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SUMMARY 

High estrogenic and androgenic activities for seawater samples were 

previously reported in the confined clusters close to the mainland of Singapore. 

Further investigations revealed a hitherto unsuspected link between 

estrogenic/androgenic activity and phytoplankton. Phytoplankton is a type of 

microscopic organism in the marine environment, which forms the foundation 

of the food chain in the marine ecological system. Our recent studies suggest 

that phytoplankton can secrete some estrogenic/androgenic endocrine 

disrupting chemicals (EDCs) into marine environment. However, the chemical 

and biological properties of the secreted chemicals are still unknown.  

In order to investigate the properties of the secreted compounds, five 

species of phytoplankton, Gymnodinium catenatum, Prorocentrum minimum, 

Alexandrium leei, Chattonella marina, and Fibrocapsa japonica were isolated 

from Singapore seawaters (around the mainland of Singapore) and a large 

amount of phytoplankton cultures were successfully cultivated in our research 

laboratory under controlled conditions. The phytoplankton cells and culture 

media were extracted and screened for estrogenic and androgenic activities via 

human cell-based bioassays. The extracts of phytoplankton cultures were 

purified and fractionated by a series of chromatographic separations using 

different type of columns.  

Results demonstrated that the phytoplankton cell and culture media 

extracts of raphidophytes Chattonella marina and Fibrocapsa japonica 

displayed high estrogenic activities whilst the dinoflagellates Gymnodinium 
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catenatum and Prorocentrum minimum displayed significant androgenic 

activities.  

 For the first time, our research data conclusively showed that some, but 

not all phytoplankton are one of natural marine sources of endocrine-

disrupting chemicals (EDCs). The harmful nature of EDCs may be largely due 

to their bioaccumulation in the aquatic food chain. As such, these findings 

indicated that EDCs from phytoplankton sources needed to be thoroughly 

investigated as they may have significant impact on the food chain, especially 

our food sources from the sea. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



! XI!

!
LIST!OF!PUBLICATIONS!ARISING!FROM!THIS!THESIS!

!
!
Journal papers: 
 
 

1. Gong Y.H., Wang X.C. * (joint first author), Indran I.R., Zhang S.J., Lv 

Z., Li J., Holmes M., Tang Y.Z., and Yong E.L., Phytoplankton blooms: 

an overlooked marine source of natural endocrine disrupting chemicals, 

Ecotox. Environ. Safe., 107 (2014), pp. 126-132. 

 

2. Indran I.R., Zhang S., Zhang Z., Sun F., Gong Y.H., Wang X.C., Li J., 

Erdelmeier C.A., Koch E., and Yong E.L., Selective estrogen receptor 

modulator effects of Epimedium extracts on breast cancer and uterine 

growth in nude mice, Planta Medi., 80 (2014), pp. 22-28. 

 

3. Tan H.M., Wang X.C.* (joint first author), Soh S.F., Tan S., Zhao J. 

Yong E. L., Lee H.K., and Gong Y.H., Preparation and application of 

mixed octadecysilyl- and (3-(C-methylcalix[4]resorcinarene)-2-

hydroxypropoxy)-propylsilyl-appended silica particles as stationary 

phase for high-performance liquid chromatography, Instrum. Sci. 

Technol, 40 (2012), pp. 100-111.  

 

4. Hong X., Wang X.C.* (joint first author), Yong E.L., and Gong Y.H., 

Determination of breviflavone A and B in Epimedium herbs with liquid 

chromatography–tandem mass spectrometry, J. Pharm. Biomed. Anal.49 

(2009), pp. 853-857. 

 

 

 

 

 



! XII!

Conference papers 

 

5. Wang X.C., Soh S.F., and Gong Y.H., Application of Novel Methylcalix 

[4] resorcinarene-based Chiral Stationary Phases in Enantioseparation.  

NA. International Conference on Life Science & Biological Engineering, 

7 - 9 Nov. 2013, Rihga Royal Hotel, Osaka, Japan.   

 

6. Lim V.W.X., Li J., Wang X.C., Gong Y.H., Koh W., and Yong! E.L.,!

Serum Estrogen Level And Summated Estrogenicity and the Risk of Hip 

Fractures in the Singapore Chinese Health Study,! Osteoporosis 

Conference, Nov 28-Dec 01, 2010, Liverpool, England. 

 
 
 



! XIII!

LIST OF TABLES 

Table 2.1 Amount of nutrition added to 1 L seawater for making nature 
seawater culture media. 

 
Table 2.2  Amount of nutrition stock solution added to 1L seawater for 

making artificial seawater culture media. 
 
Table 2.3  Gradient elution programs for HPLC chromatographic analysis 

of Chat M1 media extract. 
 
Table 2.4  Gradient elution programs for HPLC chromatographic analysis 

of PB3 media extract. 
 
Table 2.5  Accounts of cell in media of 34, 36 and 38g/L of sea salt after 7, 

14 and 18 days. 
 
Table 2.6  Water quality parameters. 

Table 3.1  Gradient elution programs for HPLC chromatographic analysis 
of Chat M1 media extract. 

Table 3.2  Elution programs of C18 Solid-phase Extraction (SPE) for the 
first dimensional separation of PB3 cell extract. 

 
Table 3.3  Elution programs of column chromatographic analysis for the 

second dimensional separation of PB3 cell extract. 
 
Table 3.4  Elution programs of HPLC chromatographic analysis for the 

third dimensional separation of PB3 cell extract. 

Table 3.5  Elution programs of HPLC chromatographic analysis for the 

fourth dimensional separation of PB3 cell extract.  

!

!

!

 

!
!



! XIV!

LIST OF FIGURES 

Figure. 1.1  Outline of the ESCs interfering with receptor sites.  

Figure 1.2  Multiple actions of phytoestrogens. 

Figure 1.3  Chemical structures of different classes of phytoestrogens 
compared with testosterone and estradiol. 

Figure 1.4  Schematic of a liquid chromatographic separation  

Figure 1.5  Map of Singapore. Clusters I–IV indicate the seawater sampling 
locations. 

Figure!2.1!! Natural!seawater!disinfect!and! filtration!system!in!Tropical 
Marine Science Institute (TMSI). 

Figure 2.2  Schematic of stock phytoplankton cells maintaining. 

Figure 2.3  EGS incubator for maintaining stocks of phytoplankton.  

Figure 2.4  EGS incubator used for mass culture of phytoplankton.  

Figure 2.5  Procedure of Solid Phase Extraction (SPE).  

Figure 2.6  Procedure of Phytoplankton cell extract.  

Figure. 2.7  Comparison of PB3 growth in two different conditions.  

Figure 2.8A  Chat M1 cell growth in media of 34, 36 and 38g/L of sea salt on 
the 1th, 7th�14th day and 18th.  

Figure 2.8B  PB3 cell growth in media of 34, 36 and 38g/L of sea salt on the 
1th, 7th�14th day and 18th.  

Figure 2.9A  Does-responds graph (AR bioassay).  

Figure 2.9B  Does-responds graph (ERα bioassay).  

Figure 2.9C  Does-responds graph (ERβ bioassay).  

Figure 2.10A  Optimization of SPE condition (AR bioassay).  

Figure 2.10B  Optimization of SPE condition (ER bioassay).   

Figure 2.11A  Dose response of the C18-SPE extracts of PB3 cultures. 

Figure 2.11B  Dose response of the C18-SPE extracts of Chat M1 cultures. 



! XV!

Figure 2.12  Observations of PB3 growth over 24 days. 

Figure 2.13A  ERα bioactivity of different batches of Chat M1 extracts.  

Figure 2.13B  AR bioactivity of different batches of PB3 media extract.  

Figure 2.14A  Chromatograms of three batches of Chat M1 extracts.  

Figure 2.14B  Overlaid LC-MS profiles of three batches of Chat M1 extracts.  

Figure 2.15A  Chromatograms of three batches of PB3 extracts.  

Figure 2.15B  Overlaid LC-MS profiles of three batches of PB3 extracts.  

Figure 2.16A  Measure of the phytoplankton concentration in the samples 
collected from different location around Singapore.  

Figure 2.16B  The ERα bioactivities of seawater samples collected at the 
corresponding sampling sites.    

Figure 2.16C  Correlation coefficients of first batch of seawater samples (ERα 
bioactivity).  

Figure 2.16D  AR bioactivities of seawater samples collected in the same 
sampling sites.  

Figure 2.16E  Correlation coefficients of first batch of seawater samples (AR 
bioactivity).  

Figure 2.16F  Correlation coefficients of second batch of seawater samples 
from the same sample sites (ERα bioactivity).  

Figure 2.16G  Correlation coefficients of second batch of seawater samples 
from the same sample sites (AR bioactivity).  

Figure 2.17  Bioactivity of different phytoplankton culture extracts. 

Figure 2.18  Growth curves and bioactivity profiling of Singapore 
phytoplankton isolates C. marina (Chat M1).   

Figure 2.19  Growth curves and bioactivity profiling of Singapore 
phytoplankton isolates P. minimum (PB3).   

Figure 2.20  Growth curves and bioactivity profiling of Singapore 
phytoplankton isolates F. japonica (Fibro).   

Figure 2.21  Growth curves and bioactivity profiling of Singapore 
phytoplankton isolates G. catenatum (G.cat).  

Figure 2.22  Comparison of ERα bioactivities of extracts of C. marina 
cultures extract using artificial and natural seawater.  



! XVI!

Figure 2.23  ERα bioactivities of USA NCMA Chattonella (Chat) extracts.  

Figure 3.1  Microstructure of ODS-MSR-HPS in 3-µm silica. (A). SEM 
image; (B). Chemical structure. 

Figure 3.2  HPLC! chromatogram! and! bioassay! of! the! first dimensional 
separation!on!Chat!M1.! 

Figure 3.3  HPLC!chromatogram!and!bioassay!of!the!second dimensional 
separation!on!Chat!K.!!

Figure 3.4  HPLC! chromatogram! and! bioassay! of! the! third dimensional 
separation!on!Chat!K6.!!

Figure 3.5  HPLC!chromatogram!and!bioassay!of!the!fourth dimensional 
separation!on!Chat!K6I12.! 

Figure 3.6  Eluted fractions of solid phase extraction (SPE).  

Figure!3.7!! Bioactivity!results!of!the typical PB3 cell fractions.  

Figure 3.8  HPLC! chromatogram! and! bioassay! of! the! third dimensional 
separation!on!PB3!C7.! 

Figure 3.9  HPLC!chromatogram!and!bioassay!of!the!fourth dimensional 
separation!on!PB3!C7I5.! 

Figure 3.10  Purified fraction (Chat K6-12J) displays in colorless powder 
after multi-separation by HPLC.  

Figure 3.11  MS/MS fragmentation of (A) the total ion chromatogram 
(TIC±All), (B) MS1 spectrum, and (C) MS2 spectrum. 

Figure 3.12  Chromatography profile of Q-TOF. (A). Methanol!(blank).!(B). 
Bioactive fraction PB3 C7-5H achieved via the fourth 
dimensional separation.  

Figure 3.13  Androgen receptor bioactivities of the HPLC sub-fractions from 
PB3 C7-5H1 to PB3 C7-5H33.  

Figure 3.14  Dose-dependent effect of re-constituted crude culture media 
extract of C. marina on ERα reporter gene bioassay and MCF7 
cell proliferation assay.  

 

 

 

 



! XVII!

LIST OF ABBREVIATION 

Alex Alexandrium leei 

APCI Atmospheric pressure chemical ionization 

API   Atmospheric pressure ionization 

AR Androgen receptor   

ARE Androgen response element 

ASM Artificial seawater medium 

AW Artificial seawater 

AWM Artificial seawater medium 

BPA Bisphenol A 

CE Cell extracts 

Chat Chattonella 

Chat M1 C. marina/Chattonella marina/Chattonella cf. marina 

CL Chemiluminescence 

DAD Diode array detection 

DBDs                  DNA binding domains 

DDT Dichlorodiphenyltrichloroethane 

Ddz Daidzein 

DES Diethylstilbesterol 

DHT 5α-Dihydrotestosterone 

DNA   Deoxyribonucleic acid 

DOM                  Dissolved Organic Matter  

DTXs Dinophysis toxins 

E1  Estrogen 

E2  Estradiol 

EC Electrochemical 

EDCs Endocrine disrupting compounds  

EE2 17α-Ethynylestradiol 

EGS Environmental growth system 

EMEM Eagle’s Minimum Essential Medium 

ER Estrogen receptor 



! XVIII!

ERα Estrogen receptor-alpha   

ERβ Estrogen receptor-beta  

ERE Estrogen response element 

ESAW Enrichment solution artificial seawater 

ESI   Electrospray ionization 

EtOH Ethanol 

EU European Union 

FBS Fetal Bovine Serum 

Fibro Fibrocapsa cf. japonica 

FL Fluorescence 

FWC                    Wildlife Conservation Commission  

G. cat Gymnodinium catenatum 

GC  Gas chromatography 

GC–ECD Gas chromatography with electron capture detection 

GC–FID Gas chromatography with flame ionization detection 

GC–MS Gas chromatography coupled mass spectrometry 

Gen Genistein 

GR                       Glucocorticoid receptor  

HABs Harmful algal blooms 

HCA   Hierarchical cluster analysis 

HPLC High-performance liquid chromatography 

HPLC–UV High-performance liquid chromatography with ultraviolet 

detection  

HREs                  Hormone response elements  

Ifs Isoflavones 

IPA Isopropanol 

LBDs                   Ligand-binding domains 

LC–MS  Liquid chromatography coupled mass spectrometry 

LC–MS/MS Liquid chromatography tandem mass spectrometry 

MAE Microwave-assisted extraction 

MCR C-methylcalix [4] resorcinarene 



! XIX!

MCR-HP 3-(C-methylcalix [4] resorcinarene)-2-hydroxypropoxy)-

propyltrimethoxysilane 

ME Media extracts 

MeOH Methanol 

MIPs Molecular imprintedsynthetic polymers 

MMTV   Mouse mammary tumor virus 

MMTV-ERE-Luc Mammary tumor virus 

M-PER Mammalian Protein Extraction Reagent 

MR                      Mineralocorticoid receptor  

MS Mass spectrometry 

MW  Molecular weight 

NCMA National Centre for Marine Algae and Microbiota 

NH3 Ammonia 

NMP N-methyl-2-pyrrolidone 

NMR Nuclear magnetic resonance 

NO2 Nitrite 

NO3 Nitrate 

NPLC Normal phase liquid chromatography 

NPs Nonylphenol mixture 

NRs                    Nuclear receptors  

NW Natural seawater 

OECD  Organization for Economic Cooperation and    

Development 

OP Organic phosphorus 

PB3                       Prorocentrum minimum (P. minimum) 

PBS Phosphate buffered Saline 

PCA   Principal component analysis 

PCBs Polychlorinated biphenyls 

PCS Programme on Chemical Safety 

PLE Pressurized liquid extraction 

PO4 Phosphate  

POM                   Particulate Organic Matter  



! XX!

PR Progesterone receptor 

RAMs  Restricted access materials 

RI Refractive index 

RLU   Relative light units 

RP Reversed-phase 

RPLC Reversed-phase liquid chromatography 

RSDs   Relative standard deviations 

SE Soxhlet extraction 

SEM Scanning electron microscopes 

SPE  Solid phase extraction 

SRs                     Steroid receptors  

TB Trenbolone 

TCM Traditional Chinese Medicine 

TEA Triethylamine  

TFs                      Transcription factors  

TMSI Tropical Marine Science Institute 

TOFMS Time-of-flight mass spectrometers 

Total N Total nitrogen 

Total P Total phosphorus 

TR                      Thyroid/retinoids receptors   

UPW Ultrapure water 

USE Ultra-sonicated extraction 

UV Ultraviolet 

VDR                Vitamin D receptors  

VTG Vitellogenin 

WHO World Health Organizatio 

 



! 1!

