by the intensity of the features colour, where features with low p-values are 

brighter compared to features with high p-values, and therefore more significant. The Y co-

ordinate of each feature corresponds to the m/z ratio of the compound as determined by the 

MS. The features that were identified with the METLIN database are being colour coded with 

the black outline surrounding the bubble, whereas those not identified in the database are 

displayed without a black outline.  

These observations clearly demonstrate the ability of both the proposed methods to track the 

variations in the metabolome of two biologically and morphologically similar metastatic cancer 

cell lines. 

 

5.4 Impact of these proposed methods in pathway based analysis for deriving 

meaningful biological interpretations which will aid in understanding the cancer 

metabolism and developing novel therapeutic regimens 
 

The biology and pathways involved in TNBC is still very poorly understood, therefore there is 

demand for a comprehensive approach that will aid in defining the relative contribution of major 

metabolic pathways in TNBC (Ossovskaya et al., 2011). Gross and co-workers recently 

demonstrated that for the growth and survival of TNBC cells, they are largely dependent on 

glutamine and key glutamate derived intermediates, which are responsible for supporting 

macromolecule synthesis, cellular redox balance and ATP production to meet the constant 

metabolic demands of proliferative TNBC cells (Gross et al., 2013). This highlights the 

significance of amino acid biosynthesis pathways with respect to metabolome coverage. 

Analysis of differential gene expression in metabolic pathways revealed significant variations in 

purine, pyrimidine and folate metabolism in TNBC cells (Bobrovnikova-Marjon and Hurov, 2014, 

Li et al., 2012, Ossovskaya et al., 2011). Few reports have suggested significant variations in 

arginine and proline metabolism (Traina et al., 2013). Further research with TNBC cells, revealed 
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importance of understanding alterations in adenosine triphosphate-binding cassette (ABC) in 

order to improve our ability in rationally designing appropriate chemotherapy regimens (Ablett 

et al., 2012, Alison et al., 2012, Marquette and Nabell, 2012) and in mitochondrial 

phosphorylation (Walsh et al., 2012). Recent research while exploring the novel therapeutic 

targets for TNBC suggested elevated levels of serine and glycine in TNBC due to shift in metabolic 

flux from phosphotidylcholine to glycine, which might serve as a precursor for macromolecules 

and antioxidant defence required for rapid proliferation of TNBC, therefore anticancer therapy 

should aim at targeting serine and glycine biosynthesis (Amelio et al., 2014, Moestue et al., 

2010). Some reports also suggested alanine, aspartate and glutamate metabolism as TNBC 

specific pathways and thus employed for functional characterisation of breast cancer (Tian et 

al., 2014). To our knowledge only a single report implicated the importance of glyoxylate and 

dicarboxylate metabolism in TNBC (JOHNSON et al., 2014). The pentose/glucuronate inter-

conversions pathways in TNBC was recently reported while uncovering the therapeutic 

vulnerabilities using genome and transcriptome sequencing (Craig et al., 2013).   

From the above discussion, it is clear that various attempts have been made in past three years 

to illustrate the metabolic pathways involved in TNBC, however the approach has been 

restricted to coverage of specific metabolic pathways. As mentioned earlier, and the metabolic 

pathways involved in TNBC are still very poorly understood, and demands for a comprehensive 

approach that will aid in defining the relative contribution of major metabolic pathways in TNBC 

has increased. Given this, we focused our analysis on evaluating the coverage of major breast 

cancer pathways in the analysed metabolome for the two metastatic cancer cell lines with our 

optimised NTcs and LN2 methods. 

For comprehensive analysis, we have classified all the identified metabolites with both methods 

in both the metastatic cancer cell lines based on their pathway involvement. Some of the 

metabolites were found to be involved in more than one pathway. The list of 126 metabolites 

with their corresponding pathway involvement are summarised in Appendix 5.2. 

Initially C number for all the identified metabolites were searched using DBGET search tool in 

KEGG compound category (Kanehisa and Goto, 2000). All the identified metabolites were then 

mapped on cancer pathways using KEGG mapper tool. In total, 84 metabolites were successfully 

mapped which were highlighted by red dot in figure 5.6,
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Figure 5.6 In total 84 identified metabolites with both methods (NTcs and LN2) in two metastatic cancer cell lines namely MDA-MB-231 and MDA-MB-436 were 
found to be present in cancer pathways (involved in TNBC biology), ǿƘƛŎƘ ǿŜǊŜ ǇƭƻǘǘŜŘ ƻƴ Y9DDΩǎ ƳŜǘŀōƻƭƛŎ ƳŀǇ ŀƴŘ ƘƛƎƘƭƛƎƘǘŜŘ ōȅ ǊŜŘ Řƻǘ.  
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As highlighted above, there were numerous major pathways likely to be involved in TNBC 

biology and therefore comprehensive coverage of these pathways with the aid of metabolomics 

will surely help in illustrating the underlying biology and mechanisms involved in TNBC cells and 

for finding novel therapeutic targets. Given this, we have specifically mapped all the identified 

metabolites with both methods in two metastatic cancer cell line to get a first glimpse at 

metabolome coverage with respect to specific important pathways involved in TNBC biology. 

Selected pathways that were mapped with the identified metabolites are listed below:  

¶ ABC transporters: 35 metabolites  

¶ Biosynthesis of amino acids: 27 metabolites   

¶ Pyrimidine metabolism: 10 metabolites  

¶ Glycine, serine and threonine metabolism: 11 metabolites  

¶ Alanine, aspartate and glutamate metabolism: 11 metabolites  

¶ Arginine and proline metabolism: 15 metabolites  

¶ Glyoxylate and dicarboxylate metabolism: 14 metabolites  

¶ Pentose and glucuronate interconversions: 10 metabolites  

¶ Galactose metabolism: 14 metabolites  

¶ Oxidative phosphorylation: Fumarate  

¶ Protein digestion and absorption: 23 metabolites  

From above information it is clear that the proposed two methods for quenching and extraction 

protocols namely modified direct cell scraping (NTcs) and direct quenching and extraction with 

LN2 (LN2) show superior metabolome coverage for the two metastatic cancer cell lines. 

Furthermore, most of the identified metabolites with these methods were successfully mapped 

on significant pathways involved in TNBC cells, thereby demonstrating the robustness and 

reliability of these methods in pathways based analysis of TNBC cell lines.  

 

5.5 Conclusions 
 

The previously optimised sampling protocols in Chapter 3 and 4, namely modified direct cell 

scraping (NTcs) and direct quenching and extraction with LN2 (LN2) showed superior 

metabolome coverage in the two metastatic cancer cell lines investigated.  With preliminary 

investigations in both the cell lines, we have concluded that both methods are superior to each 

other with respect to the recoveries of different metabolite classes and intensities recovered for 

them. However, the use of visualisation tools resulted in fewer number of significantly changing 

features, thereby demonstrating the minimum variation between both methods. The 

importance of both methods in recovering specific metabolite classes with specific cell line 
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under investigation have been demonstrated. Therefore, when particular class of metabolites 

are of interest, it is essential to carefully consider the impact of these two treatments on the 

recovery of different classes of metabolites. Comparison within the metabolome recovered in 

two different metastatic cancer cell lines with both methods revealed variations in significantly 

changing features, where number of metabolites identified with MDA-MB-436 were around two 

fold higher than that of identified in MDA-MB-231. These observations clearly demonstrate the 

ability of both the proposed methods to track the variations in the metabolome of two 

biologically and morphologically similar metastatic cancer cell lines. 

In total 154 metabolites were identified with both methods in both the metastatic cancer cell 

lines which were classified based on their pathway involvement. Most of the identified 

metabolites with these methods were successfully mapped on significant pathways involved in 

TNBC cells, thereby demonstrating the robustness and reliability of these methods in pathways 

based analysis in TNBC cell lines. No work has yet been published on adherent mammalian cell 

metabolomics where the emphasis was on improving the metabolome coverage. The 

observations made with the pathway-based coverage specific to cancer will help in generating 

many hypothesis based investigations. For example, in setting up a platform for classifying 

cancer sub-types, in defining the relative contribution of major metabolic pathways in TNBC and 

illustrating the underlying molecular mechanism involved in TNBC biology and finally for 

generating novel therapeutic regimes by identifying novel targets for anticancer therapies. 
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Optimization of the quenching and extraction 

workflow for GC-MS based metabolomic 

investigation of microbial and microalgal species: 

Protocol validation with hypothesis driven 

biological study in C. reinhardtii. 
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6. Optimization of the quenching and extraction workflow for GC-

MS based metabolomic investigation of microbial and microalgal 

species: Protocol validation with hypothesis driven biological 

study in C. reinhardtii. 
 

6.1 Introduction 
 

Microalgae not only play an important ecological role, but are also of commercial importance 

and therefore there is a need for an in depth study of the metabolites through metabolomics 

(Jamers et al., 2009b). Nannochloropsis is well appreciated in aquaculture because of their 

nutritional value and ability to produce valuable chemical compounds such as pigments, 

chlorophyll a, zeaxanthin, astaxanthin and polyunsaturated fatty acids (PUFAs). The metabolism 

of such pigments is very dynamic, as exposure of cells to changes in light environment causes 

rapid changes in pigments. Therefore, in order to elucidate the  underlying mechanisms 

involved, it is essential to carry out a metabolomic study first with the optimised quenching and 

extraction protocols (Rocha et al., 2003). Dunaliella salina is well known for the commercial 

ǇǊƻŘǳŎǘƛƻƴ ƻŦ ʲ-carotene as it accumulates carotenoids to high concentrations. However, little 

is known about the underlying mechanisms of carotenoid accumulation. Therefore, better 

understanding of the regulatory mechanisms ƛƴǾƻƭǾŜŘ ƛƴ ǘƘŜ ʲ-carotene overproduction using  

ƳŜǘŀōƻƭƻƳƛŎǎ ǿƛƭƭ ŦŀŎƛƭƛǘŀǘŜ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ǎǇŜŎƛŬŎ ǾŀƭǳŀōƭŜ ŎŀǊƻǘŜƴƻƛŘǎ ŀƴŘ ƻǘƘŜǊ ǇǊƻŘǳŎǘǎ 

in D. salina and in related organisms (Lamers et al., 2008).  

 

The metabolic response of an organism to environmental stimuli or stressors have, to date, only 

rarely been carried out in algae. C. reinhardtii is a unicellular green algae and its the genome was 

recently sequenced. Recent report on the metabolite levels of C. reinhardtii under nutrient 

deprivation described a procedure for cell preparation and metabolite extraction (Bölling and 

Fiehn, 2005)Φ ²ƘŜƴ ŎŜƭƭǎ ǿŜǊŜ ƎǊƻǿƴ ǳƴŘŜǊ ƴǳǘǊƛŜƴǘ ŘŜŬŎƛŜƴǘ ŎƻƴŘƛǘƛƻƴǎ όŘŜǇƭŜǘƛƻƴ ƻŦ ƴƛǘǊƻƎŜƴΣ 

phosphorus, sulphur or iron), highly distinct metabolic phenotypes were observed, as changes 

in the metabolites are first to be observed in relation to changes in the nutrients (Jamers et al., 

2009a, Kluender et al., 2009b, Viant, 2007a). Recently, a working model for the coordinated 

regulation of cellular metabolism during the induction of the carbon concentrating mechanism 

in C. reinhardtii has been reported (Kempa et al., 2009b, Renberg et al., 2010). These 

observations underline the importance of understanding the metabolic pathways, and their 

underlying regulation. Metabolomics approaches in combination with proteomics and 

transcriptomics, can be used to identify differentially expressed metabolites and provide clues 
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to rate-limiting processes in the cell. Thus systems biology approach will enable the fine tuning 

of algal properties by genetic or metabolite engineering (Schenk et al., 2008).  