CHAPTER(1 (

((((INTRODUCTION(

1.1 ENDOCRINE0DISRUPTING(CHEMICALS((EDCS)((

With the rapid industrial development and significant increase in 

world population, variety of industrial and domestic contaminants are 

released into the aquatic environment (Stara J.F. et al., 1980). In these 

pollutants, endocrine-disrupting chemicals (EDCs), invoked a great deal 

of attention as they are suspected to accumulate in microorganisms and 

aquatic environment, causing irreversible damage to reproductive 

system (Woodruff T.K. & Walker C.L., 2008; Tanabe S., 2002; Andrea 

C.G., 2008), e.g. placental and ovarian function. 

An endocrine-disrupting chemical is defined by the World Health 

Organization (2002) as “an exogenous substance or mixture that alters 

function(s) of the endocrine system and consequently produces adverse 

health effects in an intact organism, or its progeny, or (sub) 

populations”. Pollutants including pesticides, natural products, synthetic 

steroids, furans, dioxins, alkylphenols and polychlorinated biphenyls 

(PCBs) have been reported to disrupt normal hormonal pathways in 

animals and collectively known as EDCs or endocrine disruptors 

(Metzler M. & Pfeiffer E., 2001). 

Generally, EDCs fall under two main categories: natural and man-

made chemical compounds. Among these compounds, naturally 
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produced estrogens, such as 16α-hydroxyestrone is the hepatic 

metabolite of the natural estrone by the 16α-hydroxylation pathway, and 

estrone and 17β-estradiol are mainly derived from excreta of livestock 

and humans. Synthetic drugs, such as 17α-ethynylestradiol (EE2), which 

has been used as an oral contraceptive pill for fertility treatment, and the 

growth promoting androgen, trenbolone (TB), which is used in livestock 

production, are some of the most potent steroid receptor agonists 

(Lintelmann J. et al., 2003; Soto A.M. & Sonnenschein C., 2010; Tyler 

C.R. et al., 2009). In addition, bisphenol A (BPA), 4-tert-octylphenol 

and nonylphenol mixture (NPs), have been widely used in daily 

necessities and industrial processes (metal working fluids, textile, paper, 

detergents and polymeric material production). Furthermore, harmful 

natural or synthetic compounds, including excreted drugs, metal-

containing organics, dioxins and dioxin-like compounds, 

diethylstilbesterol (DES), polychlorinated biphenyls (PCBs), 

dichlorodiphenyltrichloroethane (DDT) have also been extensively 

studied to investigate their actions as endocrine disruptors (Roncaglioni 

A. et al., 2008; Liu H.X. et al., 2009; Ji L. et al., 2009). 

Over nine hundred chemicals have been identified as potential 

endocrine disruptors, of which over a hundred were of high or medium 

exposure concern (Endocrine Disruption Exchange, 2011), and more 

than two hundred were reported to have estrogenic activities. These 

EDCs, may be released directly or indirectly to the aquatic environment, 

can interfere with normal endocrine function by affecting the binding, 
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synthesis, signalling, or decomposition of essential hormones (Liu H.X. 

et al., 2009; Streets S., 1998; Choi S. et al., 2004; Proper C., 2005). 

It is reported that EDCs, even at very low concentrations, can exert 

significant adverse effects on the animals and environment, by 

disturbing normal hormonal signalling pathways in animals, and 

possibly also posed as a human health risk through a variety of 

mechanisms (De Guise S. et al., 2001; Keith T.L. et al., 2001)

including reproductive disruption, hormonal imbalance, cancers, 

deformities, mortality and neurobehavioral defects (De Guise S. et al., 

2001; Hotchkiss A.K. et al., 2002; Takao T. et al., 1999). Sporadic 

evidence indicated that the epigenome in a sexually dimorphic manner 

can be altered by EDCs, which may result in changes of the germ cells, 

or even trans-generational effects (Fowler P.A. et al., 2012). Examples 

of feminized responses in fish include production of female proteins in 

males vitellogenin (VTG), and alterations in germ cell development, 

production of oocytes in the testis (Lange A. et al., 2011). This 

phenomenon has been reported to occur when fishes were exposed to 

estrogenic effluent discharges in Europe (Jobling S. et al., 2006), China 

(Xie X.P. et al., 2010) and Australia (Rawson C.A. et al., 2008)�� In 

addition, numerous additional impacts have also been reported in studies 

involving a series of species, which included mitotic abnormalities, 

increased embryo loss, disturbances in energy metabolism, lower 

blastocyst development and delayed implantation (Rhind S.M. et al., 

2010).  
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The reproductive and endocrine effects of EDCs are!considered to 

be due to their following capabilities: (1) elicit agonistic/antagonistic 

effect on endogenous hormones (“hormone mimics”), (2) disrupt the 

production, transportation, metabolism and/or secretion of endogenous 

hormones (3) disrupt the synthesis of hormone receptors, or (4) interrupt 

hormone receptor function (Anders G., 2006). An example of how EDCs 

can interfere with receptor sites is outlined in Figure 1.1. 

Cell$ Cell$ Cell$

(a)$ (c)$(b)$

Body’s$Hormone$

Receptor$ Receptor$Receptor$

Body’s$Hormone$

Hormone$Mimic$Hormone$Mimic$

Reac%on( Reac%on( Block(

 

Figure. 1.1 Outline of the ESCs interfering with receptor sites. (a) At 
appropriate time, receptor is activated by normal hormone. (b) At 
inappropriate times, hormone disrupters give a weaker/stronger signal 
than normal body’s hormones.  (c) Hormone disrupters block the normal 
body’s hormones. Adapted from (Streets S., 1998). 

A variety of nuclear hormone receptors such as androgen receptor 

(AR), estrogen receptor (ER), thyroid receptor (TR) and progesterone 

receptor (PR) have been reported as potential targets for EDCs in the 

past decade. These studies mainly focused on (anti-) androgenic and 

(anti-) estrogenic effects, which were believed to be mediated through 

the androgen (AR) and estrogen (ER) receptors, respectively (Mekenyan 

O. et al., 2002; Thomas R.Z., 2010; Kim S.M. et. al, 2012). It was also 

reported that some EDCs exhibit dual activities as both androgen 
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receptor and estrogen receptor binders. 

Singapore is one of the busiest shipping lanes in the world (Mark 

C. et al., 2000), thus, it is possible that concentrations of EDCs in 

coastal waters may be elevated due to the impact of urbanized port cities 

and industrialization, where shipping activities, outfall discharge, 

construction and industrial effluent are confined in a small area. 

Traditionally, the coastal marine waters of Singapore are used for fish 

farming and generation of potable fresh water. In our previous study 

(Gong Y.H. et al., 2003), both estrogenic and androgenic activities in 

seawater samples were analyzed using a cell-based reporter gene 

bioassay, which revealed that Singapore’s coastal waters contained high 

levels of both estrogenic and androgenic activity. However, the 

biological activities were found to reduce drastically in seawaters 

samples taken farther from the main coastline and in open waters. This 

discovery poses questions to the potential biological impact of EDCs on 

Singapore’s coastal environment. Therefore, it is especially important to 

investigate the potential effects of EDCs in these coastal waters.�

Adverse effects of EDCs in wildlife, fish, and ecosystems and the 

studies relating their presence to human diseases have led to an increase 

in initiatives to improve awareness and bring together strategies to 

assess the risks of these EDCs (Soto A.M. & Sonnenschein, 2010). The 

international bodies, such as the Organization for Economic Cooperation 

and Development (OECD) and the European Union (EU), initiate large 

research programs and developments towards new guidelines and 



! 6!

regulations to protect the environment against harmful contaminants. In 

addition, the International Programme on Chemical Safety (PCS) of the 

World Health Organization (WHO) has stepped up efforts to develop a 

global initiative to evaluate environmental endocrine disruption.  

1.1.1 Estrogenic(Endocrine0disrupting(Chemicals(

Phytoestrogens are plant-derived non-steroidal estrogens, which 

possess estrogen-like biological activities by binding weakly to estrogen 

receptors and initiating estrogen-dependent transcription (Davis S.R. et 

al., 1998). Whilst their affinities for the estrogen receptor is at least 1000 

times less than 17β-estradiol (E2), they may disrupt endocrine-

dependent processes by acting as estrogen agonists or antagonists (Rice 

S. & Mason H.D., 2006). Figure 1.2 shows the multiple actions of 

phytoestrogens.  

Phytoestrogens are of interest because of their controversial effects. 

Some studies have reported beneficial effects on human health, such as 

inhibiting hormone-related breast cancers, prostate cancers (Morrissey 

C. & Watson R.W., 2003; Linford N.J. & Dorsa D.M., 2002) and 

cardiovascular diseases (Cos P. et al., 2003), enhancing vitamin D-

mediated inhibition of tumour progression (Cross H.S. et al., 2004), 

down regulating osteoclast differentiation (Rassi C.M. et al., 2002), 

improving neuronal protection and memory (Linford N.J. & Dorsa 

D.M., 2002; Lephart E.D. et al., 2001), preventing age-related bone loss 

(Agnusdei D. et al.,1992; Arjmandi B.H. et al.,1996), as well as 
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providing an alternative to hormone replacement therapies (Wuttke W. 

et al., 2003). While others reported their potential as endocrine 

disruptors in males (Santti R. et al., 1998; Makela S. et al., 1995; 

Makela S.I. et al., 1995) and promote the growth of estrogen-dependent 

breast cancer cells (Matsumura S. et al., 2005; Allred C.D. et al., 2001). 

Phytoestrogens!

Estrogen antagonist! Estrogen agonist!

Inhibitor of !
signalling pathways!

Other endocrine !
systems!Anti-oxidant! Stimulator sex hormone 

binding globulin!

Enzyme Inhibitor!

 

Figure 1.2 Multiple actions of phytoestrogens. 

The biological roles of phytoestrogens in plants are not fully 

understood. However, some of them are thought to act as natural 

fungicides, UV-protectants, anti-oxidants, flower pigments, and also 

participate in pollen germination and stress signalling (Ruiz-Larrea M.B. 

et al., 1997; Wei H. et al., 2003; Manthey J.A. et al., 2002). 

Phytoestrogens not only can be detected in certain plant or plant-

derived products, but are also found in water as a result of plant 

decomposition. They are represented by hundreds of different types of 

molecules and can be divided into three main classes based on their 
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chromone backbones and hydroxylation patterns (Vaya J. & Tamir S.,  

2004): flavonoids, coumestans and lignans (Figure 1.3). Among which, 

the flavonoids and lignans are most widely distributed in different 

dietary components.  

With regards to their effects on enzyme activities, the flavonones, 

flavones and isoflavones (Ifs), and their sub-classes, which are from the 

family of flavonoid phytoestrogens, have been most widely investigated. 

In previous research, two flavonoids (breviflavone A and B) have been 

isolated and identified from Epimedium brevicomu (A TCM herb), in 

which breviflavone B is a novel flavonoid with potent and specific ER 

bioactivity (Hong X. et al., 2009). In addition, there are also isoflavones 

(Ifs) like genistein (Gen) and daidzein (Ddz) (Patisaul H.B., 2005; 

Setchell K.D. et al.,1998). They are mainly found in leguminous plants, 

particularly soy products and red clover, and have estrogenic or anti-

estrogenic actions (Ososki A.L. & Kennelly E.J., 2003; Patisaul H.B. et 

al., 2001; Patisaul H.B. et al., 2002). The phenolic ring structures of 

isoflavones enable these compounds to bind ER and mimic endogenous 

estrogens with higher affinity for ERα than for ERβ (Kuiper G.G. et al., 

1999; Petersen D.N. et al., 1998). 
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Figure 1.3 Chemical structures of different classes of phytoestrogens 
compared with testosterone and estradiol. 

The lignans possess lower relative estrogenic activities than those 

in flavonoids (Whitten P.L. & Patisaul H.B., 2001). Lignans are found in 

most cereals, fruits and vegetables that are converted to enterolactone 

and enterodiol by intestinal bacteria (Kitts D.D. et al., 1999). High levels 

of coumestrol are found in alfalfa and various beans (Strauss R. et al., 

1998). Most of them are di-phenolic compounds, which demonstrate 

structural similarities to the natural human steroid hormones in their 

three-dimensional conformation.  
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1.1.2 Androgenic(Endocrine0disrupting(Chemicals(

A number of EDCs have been identified from environment and 

most of them are categorized as phytoestrogens which is attributed to 

their estrogenic effects. However, there are no reports so far on the 

subtypes of androgen receptors, neither are there reports on the 

interaction with plant androgen mimics (Dugger B.N. et al., 2007). 

Androgen disruption was first recorded in fish, which was generally due 

to effects of either androgenic/anti-estrogenic substances in the 

environment (Subramantan P. & Amutha C., 2006). Up to now, 

however, there are no significant effects in higher vertebrates reported. 

Thus, the category of ‘‘phytoandrogen’’, the “male” equivalent of 

phytoestrogens is absent among EDCs (Chen J.J. & Chang H.C., 2007). 

However, daidzein is found to act as a “phytoandrogen”, a type of 

phytoestrogens (Chen J.J. & Chang H.C., 2007; Essa A.M. & Fathy 

S.M., 2013). 

MDA-kb2, a novel stable cell line was developed to screen for 

androgen agonists/antagonists as well as to characterize its specificity 

and sensitivity to EDCs (Wilson V.S. et al., 2002). However, to date, no 

other “phytoandrogens” have been found via screening assays for EDCs.  

In addition, many plant remedies have been employed in 

improving man's health. This includes the use of plants with specific 

nutritive value, which can enhance one’s health and the use of plants 

with anabolic properties, i.e. they help in protein synthesis and 
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aphrodisiac properties that can enhance sexual abilities, especially in 

males. Most of them are also known as androgenic plants because their 

properties are shown to have corresponding male hormone-like effects 

that interact with the human androgen receptor. However, unlike 

“phytoestrogen” compounds, no ‘‘phytoandrogen’’ chemicals have been 

isolated and identified thus far. 

1.2 SEAWATER(ACTIVITY(OF(POLLUTANTS(AND(PHYTOPLANKTON(

1.2.1 Measurements(of(Bioactivity(of(Seawaters(

The research on EDCs, such as their bioaccumulation, risk 

assessment and environmental fate, requests for a novel and accurate 

analytical method. As EDCs exist in extremely low concentrations (ng/L 

or pg/L) in the environment and plants, one of the key technical issues is 

to develop sensitive and accurate measurement of EDCs. 

Nowadays, two categories of measurement techniques, chemical 

analyses and bioassays are available and widely used. The former 

includes Liquid/Ultra performance liquid chromatography-tandem mass 

spectrometry (LC/UPLC-MS/MS), Gas chromatography-mass 

spectrometry (GC-MS) and High/Ultra-performance liquid 

chromatography (HPLC/UPLC). Chemical analyses provide an 

advanced method for measuring precise concentrations of known target 

EDCs in environmental samples, while bioassays (in vitro and in vivo) 

offer direct information of the estrogenic/androgenic activities of 

complex EDCs mixtures that are likely to occur in waters, irrespective as 
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to whether they are known or unknown compounds. 

Although these EDCs are present in low concentrations, it is 

conceivable that those compounds may have significant 

androgenic/estrogenic effects if their activities in combination are 

synergistic or additive, as has been demonstrated for endocrine-

disrupting estrogenic compounds. The estrogenic ligands might be 

modulated or inhibited when they are exposed to the antagonist 

compounds. In general, the chemical analyses techniques are limited to 

known bioactive chemicals and do not account for a mixture effect. 

However, bio-analytical tools provide alternative detection methods to 

traditional chemical analysis. They are defined as methods that utilize 

quantifiable and specific detection principles based on chemical-

biological interaction (Eggen R.I.L. & Segner H., 2003). In vitro 

reporter gene assays provided specific, rapid, reliable, sensitive and  

integrative detection methods that are widely used for the quantitative 

detection (i.e., biological toxic equivalent, Bio-TEQ) of EDCs in 

environmental matrices (Kinani S. et al., 2010). Therefore, they are used 

to guide bioactive compounds isolation and separation in analytical 

chemistry with combined chemical technologies, such as HPLC and LC-

MS/MS. 

On the other hand, more effective extraction and separation 

procedures are crucial for marine environmental sample pre-treatment. 

Generally, EDCs biological samples were pre-treated using pressurized 

liquid extraction (PLE), ultra-sonicated extraction (USE), solid phase 
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extraction (SPE), microwave-assisted extraction (MAE) and Soxhlet 

extraction (SE). Among these, SPE shows the best extraction efficiency, 

requiring less time and solvent compared to other extraction techniques, 

and can also provide on-line purification. Although expensive, SPE is 

most frequently used for sample clean-up, especially in water pre-

treatment  before measuring bioactivities of the water samples.  

1.2.1.1 Individual(Measurement(of(Bioactivity(of(Seawaters(Samples(

Chemical analysis provides sensitive and selective tools for 

detecting EDCs in environmental samples. Generally, the analysis of 

EDCs has been accomplished by electrochemical methods (Hu S.S. et al., 

2002), and chromatographic techniques, such as high-performance liquid 

chromatography or gas chromatography equipped with ultraviolet 

(Brossa L. et al., 2002) fluorescence (Naassner M. et al., 2002; Villar-

Navarro M. et al., 2013), electrochemical (Inoue K. et al., 2002) or mass 

spectrometry (MS) detectors (Komesli O.T. et al., 2012; Wang B. et al., 

2013). Among these, liquid chromatographic methods (LC, HPLC and 

UPLC) have been widely used for the quantitative environmental 

analysis of EDCs. With improvements in technology, detection limits 

were lower and resolution were enhanced (Devier M.H. et al., 2011), 

and this technique do not necessarily require derivatization reaction to 

be perfomed, which is time-consuming and results in thermal 

degradation (Villar-Navarro M. et al., 2013). 

Figure 1.4 shows the schematic diagram of a typical liquid 
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chromatographic separation. Liquid chromatography (LC) is an 

analytical technique used for separating ions or molecules in a mixture. 

There are several typical stationary phases in liquid chromatography 

(LC), such as adsorption, ion-exchange, partitioning, and size-exclusion. 

Silica gel is the most popular adsorbent material and is generally used as 

an all-round adsorbent for most components in solution due to its high 

sample capacity. In this study, LC packed with silica gel was used as the 

main sample analysis and purification tool, since it is convenient, fast 

and inexpensive for the purification of crude phytoplankton extract.  
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Figure 1.4 Schematic of a liquid chromatographic separation. The 
column was packed and the samples were loaded onto the top of the 
column followed by solvent elution. The different adsorbed components 
were eluted out from the adsorbent of the column at rates determined by 
their relative solubilities in the stationary and mobile phases.  

Liquid chromatography-mass spectrometry (LC-MS/MS) is one of 

the analytical chemistry techniques, which consists of two individual 

techniques combined. Liquid chromatography (LC) is used for 

separating the components of a chemical mixture and each of the 
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components is then characterized individually by mass spectroscopy 

(MS). By combining these two techniques, both quantitative and 

qualitative analysis can be evaluated for determining the number of 

chemicals in a mixture, concentrations of each chemical and the 

identities of the chemicals.  

LC-MS/MS has been investigated for trace analysis of EDCs. In 

most studies that have investigated EDCs via chemical analyses, the 

focus has been primarily on steroids (Aufartová J. et al., 2011) or 

phenols (Raecker T. et al., 2011). Recently, it was reported that several 

studies have performed the simultaneous determination of steroidal and 

phenolic EDCs in soil (Chen F. et al., 2010), sludge (Nie Y.F. et al., 

2009), biological tissues (Ye A. et al., 2013), water and sediment 

(Hibberd A. et al., 2009).  

Generally, LC–MS/MS instruments are mostly based on ion traps, 

quadrupolar ion optics or time-of-flight mass spectrometers (TOFMS). 

Due to the high specificity, speed and selectivity offered by MS, the 

combination of HPLC with mass spectrometry (HPLC–MS) has been 

widely used in the chemical, physical, biological and pharmaceutical 

industries for identifying unknown compounds and determining the 

chemical structure by fragmentation. The most recent developments in 

the application of LC–MS/MS are to perform pharmaceutical analysis, 

such as metabolic stability, and to assess certain properties of drug 

molecules.  
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1.2.1.2 Total(Assays(of(Bioactivity(of(Seawaters(Samples(

The chemical analysis has been seen as a major method for 

assessment of water quality, most researches on sex hormone disruptors 

have been focused on the effects of single chemical compound at a time 

(Jobling S., 1998).  However, this approach has some drawbacks that 

were underlined by USEPA (US Environmental Protection 

Agency)(Wall T.M. & Hammer R.W.J., 1987). Not only is the chemical 

analysis costly and time consuming; the number of EDCs that can be 

measured by available detection methods is also limited. In addition, the 

effects of more than two compounds on ER/AR action in complex 

mixtures are largely unknown. Moreover, many different EDCs are 

present in the environment, and their combined effects would not be a 

simple additive/subtractive effects of individual compounds, 

consequently� the existing approach of chemical analysis may be 

misleading (Gong Y.H. et al., 2003; Carpenter D.O. et al., 2002; Safe S. 

et al., 1997). The chemical tests alone do not give information 

concerning potential synergism of the chemical substances existing in 

the water bodies. Most of the naturally occurring EDCs as our key 

consideration of phytoplankton extract, exist as complex mixtures, in 

which data on the effects of individual compounds do not account for 

the interactions among pollutants. In other words, multiple-compounds 

would act at the same targets in ways that could elicit non-additive, 

additive, or even synergistic effects, resulting in activities greater than 

the summed responses of the individual effects. Conversely, some of the 
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compounds would demonstrate antagonistic activities caused by both 

inhibition of receptor-ligand interaction and transcriptional interference, 

whilst others have agonistic activities thus limiting the interpretation 

of the chemical or bioassay data that were dependent on receptor-ligand 

interactions alone (Snyder S.A. et al., 1999; Takeyoshi M. et al., 2002). 

Therefore, a novel method is needed for measuring the combined effects 

of EDCs on sex hormone receptor function with greater accuracy. 

In the past two decades, identification and modification of 

chemicals, which demonstrated endocrine disrupting activities in the 

environment has led to the need for fast, sensitive and reliable screening 

assays for detecting their biological responses (Svobodová K, et al., 

2010). In this regards, in vitro transactivation assays for endocrine 

activity determination has shown considerable progress with respect to 

improved sensitivity in testing for anti-hormonal activities. As a result, it 

has opened up the possibility of application of in vitro reporter assays 

for the evaluation of complex environmental samples. These assays 

follow a simple and rapid method for detecting compounds that are able 

to bind to hormonal receptors and mimic or inhibit the reproductive 

action of the endocrine system by stimulating, or silencing their 

transactivation activities, therefore interfering the hormone signalling 

pathways in animals and humans beings.  

Purvis et al. (1991) and Routledge et al. (1996) firstly performed a 

recombinant estrogen/androgen receptor gene assay in yeast 
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Saccharomyces cerevisiae (S. cerevisiae), which contain the human 

estrogen/androgen receptor and a plasmid-based response element-lacZ 

reporter fusion to study the estrogenic/androgenic activity of surfactants 

and their degradation products (Routledge E.J. & Sumpter J.P., 1996; 

Purvis I.J. et al., 1991). Subsequently, reporter gene assays based on 

yeast were widely used in the studies of EDCs in environment to 

determine total endocrine activities (Desbrow C. et al., 1998; Murk A.J. 

et al., 2002; Jiao B.W. et al., 2008).  

Compared to yeast tests, cell line-based gene receptor bioassays 

assays with luciferase reporter systems provide higher sensitivities and 

enable the comparison of hormonal activity in a sample relative to 

standard hormones (Minh S.D. et al., 2008). Reporter gene assays have 

also been principally applied to environmental samples such as sewage, 

fresh water and marine organism extract to test bioactivities of single 

congeners such as pesticides, PCBs, as well as harmful algal bloom 

(HAB) toxins (Tully D.B. et al., 2000; Legler J. et al., 2003; Yang W.D. 

et al, 2009).   

In this study, a series of sensitive ERα, ERβ! and AR-driven 

reporter gene bioassays (Wong S.P. et al., 2007; Li J. et al., 2009) in 

stable recombinant cells were served as sensitive bio-analytical tools for 

guiding HPLC isolation and separation of the phytoplankton extracts, 

due to their ease of operation, high sensitivity and suitability for 

different samples and matrices. 
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1.2.2 Unexpected(High(Bioactivity(in(Singapore(Seawaters(

In 2002, our group analyzed seawater extracts from 20 coastal 

locations using human cell-based reporter gene bioassays. Samples were 

collected from the Singapore Straits and Johor Straits, where these 

samples come from the industrialized and urbanized areas of Singapore, 

Malaysia and Indonesia. As shown in Figure 1.5, seawater from Cluster 

I and Cluster II were collected along the northeast coastline of 

Singapore, where there is heavy industrial activities. And in cluster III 

and cluster IV along the southwest coastline of Singapore, where 

shipbuilding and maintenance yards, container port and petrochemical 

facilities are located. 

The data obtained revealed high androgenic (androgen receptor (AR)) 

and estrogenic (estrogen receptor (ERα and ERβ)) activities in confined 

Cluster I and II close to the mainland of Singapore. This activity 

declined rapidly in Cluster IV in where waters are more open and farther 

from the main coastline of Singapore. Mid-depth and surfaces samples 

were then taken from the confined clusters (high activity), and the active 

extract was isolated and tested in the presence of estradiol (E2) or 

dihydrotestosterone (DHT) to mimic a physiological system following 

exposure to EDC. The activity was then compared against the activity of 

E2 or DHT alone. The ERα and AR activities of the extracts coupled 

with E2 or DHT were an astonishing 200-900% higher than those 

observed with E2 or DHT alone (Gong Y.H. et al., 2003). These results 
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demonstrated that the chemicals in the sea water extracts could 

potentially synergized with the natural endogenous hormones to activate 

hormonal receptors. Intuitively, such a result was unexpected given the 

coastal waters that were studied, the Singapore Strait and Johor Straits, 

receive inputs from numerous highly industrialized and urbanized 

sources from Singapore, Malaysia and Indonesia. 

 

Figure 1.5 Map of Singapore. Clusters I–IV indicate the seawater 
sampling locations. 

1.2.3 Phytoplankton(

Phytoplankton are photosynthesizing microscopic organisms, 

predominantly occupying the upper strata of the water columns, which 

forms the trophic base of almost all aquatic ecosystems. They are the 

primary producers in the aquatic food web and contribute to 

approximately 50% of global primary food products in the ocean 

(Ghosal S. et al., 2011; McQuatters-Gollop et al., 2011). Phytoplankton 
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is also used to assess and evaluate changes in the community of an 

ecosystem as they are very sensitive to changes in the conditions they 

are subjected to. Indeed the impacts of dumping and dredging activities 

on the ecosystem has been assessed by monitoring phytoplankton 

parameters, such as cell counts, and chlorophyll concentrations (Word 

J.Q. et al., 1987; Lewis M.A. et al., 2001). 

In a typical food web, phytoplankton (primary producers) is 

consumed by microfauna (zooplankton), which in turn are consumed by 

progressively larger organisms, such as fish or other filter feeders. A 

previous study has suggested that EDCs can accumulate in zooplankton, 

which feeds on phytoplankton that has taken up these EDCs chemicals 

(Ishihara K. & Nakajima N., 2003). In addition, some types of 

phytoplankton are also known to produce potent neurotoxins, which are 

often associated with the phenomena known as “red tides”. Red tides are 

a ubiquitous and natural phenomenon caused by excessive growth of 

certain types of phytoplankton, known as algal blooms. Some “red tides” 

or harmful algal blooms (HABs) are correlated with the production of 

natural toxins, which includes brevetoxins, dinophysis toxins (DTXs), 

saitoxin, domoic acid and isomer, and other derivatives (Morris J.G. & 

Pfiesteria, 1999; Anderson D.M. et al., 2001; Fleming L.E. et al., 2011). 

These toxins are also transferred through the food chain from the toxic 

phytoplankton to herbivorous organisms (such as molluscs, crustacean 

and herbivorous fish) and then to carnivorous fish, birds, and mammals 

including human being (Matter A.L. et al., 1994; Smayda T. et al., 1990; 
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Shumway S.E. et al., 1995).   

The most conspicuous effects of HABs are associated with 

wildlife mortalities of marine and coastal species�(Landsberg J.H. et al., 

2002; Shumway S.E. et al., 2003).  Potentially harmful effects to human 

health has also been reported, which includes respiratory distress, eye 

irritation (coughing, sneezing, tearing, and itching), muscular paralysis, 

amnesia (permanent short-term memory loss), coma and death (Morris 

J.G. et al., 1999; Anderson D.M. et al., 2001). Evidence indicates that 

the frequency, intensity, and distribution range of harmful phytoplankton 

species have increased in the past few decades (Shumway S.E. et al., 

1990; Hallagraeff G.M. et al., 1993; Kudela R.M., 2012) and is 

becoming a serious threat to aquaculture, fisheries and human health. 

In the past few decades, considerable commercial and scientific 

interest has focused on natural products from aquatic organisms, and 

constitutes part of a systematic investigation aimed to obtain 

phytochemical information on different phytoplankton species which 

were isolated from brackish water and marine habitats. Scholz B. and 

Liebezeit G. (2006) found flavonoids that have potent estrogenic (Hong 

X. et al., 2009) in natural chlorophyta and cyrptophyta, which are 

typically phytoplankton in both freshwater and marine environments, 

while Twiner M.J. et al. (2004) has described the bioactivity of extra-

cellular organic compounds which were excreted by raphidophyceae 

phytoplankton (Heterosigma akashiwo) on mammalian cells. Indeed bis 

(2-ethylhexyl) phthalate and bisphenol A, which are two main EDCs 
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have been shown to gradually accumulate in the phytoplankton cells 

during incubation. In addition, various phytoplankton metabolites that 

are toxins are found in shellfish and other invertebrates. There are 

reports of potent toxicity associated with phytoplankton, suggesting that 

these organisms may also be a potential source of EDCs. 

1.3 CORRELATION(OF(WATERS(PARAMETERS(WITH(BIOACTIVITY((

Singapore is a leading international maritime centre with activities 

such as harbour installations, petrochemical facilities, container port and 

shipbuilding. It is possible that the high AR/ER bioactivity found in the 

coastal waters of Singapore are due to these maritime activities. 

Therefore, it is necessary to assess the constituents of the water samples 

to determine the possible sources that attribute to the 

estrogenic/androgenic activities in the coastal waters.  

Water quality refers to the chemical, physical, and biological 

content of water. Water qualities change with the seasons and 

geographical locations, even when there is no pollution present. 

Inorganic/organic compounds from many different sources, such as dust, 

petroleum hydrocarbons, organic carbon, sulfur dioxide, volcanic gases, 

toxic chemicals and natural gases in the air are all dissolved or entrapped 

in rain and runs into the water.  

Bioactive trace metals, such as Al, Mn, Fe, Co, Ni, Cu, Zn, Cd and 

Pb are essential to organisms but can be highly toxic at higher 

concentrations. Other chemicals, like ammonia which is commonly 
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found in fertilizers can be converted into nitrate in the presence of 

nitrifying bacteria. When fertilisers were used in fields and washed into 

the nearby water bodies, ammonia can then be found in the waters. 

When the concentration of ammonia is low, nitrate will be utilized for 

the growth of phytoplankton (Sundarambal P. & Tkalich P., 2003). 