 

In systems biology, proteomics studies generates generic protein identification, however 

metabolomics studies has the ability to reveal that, the accumulated enzyme is more specifically 

related to a specific biochemical pathway. For an in-depth understanding of biology within given 

organism and at a given condition, it is essential to adopt metaproteogenomic strategy, which 

involves integration of both proteomics and metabolomics data. In Chapter 3, we have 

successfully demonstrated that, quenching methods are highly sample and cell dependent in 

case of the adherent mammalian cultures, and the optimised quenching protocols cannot be 

simply adopted for suspension cultures without validating them for a given case. Therefore, it is 

essential to develop optimised quenching protocols for a given biological sample, in this case 

bacterial and microalgal cultures. Followed by quenching, the major issue with metabolomics 

studies is to find the suitable extraction solvent that can quantitatively extract all the 

intracellular metabolites. For an unbiased analysis of the metabolome it is essential to extract 

all the metabolites completely, non-selectively and reproducibly by avoiding their degradation 

(e.g., chemical, thermal) and conversion to other metabolites (e.g., due to enzymatic activity). 

 

The objective of this investigation is to develop an un-targeted GC-MS based metabolic profiling 

approach that can potentially be used to detect and quantify hundreds of metabolites with 

highest possible recoveries to obtain as much information as possible about key metabolites in 

microbial model E. coli and microalgal species such as C. reinhardtii, N. salina and D. salina. We 

have adopted few previously published quenching and extraction protocols in order to test the 

efficiency of a variety of workflows for GC-MS based un-targeted metabolomic studies and to 

identify major bottlenecks in the sample preparation steps. In addition, the optimised protocol 

for C. reinhardtii was used to study the influence of carbon source and availability on the 

metabolome and proteome profiles in C. reinhardtii cultures grown under different trophic 

conditions. 

 

6.2 Materials and Methods 
 

6.2.1 Bacterial/microalgal strain and growth conditions  
 

a) Escherichia coli 
The E. coli K12 strain MG1655 was cultured at 37°C in 500 mL shake flasks containing 100 mL of 

Luria-Bertani (LB) medium. After inoculation with a pre-culture in the same medium to an OD of 
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0.1 (wavelength = 600 nm using an Ultraspec 2100 Pro from Pharmica Biotech, Uppsala Sweden), 

cells were harvested in the stationary phase. Cell dry weight was determined simultaneously by 

centrifugation of 10 mL of medium containing cells at different optical densities. The pellets 

were re-suspended in 1 mL of sterile water and transferred to a new Eppendorf tube, and dried 

in vacuum concentrator. In order to obtain the dry weight the Eppendorf tubes were first 

weighed empty and after drying the cells.  

 

b) Chlamydomonas reinhardtii  
For optimisation of the quenching and extraction workflows 

The C. reinhardtii strain CCAP 11/32C was obtained from the Culture Collection of Algae and 

Protozoa, UK. The cells were grown in a Sanyo incubator (MLR-351H, Sanyo Versatile 

Environmental Test Chamber, from Japan) at 25° C in 1 L shake flasks, containing 1 litre of TAP 

medium, under constant illumination at 85 µmol photons m-2s-1  ŀƴŘ нрɕ/Φ ¢ƘŜ ƳŜŘƛǳƳ όǇŜǊ 

litre) is composed of 2.42 g Tris; 25 ml TAP salts (1g MgSO4.7H2O, 0.5g CaCl2.2H2O in 250 mL 

dH2O); 25 ml Ammonia chloride solution (containing 0.75g NH4CL in 50 mL dH2O); 0.375 

ml phosphate Solution (28.8g K2HPO4, 14.4g KH2PO4 in 100 mL dH2O); 1.0 ml solution Hunter 

media (containing 2.2g ZnSO4.7H2O, 1.14g H3BO3, 0.506g MnCl2.4H2O, 0.161g CoCl2.6H2O, 0.157g 

CuSO4.5H2O, 0.11g (NH4)6Mo7O24 and 0.499g FeSO4.7H2O in 100 mL dH2O); and 1.0 ml glacial 

acetic acid. Cells were harvested in stationary phase (OD at 750 nm = 0.700). Cell dry weight 

measurement was performed simultaneously. 

For biology based experiments 

The C. reinhardtii strain CCAP 11/32CW15+ was obtained from the Culture Collection of Algae 

and Protozoa, UK. The culture was maintained, cultured and provided by Joseph Longworth for 

metabolomic investigations whereas the proteomic and biochemical analysis were 

simultaneously carried out by the Longworth and co-workers (Longworth, 2013). Cultures were 

grown in either TAP media as described above or TAP media without acetate and pH adjusted 

to 7 using HCl. Culture were grown in a Sartorius Biostat B plus bioreactor. Culture were 

maintained at OD of 0.450 ± 0.05 at 750nm for at least 12 h prior to any sampling event.  

 

c) Nannochloropsis salina 
The microalga strain used in this study was CCAP 849/1, which was obtained from the Culture 

Collection of Algae and Protozoa, UK. The cells were grown in Sanyo incubator (MLR-351H, 

Sanyo versatile environmental test chamber, from Japan) at 25°C in 1 L shake flasks containing 

500 mL of f/2 medium with 33.6 g artificial sea salt per litre (Ultra Marine Synthetica Sea Salt, 

Waterlife). The medium (per litre) is composed of 33.6 g artificial seawater salts, 75 mg NaNO3, 
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5.65 mg NaH2PO4·2H2O,1ml trace elements stock and 1 ml vitamin mix stock. The trace 

elemental solution (per litre) includes 4.16 g Na2EDTA, 3.15 g FeCl3·6H2O, 0.18 g MnCl2·4H2O, 10 

mg CoCl2·6H2O, 10 mg CuSO4·5H2O, 22 mg ZnSO4·7H2O, 6 mg Na2MoO4·2H2O. The vitamin mix 

solution (per litre) includes 100 mg vitamin B1, 0.5 mg vitamin B12 and 0.5 mg biotin. Cells were 

harvested in stationary phase (OD at 680 nm = 0.729). Cell dry weight measurement was 

performed simultaneously. 

 

d) Dunaliella salina 
The microalga strain used in this study was CCAP 19/30 obtained from the Culture Collection of 

Algae and Protozoa, UK. The cells were grown at the similar conditions used for N. salina. Cells 

were harvested in stationary phase (OD at 680 nm = 0.519). Cell dry weight measurement was 

performed simultaneously. 

 

6.2.2 Preparation of standard metabolites mixture  
 

The amino acid kit (purchased from Sigma), was used to prepare a standard metabolite mixture, 

containing 50 µM of each metabolite, for quality control purposes and/or used as a pure 

reference compound for method validation and to assess analytical performance. Stepwise 

dilution of stock solution was done and was used as a reference compounds in the current 

research. The metabolite mixture contains L-arginine, L-aspartate, L-glutamate, L-glutamine, L-

histidine, L-lysine, L-methionine, L-phenylalanine, L-threonine, Malic acid, Citric acid and 

Glucose (All obtained from Sigma). The mixture was derivatized prior to GC-MS analysis as 

detailed in section 6.2.5 c). 

 

6.2.3 Sample extraction and quenching  
 

Combinations of various quenching and extraction solvent previously reported for the species 

used in this investigation are listed in table 6.1. 
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Table 6.1 Combination of quenching and extraction solvents employed for various species. (M= 
methanol; C= chloroform; W= water) 
 

 

 

a) E. coli 
10 mL of culture samples in triplicate were rapidly plunged into 50 mL pre-chilled Falcon tube 

containing an equal volume of pre-chilled 60% aqueous methanol solution (-48°C) (Winder et 

al., 2008). The centrifuge was set at -9°C and the rotor was pre-chilled at -20°C. The quenched 

biomass was then centrifuged for 8 min at 2500g at -9°C. The supernatant was removed rapidly, 

and an aliquot (1 mL) was transferred to a 2 mL Eppendorf to assess the leakage of internal 

metabolites. The pellets and supernatant were snap frozen in liquid nitrogen and stored at -80°C 

for further analysis. The procedure was repeated simultaneously for the control sample, except 

for the quenching step. 

  

b) C. reinhardtii  
For optimisation of the quenching workflows 

In the case of C. reinhardtii different protocols were applied for intracellular metabolite 

quenching and extraction. The two quenching solutions were tested in triplicate, quenching with 

32.5% aqueous methanol (Renberg et al., 2010) and with 60% aqueous methanol (Lee and Fiehn, 

2008b). At the incubation site 3 mL of cell suspensions were rapidly plunged into 50 mL pre-

chilled Falcon tube containing 12 mL of pre-chilled quenching solution (-48°C). The centrifuge 

was set at -9°C and the rotor was pre-chilled at -20°C. The quenched biomass was then 

centrifuged for 5 min at 2500g at -9°C. The supernatant was removed rapidly, and an aliquot (1 

mL) was transferred to a 2 mL Eppendorf to assess the leakage of internal metabolites. The 

pellets and supernatant were snap frozen in liquid nitrogen and stored at -80°C for further 

analysis.   

 

 

Species Quenching with Extraction with

E. coli 1) 60 % aq. methanol 1)100% M

1) 32.5% aq. methanol 1) M:C:W (10:3:1)

2) 60% aq. methanol 2) M:C:W (5:2:2)

3) 100% methanol

1) M:C (2:1)

2) 100% M

D. salina 1) 60 % aq. methanol 1) M:C (2.5:2)

C. reinhardtii

N. salina 1) 60 % aq. methanol
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For biology based experiments 

For biology based investigations, at the incubation site 5 mL of cell suspensions were rapidly 

plunged into 15 mL pre-chilled tube containing 5 mL of pre-chilled quenching solution (-48°C). 

The remaining steps were carried out similarly as described above. 

 

c) N. salina 
In the case of N. salina, 60% aqueous methanol solution was used as a quenching solution, and 

another set was also tested simultaneous without any quenching step, to determine the 

efficiency of quenching in metabolomics. At the incubation site 5 mL of cell suspensions were 

rapidly plunged into 15 mL pre-chilled tube containing 5 mL of pre-chilled quenching solution (-

48°C). The centrifuge was set at -9°C and the rotor was pre-chilled at -20°C. The quenched 

biomass was then centrifuged for 5 min at 2500g at -9°C. The supernatant was removed rapidly, 

and an aliquot (1 mL) was transferred to a 2 mL Eppendorf to assess the leakage of internal 

metabolites. The pellets and supernatant were snap frozen in liquid nitrogen and stored at -80°C 

for further analysis.  

 

d) D. salina 
In the current work with D. salina, 60% aqueous methanol solution was used as a quenching 

solution, whereas another set was also tested simultaneously without any quenching step, to 

determine the efficiency of quenching in metabolomics. For further treatment, similar protocol, 

as followed for N. salina was adopted.  