Phosphate is the inorganic form of phosphorus and is one of the key 

elements necessary in the growth of plants. As for the dead 

phytoplankton, it was ultimately decomposed into organic ammonia and 

phosphorus that can in turn sustain the growth of the remaining live 

phytoplankton. The total phosphorus/nitrogen is a sum of all the organic 

and inorganic phosphorus/nitrogen present. Phosphorus bound to Fe, Al 

and Mn oxides, and hydroxides (Fe-P) and organic phosphorus (OP) are 

potentially algal-available phosphorus that has been found to be 

bioactive in China (Zhu M. et al., 2013).  

With human activities such as construction, transporting, 

reclamation, and dredging on the estuaries and coastal waters of 

Singapore, it was reported to contribute to chemical pollution, high 

sediment discharge, resuspension of solid and particulate heavy metals 

(Sin Y.M. et al., 1991; Goh B.P.L. & Chou L.M., 1997; Tang S.M. et 

al., 1997). Furthermore, it is possible that the largest origin of organic 

pollutants came from the marine organisms themselves, in particular, 

from zooplankton and phytoplankton, which form the foundation of any 

aquatic food web. Therefore, their knowledge of their toxicities would 

be crucial to assess the possible impact on the ecosystem health.  
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Many factors affect water quality, some of which includes run-off, 

pH-value, temperature, sedimentation and denudation, decayed organic 

materials, amount of dissolved oxygen, detergents, pesticides, toxic and 

hazardous substances, oil/grease, litter. Previous studies (Sundarambal P. 

et al., 2003) presented that phosphorus and nitrogen based nutrients 

were the most key nutrients that would affect the emergences of red tide. 

Thus, nutrients such as ammonia (NH3), total nitrogen (Total N, 

including nitrites, NO2
-
 and nitrates, NO3

-), phosphate (PO4
3-), and total 

phosphorus (Total P) were of great interest in this study.  

1.4 HYPOTHESIS(AND(GENERAL(OBJECTIVES((

Our preliminary findings lead to the hypothesis that phytoplankton 

is a natural marine source of endocrine-disrupting chemicals.  

The primary objective of this study is to investigate the main 

causes that attribute to the AR and ER bioactivities of Singapore 

seawaters and to confirm that the phytoplankton is one of the origin 

sources of the high estrogenic and androgenic bioactivities.  

The secondary objective is to develop a reliable mass-culture 

method for culturing phytoplankton in the laboratory under controlled 

conditions and accumulating enough phytoplankton products for further 

biological and chemical characterization.  

The third objective is to characterize the bioactive phytoplankton 

secretions by a series of chemical analysis and human cell-based 
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bioassays to study the impact of estrogenic/androgenic secretions on 

human health.  
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CHAPTER(2 ((

INVESTIGATION(OF(THE(CORRELATION(BETWEEN(PHYTOPLANKTON(AND(

SEX(HORMONE(RECEPTOR(BIOACTIVITIES(OF(THE(SINGAPORE(SEAWATERS((

 

2.1 INTRODUCTION(

The reported abnormal sexual differentiation and other 

reproductive abnormalities in snails collected from the Straits of Johor 

indicated the presence of EDCs in Singapore’s marine environment, 

which perturb the function of the sex hormone signaling pathways (Tan 

K.S., 1999). It is well known that the sex hormone receptor active 

compounds can interfere with the response of androgen and/or estrogen 

hormones, which are responsible for the development of male and 

female sexual characteristics, respectively (Mantovani A., 2006; 

Matsumoto T. et al., 2008). Most of these androgen and estrogen 

receptor active compounds can be referred to as EDCs due to their 

toxicity to the environment and public health. One particular concern is 

that the EDCs that may interfere with sex hormone function in animals, 

as well as humans. 

Our previous research showed that Singapore’s seawater samples 

in certain areas contained EDC mixtures that exhibited high androgenic 

and estrogenic bioactivities (Gong Y.H. et al, 2003). We also found that 

some EDCs have been accumulated into food chains (e.g., mussels). 

Further investigation found that the unexpected high bioactivity of 
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Singapore seawaters was poorly correlated with the pollutants arising 

from industrial and human activities; however, it could potentially be 

related to the phytoplankton that are microscopic plants and the primary 

food products in the ocean. These findings led us to hypothesize a 

hitherto unsuspected link between estrogenic/androgenic activity 

detected in Singapore’s seawaters and net phytoplankton counts.  

2.2 EXPERIMENTAL(

2.2.1 Materials(and(Apparatus(

2.2.1.1 (Chemical(and(Materials(

Natural seawater was collected via underwater intake system from 

the offshore marine laboratory facilities of the Tropical Marine Science 

Institute (TMSI) on St. John’s Island (in the Singapore Straits).  

Artificial seawater was prepared and modified by resolving pure sea 

salts in ultrapure water (UPW) as reported (Berges J.A. et al., 2001). 

UPW was prepared using a Milli-Q (Bedford, MA, USA) water 

purification system.  

Dihydrotestosterone (DHT), 17β-estradiol (E2) and cell culture 

media EMEM (Eagle’s Minimum Essential Medium) were purchased 

from Sigma-Aldeich (St. Louis, MO, USA). HeLa, ER-positive breast 

cancer cell line (MCF-7) was purchased from ATCC (catalog number 

HTB-22, American Type Culture Collection, Manassas, VA). Plasmids 

encoding ERα/ERβ and a reporter gene containing a ERE derived from 
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the mammary tumor virus (MMTV-ERE-Luc) were kindly provided by 

McDonnell DP (Duke University Medical Center, North Carolina). 

Hygromycin B and G418 were purchased from Invitrogen (Carlsbad, 

CA). M-PER® Mammalian Protein Extraction Reagent  (M-PER) was 

purchased from Thermo (Pierce, Rockford, IL). 

Phytoplankton Chattonella cf. marina (Chat M1) had been 

previously isolated into non-axenic, clonal, batch cultures as part of a 

harmful algal bloom program run by the Tropical Marine Science 

Institute (TMSI), National University of Singapore. The others isolates 

of phytoplankton, namely Gymnodinium catenatum (G.cat), 

Prorocentrum cf. minimum (PB3), Alexandrium leei (Alex), and 

Fibrocapsa japonica (Fibro)) were obtained from the Tropical Marine 

Science Institute (TMSI) collections which were originally isolated from 

Singapore’s seawaters. Samples of Chattonella marina were also 

obtained from USA National Centre for Marine Algae and Microbiota 

(NCMA, formerly known as CCMP), to provide a comparison to the 

strains obtained from local waters. Clonal cultures were initiated from 

micro-pipetting single cells from 15-µm vertical phytoplankton net hauls 

from the Singapore and Johor Straits and cultured in f/10k nutrient 

media essentially as described in Holmes (Holmes M.J. et al., 1998).  

Strata C18-E cartridges (hydrophobic, bonded silica sorbent) used 

for solid-phase extraction (SPE) were obtained from Phenomenx 

(Torrance, CA, USA) and Oasis hydrophilic-lipophilic-balanced (HLB) 

cartridges were purchased from Waters (Milford, MA, USA). Both C18 
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and HLB cartridges contained 2 g bonded silica in 12-mL barrels. Diol 

cartridges were self-packed with 2 g bonded Diol silica in a 12-mL 

barrel. 

All Nalgene plastic filters, glass bottles and water carboys were 

obtained from Fisher Scientific (Fair Lawn, NJ, USA). Philips TLD Life 

max standard 36W/54 florescence tube lamps were purchased from 

Philips Electronics & Lightings, Inc. (Makati City, Philippines) for cell 

culture. The transfer bottles for natural seawater used were high-density 

polyethylene wide-mouth 20-L Nalgene carboys (Nalge Nunc 

International, Rochester, NY, USA).  

2.2.1.2 ((Apparatus(used(for(LC0MS(Analysis((

HPLC analysis was performed on an Agilent Technologies model 

1100 LC system (Agilent Technologies, Waldbronn, Germany) with a 

binary pump, an auto-sampler and a multiple wavelength UV detector. 

Mobile phases were degassed using an ultrasonic bath (BANDELIN, 

SONOREX, Super RK510). The column used was ODS-MCR-HPS 3-

µm 150.0 mm x 10 mm i.d. column (as shown in Section 3.2.4), as it 

shows excellent chromatographic selectivity in previous experiment 

(Tan H.M. et al., 2012). 

Mass spectrometric analysis was carried out on an Agilent 

G2445A ion-trap mass spectrometer equipped with an electro spray 

ionization source (ESI) and atmospheric pressure chemical ionization 

probes (APCI) (Agilent Technologies, Waldbronn, Germany). 
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Chemstation software (Rev. A. 09.03) was used for recording and 

processing the chromatographic data and Data Analysis software 

(Bruker Dalton GmbH, Bremen, Germany) version 2.2 was used for 

processing the chromatographic data.  

2.2.1.3 ((Apparatus(used(for(Bioassay((Luciferase(activity)(

Luciferase activity was measured using the Luciferase Assay 

System (Promega) on the Glomax™ 96-well Microplate Luminometer 

(Promega). The cell proliferation was determined using MTS (CellTiter 

96® AQueous One Solution Reagent, Promega, USA) proliferation 

assay by using TECAN GENIOS multifunctional microplate reader 

(Spectra FLUOR plus, M-Code 3660033, Austria).  

2.2.2 Human(Cell0based(Bioassays((ERα,(ERβ(and(AR)(for(Measurement(of(

Estrogen/Androgen(Receptor(Bioactivities(of(Phytoplankton(Extract(

The estrogen receptor (ERα/ERβ) and androgen receptor (AR) 

bioactivities of the extracts of the phytoplankton culture were 

determined by using established human cell-based bioassays according 

to previous report (Wang Q. et al., 2001; Wong S.P. et al., 2007; Li J. et 

al., 2009). All procedures and methods of the human cell-based 

bioassays were previously established in our laboratory (Wong S.P. et 

al., 2007; Li J et al., 2009; Yap S.P. et al., 2007). The reporter vector for 

measuring ER and AR activity were pERE4-Luchygro and 

pARETATA-Luc, respectively. AR and ER HeLa stable cell lines were 
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maintained in EMEM complemented with 10% Fetal Bovine Serum 

(FBS), 100 µg/ml of hygromycin B and 300 µg/ml of G418. 

The bioactivities of the phytoplankton extracts were expressed as 

percentages with respect to fixed concentrations of estradiol (10 nM E2) 

and dihydrotestosterone (0.1 nM DHT) as positive controls, respectively. 

The negative control cells were exposed to vehicle (methanol). Briefly, 

ERα, ERβ and AR stably-transfected HeLa cells were plated at an 

optimised density of 4 x 104 cells /mL in 100 µL of complete medium 

supplemented with 10% dextran-coated charcoal-stripped FBS per well 

in 96-well micro-assay-plates. The cells were allowed to adhere 

overnight (24 hours) in an incubator at 37°C in humidified 5% CO2 

atmosphere. After 24 hours incubation, culture medium was removed 

and replaced with 100 µL of medium containing phytoplankton culture 

extracts (1:250, 1.12 µL of extract put into 280 µL of culture medium) 

dissolved in EMEM supplemented with 10% charcoal-stripped FBS. 

Following 24 hours incubation before harvesting for luciferase assay, the 

media was removed and the stable cells were washed one time with 150 

µL of Phosphate buffered Saline (PBS) per well and lysed with 25 µL of 

M-PER per well. The Lysates were placed on a shaker for 5 minutes and 

luciferase activity of lysates was measured using the Luciferase Assay 

System (Promega) on the Glomax™ 96-well Microplate Luminometer 

(Promega). Estrogenic and androgenic activities were expressed as a 

percentage of maximal luciferase activity induced by E2 (10 nM) and 

DHT (0.1 nM) respectively alone. The doses of 0.1 nM DHT and 10 nM 
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E2 were used as they have been shown to elicit the highest AR or ER 

activity in the bioactivity assays, when tested in a dose dependent 

manner. Three independent bioassay experiments were carried out in 

triplicates and expressed as mean ± standard error of the mean.  

The luciferase-based reporter gene was expressed by placing a 

luciferase gene, and then transferred the resulting reporter construct into 

human cells through transformation or transfection. The activity of the 

genetic regulatory element upstream of the luciferase gene in the 

biological pathway affected by the target element was then measured 

and quantified. The mechanism of the light-producing reaction is that the 

luciferase catalyzes the reaction�in which luciferase substrate acts as an 

enzyme via the oxidative decarboxylation reaction in the presence of 

oxygen, and then yields photon emission (light). 

2.2.3 Seawater(Collection((Sampling)(

As shown in the Figure 1.5, the mid-depth and surface seawater 

samples were collected from four clusters (Cluster I, II, III and IV) along 

the coastline of Singapore. Samples (S01–S05) were collected from five 

locations in Cluster I; samples (S06–S12) were collected from seven 

locations in Cluster II; samples (S13 and S14) were collected from two 

locations in Cluster III; and samples (S15–S20 and S0) were collected 

from seven locations in Cluster IV. The volume of seawater sample 

collected from each sampling site was 1.2 L. A rosette water sampler 

(model 1015) fitted with Niskin bottles (model 1010, General Oceanics 
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Inc., Miami, FL, USA) was used for collecting the mid-depth and 

surface seawater samples. All the containers were pre-cleaned with 

methanol and UPW. The top layer (5 cm) of the surface water was 

removed after they were allowed standing precipitation for 5 min, and 

the remaining seawater sample was transferred into pre-cleaned 

polypropylene plastic containers. The mid-depth water samples were 

directly transferred into the containers. Before they were transferred to 

the laboratory, the samples were kept at 4°C in the dark. All the samples 

were sterilized by passing through a 0.2 µm Nalgene filter (Nalge Nunc 

International, Rochester, NY, USA) and the samples were then stored at 

4°C in the dark. 

2.2.4 Phytoplankton(Culture(Medium(Preparation(

2.2.4.1 (Nature(Seawater(Culture(Medium(Preparation(

Natural seawater (NW) is a complex medium containing more 

than fifty known elements with a large and variable number of organic 

compounds. NW can be used as preferred seawater base, if a good 

source of NW is available and large quantities are necessitated for 

culturing ocean species in the laboratory.  

The natural seawater used in this study was collected from TMSI’s 

offshore facilities on St. John’s Island to the south of the main island of 

Singapore and the filtered seawater was taken from the stations 

underwater intake system (the station was sited to take advantage of the 

cleaner water available at this site). By this intake system, seawater was 
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collected from the bottom by an underground pipe that extends into the 

bottom. The collected seawater was firstly filtered to remove 

zooplankton, and then pass through a commercial UV Sterilizer to 

disinfect and destroy dissolved organics in natural seawater, which was 

removed by a series of glass fiber filter of pore size 10 µm, 5 µm, 1 µm 

and 0.5 µm (see Figure 2.1). The collected natural seawater was stored 

at 4oC in dark for two months prior to the preparation of the 

phytoplankton culture media.  

 

 
 

Figure 2.1 Natural seawater disinfect and filtration system in Tropical 
Marine Science Institute (TMSI).   

 

The yield of phytoplankton is normally very low without the 

enrichment of trace metals and numerous nutrients. Therefore, NW is 

rarely accepted as phytoplankton culture media for direct use. To 

enhance the culture yield, trace metals and several nutrients were added 

to the NW. Today, various basic media concepts were developed in the 
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early 1900s (Allen E.J., 2014; Allen E.J., & Nelson E.W, 1910). It is 

difficult to ascertain which media are best for certain species. Among 

the major NW enrichment media suggested for a wide range of algae, 

Holmes f10 seawater media, modified from Guillard and Ryther (1962) f 

medium was used as the nutrient recipe (Appendix III) for preparing the 

phytoplankton culture media in this study and proved more suitable for 

mass culture of our phytoplankton species culture. These nutrients were 

added in appropriate concentrations to natural seawater and mixed well 

to ensure homogeneity (Table 2.1), before passing through a 0.22-µm 

Nalgene water filter for further sterilization.   

 

Table 2.1 Amount of nutrition added to 1 L seawater for making nature 

seawater culture media. 

Nutrition Stocks 
 

Amount added (ml/L) 
 

Nitrogen stock 0.1 

Phosphate stock 0.1 

Trace metal stock 0.1 

Vitamin stock 0.5 

Iron stock 0.5 

 

2.2.4.2 (Artificial(Seawater(Culture(Media(Preparation(

Synthetic or artificial seawater contain two parts: the basal salts 

that form the “basal seawater” and the enrichment solution that is often 

the same as the enrichment solution added to NW. 
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In order to investigate whether the bioactivity was caused by 

chemical compounds secreted from the phytoplankton or by other 

compounds present in natural seawater, artificial seawater was used to 

culture the phytoplankton. The bioactivity of the phytoplankton 

cells/media extracts grown in the artificial seawater would indicate if 

bioactivity in natural seawater samples was attributed to phytoplankton 

growth. In addition, there are variations in the quality of NW through the 

year. Thus there is a need to regulate the amount of limiting nutrient and 

trace element concentrations in NW. Since there are little or no nutrients 

or trace elements in the artificial seawater (AW), it is easier to control 

the conditions in AW attractive. Artificial water is commonly used as 

culture media for laboratory experiment. Most are based on the version 

of modified artificial seawater medium (ASM) formulations of Provasoli 

L. Enrichment solution artificial seawater (ESAW) recipe was expressed 

on the basis of Kester D. et al. (1967) and is hence similar to NW. 

ESAW recipes were used here as artificial seawater media (Harrison P.J. 

et al., 1980; Berges J.A. et al., 2001) (Appendix II).  

The nutrients were prepared (see Table 2.2) by mixing 0.3 mL of 

the nitrate stock, 0.3 mL of the phosphate stock, 0.1 mL of the trace 

metal stock, 0.5 mL of the vitamin stock and 0.5 mL of the iron stock 

together. The pure sea salts 36 g (30 ppt), previously determined to be 

the optimal salinity for phytoplankton growth (as described in Section 

2.3.2), together with the nutrients, were added to 1 L of ultra-pure water. 

They were then mixed well, incubated for one hour at room temperature, 
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and then shaken thoroughly to confirm that there are no visible particles. 

The culture medium was then sterilized by passing the medium through 

a 0.22-µm Nalgene water filter under high-pressure pure air via cylinder. 

 

Table 2.2 Amount of nutrition stock solution added to 1L seawater for 

making artificial seawater culture media. 

Nutrition Stocks 
 

Adding Amount 
 

Nitrogen stock 0.3 mL 

Phosphate stock 0.3 mL 

Trace metal stock 0.1 mL 

Vitamin stock 0.5 mL 

Iron stock 0.5 mL 

Sea salt 36 g 

 

2.2.5 Phytoplankton(Culture(

2.2.5.1 (Laboratory(Phytoplankton(Culture(Conditions(

Mass batches of phytoplankton cultures were grown under 

controlled conditions in the laboratory, essentially as described 

previously (Holmes M.J. et al., 1998; Tang Y.Z. et al., 2007; Holmes 

M.J. et al., 2002). Briefly, cultures were kept at 27-28 oC with salinity of 

30-34 PSU. The light illumination was maintained at 50-90 PPFD 

(photosynthesis photon flux density, µmol·photons/m2/s), using Philips 

daylight fluorescent tubes (130 cm x 3 cm) with a 12 h light: 12 dark 

incubation periods (Light duration: 8:30 am to 8:30 pm). 
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2.2.5.2 (Up0scaling(of(Phytoplankton(Culture(

The cultures were scaled up in 10-L glass vessels and grown as 

described previously (Holmes M.J. et al., 1998; Holmes M.J., 2002; 

Tang Y.Z. et al., 2007). Briefly, subcultures of the five isolated and 

purified species of phytoplankton namely Gymnodinium catenatum (G. 

catenatum/G.cat), Prorocentrum cf. minimum (P. minimum/PB3), 

Alexandrium leei (Alex), Chattonella cf. marina (C. marina/Chat M1), 

and Fibrocapsa cf. japonica (F. japonica/Fibro) were prepared for rapid 

growth. The culture media 10 mL was transferred to cell culture flasks 

(40 mL) and 2 mL of stock solution was added, with a dilution factor of 

1:5. After the cells proliferated, another batch of subcultures was 

prepared this time with a dilution factor of 1:6. The dilution factor was 

successively increased from 1:5 to 1:10 with each batch of subculture. 

Finally, the phytoplankton cells were scaled up by inoculating 

phytoplankton cells in 1 L of culture media in a conical flask (2 L), and 

then the culture was maintained as seed for mass culture of 

phytoplankton. This process favored rapid proliferation of the 

phytoplankton cells. 

2.2.5.3 (Stock(Culture(Maintaining(

The cell stocks of phytoplankton were maintained at small-scale in 

stationary flasks as seeds for mass culture. Stock culture of C. marina, P. 

minimum, F. japonica and G. catenatum were cultured in 100 mL of 

sterile seawater-based f/10k nutrient media and kept in EGS 
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(environmental growth system) incubators  (as shown in Figure 2.3) that 

maintained the culture conditions mentioned previously (as described in 

Section 2.2.5.1). 

Stocks'of'Phytoplankton'Cells!
!

100'ml'culture''
maintained'in'250'flasks''

Day'1''
1×105'cells/ml''

5'ml'into'100'ml'(1:20)'
!

Day'8''
1×105'cells/ml'
'5'ml'into'100'ml''

RepeaDng'the'culture'
'

1000'ml'culture''
maintained'in'2'LiGer'flasks''

Day'1''
1×105'cells/ml''

10'ml'into'1000'ml'(1:100)'
!

Day'8''
1×105'cells/ml'

'10'ml'into'1000'ml''

RepeaDng'the'culture'
'  

Figure 2.2 Schematic of stock phytoplankton cells maintaining. 

 

As shown in Figure 2.2, the cells were sub-cultured with a ratio of 

1:20 into new flasks every 7 days (cell count is around 1×105 cells/mL). 

In parallel, C. marina, P. minimum, F. japonica and G. catenatum were 

also maintained in 1 L of cultures in 2-L flask, in which the cells were 

sub-cultured with a ratio of 1:100 into new flasks every 7 days. The 

natural seawater and artificial seawater used is 32-33 ppt and 30 ppt 

salinity respectively. Cultures were maintained for 18 days (one 

complete culture period) before they were harvested. Figure 2.3 shows 
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the Environmental Growth System (EGS) incubator used for 

maintaining stocks of phytoplankton (C. marina, P. minimum, F. 

japonica and G. catenatum).  

 

 
 

Figure 2.3 EGS incubator for maintaining stocks of phytoplankton. 
The media were filtered with 0.22-µM membrane filer and done in a 
Laminar Hood. The cultures consist of 100 mL in 250 mL flask and 
1000 mL in 2 L flask. Abbreviation: EGS, Environmental Growth 
System. 
 

2.2.5.4 (Large0scale(Cultivation(of(Phytoplankton(

Before large-scale cultivation, cell count of stock culture was done 

and the cell density was adjusted to 1×105 cells/mL. To each 10-L bottle, 

6.5 mL of stock culture and 6.5 L of sterile seawater (natural or artificial) 

were mixed up with nutrients (1:1000 dilution) inside a laminar hood. 

The filtered aeration was provided in very gentle water turbulence. The 

natural seawater and artificial seawater used is 30 ppt salinity (see 
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section 2.3.2). The cultures were harvested on day 18 and phytoplankton 

cell density was monitored using cytometer. Figure 2.4 shows the EGS 

incubator used for mass culture of the phytoplankton. 

 
Figure 2.4 EGS incubator used for mass culture of phytoplankton. 
Large-scale phytoplankton was cultured in glass bottle with filtered 
aeration.  
 

2.2.6 Phytoplankton(Growth(and(Bioactivity(Monitoring(

Cells growth in 3 separate phytoplankton cultures were monitored 

at an interval of 3-4 days after inoculation, over a period of 18 days. A 

Sedgwick-Rafter chamber was used for cell counting (Analytical 

Technology, CA, USA). The homogenous seawater culture (1.0 mL) 

was mixed with 50 µl of fixation solution and stirred gently with a clean 

glass rod to ensure homogeneity before being delivered to the chamber. 

The cover glass was set diagonally across the chamber, leaving a space 

open at the opposite corners. The culture concentrate 1.0 mL was 

delivered to the chamber through one of the openings with a pipette. The 

cover glass was then slid gently into position to seal the chamber. The 

phytoplankton cells were allowed to settle for 3 to 5 minutes before 
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counting using random Whipple fields. A horizontal row/field consisting 

of fifty squares was randomly chosen. Starting from the left end of the 

field, all the cells within the boundaries, as well as those cut by the 

upper boundary of the field were counted. This procedure was repeated a 

few times and the cells in 4 randomly chosen rows were tallied. 

The total area of a Sedgwick-Rafter chamber was 1,000 mm2, with 

1,000 squares of 1 mm2; the measured area of the tallied fields was 1 x 

50 x 4 = 200mm2. The average number of cells in each row, N, was 

calculated. The density (d) of the algal suspension in the chamber is 

calculated using the following formula: 

 

d = N x 20 / mL 

 

Cell culture (800 mL) was extracted at each interval and the media 

extract was concentrated to 80 µL for bioassay. The number of 

phytoplankton cells was counted under the microscope. Triplicate 

readings were obtained for each cell count, and the average was 

calculated. The bioactivity of the culture medium was tested over a 

period of 18 days at the end of which they reached the stationary phase. 

18 days after inoculation, the phytoplankton culture was harvested.  

2.2.7 Harvest(of(the(Phytoplankton(Culture(Samples(

2.2.7.1 (SPE(Extraction(of(Phytoplankton(Cultures(

Phytoplankton culture media was collected and filtered using 0.2-

µm PPE membrane filters to remove the residual phytoplankton cells 
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before performing SPE extraction. A solid phase extraction was used to 

extract the compounds from the phytoplankton culture media using 

preparative C18 solid-phase extraction (SPE) cartridges. The process of 

SPE extraction is shown in Figure 2.5.  

CH3OH%
%
3%x%10ml%

H2O%
%
3%x%10ml%

H2O%+%CH3OH%

4L%Sea%water%%
Samples%%
Impuri:es%

H2O%
%
3%x%10ml%

salts%

Flow%rate:%%
%%%%%10ml/min%

CH3OH%
%
3%x%10ml%

Extracts%+%CH3OH%

Condi&on'
3%x%5ml%Methanol%

Equilibrate'
3%x%5ml%UltraFpure%water%

Load'Samples' Wash'Impuri&es'
3%x%5ml%UltraFpure%water%

Elute'Analyte'

Schema'c(of(a(simple(Solid(Phase(Extrac'on((SPE)((

 
Figure 2.5 Procedure of solid phase extraction (SPE).  

SPE was carried out under negative pressure as previously 

reported (Gong Y.H. et al., 2003), and Strata C18 cartridges were 

connected to the vacuum manifold and sequentially conditioned thrice 

with 10 mL methanol and twice with 10 mL ultrapure water. Every 10 L 

media sample was then passed through a 12-mL 2g C18-E cartridge at a 

flow rate of 10 mL/min and a moderate vacuum was applied. 

After the media was percolated, the salts were removed from the 

C18-SPE cartridge by flushing thrice with 12 mL of ultrapure water. The 

SPE cartridge was then centrifuged at 3,000 rpm for 20 min, and most of 

the retained water in the cartridge was removed by passing a gentle 

nitrogen gas for 20 min. This procedure resulted in optimal neutral 
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conditions of the SPE cartridge and minimized the effect of methanol on 

the polarity of elution. Moreover, it has been verified that the behavior 

of common EDCs such as polycyclic aromatic hydrocarbons (Li N. & 

Lee H.K., 2001) was not affected. The methanol (5 mL/L of media) was 

then used to elute out the compounds that were retained in the cartridge.  

A volume of approximately 50 mL of corresponding elute was 

concentrated using a rotary evaporator. The concentrated extract was 

then transferred into a 10-mL Eppendorf-tube and evaporated to dryness 

under a stream of N2 at 40 °C. The residue was weighed and dissolved in 

a 2-mL Eppendorf-tube using methanol. Therefore, the original seawater 

was concentrated 10,000-fold for human cell based bioassay by reducing 

1 L of seawater to 100 µL of C18-SPE concentrate as final media extract 

(ME). The final extract was directly used in the human cell-based 

bioassays. Negative control extracts were prepared from cell-free 

seawater media.  In the following chromatographic steps, the 

concentrated phytoplankton media extract was further concentrated 10-

fold before performing HPLC analysis.  In this way, every batch (60 L 

of seawater) of phytoplankton culture media were extracted and 

concentrated to 6 mL, and stored frozen at -80 °C in the dark before 

chemical analysis.  

2.2.7.2 (Phytoplankton(Cell(Extraction(

Cultures of C. marina, F. japonica and G. catenatum grew over 18 

days following inoculation, were centrifuged (13,000 rpm, 15 min, 4 °C) 
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to obtain cell free supernatants. P. minimum (PB3) cells were separated 

from the culture media by filtering through a plankton mesh with a 10 

µm pore size and the cells were lysed by an ultrasonic probe, or 

harvested by passing the culture media through a 0.2-µm paper filter 

twice to separate the cells from water. The remaining cells pellets were 

collected and stored frozen at -80 °C till analysis. The culture media 

were further filtered via a 0.2-µm membrane filter. An overview of 

methodology for phytoplankton culture and extraction was shown in 

Appendix III. 

The phytoplankton cells obtained above were freeze-thawed in 3-

cycle and then sonicated with methanol/water (80:20, v/v, 2 x 200 mL). 

The extract was concentrated in a rotary evaporator under the reduced 

pressure of 210 mBar. The concentrated extract was then transferred into 

a 10-mL Eppendorf-tube and evaporated to dryness under a gentle 

stream of N2 at 40 °C. The residue was dissolved in 1 mL of methanol, 

where 400 mL cells extract solution was concentrated at 4 x 102-fold for 

every 60 L of seawater. All the extracts were transferred to a 2-mL 

Eppendorf-tube as final cell extract (CE) and were stored frozen at -

80 °C in dark. The final extract was directly used in the human cell-

based bioassays and chemical analysis. Negative control extracts were 

prepared from cell-free seawater media. Figure 2.6 showed the 

procedure by which the phytoplankton cells extract were obtained. 
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Collected phytoplankton cells 
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The filter paper with phytoplanton 
cells (PB3) 
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Figure 2.6 Procedure of phytoplankton cell extract. Obtained 
phytoplankton cells were freeze-thawed and extracted with methanol-
water (80:20, v/v, 2 x 200 mL) in ultrasonic bath. 
 

2.2.8 LC0MS(Method(for(Phytoplankton(Crude(Media(Extracts(

HPLC Chromatographic analysis was carried out on an Agilent 

Technologies model 1100 LC system (Waldbronn, Germany) with a 

self-packed column (as described in Section 2.2.1.2). The column oven 

temperature was set at 35 ºC. Blank samples (methanol) were injected 

twice before running the phytoplankton samples.  