 

6.2.4 Extraction of metabolites 
 

a) E. coli 
The extraction method was based on a previously published report (Winder et al., 2008). Briefly, 

to the snap frozen biomass, 500 µL of 100% methanol precooled at -80°C was added. The Falcon 

tube was then transferred to liquid nitrogen for 3 min, followed by thawing on dry ice for 10 

min, and briefly vortexed. The freeze-thaw cycle was repeated three times for complete cell 

disruption. The sample was then centrifuged at 16000g, at -9°C for 5 min. The supernatant was 

transferred to a new tube, and the pellet was re-extracted twice with 500 µL of 100% methanol 

precooled at -80°C. The first and second aliquots were then combined and stored on dry ice. The 

700 µL of extract was spiked with 100 µL of internal standard solution containing 0.19 mg m L¯¹ 

succinic dј acid, 0.27 mg m L¯¹ malonic-dі acid in HPLC grade water. The samples were then 

lyophilized overnight prior to derivatization.  
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b) C. reinhardtii  
For optimisation of the extraction workflows 

The samples were lyophilized at -50°C overnight prior to extraction. Three different extraction 

solvent systems were tested against two quenching solutions. The different extraction solvent 

systems employed were: methanol: chloroform: water (10:3:1), previously found to be most 

suitable for C. reinhardtii (.ǀlling and Fiehn, 2005), methanol: chloroform : water (5:2:2) as 

published for plant organs (Gullberg et al., 2004a, Weckwerth et al., 2004a) and 100 % methanol 

as published for microbial metabolomics (Winder et al., 2008). Solvent ratios are given as 

volumetric measures. Briefly, to lyophilized cells, 500 µL of extraction solvent was added, pre-

chilled at -48°C, along with an equal volume of glass beads (425-600 µm i.d., acid washed, from 

Sigma). To the reaction mixture, 100 µL of the internal standard solution containing 0.19 mg m 

L¯¹ succinic dј acid, 0.27 mg m L¯¹ malonic-dі acid in HPLC grade water was added. Cells were 

then disrupted using (Cell disruptor, from Genie), 13 cycles of disruption was performed with 1 

min disruption, with an interval of 1 min on ice. The sample was then centrifuged at 14,000 rpm, 

at -9°C for 10 min to remove any cell debris. The supernatant was transferred to new pre-chilled 

Eppendorf tube (-20°C) and evaporated to dryness using vacuum concentrator (5301 Vacuum 

Concentrator, from Eppendorf). The dried extract was then stored at -80°C for further analysis. 

For biology based experiments 

Extraction was carried out with methanol: chloroform: water (5:2:2) mixture. All further steps 

were carried out similarly as described above.  

 

c) N. salina 
Two different extraction solvent systems: methanol: chloroform (2:1) as published previously 

for Daphnia magna (Vandenbrouck et al., 2010b) and 100 % methanol as published for microbial 

metabolomics (Winder et al., 2008) were tested. Briefly, to the snap frozen biomass, 1.2 mL of 

extraction solvent was added, pre-chilled at -48°C. Cells were then disrupted using sonicator 

(450 Sonifier, from Branson), 15 cycles of sonication (Duty cycle 50%, noise 40 times) was 

performed with 1 min sonication, with an interval of 1 min on ice. After this time, 400 µL of 

chloroform and 400 µL of ultrapure water was added to the reaction mixture. The sample was 

then centrifuged at 14,000 rpm, at -9°C for 15 min to separate polar and non-polar phase. The 

resultant aqueous and organic fractions as well as pellet were transferred to a new pre-chilled 

Eppendorf tube (-20°C).150 µL of each extract is then evaporated to dryness using vacuum 

concentrator (5301 vacuum concentrator, from Eppendorf). The dried extract was then stored 

at -80°C for further analysis. 



130 
 

 

d) D. salina 
The extraction method was based on a previously published report (Lamers et al., 2010b). 

Briefly, to the snap frozen biomass, 4 mL of chloroform: methanol (2:2.5) pre-chilled at -80°C 

was added. To the reaction mixture, 66 µg ml¯¹ of glyceryl trinonadecanoate was added as an 

internal standard and vortexed for 1 min. Cells were then disrupted using sonicator (450 Sonifier, 

from Branson), 15 cycles of sonication (Duty cycle 50%, noise 40 times with output control 6) 

was performed with 1 min sonication, with an interval of 1 min on ice. After sonication, 2.5 mL 

of a 50 mM Tris-buffer (pH 7.5) containing 1M NaCl was added to the suspension. The samples 

were vortexed and sonicated once more and subsequently centrifuged at 14,000 rpm, at -9°C 

for 15 min to separate the polar and non-polar phases. The non-polar phase was transferred to 

a new Eppendorf tube and the polar phase and cell debris were re-extracted with 1 mL 

chloroform. The first and second chloroform fractions were combined and 150 µL of the pooled 

chloroform fraction and polar phase were evaporated to dryness using vacuum concentrator 

(5301 vacuum concentrator, from Eppendorf). The dried extract was then stored at -80°C for 

further analysis. 

 

6.2.5 Derivatization of metabolites 
 

a) E. coli 
Metabolite derivatization was performed as suggested elsewhere (Winder et al., 2008). Briefly, 

to the lyophilized sample, 40 µL of 20mg/mL methoxyamine hydrochloride in pyridine was 

added and samples were shaken for 80 min at 40°C. The samples were then derivatized by 

trimethylsilylation by the addition of 40 µL MSTFA (N-methyl-N-

trimethylsilyltrifluoroacetamide) and incubating them further in shaking condition at 37°C for 

80 min. A retention index solution was added for the chromatographic alignment prior to 

analysis by GC-MS. Chromatographic alignment approach usually account for the drifts in 

retention times caused by the alteration in the column selectivity which is directly dependent 

on various factors which includes: temperature fluctuation, irreversible adsorption, column 

degradation and machine drifts. The alignment is performed in a z-score transformed retention 

time domain to standardize chromatographic peak distribution across samples using a retention 

index solution such as mixture of n-alkanes. A mixture score is developed to assess the similarity 

between two peaks by simultaneously evaluating the mass spectral similarity and the closeness 

of retention time. 
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b) C. reinhardtii  
Metabolite derivatization was performed as suggested elsewhere (Lee and Fiehn, 2008b). 

Briefly, to the dried extract, 30 µL of 20mg/mL methoxyamine hydrochloride in pyridine was 

added and samples were shaken for 90 min at 30°C to protect aldehyde and ketone groups. The 

samples were then derivatized by trimethylsilylation by the addition of 45 µL MSTFA (N-methyl-

N-trimethylsilyltrifluoroacetamide) and incubating them further in shaking condition at 37°C for 

30 min. A retention index solution was added for the chromatographic alignment prior to 

analysis by GC-MS.  

 

c) N. salina 
Metabolite derivatization was performed as suggested elsewhere (Vandenbrouck et al., 2010b), 

with little modification. Briefly, to the dried extract, 30 µL of 20mg/mL methoxyamine 

hydrochloride in pyridine was added and samples were shaken for 90 min at 30°C to protect 

aldehyde and ketone groups. The samples were then derivatized by trimethylsilylation by the 

addition of 30µL MSTFA (N-methyl-N-trimethylsilyltrifluoroacetamide) and incubating them 

further in shaking condition at 37°C for 30 min. A retention index solution was added for the 

chromatographic alignment prior to analysis by GC-MS.  

 

d) D. salina 
Similar protocol, as followed for N. salina was adopted, See section 6.2.5 (c)  

 

6.2.6 GC-MS for metabolite analysis 
 

GC-MS analysis was performed as described in Chapter 3, section 3.2.6 

 

6.2.7 Identification of metabolites and data analysis 
 

Identification of metabolite and further data analysis was performed as described in Chapter 3, 

section 3.2.7 and 3.2.8. 
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6.3 Results and Discussion 
 

6.3.1 Validation of the use of GC-MS for metabolomics 
 

The objective of this study was to validate a GC-MS method that can be used to study 

metabolites found in algae. Known metabolite mixtures provided a means of assessing the 

performance and reliability of algorithms, databases and protocols used in MS-based metabolite 

ƛŘŜƴǘƛŬŎŀǘƛƻƴ ŀƴŘ ǉǳŀƴǘƛŬŎŀǘƛƻƴΦ LƴŘŜŜŘΣ the use of standardized metabolite mixtures could be 

used to provide much-needed validation of existing methods and deconvolution softwares. 

The AMDIS software for deconvolution of metabolomics data sets based on GC-MS was 

evaluated. Attention was paid to the extent of detection, identification and agreement of 

qualitative results. In addition flexibility and the productivity of this deconvolution software 

program in their application was also monitored. To achieve this objective, we performed the 

analysis of test-mixture solution containing 50 µM of each of the 12 metabolites. The resulting 

mass spectra, after deconvolution using the AMDIS search program, were compared with the 

NIST mass spectral libraries containing both mass spectra and the retention indices of 

derivatives. Depending upon the various parameters used the results showed a large number of 

false positives (data not shown). It was found that the component width, match factor, 

resolution and sensitivity are the most important parameters for predicting the accuracy of the 

deconvolution results.  

AMDIS deconvolutes 87 components and 28 target peaks as displayed in Appendix 6.2, out of 

12 metabolite derivatives with the set of parameters mentioned above. It was noted that the 

number of peaks detected does not equal the number of metabolites before derivatization, as 

the method of derivatization produces more than one derivative of a single metabolite. In 

addition one single peak was deconvoluted as multiple components. So taking this into 

consideration, the parameters were optimised. The number of components detected by AMDIS 

were closer to the true number of metabolites derivatives in solution, which made it easier to 

define the true metabolites in real samples analyzed later in this current research. However only 

11 metabolites out of 12 were detected, and futher analysis revealed that arginine was not 

detectable (table 6.2). Previous studies have shown that, arginine is not detectable by GC-MS 

analysis, as silylation reactions converts arginine to ornithine or its degradation products, which 

were difficult to analyze by GC-MS (Bedair and Sumner, 2008a, Dettmer et al., 2007). In addition, 

histidine was found to be degraded to putresine. Still there is a not a good balance between 

avoiding false positive and negatives. Therefore the use of AMDIS for deconvoluting spectra 

requires further validation and optimisation. 
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Table 6.2 List of metabolites identified by GC-MS along with their retention time from twelve 
metabolite mixture 

 

 

Analysis of repeatability: The analysis was performed three times to test the repeatability of 

the software, which resulted in repeatable result, thus showed the reliability of experimental 

method was very high. 

 

6.3.1.1 Amino acid analysis for quality control of GC-MS based metabolomics 
It is essential to check the consistency of analytical results before making any biological 

interpretation. The purpose of this study was to detect and/or correct for detector drift and to 

control the inertness of the GC-MS technique. The amino acid mixture was treated as a QC 

sample (normalization step) and used as an early marker for the decline of the performance of 

the analytical system, as metabolites are more prone to adsorb or degrade on the surface of the 

analytical column in the absence of sample matrix. The QC sample was injected periodically and 

ǳǎŜŘ ǘƻ ŘŜŬƴŜ ƛƴǘǊŀ-batch response curves that can then be used to adjust the response of the 

analytical sample by assessing the performance of chromatographic column and the MS 

detector during the experiments.  

 

6.3.2 Optimization of the quenching and extraction workflow for GC-MS based 

metabolomic investigation of one microbial and three microalgal species 

 

In this section, we have evaluated the efficient applications of metabolomic workflow (as it was 

not established before in our laboratory) for handling suspension cultures. The idea behind 

these investigations was to assess the bottlenecks in metabolomics sample preparation 

workflow for handling suspension cultures, and address them in the subsequent Chapters.  

Number Metabolites R.T.

1 Citric acid (4TMS) 25.027

2 Glucose methoxyamine (5TMS) 26.118

3 L-Aspartic acid (3TMS) 19.475

4 L-Glutamic acid (3TMS) 21.496

5 L-Glutamine (3TMS) 18.683

6 L-Lysine (4TMS) 26.751

7 L-Methionine (2TMS) 19.547

8 L-Phenylalanine (2TMS) 21.7

9 L-Threonine (3TMS) 16.428

10 Malic acid (3TMS) 18.805

11 Putrescine (4TMS) 17.35
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6.3.2.1 Overview of E. coli metabolomics data 

The metabolome of microbe, while not as complex as that of a plant and microalgae, still 

contains at least several hundred metabolites. In this research work, E. coli was selected for 

preliminary metabolomics study, due to its importance as both model organism, human 

pathogen and ease of growth. The optimized analytical protocol suggested elsewhere (Winder 

et al., 2008) was applied for the comprehensive metabolite profiling of E. coli K12 strain 

MG1655. Two biological replicates were analysed, with three analytical replicates taken from 

each culture. For sampling and quenching 60% aqueous methanol was used, while for extraction 

100% methanol was used as suggested elsewhere (Winder et al., 2008), followed by GC-MS 

analysis. The procedure was repeated simultaneously for the control sample, except the 

quenching step. 