An electrospray ionization (ESI) probe was used for the analysis 

under the positive ion modes. The collision energy in the ion trap was 

set at 80% for collision experiments. The ESI conditions were set as 

follows: capillary voltage 3.5 kV; drying gas (nitrogen) flow 8.0 L/min; 

nebulizer (nitrogen) pressure 40 psi; temperature 350 ◦C. MS can range 

was set at m/z 60-800.  
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2.2.8.1 (LC0MS(Method(for(Chat(M1(Extracts(

Media extract of Chat M1 was concentrated 1 x 105 fold (as 

described in Section 2.2.7.1). The equipment and column used for LC-

MS analysis were described in Section 2.2.8. Gradient elution was 

performed with a mixture of two eluents, namely, solvent A (methanol 

with 0.1% formic acid) and solvent B (ultrapure water with 0.1% formic 

acid), delivered at a flow rate of 0.12 mL/min. The detection was 

achieved at a multiple wavelengths. The injection volume was set as 10 

µL for each running process. Before every run, the column was first 

equilibrated with 60% of solvent B for 15 min before sample injection. 

Active compounds were eluted with a series of gradients, the initial 

conditions of 60% of solvent B was maintained for the first 10 min, 

followed by a linear gradient from 60% to 90% of solvent B within the 

next 30 min and maintaining 90% of solvent B for the final 10 min (as 

shown in Table 2.3).  

Table 2.3 Gradient elution programs for HPLC chromatographic 

analysis of Chat M1 media extract. 

         S. No. Time (min) 
Mobile Phase Composition Flow rate 

(mL/min) �A �B 

1 0 40 60 0.12 

2 10 40 60 0.12 

3 40 10 90 0.12 

4 50 10 90 0.12 

 

Eluent A: Ultrapure water with 0.1% Formic acid 

Eluent B: Methanol with 0.1% Formic acid 
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The HPLC chromatogram at wavelength 210 nm was selected 

because the best sensitivity was achieved at this wavelength. Mass 

spectrometric method is described in Section 2.2.8. 

2.2.8.2 (LC0MS(Method(for(PB3(Extracts(

Media extract of Chat M1 was concentrated 1 x 105 fold (as 

described in Section 2.2.7.1).  

Table 2.4 Gradient elution programs for HPLC chromatographic   

analysis of PB3 media extract. 

         S. No. Time (min) 
Mobile Phase Composition Flow rate 

(mL/min) 
�A �B 

1 0 50 50 0.12 

2 20 50 50 0.12 

3 40 10 90 0.12 

4 50 10 90 0.12 

 

Eluent A: Ultra-pure water 

Eluent B: Methanol 

 

Gradient elution was performed with a mixture of two eluents. 

Eluent A was HPLC grade methanol and eluent B was ultra-pure water. 

The flow rate was 0.12 mL/min, and the column was kept at room 

temperature, and the detection was achieved at multiple wavelengths. An 

injection volume of 10 µL was used. Active compounds were eluted 

with a series of gradients, the initial conditions of 50% of solvent B was 

maintained for first 20 min, followed by a linear gradient from 50% to 

90% of solvent B within the next 20 min and maintaining 90% of 
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solvent B for the final 10 min. Then HPLC system was conditioned for 

an hour using 50% of solvent B and 50% of solvent A before the next 

run (as shown in Table 2.4). 

The HPLC system was conditioned for an hour using 50% eluent 

A and 50% eluent B with wavelength 254 nm. Blank sample (methanol) 

was injected twice before running the PB3 media extract samples. Mass 

culture was performed as described in Section 2.2.8. 

2.2.9 Statistics(

SPSS 11.0 (SPSS, Inc., Chicago, I L, USA) was used to process 

the data analysis. The means, medians, and standard deviations of AR, 

ERα and ERβ bioassays for each cluster were computed. Significance of 

Pairwise comparisons between two clusters was judged at p ≤ 0.05 by 

using multiple Mann-Whitney U-tests, with Kruskal-Wallis performed 

to assess the differences in the median concentrations for surface and 

mid-depth locations for the various sites within/ among clusters. An 

asterisk (*) is significantly (p < 0.05) different between control and 

sample groups. 

2.3 (Results(and(discussion(

2.3.1 Optimization(of(the(Phytoplankton(Culturing(Conditions(

2.3.1.1 (Optimization(of(Culture(Materials(

The phytoplankton is very sensitive to many chemicals, thus it is 

critical to choose suitable materials for cell culture. In this study, only 
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Teflon plastic ware was used, not only because it reduced breakage, but 

also more importantly certain types of plastics, latex and Tygon for 

instance, have been reported to be toxic to phytoplankton (Hold H.C., 

1942; Blankley W., 1973; Price N. M. et al., 1986). All the test tubes 

and glass containers were made of Teflon, polystyrene plastic and tissue 

culture-grade polycarbonate ware or borosilicate glass.  

Nalgene high-density polyethylene wide-mouth 20-L carboys were 

used as containers for seawater from St. John’s Island. The bottles used 

for phytoplankton culture was Pyrex* Brand Large-Capacity Bottles, 13-

L (Thickness: 254 mm, height: 438 mm, Base diameter: 238 mm, Mouth: 

internal 55.6 mm, outer 95 mm). Instead of rubber stoppers, aluminum 

foil was used to cover up our culture vessels since rubber could release 

volatile compounds toxic to phytoplankton.  

2.3.1.2 (Cleaning(and(Sterilization(of(Culture(Materials(and(Media(

New glass wares were washed with 70% ethanol and degreased in 

dilute sodium hydroxide (NaOH) and routinely treated with 8% 

hydrochloric acid (HCl) and then rinsed thoroughly five times with tap 

water followed by five times with deionized water, as high amounts of 

trace/heavy metals and nutrients are often contained in the tap water, 

which might suppress the reproduction rate of phytoplankton (Brand L.E. 

et al., 1986). As chromium is toxic to many phytoplanktons, chromic 

acid was not used for cleaning the glassware during the entire 

experimental process. 
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On the other hand, as we were dealing with chemicals of low 

concentrations, contamination of any form may undesirably affect our 

results. Painstaking efforts were taken to make sure all equipment used 

in this study was cleaned chemically at trace levels. Detergents were 

avoided for washing containers, as they can act as an estrogen mimic 

(Arukwe A. et al., 1997a). Furthermore, powderless gloves were worn at 

all time during experiments. 

All glassware was sterilized by autoclave treatment under 120 °C, 

15 lb/in2 for 15 minutes before preparing the cell cultures. As excess 

copper is toxic to phytoplankton, the copper tubing was avoided during 

autoclaving process as the autoclave steam may be contaminated with 

metals and may then cause glassware metal-toxic to phytoplankton. 

Nutrient stocks and culture media may be contaminated with 

bacterium or fungus. Filtration sterilizer was used to sterilize the stocks 

(except Vitamins stock) and culture media. The reason for instated of 

autoclave was to avoid certain issues of co-precipitation of ions due to 

pasteurization or autoclaving. For example, shard-like precipitation of 

silica may be caused during the process of autoclaving the Na2SiO3 

stock solution in a glass container. Moreover, compared with autoclave, 

filter sterilization provided effective protection for maximum 

effectiveness of vitamins. Furthermore, the sample preparation process 

of cell cultures was performed in a sterile environment of biological 

safety laminar hood. 
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2.3.1.3 (Phytoplankton(Culturing(Conditions(

Phytoplankton needs sunlight and nutrients like most plants. To 

provide controlled laboratory growth conditions, TLD Life max standard 

36W/54 florescence tube lamps were used to mimic sunlight continuous 

during the phytoplankton culture process (as described in Section 

2.2.5.1). 

Having a constant level of carbon dioxide not only helps to 

maintain the pH value of the culture medium, reports have shown that 

the pressure of carbon dioxide above water surface is a limiting factor 

for the growth rates of diatom phytoplankton (Riebesell U. et al., 1993; 

Sunda W.G. & Huntsman S.A., 2005). In addition, it was reported that 

enriching carbon dioxide could increase the number of phytoplankton in 

the open ocean (Hein M. & Sand-Jensen K., 1997), and/or that carbon 

dioxide concentrations could also disturb competition among major 

marine algae groups (Tortell P.D. et al., 2002). Therefore, 13-L glass 

bottles were used as the culture vessels as they offered larger surface 

area and better transparency for incoming light. The seals were kept 

loose at all time so as to enable air exchange with the surrounding. 

These two advantages enable better carbon dioxide exchange and better 

light intensity that facilitates photosynthesis providing optimal growth 

conditions for the phytoplankton cultures.  

A previous study reported that air turbulence and agitation could 

have negative effects on the growth of marine plankton in the ocean 

(Pollingher U. & Zemel E., 1981) and in laboratory devices (Zirbel M. et 
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al., 2000). However, in this study, compared to without aeration, 

introducing aeration to phytoplankton cultures (PB3) resulted in a 

significant increase of phytoplankton (PB3) number (Figure. 2.7). Thus, 

aeration was introduced for PB3 culture via Teflon tubing fitted with 

Acrodisc 25-mm Syringe Filters to enhance growth rates of PB3 cells.  

 
 

Figure. 2.7 Comparison of PB3 growth in two different conditions. 
Two batches of PB3, without aeration and aeration were cultured in 
same contorted conditions (as descripted in Section 2.2.5.1) and cells 
were collected after 18 days culture by passing same volume of culture 
through a vacuum filtration with a filter pater. The cells were remained 
on the paper after all the media pass though. Left: without aeration; 
Right with aeration. 

 

Purified air was passed through syringe filters with 0.2-µm 

polyethersulfone membranes to trap dusts and impurities and fed into the 

phytoplankton cultures. In this way, sufficient carbon dioxide was 

introduced onto the culture media and the carbon dioxide concentrations 

were enhanced significantly, which in turn increased phytoplankton 

production. 



! 55!

2.3.1.4 (Water(Sources(for(Phytoplankton(Culture(

The source of ultrapure water is one of the key factors for mass 

culture. In this experiment, all the water (except natural sea water) used 

in the experiment was ultrapure water from the Milli-Q (Bedford, MA) 

water purification system and it proved to be successful in the growth of 

phytoplankton in laboratory.  

The natural seawater used in this study was obtained from the 

underwater intake system on St. John’s Island to take advantage of the 

less polluted seawater. Moreover, ultraviolet light was applied to the 

water system to destroy dissolved organics�that were further removed 

by a glass fiber filter of pore size 0.5 µm. The composition of seawater 

varies from time to time, due to many factors such as rainfall, location of 

seawater source and ocean current (Tortell P.D. et al., 2002). The 

combination of these factors may result in less predictable growth 

patterns and affect the reproducibility of results (Band-Schmidt C. J. et 

al., 2004). Therefore, freshly obtained seawater was stored for 2 weeks 

before being used to prepare culture medium. This procedure can help to 

stabilize the composition of seawater from batch to batch and thus 

greatly enhance the consistency in results.  

2.3.2 Effect(of(Salinity(of(Culture(Medium(on(the(Growth(of(Phytoplankton(

The salinity of the seawaters varies anywhere from 0 to 37 ppt 

(parts per thousand). The annual mean salinity of sea surface is normally 

lower than sea mid-depth; the salinity generally ranges from 32.0 to 34.5 
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ppt (NASA Aquarius and World Ocean Atlas, 2005). The coastal 

salinity of Singapore ranges from 29 to 32 ppt (Din Z. et al., 1996).  

Salinity was not considered as an “inherent feature” of media 

recipes by McLachlan (1973) and salinity of 35 ppt is often used for 

artificial media. It was reported that most phytoplankton grows well in 

seawater of salinity between 27 to 30 ppt (Morrison W. et al., 2006; 

Robert A. & Andersen, 2005). However, depending on species, some do 

not tolerate high salinity. The goal of this experiment was to evaluate the 

influence of changes in salinity and determine the optimal salinity 

conditions for the growth of selected phytoplankton species. 

Prior to the start of each experiment, selected phytoplankton 

cultures Chat M1 and PB3 were maintained for an adaptation period of 

approximately five generations. The cultures were started by inoculating 

stock phytoplankton culture at 10% of the total volume of fresh culture 

media. Salinity meter measured salinity of 28, 30, 31 ppt for the 34, 36 

and 38g/L media by using sterilized synthetic sea water respectively. 

For determination of the optimal salinity conditions at various 

salinity conditions both cells of Chat M1 and PB3 were seeded on 

individual 6-well plates (in triplicate) at the desired salinity (28, 30, 31 

ppt) under laboratory condition at a fixed temperature (27 °C). 

Experiments were conducted in batch cultures (continued up to 18 days), 

and grown until either late exponential phase or early stationary phase. 

!

!
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!
!
Figure 2.8A Chat M1 cell growth in media of 34, 36 and 38g/L of sea 
salt on the 1th�  7th�14th day and 18th. Error bars denote standard 
deviations of averaged results from three replicate bottles. 

!
!

 
 
Figure 2.8B PB3 cell growth in media of 34, 36 and 38g/L of sea salt 
on the 1th� 7th� 14th day and 18th. Error bars denote standard 
deviations of averaged results from three replicate bottles. 
 
 
 



! 58!

 
Table 2.5 Accounts of cell in media of 34, 36 and 38 g/L of sea salt after 

7, 14 and 18 days. 
Name of  Cells amounts (cells/mL) 

Phytoplankton  Day for 
Cell 

counting  
Salt content 

 cells 
cell 

counting  

(in 

triplicate) 
34 g/mL 36 g/mL 38 g/mL 

�   1 30385  35590  27003  

�  Cell 
accounts 

2 36869  32705  42958  

�  after 7 
days 

3 28540 30745  21986  

�   Average 30993 37511 27090 

  1 31003 30527  35109  

 Cell 
accounts 

2 37492 35043  44492  

PB3 after 14 
days 

3 29321  23837  32072  

  Average 32213 39009 28410 

  1 9715  4482  7739  

�  Cell 
accounts 

2 10634 8629  8972  

�  after 18 
days 

3 5204 7439  6283  

�   Average 7312 9412 6309 

  1 4817  6500  3858  

 Cell 
accounts 

2 5539 5972  3364  

 after 7 
days 

3 4071  7098  4729  

  Average 4809 6523 3984 

  1 1775  2400  1659  

 Cell 
accounts 

2 2308 3298  1933  

 after 14 
days 

3 2575  2705  1492  

  Average 2219 2801 1695 

  1 771 938  629  

 Cell 
accounts 

2 529  1364  404  

 after 18 
days 

3 971  853  719  

  Average 757 1052 584 
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The results of cell count for these three batches of Chat M1 are 

shown in Figure 2.8A and cell count for PB3 are showed in Figure 2.8B. 

In Figure 2.8A and Figure 2.8B, the cell counts were carried out on the 

first day, seventh, fourteenth, and eighteenth day of inoculation. The 

bars in blue, red and green represent the phytoplankton cell counts when 

cultured in the media with the salinity of 34 g/L, 36 g/L and 38 g/L, 

respectively. There was noticeable growth of cells at the three salinity 

conditions but the growth rates were different in the different strains 

display a distinct growth rate on the fourteenth day and eighteenth day, 

which may be due to the short growth cycle of Chat M1, while the PB3 

showed a steady growth rate till the fourteenth day and a decline at the 

eighteenth day. This could be due to the long growth cycle of PB3.  

The average cell counts for all 3 different salinity batches (in 

triplicate) of Chat M1 was about 500 cells/mL, while the PB3 was about 

5000 cells/mL. After 7 days, the PB3 cell densities increased to 30992, 

37511 and 27093 cells/mL, while the Chat M1 cells was at 4809, 6523 

and 3984 cells/mL in the 34 g/L, 36 g/L and 38 g/L salinity respectively. 

Their respective percentage growth rates were calculated and presented 

in the table below. After 14 days, the PB3 cell densities increased to 

32213, 39009 and 28410 cells/mL, while the Chat M1 dropped to 2219, 

2705 and 1695 cells/mL respectively. After 18 days, both the PB3 cell 

and the Chat M1 densities decreased distinctly. The PB3 cell density 

decreased to 7312, 9412 and 6309 respectively, and the Chat M1 cell 

density decreased to 757, 1052, and 584 respectively. 
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Based on the numerical results (Table 2.5), Chat M1 and PB3 

cells growth were the fastest in the medium with 36 g/L of salt (30 ppt), 

and therefore this concentration of sea salt was used to prepare the 

artificial seawater medium. 