A representative chromatogram from E. coli, GC-MS metabolomic analysis is shown in figure 6.1. 

The number of metabolites identified by GC-MS in each replicates can be seen in table 6.3;  

 

 

Figure 6.1 Representative chromatogram from E. coli, GC-MS metabolomic analysis. The sample 
was quenched with 60% aqueous methanol and extracted with pure methanol. The extracted 
metabolites were derivatized by methoximation followed by silylation. The derivatized sample 
volume of 1 µL was injected in split less mode at 230°C and separated on a TRACE TR-5MS 
capillary column (30 m x 0.25 mm x 0.25 µm). In total, around 162 metabolites were identified 
(see table 6.8), where few identified peaks were labelled onto a chromatogram. 
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Table 6.3 Number of metabolites identified in each replicate in E. coli metabolomic study (1, 2, 
3 = analytical replicates; Control = Unquenched sample) 

 

 

We compared our E. coli metabolite data with a previously published optimized method for 

global metabolite profiling of E. coli cultures (this will be referred to henceforth as previous 

study) (Winder et al., 2008). In the previous study, the number of peaks detected with the 

methanol quenching solution was reported as 152. The number of metabolites identified in our 

research was 89 ± 4. The possible reasons for the lower number identified by us as compared to 

previously published method are listed below; 

1) The analysis was carried out with GC-ToF-MS, whereas our results were based on 

conventional quardupole GC-MS. As mentioned in section 6.1, GC-ToF-MS offers increased 

productivity with higher mass accuracy and mass resolution as compared to conventional GC-

MS method 

2) The metabolites were detected in both positive and negative mode, whereas the number of 

reported metabolites in this research was based only on analysis in the positive ion mode. 

3) The leakage of internal metabolites was assessed, and accurately balanced to calculate final 

number of metabolites, whereas in this study, the leakage of internal metabolites was not 

assessed and corrected. 

However, in our study we concentrated more on the choice of the GC column, which does not 

appear to be considered in the previous studies. The GC-column used in this research study was 

TR-5-MS, which was selected purposely for metabolomics studies because of the diversity of 

metabolome. The column characteristics such as column phase, internal diameter, film thickness 

and length were properly considered while developing the method in order to determine the 

best column for separation. The column selection guide was referred prior to selection of 

appropriate GC column for metabolomics 

(http://www.polygen.com.pl/thermo/download/chromatography-catalog-column-

selection.pdf). Very few studies (Al Awam et al., 2014, Jones and Hügel, 2013, Liu et al., 2014) 

employed this column for GC-MS based metabolomic investigations, whereas other protocols 

seems to be simply adopted from the literature without critically validating them for the given 

case. In addition, the extraction methods considered in the previous study were not suitable for 

http://www.polygen.com.pl/thermo/download/chromatography-catalog-column-selection.pdf
http://www.polygen.com.pl/thermo/download/chromatography-catalog-column-selection.pdf
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extraction of highly lipophilic metabolites. Furthermore, GC-MS is not ideally suited to all classes 

of metabolites such as nucleotides and sugar phosphates, which are extremely labile. Therefore, 

identifying and addressing the bottlenecks in quenching and extracting workflow with parallel 

application of GC-ToF-MS (in both positive and negative mode with TR-5-MS column for GC 

separation) and available LC-MS techniques might improve the metabolome coverage of E. coli 

further. 

 

Qualitative analysis of E. coli metabolome coverage 

The total number of unique metabolites identified in this research work with E. coli was 162 

including quenched and non-quenched sample. Summary of the number of metabolites 

detected in each class are presented in table 6.8. Out of these, the total number of metabolites 

identified with quenching protocol was 142; whereas numbers of metabolites identified were 

reduced to 118 in case of non-quenched sample which was processed without quenching step. 

We also attempted to find out metabolites which are unique and those that are common to the 

different treatments. The results showed that, out of the 162 metabolites identified, 66 

metabolites were found to be identified under only one particular treatment, whereas 96 

metabolites were found to present in both the treatments.  

 

6.3.2.2 Overview of N. salina metabolomics data 
For this study, N. salina which is a small yellow-green heterokont alga was selected because of 

its high fatty acid content and its potential for use as a biodiesel producer. Investigation of its 

metabolism through metabolomic study will help us in the development of strategies for 

increasing the lipid content and in understanding CO2 fixation mechanism, which can be then 

enhanced by controlling the environmental conditions. To date, there is no evidence of 

metabolomic study with N. salina. So the protocols for quenching and extraction were adopted 

from previously published studies on other microalgae as mentioned in section 6.2.3 (c) and 

6.2.4 (c) were tested. In addition to this, different combinations of quenching and extraction 

solvents were also tested. Two biological replicates were analysed, with three replicates taken 

from each culture. 

A representative chromatogram from N. salina, GC-MS metabolomic analysis is shown in figure 

6.2. The number of metabolites identified by GC-MS in each replicates can be seen in table 6.4. 
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Figure 6.2 Representative chromatogram from N. salina, GC-MS metabolomic analysis. The 
sample was quenched with 60% aqueous methanol and extracted with methanol-chloroform 
mixture (2:1 v/v). The extracted metabolites were derivatized by methoximation followed by 
silylation. The derivatized sample volume of 1 µL was injected in split less mode at 230°C and 
separated on a TRACE TR-5MS capillary column (30 m x 0.25 mm x 0.25 µm). In total, around 
116 metabolites were identified (see table 6.8), where few identified peaks were labelled onto 
a chromatogram. 

 

Table 6.4 Number of metabolites identified in each replicate in N. salina metabolomics study: A, 
B and C = different workflows, where A = no quenching and extraction with methanol-
chloroform mixture (2:1 v/v); B = quenching with 60% aqueous methanol and extraction with 
methanol-chloroform mixture (2:1 v/v) and C = quenching with 60% aqueous methanol and 
extraction with pure methanol; whereas 1, 2 and 3 = biological replicates 

 

 

Among different quenching and extraction methods employed in this study, we proposed that 

quenching with 60% aqueous methanol and extraction with methanol: chloroform (2:1) (Set B) 

is the most suitable for metabolomic study of N. salina. The metabolites were identified in both 

the polar and non-polar phases. The total numbers of metabolites identified in both polar and 

non-polar phases by GC-MS are shown in table 6.4. The omission of the quenching step (Set A) 
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resulted in a lower number of metabolites detected and extraction with 100% methanol (Set C) 

resulted in detection of lesser number of metabolite as compared to that of extraction with 

methanol: chloroform (2:1). As there are no previously published studies with N. salina in the 

literature, we cannot compare our data with other studies, however the adoption of similar 

strategy such as, parallel application of 2D GC-ToF-MS (in both positive and negative mode with 

TR-5-MS column for GC separation) and available LC-MS techniques in future along with the 

appropriate correction for leaked intracellular metabolites will surely increase the number of 

metabolites identified as compared to recently adopted method in this study. 

 

Qualitative analysis of N. salina metabolome coverage 

The total number of unique metabolites identified in this research work with N. salina was 116 

(including all samples from three various treatments). Out of these, total number of metabolites 

identified with quenching protocol (Set B and C) was much higher (around 90) than that of 

identified with no quenching (Set A) (only 72 identified). The individual treatment results 

showed that treatments given in Set B are superior to others, with which 90 unique metabolites 

were identified. Further data analysis showed that 50 metabolites were found to be identified 

in all the given treatments, 28 found to be identified in only two treatments given, whereas 41 

metabolites were found to be identified only under one treatment. Summary of the number of 

metabolites detected in each class could be found in table 6.8. 

 

6.3.2.3 Overview of D. salina metabolomics data 
For this study, D. salina, a unicellular green halophilic alga, was selected because it is used for 

ǇǊƻŘǳŎǘƛƻƴ ƻŦ ʲ-carotenes, chlorophylls and xanthophylls such as lutein, zeaxanthin and 

neoxanthin. Further investigation of its metabolism through metabolomic study will help us 

increase carotenoid accumulation which are powerful antioxidants used in human diet 

supplements and colorants used as fish food pigments (Denery et al., 2004). The protocol for 

quenching and extraction was adopted from previously published studies as mentioned in 

section 6.2.3 (d) and 6.2.4 (d). Two biological replicates were analysed, with three replicates 

taken from each culture. A representative chromatogram from D. salina, GC-MS metabolomic 

analysis is shown in figure 6.3. The number of metabolites identified by GC-MS in each replicates 

can be seen in table 6.5; 
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Figure 6.3 Representative chromatogram from D. salina, GC-MS metabolomic analysis. The 
sample was quenched with 60% aqueous methanol and extracted with methanol-chloroform 
mixture (2.5:2 v/v). The extracted metabolites were derivatized by methoximation followed by 
silylation. The derivatized sample volume of 1 µL was injected in split less mode at 230°C and 
separated on a TRACE TR-5MS capillary column (30 m x 0.25 mm x 0.25 µm). In total, around 
103 metabolites were identified (see table 6.8), where few identified peaks were labelled onto 
a chromatogram. 

 

Table 6.5 Number of metabolites identified in each replicate in D. salina metabolomic study (A, 
B = Different quenching and extraction protocols, where A = No quenching, B = quenching with 
60% aqueous methanol followed by extraction with methanol/chloroform (2.5:2); whereas 1, 
2, 3 = Analytical replicates) 

 

 

From results, it can be seen that the number of metabolites identified with incorporation of 

quenching step is higher as compared to method without quenching. The total number of 

metabolites identified in this study was 82 ± 6. Very few published reports are there in the 

literature on metabolomics study of D. salina. However no attempts were made in this study to 

improve the coverage of metabolome and protocol was simply adopted from previously 

published study. The objective in this case was to construct metabolite specific library for D. 

salina. 

 

Qualitative analysis of D. salina metabolome coverage 

The total number of unique metabolites identified in this research work with D. salina was 103 

(including all samples from two various treatments). Overall comparison, negligible amount of 
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variation was found in results as analyses showed that nearly equal numbers of metabolites 

were identified in both treatments 91 in Set A (without quenching ) and 92 in Set B (with 

quenching step).  However it should be noted that the leakage of internal metabolites during 

quenching is yet to be quantified for Set B, which may lead to results having greater variation in 

numbers. Further analysis of data showed that 56 unique metabolites were found to be 

identified under both the treatments whereas 47 metabolites were identified under only one 

treatment. Summary of the total number of metabolites detected in each class could be found 

in table 6.8. 

 

6.3.2.4 Overview of C. reinhardtii metabolomics data 
Among photosynthetic eukaryotes, C. reinhardtii was selected for this research work as it is a 

sequenced organism and offers unique opportunities for the generation of high-quality 

metabolomics data. The optimized analytical protocols suggested elsewhere (Lee and Fiehn, 

2008b, May et al., 2008b, Renberg et al., 2010) were adopted in this study as mentioned in 

section 6.2.3 (b) and 6.2.4 (b). Two biological replicates were analysed, with three technical 

replicates taken from each culture. A representative chromatogram from C. reinhardtii, GC-MS 

metabolomic analysis is shown in figure 6.4. The average number of metabolites identified by 

GC-MS with two different quenching and extraction protocols are summarized in table 6.6; 

 

 

Figure 6.4 Representative chromatogram from C. reinhardtii, GC-MS metabolomic analysis. The 
sample was quenched with 60% aqueous methanol and extracted with methanol-chloroform-
water mixture (5:2:2 v/v). The extracted metabolites were derivatized by methoximation 
followed by silylation. The derivatized sample volume of 1 µL was injected in split less mode at 
230°C and separated on a TRACE TR-5MS capillary column (30 m x 0.25 mm x 0.25 µm). In total, 
around 139 metabolites were identified (see table 6.8), where few identified peaks were 
labelled onto a chromatogram. 
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Table 6.6 Number of metabolites identified in C. reinhardtii metabolomics study (A, B = Different 
quenching protocols, where A = quenching with 32.5% aqueous methanol, B = quenching with 
60% aqueous methanol followed by extraction with a, b or c; where a = extraction with 
methanol/chloroform/water mixture (10:3:1), b = extraction with methanol/chloroform/water 
mixture (5:2:2) and c = extraction with 100% methanol) 

 

 

From the results, it is clear that quenching with 60% aqueous methanol and extraction with 

methanol: chloroform: water (5:2:2) (B-b), is most suitable for metabolome analysis of C. 

reinhardtii ŀǎ ƛǘ ǊŜǎǳƭǘŜŘ ƛƴ ƘƛƎƘŜǎǘ ǊŜŎƻǾŜǊƛŜǎ ƛƴ ƴǳƳōŜǊǎ όттҕнύ ǿƛǘƘ ƎƻƻŘ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅΩǎ 

compared to other applied treatments. The total number of unique metabolites identified in this 

research work with C. reinhardtii was 139 (including all the samples with various treatments) 

In past, May and co-workers reported identification 159 known metabolites using GCxGC-ToF-

MS analysis, among which 119 metabolites were actually identified from C. reinhardtii culture, 

whereas the rest metabolites were spiked into the samples (May et al., 2009, May et al., 2008a). 