2.3.3 Does0response(Assessment(of(E2(and(DHT(

!The negative control and different concentrations of E2 and DHT 

were analyzed for AR, ERα and ERβ activity to evaluate the sensitivity 

and specificity of the bioassay for androgens and estrogens. Dose-

response study was conducted using various concentrations of E2 and 

DHT for validation of sex hormone receptor bioassays.  

Stock solution of DHT was prepared at a concentration of 100 nM 

in methanol and was diluted at 10x times sequentially to get seven 

methanol solutions of DHT at increasing concentrations (0.01pM, 0.1pM, 

1pM, 10pM, 0.1nM, 1nM and 10nM). Negative controls, ultrapure water 

(UPW) and tap water (TW) were concentrated at 10,000-fold after C18-

SPE extraction procedures.  

The negative controls and DHT in increasing concentrations were 

added to the genetically-engineered HeLa cells expressing AR and 

androgenic activity was measured with the reporter gen pARE-TATA-

Luc. All the analysis was performed in triplicates. The lower limit of 

concentration for detection of DHT was 0.01pM and the highest 

bioactivity was observed at a DHT concentration of 0.1 nM (Figure 

2.9A). 
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!
!
Figure 2.9A Does-response graph (AR bioassay). Increasing doses of 
the DHT were added to Hela cells expressing AR, and androgenic 
activity measured with the reporter gen pARE-TATA-Luc. Luciferase 
activities were expressed as fold increase in RLU over VC. Error bars 
denote standard deviations of averaged results from three replicate 
bioassay results. Abbreviation: MeOH, methanol; UPW, ultrapure water, 
TW, tap water; RLU, relative light units.  
 
 
 
 
 
 
 
 
 

 
!
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!
!
Figure 2.9B Does-response graph (ERα bioassay). Increasing doses 
of E2 were added to cells expressing ERα, and estrogenic activity was 
measured with the reporter gene ERE-MMTV-Luc. Luciferase 
activities were expressed as percentage of E2. Error bars denote 
standard deviations of averaged results from three replicate bioassay 
results. Abbreviation: MeOH, methanol; UPW, ultrapure water, TW, 
tap water; RLU, relative light units. 
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!
Figure 2.9C Does-response graph (ERβ bioassay).  Increasing doses 
of E2 were added to cells expressing ERβ, and estrogenic activity was 
measured with the reporter gene ERE-MMTV-Luc. Luciferase 
activities were expressed as percentage of E2. Error bars denote 
standard deviations of averaged results from three replicate bioassay 
results. Abbreviation: MeOH, methanol; UPW, ultrapure water, TW, 
tap water; RLU, relative light units. 

Stock solution of E2 was prepared at a concentration of 10µM in 

methanol and was diluted at ten times sequentially. Negative controls 

and seven increasing concentration (1pM, 10pM, 100pM, 1nM, 10nM, 

100nM and 1µM) of E2 diluted from stock solution were added to the 

genetically-engineered Hela cells expressing ERα and ERβ, and 

estrogenic activity was measured with the reporter gene ERE-MMTV-

Luc. All the assays were performed in triplicates. The lower limit of 

detection of concentration for the detection of E2 was 1pM and the 

highest bioactivity was observed at an E2 concentration of 10 nM 

(Figure 2.9B and Figure 2.9C).  

As shown in Figure 2.9, the negative controls, ultrapure water and 
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tap water displayed activities that were no different from those of the 

methanol vehicle control. However, dose-dependent increases in reporter 

gene activity were observed with sub pico-mole quantities of the cognate 

ligands in bioassays where their AR, ERα, and ERβ were co-expressed 

with their respective reporter genes (Figure 2.9).  

2.3.4 Optimization(of(Extraction(Methods(for(Bioactive(Compounds(

(Secreted(by(Phytoplankton)(

Generally, liquid-liquid extraction (LLE) and solid-phase 

extraction (SPE) are used for extraction of water samples. LLE is based 

on solvent partitioning, in which large volumes of solvents are required. 

LLE is not only time consuming but also costly and toxic. Moreover, 

this method is also disadvantaged by the low sensitivity and selectivity. 

Thus, considerable attention is paid to SPE as an alternative way for 

isolating and concentrating desired bioactive compounds secreted by 

phytoplankton from complex matrix.  

SPE provides many advantages such as reducing the amount of 

solvent, saving time, dislodging emulsions and a high possibility for 

automation (Font G. et al., 1993). Generally, SPE methods and selection 

of a suitable type of sorbent are critical for the efficiency of extraction. 

Therefore, in this study, the optimization of the SPE procedure was 

focused on the choice of the different types of sorbents. Firstly, the 

performance of three cartridges was compared, namely Strata C18-E 

(hydrophobic, bonded silica sorbent) cartridges, Oasis HLB cartridges, 

and self-packed Diol cartridges. All the cartridges had 2-g bonded silica 
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in 12-mL barrels. These SPE cartridges were selected as they are 

generally available on the market, and they have been used successfully 

in the extraction of other types of EDCs (Zhang S. et al., 2012). Besides, 

these sorbents covers a high range of polarities thus they may be useful 

for dealing with a broad spectrum of analyses. 

The media of phytoplankton culture, PB3 and Chat M1were 

extracted using C18, HLB, and Diol cartridges respectively as described 

in Section 2.2.7.1.  

!
Figure 2.10A Optimization of SPE condition (AR bioassay). PB3 

culture media was extracted with C18, Diol, and HLB cartridges and 

their bioactivities were tested. Luciferase activities were expressed as 

percentage of 0.1 nM of DHT. 

 

!
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!

Figure 2.10B Optimization of SPE condition (ER bioassay). Chat M1 
culture media was extracted with C18, Diol, and HLB cartridges and 
their bioactivities were tested. Luciferase activities were expressed as 
percentage of 10 nM of E2. 
 

To determine the activity of all extract samples in the presence of 

androgens or estrogens, the AR stimulatory activity was measured in the 

presence of 0.1 nM DHT (as described in Section 2.2.2); while the ERα 

activity was measured in the presence of 10 nM E2 (as described in 

Section 2.2.2). All the bioassay of extract samples was performed in 

triplicate at 10,000-fold of concentration, the eluted extracts from C18 

cartridges displayed the highest activity, and the least with those from 

Diol cartridges (Figure 2.10A and Figure 2.10B).  

Extract concentration was optimized using various concentrations 

of C18-SPE extract of PBS and Chat M1. The C18-SPE concentrates 

(100x, 1000x, 5000x, 10,000x and 20,000x) were prepared by passing 

0.1 L, 1 L, 5 L, 10 L and 20 L of original raw phytoplankton culture 

media through C18-SPE cartridge, respectively. After the media were 
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percolated, the SPE cartridge was eluted with 100 mL of methanol. The 

eluent was then concentrated to 1 mL for bioassay (as described in 

Section 2.2.7.1). Therefore, the concentrated eluents of C18-SPE were 

at concentrations of 100-fold, 1000-fold, 5000-fold, 10,000-fold and 

20,000-fold higher than the original raw phytoplankton culture.   

!
Figure 2.11A Dose response of the C18-SPE extracts of PB3 cultures. 
Luciferase activities were expressed as percentage of 0.1 nM of DHT. 
 

The C18-SPE concentrate of PB3 at concentrations of 100x, 1000x, 

5000x, 10,000x and 20,000x were added to AR stably-transfected HeLa 

cells expressing AR respectively and androgenic activity was measured 

with the reporter gene, pARE-TATA-Luc (Figure 2.11A). Similarly, 

increasing concentration of C18-SPE extract of Chat M1 was added to 

ER stably-transfected HeLa cells expressing ERα and estrogenic activity 

was measured with the reporter gene, ERE-MMTV-Luc  (Figure 2.11B). 

!
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!

Figure 2.11B Dose response of the C18-SPE extracts of Chat M1 
cultures. Luciferase activities were expressed as percentage of 10 nM of 
E2. 

The HeLa cells exposed to a 10,000-fold and 20,000-fold C18-

SPE concentrate of PBS and Chat M1 extract displayed the most 

significant bioactivity results (Figure 2.11). The C18-SPE concentrate at 

10,000-fold and 20,000-fold demonstrated a similar high bioactivity, 

which indicated that concentration of seawater higher than 10,000x (e.g., 

20,000x) caused overloading and super saturation in SPE cartridge. Thus 

in this process, all original raw phytoplankton culture media were 

extracted and enriched to 10,000-fold concentrate as the maximum 

concentration factor by reducing 10 L of seawater to 1 mL of C18-SPE 

concentrate. Bioassays were measure by exposing genetically-

engineered HeLa cell to a C18-SPE concentrate at 10,000-fold higher 

than the original raw phytoplankton culture. 
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2.3.5 Phytoplankton(Growth(Monitoring((PB3)(

Phytoplankton can move towards more desirable conditions such 

as a well- lighted area for optimal growth. Some phytoplankton (Chat 

M1, PB3, etc.) can swim through the water using flagella to get the 

nutrients they need for growth. Once the culture has been established 

under favorable conditions, they will bloom much quicker when sub-

cultured, often within 3 to 5 days. Under favorable conditions, 

phytoplankton grows continuously by a process known as cell division. 

Each cell enlarges and divides into two daughter cells that subsequently 

grow and divide yielding a culture that increases exponentially. 

Many phytoplankton can only divide once per day, others can 

divide up to five times per day. Growth slows as the algal population 

becomes more crowded. As the phytoplankton grows, nutrients are 

depleted, metabolites build up, and light penetration decreases because 

of self-shading. The growth rate of the culture will then go into a 

stationary phase under these conditions and will not increase in density. 

Phytoplankton contains their best nutritional value when their growth is 

still within the "exponential growth" phase. 

PB3 was selected for cell culture and growth monitoring (as shown 

in Figure 2.12). PB3 growth was visible with the naked eyes. The PB3 

cells were yellow in color. By day 4, the growth of phytoplankton could 

already be observed though the initial growth rate was slow. This was 

known as the lag phase. Around day fourteen, phytoplankton cells grow 

at an exponential rate and a bloom of cells was observed. At day 
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eighteen, some phytoplankton cells start to die off. The sediments 

observed at the bottom of the bottle at day eighteen belong to the dead 

phytoplankton cells. The number of phytoplankton cells reaches its peak 

at day twenty-four. After eighteen days, the medium is unable to support 

further growth and the number of phytoplankton cells decline 

constituting the death phase. 

1"Day" 4"Day" 9"Day"

14"Day" 18"Day" 24"Day"
 

Figure 2.12 Observations of PB3 growth over 24 days. 

This was not an unexpected result as according to the 

carbon/nutrient balance hypothesis in the phytoplankton developed for 

boreal plants by Bryant J.P. et al., most toxigenic algae produce their 

toxins mainly under conditions where nutrients are limiting (Ianora A. et 

al., 2011). 
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2.3.6 Batches(of(Phytoplankton(Mass0culture(Under(the(Optimized(

Conditions(

Twenty batches of Chat M1 and twenty-seven batches of PB3 

were successfully cultured in a total of 2820 L of natural seawater with 

nutrition. Each batch of SPE media extract was concentrated 10,000-fold 

(see Section 2.2.7). The concentrated Chat M1/PB3 media extracts were 

added to cells expressing ERα/AR, and estrogenic/androgenic activity 

was measured with the reporter gene ERE-MMTV-Luc/pARETATA-

Luc. The media extracts displayed significantly high levels of ERα/AR 

activity and the different batches show consistent results (as shown in 

Figure 2.13A and Figure 2.13B).  

LC-MS profiles of Chat M1 and PB3 extracts were also 

investigated (method used as shown in Section 2.2.8). Figure 2.14A 

shows the UV chromatograms of three batches of crude Chat M1 media 

extract (batch S01, S07, S09), and Figure 2.15A shows the UV 

chromatograms of three batches of crude Chat M1 media extract (batch 

S03, S06, S09). As one can notice that, they exhibited similar 

chromatogram profiles. Similar trend was observed for their total ion 

chromatograms (TIC) in Figure 2.14B and Figure 2.15B respectively. 

These results suggest that the culture conditions for the mass-culture of 

phytoplankton were constant and reliable.  

It was also noted that the bioactivity results, UV and MS profiles 

of different batches of culture varied from time to time in spite of efforts 

to keep all the experimental parameters constant. This could be due to 
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variation in the composition of collected seawater such as salinity and 

other unpredictable effects.  

!

 
Figure 2.13A ERα bioactivity of different batches of Chat M1 
extracts. Twenty batches of Chat M1 were extracted (10,000-fold 
concentration) respectively. Concentration extract were added to cells 
expressing ERα, and estrogenic activity was measured with the reporter 
gene ERE-MMTV-Luc. Luciferase activities were expressed as 
percentage of 10 nM E2. Error bars denote standard deviations of 
averaged results from three replicate bioassay results. 
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Figure 2.13B AR bioactivity of different batches of PB3 media 
extract. Twenty-seven batches of PB3 were extracted (10,000-fold 
concentration) respectively. Concentration extract were added to cells 
expressing AR, and androgenic activity was measured with the 
reporter gene pARETATA-Luc. Luciferase activities were expressed as 
percentage of 0.1nM DHT. Error bars denote standard deviations of 
averaged results from three replicate bioassay results. 
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   Figure 2.14A Chromatograms of three batches of Chat M1 extracts. 

Batch S01, S07 and S09 of Chat M1 were extracted (10,000-fold 
concentration) and LC-MS profiles were investigated. a. UV 
chromatogram of batch S01 (Chat M1); b. UV chromatogram of batch 
S07 (Chat M1); c. UV chromatogram of batch S09 (Chat M1). 
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Figure 2.14B Overlaid LC-MS profiles of three batches of Chat M1 
extracts. Batch S01, S07 and S09 of Chat M1 were extracted (10,000-
fold concentration) and LC-MS profiles were investigated. 
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Figure 2.15A Chromatograms of three batches of PB3 extracts. 
Batch S03, S06 and S09 of PB3 were extracted (10,000-fold 
concentration) and LC-MS profiles were investigated. a. UV 
chromatogram of batch S03 (PB3); b. UV chromatogram of batch S06 
(PB3); c. UV chromatogram of batch S09 (PB3). 
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Figure 2.15B Overlaid LC-MS profiles of three batches of PB3 
extracts. Batch S03, S06, and S09 of PB3 were extracted (10,000-fold 
concentration) and LC-MS profiles were investigated. 

 
The above a series of chromatograms demonstrate that our 

optimized culturing condition was very reliable suitable and was found 

to be suitable for mass culture of the PB3 and Chat M1 phytoplankton. 

2.3.7 Phytoplankton(Levels(Demonstrate(a(Positive(Correlation(with(AR(

and(ERα(Bioactivities(in(Seawater(Samples(

Previous findings showing high levels of androgen receptor (AR) 

and estrogen receptor (ER) bioactivities in the seawater samples 

obtained from the coastal waters of Singapore, especially the Johor Strait 

(Gong Y.H. et al., 2003), led us to investigate the cause of high 

hormonal activity. To that end, we searched for correlations between sex 

steroid bioactivities and a range of water quality parameters (as shown in 

Table 2.6) were collected as part of the broader environmental studies at 
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the same sites during the sampling previously conducted by Gong Y. H. 

et al. (2003) (as shown in Figure 1.5), but not previously reported.  

 
 

Figure 2.16A Measure of the phytoplankton concentration in the 
samples collected from different location around Singapore.  

These standard water quality parameters were collected and 

quantified as previously described (Bayen S. et al., 2004; Ooi B.H. et al., 

2010). As shown in Table 2.6, phosphate, total phosphorus, 

phytoplankton, pico- and nano-phytoplankton zooplankton biomass, 

biochemical oxygen demand, total organic carbon, total suspended 

solids, nitrate (NO3), nitrite (NO2), ammonia (NH3), total nitrogen (TN), 

total petroleum hydrocarbons and total (unfiltered) metals were collected 

to investigate if there was a correlation between bioactivities and these 

parameters.  