Authors reported two fold increase in number of metabolites identified compared to that  

reported by Bölling and Fiehn (Bölling and Fiehn, 2005), as they employed 2D GC-ToF-MS with a 

cold injection system (in order to protect thermo labile metabolites from undergoing 

degradation or inter-conversions) instead of GC-ToF-MS. Out of 119 identified metabolites, 24 

metabolites were identified only by Bölling and Fiehn (Bölling and Fiehn, 2005), 41 metabolites 

were identified by both research groups (Bölling and Fiehn, 2005, May et al., 2008a), whereas 

57 newly identified metabolites were reported only by May and co-workers (May et al., 2008a). 

All 159 identified metabolites from both studies (Bölling and Fiehn, 2005, May et al., 2009, May 

et al., 2008a) were then integrated along with the identified proteins from the proteomic 

investigations and were successfully mapped using the MapMan visualization platform as 

displayed in figure 6.5. MapMan is a visualisation tool that has been developed for the display 

of metabolite and transcript data onto metabolic pathways of Arabidopsis and other plant 

genomes and thus features a special emphasis on plant-specific pathways (May et al., 2008a). 

 

Quenching treatment

Extraction treatment A-a A-b A-C B-a B-b B-c

A B

Average recoveries in 

numbers
57 ± 8 67 ± 2 74 ± 6 74 ± 4 77 ± 2 63 ± 16
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Figure 6.5 C. reinhardtii central metabolism is visualised using the MapMan tool. Squares 
represent Chlamydomonas proteins that have been assigned into various pathways. White 
boxes indicates 159 identified metabolites, red boxes indicated 1069 identified proteins by MS, 
whereas blue boxes indicates proteins with no peptide support. Figure adopted from (May et 
al., 2008a). 

 

We have compared the overall recovery of unique metabolites identified in our study against 

the metabolite database generated by May and co-workers (May et al., 2009, May et al., 2008a), 

who compared his method with that of Bölling and Fiehn (Bölling and Fiehn, 2005). The results 

of this investigations are summarized in figure 6.6, where we have generated Venn diagram for 

only those metabolites that were found to be commonly identified with the previously published 

reports. In addition, the newly identified metabolites that were not identified by both the 

previous studies and therefore not included in the MapMan visualization platform were 

represented by the pink colour. 
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Figure 6.6 Venn diagram displaying the capture of C. reinhardtii metabolome in our study in 
comparison with previously published reports by various researchers (Bölling and Fiehn, 2005, 
May et al., 2009, May et al., 2008a). Dark blue colour represents 18 metabolites identified by 
May and co-workers alone (May et al., 2008a), purple colour represents addition of one new 
metabolite reported by Fiehn and co-workers (Bölling and Fiehn, 2005) to that of 18 metabolites 
reported by May and co-workers, light blue colour represents 29 new metabolites identified in 
later studies by both authors in addition to those 18 that were reported by May and co-workers 
in their previous studies (May et al., 2009), whereas pink colour represents 32 new identified 
metabolites (see Appendix 6.3) in current study in addition to all of those previously reported. 

 

From figure 6.6, it can be seen that, in total 19 metabolites were identified by Bölling and co-

workers (Bölling and Fiehn, 2005) along with all the 18 metabolites that were reported by May 

and co-workers (May et al., 2009, May et al., 2008a) in their previously published report. Later 

both researchers conducted collaborative investigation on capturing the C. reinhardtii 

metabolome and reported recoveries of in total 47 metabolites, which were then incorporated 

in the metabolic network of primary metabolism for C. reinhardtii. Our GC-MS based analysis 

covered all those metabolites identified in previously published reports, in addition we have 

captured 32 new metabolites (See Appendix 6.3). Despite capturing 32 new metabolites, the 

metabolome coverage demonstrated in our study was not comparable to that of previously 

published reports, as authors identified 119 (May et al., 2009, May et al., 2008a) and 100 (Bölling 
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and Fiehn, 2005) metabolites, whereas we managed to cover only 80. The possible reasons for 

a lower number of metabolites detected in our research work as compared to previously 

published methods are as discussed in section 6.3.2.1. In contrast, the number of new 

metabolites identified in this study was quite high, which were not reported with the previously 

published benchmark methods and further validation of this data would lead to publishable 

results. 

The metabolic network of primary metabolism for C. reinhardtii, was constructed recently using 

genomic and biochemical information, which include 484 metabolic reactions and 458 

intracellular metabolites (Boyle and Morgan, 2009). This suggests that we currently have 

identified only one fifth of the C. reinhardtii metabolome (with 139 identified metabolites) and 

there is considerable scope for improvement.  

 

Qualitative analysis of C. reinhardtii metabolome coverage 

The total number of unique metabolites identified in C. reinhardtii was 139 (including all samples 

with various treatments). In overall comparison with respect to quenching solvent employed, 

negligible amount of variation was found in results, as analysis showed that quenching with 60% 

aqueous methanol (Set A) leads to identification of 118 metabolites, whereas quenching with 

32.5% aqueous methanol resulted in identification of 116 metabolites. However it should be 

noted that the leakage of internal metabolites during quenching is yet to be quantified for both 

the sets, which may lead to results having greater variation in numbers. If we consider individual 

treatments, the results clearly suggest that quenching with 60 % aqueous methanol and 

extraction with M: C: W (5:2:2) (Set B-b) is superior to other treatments and with which 96 

unique metabolites were identified (table 6.7). In order to provide further qualitative 

information, we grouped all the identified metabolites in a way which will help us in sorting 

those which are identified only under one treatment, two treatments and so on up to six 

different treatments. Analysis showed that 26 metabolites were found to be present only under 

one treatment whereas 48 metabolites were found to be identified with both treatments as 

detailed in table 6.6.  Summary of the number of metabolites detected in each class could be 

found in table 6.8. 

 

 

 

 

 

 



145 
 

Table 6.7 Number of unique metabolites identified in C. reinhardtii under each treatment, 
where: A, B = Different quenching protocols, where A = quenching with 32.5% aqueous 
methanol; B = quenching with 60% aqueous methanol followed by extraction with a, b or c; 
where a = extraction with methanol/chloroform/water mixture (10:3:1); b = extraction with 
methanol/chloroform/water mixture (5:2:2) and c = extraction with 100% methanol 

 

 

Table 6.8 Summary of the total number and percentage of metabolites detected in each class 
across all the species investigated in this study 

 

 

SET Unique metabolites identified

A-a 83

A-b 84

A-c 90

B-a 92

B-b 96

B-c 94

Set A 116

Set B 118

In Total 139

Number % Number % Number % Number %

Metabolite class
E. coli C. reinhardtii N. salina D. salina

43 26.5 31 22.3 25 21.5 20 19.4

27 16.6 22 15.8 18 15.5 20 19.4

27 16.6 19 13.6 16 13.7 13 12.6

15 14.5

10 6.1 7 5 8 7 6 5.8

24 14.8 23 16.5 21 18

1 0.9

7 4.3 6 4.3 7 6 8 7.7

8 5 5 3.5 4 3.4

0 0

4 2.5 6 4.3 3 2.5 3 2.9

5 3 3 2.1 0 0

1 0.9

2 1.2 1 0.7 1 0.8 1 0.9

2 1.2 4 2.8 3 2.5

162 139 116 103
Total metabolites 

identified

Antioxidants

1 0.9

1 0.6 11 8 11 9.5 11 10.6

2 1.2 2 1.4 2 1.7

Others

Alcohols or Fatty 

alcohols

Sugars or Sugar-

alcohols or Polyols

Organic acids

Amino acid and its 

derivatives

Biogenic amines

Photorespiration 

intermediates

Nucleotides

n-alkane

Fatty acids

Phosphates

Isopropenoids
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6.3.2.5 Comparing metabolome of all the species investigated 
In this section, we combined the identified metabolites under various treatments across all the 

four species. The objective of this type of data analysis is to examine the occurrence of different 

metabolites under given treatment. In total, 216 unique metabolites were identified with GC-

MS based analysis under various treatments across all four species. The analysis showed that 63 

unique metabolites were found to be identified under only one treatment, whereas 24 

metabolites were found to be identified in all the various 12 treatments employed in this 

research work across all four species. Further all the metabolites identified in this research work 

were classified into different classes and compared across all the species. The comparison of 

different classes of unique metabolites identified across all the four species investigated can be 

seen in figure 6.7 and listed in table 6.9. 

 

 

Figure 6.7 Distribution of the metabolite classes detected in metabolome of four different 
biological species investigated namely E. coli (blue), C. reinhardtii (red), N. salina (green) and D. 
salina (purple). Y-axis represents average number of metabolites identified. X-axis represents 
distribution of 13 metabolite classes. 
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Table 6.9 Distribution of all the metabolites identified in this research into different classes 
(Combined results from all the biological species investigated) 

 

 

As can be seen from figure 6.8, the coverage of GC-MS was excellent for most of the metabolite 

classes which includes amino acids, organic acids, sugars/sugar alcohols, however recovery of 

nucleotides/nucleosides/nucleotides and sugar phosphates was severely compromised, thereby 

requiring the development of an optimized protocol with alternative analytical platform such 

LC-MS for coverage of these classes of metabolites. This is addressed in Chapter 10. The above 

preliminarily optimized quenching and extraction protocols were based on previously published 

benchmark protocols that had been adopted and modified slightly without critically evaluating 

them for the given condition and organism. In addition, with the above quenching and extraction 

protocols we currently covered only one fifth of the C. reinhardtii metabolome and there is 

considerable scope for improvement by developing reliable protocols for sampling and 

quenching (with appropriate correction for the metabolite leakage) followed by extraction 

which we propose to address in subsequent chapters. 

 

6.3.3 Comparison of mixotrophic and photoautotrophic growth of C. reinhardtii grown 

under turbidostatic conditions: A metabolic and proteomic investigation. 
 

6.3.3.1 Background  
The major precursor for the biofuel production from feedstock organism are the carbon 

molecules in the form of carbohydrates and lipids, which constitute majority of the dry biomass. 

Therefore the method by which the organisms derives its carbon compounds serve as a key 

factor for any feedstock organism. Lab based C. reinhardtii cultures were generally grown under 

mixotrophic conditions (with acetate as a carbon source) in order to increase specific growth 

Metabolite Class Number %
Organic acids 45 21

Others 41 19

Sugar or Sugar-alcohol and Polyols 30 14

Amino acids and its derivatives 29 13

n-alkane 14 6.5

Fatty acids 13 6

Biogenic amines or polyamines 11 5

Alcohols or fatty-alcohols 11 5

Isopropenoids 7 3.2

Phosphates 6 2.7

Photo-respiration intermediates 3 1.3

Antioxidants 3 1.3

Nucleotides 3 1.3

Total metabolites identified 216
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rates.  However for the industrial scale biodiesel production, these cultures needs to be grown 

under photoautotrophic conditions, where for the carbon source, cultures have to rely on 

atmospheric or CO2 supplemented growth. However prior to extrapolating the lab based 

investigations to industrial scale, it is essential to understand the influence of carbon source and 

availability on C. reinhardtii cultures.  

As discussed in section 6.1, bottlenecks in algal biodiesel production within the cell can be 

identified by metabolomics approaches in combination with proteomics and transcriptomics, as 

the identification of differentially expressed metabolites gives clues to rate-limiting processes in 

cell, which can be backed up by the determination of metabolite flux. Thus, system biology 

approach will allow fine tuning of algal properties by genetic or metabolite engineering (Schenk 

et al., 2008).  

To our knowledge only Wienkoop and co-workers have investigated alterations in the 

metabolome and proteome while comparing the mixotrophic and photoautotrophic batch 

cultures (Wienkoop et al., 2010b). However it is important to note that the approach was kept 

targeted for both the -omics approaches, focusing more on low CO2 induced proteins. Similarly 

Renberg and co-workers reported significant differences in 128 metabolites while comparing 

the mixotrophic and autotrophic cultures of C. reinhardtii (Renberg et al., 2010). No proteomic 

investigation was carried out in this study. In both previous studies, the analyses was carried out 

by coupling the two different factors, carbon source and availability, which ideally needs to be 

evaluated separately under turbidostatic conditions.  

Therefore, to assess the influence of these two factors, carbon source and availability, on C. 

reinhardtii cultures, the cultures were grown mixotrophically and photoautotrophically, each 

with and without CO2 supplementation, using turbidostatic conditions in a stirred tank photo 

bioreactor, followed by metabolomic and proteomic analyses. Turbidostatic cultures (fixed cell 

density) were preferred over chemostatic cultures (fixed nutrient supply), as use of chemostatic 

culture will lead to dramatic impact on cell culture density, not an ideal condition for the desired 

comparison of carbon source and availability. Given this, we employed turbidostatic culture to 

gain control on the carbon availability at a per cell basis, where optical density (OD) was being 

used as a measure of cell numbers.  

The influence of carbon source and availability on C. reinhardtii metabolome and proteome 

under the four conditions listed in figure 6.8 were further investigated; 
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Figure 6.8 Summary of conditions studied to investigate the influence of carbon source and 
availability on C. reinhardtii cultures grown under different trophic conditions. 

 

Condition [A]:  Un-supplemented Photoautotrophic culture: without acetate and atmospheric   

  air supplemented with 0.04% CO2 

Condition [B]:  Supplemented Photoautotrophic culture: without acetate and atmospheric air 

  supplemented with 2% CO2 

Condition [C]:  Un-supplemented Mixotrophic culture with acetate from TAP media and 

  atmospheric air supplemented with 0.04% CO2 

Condition [D]:  Supplemented Mixotrophic culture with acetate from TAP media and  

  atmospheric air supplemented with 2% CO2 

 

6.3.3.2 Overview of metabolomics and proteomics results 
To investigate the changes occurring under different trophic conditions an 8-plex iTRAQ 

proteomic investigation along with biochemical analysis (carbohydrate, protein and pigment 

assays) was carried out by Longworth and co-workers (Longworth, 2013), whilst we 

simultaneously focused on metabolomic analysis. It is important to note that our primary aim 

was to assess, if the optimized metabolomics protocol can be applied successfully to track the 

changes in the metabolome of C. reinhardtii cultures grown under different trophic conditions. 

Moreover, validation of our results by other omics approaches, in this case with proteomics, was 

also investigated to evaluate and compare the linearity between both the -omics studies. 

Multiple comparisons can be made from the datasets obtained with both the -omics 

approaches. The results of these multiple comparisons, where only significant differences 

observed in both the proteins and metabolites were summarized in table 6.10. For GC-MS based 
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metabolomic investigations, two biological replicates with three technical replicates were used, 

resulting in total six replicates for each condition. Only features that were found to be identified 

in four out of six replicates were considered as true hits for further data analysis. 

 

Table 6.10 Number of significantly changing features in proteome and metabolome of C. 
reinhardtii against various conditions as summarised in Figure 6.8 

In case of proteomic investigations, significantly different features refers to p < 0.05, whereas in 

case of metabolomics investigations significantly different features refers to p Җ лΦлм ǿƛǘƘ ŦƻƭŘ 

ŎƘŀƴƎŜ җ мΦоΦ 

 

6.3.3.3 Condition A vs B, C and D 
To assess the sample arrangement, PCA is calculated (figure 6.9) using the feature intensities 

from all the analysed samples using XCMS online (web based platform). With PC1 38% variance 

was observed compared to 11% variance of PC2, indicating 4.1 fold more significant changes 

along the X-axis than those on the Y-axis. From figure 6.9 (a), it is clear that condition A is well 

separated from other conditions B, C and D. Similar observations were made with proteomic 

investigations (figure 6.9(b)), where PC1 accounts for 74% variations compared to PC2 which 

accounted for 10% variations, indicating 7.4 fold more significant changes along the X-axis than 

those on the Y-axis. Both the approaches suggesting that, the primary effect of differentiation is 

due to the carbon availability. 

 

 

 

 

 

 

1 A vs B 155 81

2 A vs C 191 278

3 A vs D 165 285

4 B vs C 60 55

5 B vs D 92 91

6 C vs D 36 17

Comparison 1

Comparison 2

Number of Significantly Changing Features In

Proteome Metabolome
ConditionsComparative analysis

A vs B, C & D x 488
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Figure 6.9 PCA analysis displaying clustering of C. reinhardtii samples for all four culture 
conditions as summarised in Figure 6.8, where: (a) PCA  for metabolomic data and (b) PCA for 
proteomics data (figure adopted from (Longworth et al, 2013). For metabolomics data, PCA is 
calculated using the feature intensities from all samples. The colours (red/blue) are assigned 
based on the sample class. Distance to the model (DModX) test was used to verify the presence 
of outliers and to evaluate whether a submitted sample fell within the model applicability 
domain. For proteomics data PCA is based on variance stabilization normalisation (VSN), isotope 
ŎƻǊǊŜŎǘƛƻƴ όL/ύΣ ƳŜŘƛŀƴ ŎƻǊǊŜŎǘŜŘ ǊŜǇƻǊǘŜǊ ƛƻƴ ƛƴǘŜƴǎƛǘƛŜǎΣ ƭƛƳƛǘŜŘ ǘƻ җ н ǇŜǇǘƛŘŜ ǇǊƻǘŜƛƴǎΦ 
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To gain further insight into data characteristics such as p-value, fold change, retention time, m/z 

ratio and signal intensity of all detected features, cloud plot visualization tool was employed 

using the XCMS online platform. The results of these investigations are summarized in figure 

6.10. 

 

 

Figure 6.10 Cloud plot generated by comparing condition A against remaining three conditions 
(see Figure 6.8), displaying 488 features with p-ǾŀƭǳŜ Җ лΦлм ŀƴŘ ŦƻƭŘ ŎƘŀƴƎŜ җ мΦоΦ Up-regulated 
features are shown in green, whereas down-regulated features were shown in red bubbles. The 
size of each bubbles corresponds to the log fold change of that feature. The shade of the bubble 
corresponds to the magnitude of the p-value. Darker the colour, the smaller the p-value. 

 

As can be seen from figure 6.10, in total 488 dysregulated features were detected whose 

intensities were altered between sample groups with p-ǾŀƭǳŜ Җ лΦлм ŀƴŘ ŦƻƭŘ ŎƘŀƴƎŜ җ мΦоΣ ǿƘŜƴ 

condition A (Dataset 1 as control) was compared against other conditions (Dataset 2), which 

includes condition B, C and D. Up-regulated features were shown in green, whereas down-

regulated features were shown in red bubbles. The size of each bubbles corresponds to the log 

fold change of that feature. The shade of the bubble corresponds to the magnitude of the p-

value, darker the colour, the smaller the p-value. The statistical significance of the fold change, 
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as calculated by a Welch t test with unequal variances, is represented by the intensity of the 

features colour, where features with low p-values are brighter compared to features with high 

p-values. The Y- co-ordinate of each feature corresponds to the m/z ratio of the compound as 

determined by the mass spectrometry. The features that were identified with the METLIN 

database were colour coded with the black outline surrounding the bubble, whereas those not 

identified in the database are displayed without a black outline. 

For qualitative and quantitative analysis, metabolite identification and data analysis was 

performed as described in section 6.2.7. Out of 488 significant features, 138 unique metabolites 

were identified across all the conditions.  

 

6.3.3.4 Condition A (Low carbon) vs Condition D (High carbon) 
PCA analysis from both the omics approaches clearly suggests that there is majority of variance 

between condition A and other three conditions. The carbon availability was extremely low with 

the condition A, whereas in contrast it was extremely high with condition D. Considering this, 

we have further selectively compared the condition A against the condition D. 

To assess the sample arrangement between low vs high carbon conditions, PCA is calculated 

(figure 6.11) using the feature intensities from samples belonging to condition A and D. With 

PC1 13% variance was observed compared to 44% variance of PC2, indicating 5.7 fold more 

significant changes along the X-axis than those on the Y-axis. Further analysis with cloud plot 

visualization (figure 6.12) reported 289 features that were significantly different from each other 

among both the conditions, out of which 94 unique metabolites were identified (Appendix 6.4). 

Among 94 unique metabolites, 63 metabolites were found to be present in both the condition 

A and D, whereas 13 and 18 metabolites were identified only in condition A and D respectively.  
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Figure 6.11 PCA analysis for metabolomics data displaying clustering of samples between 
condition A and condition D. PCA is calculated using the feature intensities from all samples. The 
colours (red/blue) are assigned based on the sample class. Distance to the model (DModX) test 
was used to verify the presence of outliers and to evaluate whether a submitted sample fell 
within the model applicability domain. 

 

 

Figure 6.12 Cloud plot generated by comparing condition A against condition D (see Figure 6.8), 
displaying 289 features with p-ǾŀƭǳŜ Җ лΦлм ŀƴŘ ŦƻƭŘ ŎƘŀƴƎŜ җ мΦоΦ Up-regulated features are 
shown in green, whereas down-regulated features were shown in red bubbles. The size of each 
bubbles corresponds to the log fold change of that feature. The shade of the bubble corresponds 
to the magnitude of the p-value. Darker the colour, the smaller the p-value. 
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In the proteomic analysis led by Longworth and co-workers (Longworth, 2013), the authors 

grouped the significant proteins based on Gene Oncology (GO), the results of which revealed an 

increase in the overall biosynthetic processes and therefore increased cellular production with 

the increased carbon availability (condition D) compared to lower carbon availability (condition 

D). In case of metabolomics analysis we have classified the significant metabolites based on their 

physicochemical characteristics, the results of which were in agreement with that of proteomic 

investigation, as we have observed an increase in intracellular metabolite concentration across 

various classes of metabolites. The results of these investigation are summarized in figure 6.13. 

 

 

Figure 6.13 Variations observed in five different metabolite classes across Low Carbon (condition 
A ς blue colour) and High Carbon (condition D ς red colour) culture conditions in C. reinhardtii 
(A vs D).  X-axis represents unique number of metabolites identified as listed in Appendix 6.3; 
whereas Y-axis represents median intensities obtained for individual metabolites. 

 

As can be seen from figure 6.13, compared to low carbon availability (condition A), higher 

recoveries were observed for organic acids, amino acids, fatty acids, biogenic amines and 
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phosphates with the high carbon availability condition (condition D). In case of sugars/sugar 

alcohols and derivatives, minor variations were observed with both the conditions, which was 

in agreement with the previously published report (Renberg et al., 2010). Similar observations 

were reported by Longworth and co-workers (Longworth, 2013) with carbohydrate assay, where 

no significant changes in total carbohydrates was observed. All these observations are in 

agreement with the results obtained from proteomic and gross biochemical/physiological 

analysis (Longworth, 2013) conducted on the same sample set. 

 

6.3.3.5 Six two way comparison for each condition against other 
In order to assess the influence of these two factors (carbon source and availability) 

independently and dependently, six two way comparisons were made for each condition against 

other. With all the six comparisons number of significant differences observed are listed in table 

6.10.  The analysis was performed using cloud plot visualization tool, results of which are 

summarized figure 6.14.  
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Figure 6.14 Cloud plot generated by comparing six two way comparison for each condition 
against each of the other, displaying significantly different features with p-ǾŀƭǳŜ Җ лΦлм ŀƴŘ ŦƻƭŘ 
ŎƘŀƴƎŜ җ мΦоΦ All the compared culture conditions for C. reinhardtii are summarised in Figure 
6.8. Up-regulated features are shown in green, whereas down-regulated features were shown 
in red bubbles. The size of each bubbles corresponds to the log fold change of that feature. The 
shade of the bubble corresponds to the magnitude of the p-value. Darker the colour, the smaller 
the p-value. 
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Figure 6.15 Volcano plots displaying the significant changes observed when comparing the 
various culture conditions of C. reinhardtii among them. Details of the culture conditions 
compared above are summarised in Figure 6.8. Proteins with significant changes (p < 0.01) are 
shown by red star. The more relaxed cut-off of p < 0.05 is indicated by a solid line and the more 
stringent cut-off of p < 0.01 shown by a dotted line (figure adopted from (Longworth, 2013)). 
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A vs D comparison 

As demonstrated above, major variation in the metabolome of condition A and D (figure 6.14 

and 6.15) was mainly attributed to the fact of variations in both the carbon source and 

availability.  

 

A vs C comparison 

Higher number of significant changes (278 features) were observed (figure 6.14), when 

condition A was compared against condition C. Similar observation were made with the 

proteomic analysis where 191 significant protein changes were observed (figure 6.15), 

suggesting there is a considerable reorganization of the metabolome and proteome with these 

two culture conditions.  

 

B vs D comparison 

Reduction in number of significant differences, when condition B was compared with that of D 

(91 features) (figure 6.14), clearly suggests that supplemented mixotrophic growth (Condition 

D) is similar to that of supplemented photoautotrophic culture. Similar observation were made 

with the proteomic analysis where only 92 significant protein changes were observed (figure 

6.15).  

 

B vs C; A vs B and C vs D comparison 

Major reduction in number of significant features were also observed when following conditions 

were compared with each other (figure 6.14); 

B vs C (55 & 60 features in metabolome and proteome respectively),  

A vs B (81 & 155 features in metabolome and proteome respectively) and  

C vs D (17 & 36 features in metabolome and proteome respectively).  

 

This investigation identified significant changes based on the trophism. It identifies the need to 

ensure consistent carbon availability between compared conditions during investigations. 

Lowest number of significant features (17 features) (figure 6.14) within mixotrophic cultures (C 

vs D), suggests that, the culture maintains its true mixotrophic growth without any reduction in 

the photosynthetic apparatus, as also demonstrated with the proteomics results. 

The interpretations made from proteomics and biochemical analysis (Longworth, 2013) in this 

case suggests that, the most predominant factor influencing the C. reinhardtii cultures is the 

carbon availability rather than the source of carbon, where metabolomic analysis seems to 
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support this conclusion based on multivariate analysis performed on un-targeted metabolomics 

data, which further requires in-depth pathway based analysis to strengthen and support the 

conclusions derived from both the -omics approaches. 

However as mentioned earlier, the objective of this investigation was to demonstrate efficient 

application of preliminarily optimized metabolomics workflow to hypothesis driven biological 

study, along with the other -omics approaches such as proteomics. The GC-MS based 

metabolomic results clearly showed the ability to track the variations in the metabolome of C. 

reinhardtii cultures grown under different trophic conditions.  In addition, we directed our 

efforts towards demonstrating and validating our results with that of proteomic results, which 

showed highly linear relationship, when outcomes of both the -omics approaches were 

compared using visualization tools as shown in table 6.10. However, it would be advantageous 

to assess the variations in differentially expressed metabolites (and classes) with respect to their 

involvement and role in numerous pathway, in order to fully explore the potential of 

metabolomics. Only such comprehensive investigation will help in understanding the biology 

behind rate-limiting processes in cell, which can be then backed up by the determination of 

metabolite flux. However, we restricted the scope of this investigation to assessing the 

metabolome coverage and refrained from further pathways based metabolomic analysis due to 

the adopted sampling, quenching and extraction protocols, which require prior comprehensive 

evaluation and optimization in order to make accurate and reliable biological interpretations. As 

discussed in Chapter 3 and 4, different solvent based quenching and extraction methods can 

yield significantly different metabolite profiles, which has major influence on the biological 

interpretations made from such metabolomics data. In addition, as mentioned in section 6.3.2.4, 

with the above quenching and extraction protocols we currently covered only one fifth of the C. 

reinhardtii metabolome and there is considerable scope for improvement which we propose to 

address in subsequent chapters. 

 

6.4 Conclusions 
 

Results from optimized quenching and extraction protocols with microbial and microalgal 

species have been used to demonstrate that GC-MS is a valuable method for metabolomics 

investigations. Superior coverage for most of the metabolite classes was observed with GC-MS 

based analysis. However, recovery of nucleotides/nucleosides/nucleotides, pigments and sugar 

phosphates was severely compromised thus requiring development of an optimized protocol 

with alternative analytical platform such LC-MS for coverage of these classes of metabolites. 

This aspect is addressed in Chapter 10. Further to improve the metabolome coverage with GC-
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MS, we proposed employing 2D GC-ToF-MS or GC-ToF-MS, but since we did not have access to 

such facilities, we directed our approach towards establishing the strategies for evaluation and 

optimization of various steps involved in the metabolomics workflow that is needed irrespective 

of the platform subsequently employed. 

Biology based metabolomics investigation identified significant changes in the metabolome of 

C. reinhardtii cultures grown under different trophic conditions and showed high co-relation and 

agreements with the conclusions drawn from proteomic and biochemical analysis. We evaluated 

the influence of two factors, carbon source and availability, on mixotrophically and 

photoautotrophically growing cultures of C. reinhardtii, and proposed that, the most 

predominant factor influencing the C. reinhardtii cultures is the carbon availability rather than 

the source. Results of these investigations clearly demonstrated suitability of GC-MS based 

metabolomics protocol for making a biological interpretations from the metabolomics data, 

however we restricted ourselves from further pathway based in depth analysis, as the applied 

sampling, quenching and extraction protocols were optimized based on very narrow approach, 

where previously published benchmark protocols were simply adopted and modified slightly 

without critically evaluating them for the given condition and organism. As demonstrated in 

Chapters 3 and 4, different solvent based quenching and extraction methods can yield 

significantly different metabolite profiles, which can influence the biological interpretations of 

the metabolomics data. In addition, with the above quenching and extraction protocols we 

currently covered only one fifth of the C. reinhardtii metabolome and there is considerable 

scope for improvement by developing reliable and appropriate methods for sampling and 

quenching with appropriate correction for the metabolite leakage, which we propose to address 

in Chapter 7. Following quenching, the major issue in metabolomic studies is to find a suitable 

extraction solvent that can quantitatively extract all the intracellular metabolites, which we 

propose to address in Chapter 8. Bottlenecks in algal biodiesel production within the cell can be 

identified by metabolomics approaches, however prior to identifying and addressing these 

bottlenecks it is essential to optimize the FAME production workflow for biodiesel application 

as discussed in in Chapter 9. 
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Chapter 7 

 

9Ǿŀƭǳŀǘƛƻƴ ŀƴŘ ƻǇǘƛƳƛǎŀǘƛƻƴ ƻŦ ŀǇǇǊƻǇǊƛŀǘŜ ǎŀƳǇƭƛƴƎ 

ŀƴŘ ǉǳŜƴŎƘƛƴƎ ƳŜǘƘƻŘ ŦƻǊ ƳƛŎǊƻŀƭƎŀƭ ǎŀƳǇƭŜΥ ! ŎŀǎŜ 

ǎǘǳŘȅ ƻƴ ǘƘŜ ǳƴƛŎŜƭƭǳƭŀǊ ŜǳƪŀǊȅƻǘƛŎ ƎǊŜŜƴ ŀƭƎŀ 

/ƘƭŀƳȅŘƻƳƻƴŀǎ ǊŜƛƴƘŀǊŘǘƛƛ 
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7. Evaluation and optimisation of appropriate sampling and 

quenching method for microalgal sample: A case study on the 

unicellular eukaryotic green alga Chlamydomonas reinhardtii 
 

7.1 Introduction 
 

Quenching with 60% v/v cold methanol at -40°C or -50°C has been used widely in the past for 

microbial, fungi, yeast and plant metabolomics. However, potential problems connected to 

leakage of intracellular metabolites with cold methanol quenching was reported  later for yeast 

(Gonzalez et al., 1997) and bacterial cells (Bolten et al., 2007, Villas-Bôas and Bruheim, 2007, 

±ƛƭƭŀǎπ.ƾŀǎ Ŝǘ ŀƭΦΣ нллр, Wittmann et al., 2004). As discussed in the Chapter 2 ς section 2.2.1, 

various attempts were made in previously published reports, in order to overcome and/or 

minimise the metabolite leakage during cold methanol quenching. However, no systematic 

solution to this problem has been reported as yet. It is important to understand that, the leakage 

occurs not only due to the contact of cold methanol solution with cells, but also because of the 

other causes. In prokaryotes, a sudden change in temperature alone might cause drastic loss of 

metabolites induced by the cold shock, whereas in eukaryotes leakage is not only governed by 

the cold shock, but also by various other factors as detailed below, which has not been 

investigated thoroughly: 

1. Inclusion of various buffer additives (such as HEPES, AMBIC, tricine, NaCl) to the 

quenching solvent at different concentration. 

2. Quenching solvents other than conventional cold methanol/water solution. 

3. Various concentration of methanol in quenching solvent. 

4. Starting and final temperature of quenching solvent. 

5. Contact time of sample with the quenching solvent. 

6. Sample to quenching solvent ratio. 

The inclusion of additives to methanol, will act as a buffer or will restrict osmotic shock, leading 

to a decrease in leakage, as has been reported with bacterial cells (Faijes et al., 2007) yeast 

(Canelas et al., 2008, Spura et al., 2009) and mammalian cells (Kronthaler et al., 2012b, Sellick 

et al., 2008). Inclusion of tricine buffer in 60% aqueous methanol have been shown to result in 

lower recoveries for the intracellular metabolites because of the interference of tricine with 

derivatization reactions (Tredwell et al., 2011). However, with other additives within the same 

biological system contradictory conclusions have been reported (Canelas et al., 2008) as can be 

seen from Table 7.1.  
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Table 7.1 Summary of the main different quenching solvents and techniques applied so far for 
the metabolome analysis of different biological systems. (Sing x stands for no information 
available or provided in the research papers surveyed) 
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The use of alternative quenching solvents to cold methanol/water which includes: glycerol-

saline (Villas-Bôas and Bruheim, 2007), methanol/glycerol (Link et al., 2008) and methanol/NaCl 

(Faijes et al., 2007) have showed minimum leakage compared to use of 60% aqueous methanol. 

However, these alternatives have also been shown to add difficulties in the overall 

metabolomics workflow. For example, the higher viscosity and hygroscopicity of glycerol has 

been shown to result in prolonged processing time (during separation of glycerol from cells) 

(Schädel et al., 2011) and interference with the commonly employed silyalation derivatization 

reaction (required for GC-MS analysis)  (Spura et al., 2009, Zhao et al., 2014).  Faijes and co-

workers reported higher leakage of ATP from S. cerevisiae with the use of methanol/NaCl 

indicating more damage to the cell integrity compared to 60% aqueous methanol (Faijes et al., 

2007). To date,  there are no effective alternative quenching solvents to that of 60% aqueous 

methanol, which usually results in leakage of the intracellular metabolites, thereby requires 

accurate balancing of the quenching supernatant and sample (Wellerdiek et al., 2009b). 

Few reports have investigated the influence of various concentration of methanol on metabolite 

leakage (Canelas et al., 2008, de Jonge et al., 2012), however the approach was kept limited for 

the quantification of specific metabolites. Another important factor that needs to be evaluated 

include, the influence of initial (before quenching) and final temperature of methanol (sample-

quenching solvent mixture). Lower the temperature, slower will be the turnover rate of all the 

enzymes within the cell and hence more efficient is the quenching process (Sellick et al., 2008). 

However, only Canelas and co-workers evaluated this factor for yeast (Canelas et al., 2008), 

where authors concluded that άƭŜŀƪŀƎŜ ŦǊŜŜ ǉǳŜƴŎƘƛƴƎέ Ŏŀƴ ōŜ ŀŎƘƛŜǾŜŘ ǿƛǘƘ ǘƘŜ ǳǎŜ ƻŦ ǇǳǊŜ 

methanol rather than 60% methanol with quenching solvent to sample ratio of 5:1, and at -40°C 

or lower  (Canelas et al., 2008)Φ IƻǿŜǾŜǊ ǿƛǘƘ ǘƘŜ ǎƛƳƛƭŀǊ άƭŜŀƪŀƎŜ ŦǊŜŜ ǉǳŜƴŎƘƛƴƎέ ƳŜǘƘƻŘΣ YƛƳ 

and co-workers have demonstrated severe leakage in S. cerevisiae, suggesting reduced 

membrane integrity caused by the use extreme cold quenching conditions (Kim et al., 2013).  

The influence of contact time of sample with the quenching solvent has not been investigated 

yet, where higher leakage of specific classes of metabolites is likely to occur upon increasing the 

exposure time of sample to that of quenching solvent (Bolten et al., 2007). Finally, the influence 

of sample to quenching solvent ratio should also be carefully considered, as it directly alters the 

temperature of the quenching process and might help in minimising the intracellular metabolite 

leakage. Schädel and co-workers evaluated this factor for E. coli metabolomics, and observed no 

change in the impact of methanol with the temperature variation (Schädel et al., 2011). 

As discussed above, despite contradicting reports, quenching protocols have been rigorously 

studied and optimised for yeast, mammalian and bacterial model. Lee and Fiehn suggested, 
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yeast can be regarded as good proxy for C. reinhardtii as both are eukaryotes and have sturdy 

cell walls compared to that of bacterial models which are easily prone to metabolite leakage 

caused by harsh quenching treatments (Lee and Fiehn, 2008a). However, as discussed and 

demonstrated in Chapter 3, minor differences in cellular characteristics including membrane, 

wall structure, size and sampling techniques employed, can influence the efficiency of 

quenching, recovery of different metabolite classes and the rate of metabolite leakage. 

Therefore, optimised quenching methods for yeast, mammalian and bacterial models cannot be 

simply adopted for microalga without critically evaluating them.  

In case of microalgal samples we are not aware of any report to date, except that of Lee and 

Fiehn (Lee and Fiehn, 2008a), where the authors reported quenching cultures of C. reinhardtii 

with 70% aqueous methanol (pre-cooled to -70°C) with 1:1 ratio to sample, resulted in minimum 

leakage of intracellular metabolites. In this case, the resultant final concentration of methanol 

was 35% and final temperature recorded was -20°C.  This finding was in contrast to their 

previously published report, where no leakage was reported and results concluded that C. 

reinhardtii cultures are resistant to quenching with cold methanol (Bölling and Fiehn, 2005).  

The objective of this investigation is to examine quantitatively, the influence of the above 

mentioned factors on the extent of metabolite leakage in C. reinhardtii cultures. To achieve our 

objective, we have designed and categorised the experiments into three different approaches. 

Approach 1 involves evaluation of selected quenching solvents (nine in total) with varying 

methanol concentration and with various buffer additives, on the extent of metabolite leakage. 

Approach 2 investigates the effect of prolonged quenching duration on metabolite leakage and 

approach 3 investigates the effect of the ratio of quenching solvent to culture on metabolite 

leakage. Furthermore, we investigated recovery of twelve different metabolite classes using GC-

MS technique across different quenching treatments. The evaluation was based on recovery of 

median number of metabolites within each class in all possible sample fractions and recovery of 

normalised median peak intensities of metabolites within each class.  

 

7.2 Material and Methods 
 

7.2.1 Chemicals and analytical reagents 

 

All chemicals and reagents were obtained from Sigma-Aldrich (Dorset, U.K.), unless stated 

otherwise. 
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7.2.2 Microalgal cultivation 
 

The C. reinhardtii strain (CC4323) was grown under constant illumination in a Sanyo incubator 

(MLR-351H, Sanyo versatile environmental test chamber, from Japan) at 25°C in 1L shake flasks, 

containing 1L of TAP medium, under constant illumination at 85 µmol/m2/s. The medium (per L) 

is composed of 2.42 g Tris; 25mL of TAP salts (15g NH4Cl, 4g MgSO4ωтI2O, 2g CaCl2ωнI2O in 1L 

dH2O); 0.375mL of phosphate solution (28.8g K2HPO4, 14.4g KH2PO4 in 100mL dH2O); 1mL 

ǎƻƭǳǘƛƻƴ IǳƴǘŜǊΩǎ ǘǊŀŎŜ ŜƭŜƳŜƴǘǎ ǇǳǊŎƘŀǎŜ ŦǊƻƳ ǘƘŜ /ƘƭŀƳydomonas Resource Centre 

(Minnesota, US) and 1mL of glacial acetic acid. Cells were harvested at an OD of 1.2 at 680nm 

wavelength. 

  

7.2.3 Sampling and quenching  
 

To evaluate and minimise the leakage of metabolites during quenching treatments the overall 

design of quenching experiments within this Chapter has been categorised into three different 

approaches as summarised in Figure 7.1. At the incubation site, 1 mL of cell suspensions were 

rapidly plunged into a 2 mL of pre-chilled Eppendorf containing 1 mL of pre-chilled quenching 

solvent (-50°C) unless stated otherwise. Addition of the cells to the quenching solvent increased 

the temperature by no more than 15°C. The centrifuge was set at -9°C and the rotor was pre-

chilled at -24°C. The quenched biomass was then centrifuged for 2 min at 2500g at -9°C. The 

supernatant was removed rapidly, and transferred to a 2 mL pre-chilled Eppendorf to assess the 

leakage of internal metabolites. The pellets and supernatant were snap frozen in liquid nitrogen 

and stored at -80°C for 3 weeks for further analysis. 

 

7.2.4 Metabolite extraction 
 

After 3 weeks of storage at -80°C, the samples were lyophilized at -50°C for overnight prior to 

extraction. Briefly, 500 µL of extraction solvent (M:C:W (5:2:2)) was added to lyophilized cells, 

as suggested elsewhere (Gullberg et al., 2004b, Lee and Fiehn, 2008a, Weckwerth et al., 2004b), 

pre-chilled at -48°C, along with an equal volume of glass beads (425-600 µm i.d., acid washed, 

from Sigma). Cells were then disrupted using a Cell disruptor, (Genie, VWR, U.K.), 11 cycles of 

disruption was performed with 2 min disruption, with an interval of 1 min on ice. The sample 

was then centrifuged at 13,000 rpm, at -9°C for 15 min to remove any cell debris. The 

supernatant was transferred to a new pre-chilled Eppendorf tube (-20°C) and the remaining cell 

debris was subjected to re-extraction (5 Cycles) with 500 µL of extraction solvent &  centrifuged 
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at 13,000 rpm, at -9°C for 15 min. The supernatant was then evaporated to dryness using 

vacuum concentrator (5301 vacuum concentrator, from Eppendorf). The dried extract was then 

stored at -80°C for further analysis. 

 

7.2.5 Metabolite derivatization 
 

Metabolite derivatization was performed immediately after the drying step, as suggested 

elsewhere (Lee and Fiehn, 2008a). Briefly, 30 µL of 20mg/mL methoxyamine hydrochloride in 

pyridine was added to the dried extract and samples were shaken for 80 min at 37°C to protect 

the aldehyde and ketone groups. The samples were then derivatized by trimethylsilylation of 

acidic protons by addition of 45 µL MSTFA (N-methyl-N-trimethylsilyltrifluoroacetamide) and 

incubating them further in shaking condition at 40°C for 80 min.  

 

7.2.6 GC-MS analysis, metabolite identification and data analysis  
 

GC-MS analysis, metabolite identification and data analysis was conducted as described in 

Chapter 3. 

 

7.3 Results and Discussion 
 

In the investigation discussed in this Chapter, we have directed our approach towards evaluating 

and minimising the leakage of intracellular metabolites from microalga C. reinhardtii during 

quenching treatments. To achieve our objective in a broader sense, we have designed the 

experiments and categorised them into three different approaches as illustrated in Figure 7.1. 

In all, the applied quenching treatments, temperature during the quenching processes were 

maintained below -20°C. Although metabolites with high turnover rates such as ATP and ADP 

might still remain active at -20°C, they cannot be detected with GC-MS based analysis.  In most 

of the studies that evaluated the quenching methods for bacterial models (Faijes et al., 2007, 

Schädel et al., 2011) conclusions were drawn primarily based on ATP assay and adenylate energy 

charge. However such analysis confirms the disruption of in vivo metabolite ratios, however 

comment on quenching efficiency protocols cannot be made only based on these assay as it 

does not take into consideration the possible alterations in the rest of the metabolome.  As with 

the Chapter 4, we have demonstrated high correlation between the results obtained with three 

different types of analyses which included ATP assay, SEM and GC-MS based analysis. Therefore, 

in the present study, we focussed primarily on GC-MS based analysis and the optimisation of 



171 
 

quenching protocols were done by taking into consideration quantification of detectable 

compounds with GC-MS analysis.  

In all the three approaches, evaluation and comparison within different treatments were based 

on two response variables where only features that were present in at least three biological 

replicates out of five were considered for further analysis:  

 

¶ Response variable 1: Median number of metabolites recovered in; 

a) Cell extracts 

b) In quenching supernatant  

c) Only in cell extract and not in supernatant (Unique to cells) 

d) Only in supernatant and not in cell extract (Unique to supernatant) and  

e) In both the cell extracts and supernatants (Common to both) 

 

¶ Response variable 2: Recoveries of metabolites within twelve different classes of 

metabolites with respect to their normalised median peak intensities. 

 

We analysed the unquenched samples, simply by centrifugation of the culture sample without 

any quenching step in order to get an estimate of extracellular metabolites accurately, as 

unquenched sample serves as a reliable standard for comparison of the extracellular 

metabolome data from the quenched sample. As we have discarded the washing step in all the 

applied quenching protocols as suggested in the literature (section 7.1), we have also analysed 

the culture media as a control for appropriate quantification of intracellular pool, to account for 

the leftover media components if any.  
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Figure 7.1 Experimental design and general workflow adopted for the evaluation and 
optimisation of quenching protocols for C. reinhardtii. 

 

7.3.1 Effect of various quenching solvents, methanol concentration and inclusion of 

buffer additives on metabolite leakage (Approach 1)  

 

In order to compare the degree to which extent of metabolite leakage and recoveries of 

intracellular metabolites were influenced by various quenching solvents and additives, cells of 

C. reinhardtii were harvested and quenched as described in section 7.2.3 with nine different 

quenching solvents and additives. Variation in quenching treatments were tested to investigate 




































































































































































































































































































































































