Table 2.6 Water quality parameters 
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July 2002-Mid-depth seawater 
samples 

 

Feb 2003-Mid-depth seawater 
samples 

Significant 
correlations 
of AR and 
ER 
bioassays 
with: 

 

 

! Phosphate 

! Total phosphorus 

! Nitrite (NO2), 

! Net phytoplankton (>15mm) 

! Dinoflagellate 

! Biochemical oxygen demand 

! Phosphate 

! Total phosphorus 

! Nitrite (NO2), 

! Ammonia 

! Fecal coliform 

! Total nitrogen 

 

No 
significant 
correlations 
with 
bioassays 

 

 

! Pico- and nano-phytoplanton 

! Zooplankton biomass 

! Total organic carbon 

! Total suspended solids 

! Chemical oxygen demand 

! Nitrate (NO3) concentrations 

! Ammonia (NH3) 

! Total nitrogen (TN) 

! Total phosphorus 

! Phosphate (PO4) 

! Chlorophyll a, i 

! Fecal coliform 

! Distribution of total suspended 
solids 

! Total petroleum hydrocarbons 

! Heavy metals 

! Secchi Depth measurements 

! Net phytoplankton (>15mm) 

! Pico- and nano-phytoplanton 

! Zooplankton biomass 

! Dinoflagellate 

! Total organic carbon 

! Biochemical oxygen demand 

! Total suspended solids 

! Chemical oxygen demand 

! Nitrate (NO3) concentrations 

! Ammonia (NH3) 

! Total phosphorus 

! Phosphate (PO4) 

! Chlorophyll a, i 

! Fecal coliform 

! Distribution of total suspended 
solids 

! Total petroleum hydrocarbons 

! Heavy metals 

! Secchi Depth measurements 

 

Unexpectedly, the bioactivity correlated with the presence of net-
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phytoplankton and nutrients that encouraged plant growth such as 

phosphate and nitrite (as shown in Table 2.6). 

ERα and AR bioactivity assays were performed on phytoplankton 

cell and media extracts respectively. E2 (10 nM)/DHT (0.1 nM) was 

used as positive control and blank media containing methanol was used 

as negative control. The bioactivity of the extracts was compared to that 

of the respective positive controls (see Section 2.2.2).  

 

 
 

Figure 2.16B The ERα bioactivities of seawater samples collected at 
the corresponding sampling sites.  P-value < 0.005 (S01-S05), there is 
significant difference among clusters. Error bars denote standard 
deviations of averaged results from three replicate bioassay results. 

The results show (Table 2.6) that the bioactivity of seawater is 

poorly related to pollutants produced by industrial and human activities; 

however, it strongly correlates to phytoplankton levels in the seawater 

(Figure 2.16). 
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Figure 2.16C Correlation coefficients of first batch of seawater 
samples (ERα bioactivity). Calculated based on the estrogenic (ERα) 
in relation to the phytoplankton concentration in the samples.  

 
 

The data show that the phytoplankton concentrations (Figure 

2.16A) significantly correlate with the ERα bioactivities (Figure 2.16B, 

2.16C) and AR bioactivities (Figure 2.16D, 2.16E) in the seawater 

samples. These findings were corroborated using a second batch of 

seawater samples from the same samples sites (see Figure 2.16F and 

Figure 2.16G). 

As shown in Figure 2.16B and Figure 2.16D, high androgenic 

(androgen receptor (AR)) and estrogenic (estrogen receptor (ERα and 

ERβ)) activities corresponded in confined clusters (Cluster I and II) 

which declined rapidly in Cluster IV (as shown in Figure 1.5). 

!
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Fig. 2.16D AR bioactivities of seawater samples collected in the same 
sampling sites. P-value<0.005 (S01-S05), there is significant difference 
among clusters. Error bars denote standard deviations of averaged 
results from three replicate bioassay results. 

 

Figure 2.16E Correlation coefficients of first batch of seawater 
samples (AR bioactivity). Calculated based on the androgenic activity 
(AR) in relation to the phytoplankton concentration in the samples.  
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Figure 2.16F Correlation coefficients of second batch of seawater 
samples from the same sample sites (ERα bioactivity). Calculated 
based on the estrogenic (ERα) in relation to the phytoplankton 
concentration in the samples.  

 
!

 
 
Figure 2.16G Correlation coefficients of second batch of seawater 
samples from the same sample sites (AR bioactivity). Calculated 
based on the androgenic activity (AR) in relation to the phytoplankton 
concentration in the samples.  
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The surface and mid-depth samples taken from the confined high-

activity cluster were extracted and tested in the presence of estradiol (E2) 

or dihydrotestosterone (DHT) to mimic a physiological system 

following exposure to EDC. The activities were then compared against 

the activity of E2 or DHT alone. The ERα activities of the extracts 

coupled with E2 were an astonishing 200-700% higher than those 

observed with E2 alone.   

The AR activities of the extracts coupled with DHT were an 

astonishing 200-900% higher than those observed with DHT alone. This 

result is similar to the first collection performed in 2003, where we 

observed AR and ERα activities were 200-900% higher than those 

observed with E2 or DHT alone (Gong Y. H. et al., 2003). This 

demonstrated the presence of chemicals in the water extracts that 

potently synergized with the natural hormones to activate hormonal 

receptors. These findings were corroborated by the second batch of 

seawater samples from the same sample sites (See Figure 2.16F and 

Figure 2.16G). 

2.3.8 Identification(of(Phytoplankton(Species(Related(to(Estrogenic(and(

Androgenic(Bioactivity(

The further investigation was carried out to investigate whether 

phytoplankton can produce estrogenic and androgenic chemicals. For 

this purpose, we screened a mixture of toxic and non-toxic 

phytoplankton species from diverse phylogenetic groups (dinoflagellates 

and raphidophytes) that had been previously isolated into culture from 
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Singapore waters and grown in batch mass culture; G. catenatum, P. 

minimum, A. leei, C. marina and F. japonica.   

Phtyoplankton cells were separated from their culture media. Both 

phytoplankton culture cells and media were extracted for screening the 

AR and ER bioactivities. Culture media extracts from the raphidophytes, 

C. marina and F. japonica exhibited high ERα bioactivities (Figure 

2.17A) whilst media extracts from the dinoflagellates G. catenatum and 

P. minimum exhibited high AR bioactivities (Figure 2.17B). The highest 

AR bioactivity was observed from P. minimum culture media extract, 

equivalent to 200% bioactivity of 0.1 nM DHT, and the highest ERα 

bioactivity was observed from C. marina media extracts equivalent to 

35% bioactivity of 10 nM E2. These levels are physiologically relevant 

in human females. No cell extracts produced ERα activity significantly 

different from controls (Figure 2.17A); however, cell extracts from the 

dinoflagellates G. catenatum and P. minimum produced significantly 

increased AR responses (p < 0.05, Figure 2.17B). 
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Figure 2.17 Bioactivity of different phytoplankton culture extracts. 
Five different species of Singapore isolates of phytoplankton, namely G. 
catenatum (G.cat), P. minimum (PB3), A. leei (Alex), C. marina (Chat 
M1), and F. japonica (Fibro) were identified in the seawater samples 
collected around Singapore. They were mass cultured, and their culture 
media extracts (CE) and cell extracts (CE) were assayed for (A) ERα 
and (B) AR bioactivities. Estradiol (E2) (10 nM) and 
Dihydrotestosterone (DHT) (0.1 nM) were included as positive controls 
for AR bioassay and ERα bioassay respectively. Data are expressed as 
mean ± SEM, * p < 0.05, (The samples are compared with blank media). 
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2.3.9 Growth(and(Bioactivity(Growth(Profiling(of(Phytoplankton(Isolates(

Cell counting of four species of phytoplankton: G.catenatum 

(G.cat), P. minimum (PB3), C. marina (Chat M1) and F. japonica (Fibro) 

was carried out for five independent batches of cultures respectively and 

the means of their cell counts for each point were calculated and plotted 

against time to obtain growth curves. As shown in Figure 2.18A, Figure 

2.19A, Figure 2.20A and Figure 2.21A. Phytoplankton grew in a slow 

proliferation in the first few days. After that, Chat M1 began showing an 

explosive growth on the third day and peaked on the seventh day (boom), 

and then the growth rate began to decline. However, PB3, Fibro and 

G.Cat showed an explosive growth on the seventh day and boomed on 

the tenth (PB3) and fourteenth day (Fibro and G.Cat), respectively. 

Bioactivities were mostly found in the culture media rather than in 

the cells indicating that the bioactive compounds are mostly excreted by 

phytoplankton (Figure 2.17). Estrogenic activities of C. marina (Figure 

2.18) and F. japonica (Figure 2.20) and androgenic activities of P. 

minimum (Figure 2.19) and G. catenatum (Figure 2.21), respectively 

increased with time in culture with activity appearing to be highest 

during stationary phase culture, which suggested that production of these 

compounds increased during culture limiting conditions and possibly 

cell senescence (Figure 2.18, Figure 2.19, Figure 2.20 and Figure 

2.21).  The differences in bioactivity by the varying compounds on the 

ERα and AR bioassays also highlighted the specificity of the assays and 

reaffirm that the luminescence observed is not a function of artifacts due 
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to the stabilization of the luciferase assays. Otherwise both ER and AR 

bioassays would have been activated in a similar manner. 

C. marina (Chat M1), F. japonica (Fibro) and G. catenatum (G.cat) 

exhibited a similar growth curve. However the bioactivity profile of P. 

minimum (PB3) (Figure 3.19B) differed with the other three species 

(Figure 2.18B, Figure 2.20B and Figure 2.21B). When culture time 

was increased from day 4 to day 18, the ERα bioactivities of Chat M1 

and Fibro media extracts and the AR bioactivity of PB3 media extract 

correspondingly increased with the growth phase and remained high 

despite the dip in growth profile after day 14. However, AR bioactivity 

of PB3 media extract exhibited a peak activity at day 18 after which it 

decreased. These data suggested that the chemicals secreted by Chat M1 

are probably more stable in the culture conditions than the chemicals 

secreted by PB3. 

These results suggested that the amount of the phytoplankton in 

the Singapore seawaters could directly influenced the bioactivity of the 

seawater, and that phytoplankton are probably one origin source of the 

EDCs in Singapore seawater.  
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Figure 2.18 Growth curves and bioactivity profiling of Singapore 
phytoplankton isolates C. marina (Chat M1). Growth curves of (A) C. 
marina (Chat M1) were charted over 18 days. The culture media extract 
were then obtained and tested for (B) ERα bioactivity using the human 
cell based bioassays, as described in the Materials and Methods. Data 
are expressed as mean ± SEM, * p < 0.05. 
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Figure 2.19 Growth curves and bioactivity profiling of Singapore 
phytoplankton isolates P. minimum (PB3). Growth curves of (A) P. 
minimum (PB3) were charted over 18 days. The culture media extract 
were then obtained and tested for (B) AR bioactivity using the human 
cell based bioassays, as described in the Materials and Methods. Data 
are expressed as mean ± SEM, * p < 0.05. 
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Figure 2.20 Growth curves and bioactivity profiling of Singapore 
phytoplankton isolates F. japonica (Fibro). Growth curves of (A) F. 
japonica (Fibro) were charted over 18 days. The culture media extract 
were then obtained and tested for (B) ERα bioactivity using the human 
cell based bioassays, as described in the Materials and Methods. Data 
are expressed as mean ± SEM, * p < 0.05. 
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Figure 2.21 Growth curves and bioactivity profiling of Singapore 
phytoplankton isolates G. catenatum (G.cat). Growth curves of (A) G. 
catenatum (G.cat) were charted over 18 days. The culture media extract 
were then obtained and tested for (B) AR bioactivity using the human 
cell based bioassays, as described in the Materials and Methods. Data 
are expressed as mean ± SEM, * p < 0.05. 
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2.3.10 ERα(Bioactivities(of(Media(Extracts(of(Chat(M1(Cultures(Grown(under(

Natural(and(Artificial(Seawater(Yield(Similar(Results.(

To conclusively show that the ERα bioactivity observed in the 

culture media is independent of compounds naturally occurring in the 

seawater, mass-cultures of C. marina were grown using artificial (AW) 

and natural seawater (NW) under controlled conditions in parallel. The 

ERα bioactivities of media extracts derived from growing C. marina 

using AW and NW-based culture media were then compared against 

their respective reference blank (no phytoplankton) media controls, 

whilst keeping all other culture conditions identical.  

The media extracts from C. marina cultures grown in natural and 

artificial seawater media produced significant ERα bioactivity (Figure 

2.22, p < 0.05) comparable to that observed previously (with NW Chat 

M1 media) (Figure 2.17, p < 0.05). This corroborated the hypothesis 

that the bioactivity observed in the seawaters around Singapore was due 

to the secretions of these phytoplankton species, and not an artifact of 

culture conditions, pollutants or impurities in the native seawater.  
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Figure 2.22 Comparison of ERα bioactivities of extracts of C. marina 
cultures using artificial and natural seawater. Artificial water (AW) 
and natural seawater (NW) were used to prepare mass cultures of C. 
marina (Chat M1). The culture media extracts were then used to perform 
ERα bioactivity assays. Estradiol (E2) (10 nM) was included as a 
positive control and methanol (MeOH) was used as a vehicle control. 
Blank AW and NW (without C. marina extracts) were included as 
negative control controls. All culture preparation was done under 
identical controlled conditions. Data are expressed as mean ± SD, * p < 
0.05. 

To further confirm that the estrogenic activities we have found are 

not restricted to isolates from Singapore, we also tested the bioactivity of 

a Chattonella (Chat) culture isolated from Japan and grew at USA 

National Centre for Marine Algae and Microbiota (NCMA) (Figure 

2.23). 
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Figure 2.23 ERα bioactivities of USA NCMA Chattonella (Chat) 
extracts. NCMA Chattonella (Chat) was mass cultured and ERα 
bioactivity of the culture media extract (ME) and cell extracts (CE) were 
assessed. Methanol (MeOH) was used as a vehicle control (blank control) 
and 10 nM of estradiol (E2) was used as a positive control. Activity is 
presented as a percentage fraction of activity as compared with 10 nM 
E2. The activities of cell and media extracts were compared against 
MeOH and blank media (M) only samples. Data are expressed as mean 
± SD, * p < 0.05. 

The media extracts (ME) and cell extracts (CE) from both the 

Singapore and Japanese Chattonella isolates exhibited high ERα 

bioactivities when compared to the respective media only controls (p < 

0.05). The results confirm that productions of these estrogenic activities 

are a general property of at least certain phytoplankton species. 

2.3.11 Discussion(

Over the years, the oceans and water bodies have been 

contaminated by numerous endocrine-disrupting chemicals, which are 
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released daily into the waters. Research in the field of EDCs has 

described numerous harmful effects that these compounds can elicit to 

wildlife and humans including fertility problems, cancers of the breast, 

testis and prostate and type two diabetes mellitus (Alonso-Magdalena P. 

et al., 2011; Soto A.M. at al., 2010), but the sources of these estrogenic 

and androgenic compounds have been largely from human activities. 

These findings drawn from unraveling the serendipitous correlation 

between ERα/AR bioactivities and marine phytoplankton concentrations 

demonstrates that we may have overlooked a source of estrogen and 

androgen secretors naturally occurring in the coastal and oceanic 

environment.  

Raphidophytes and dinoflagellates are common components of 

coastal phytoplankton assemblages globally. These phytoplankton 

groups also contain the majority of species responsible for harmful algal 

blooms that either kill aquatic species or produce toxins that bio-

accumulate through food chains to poison humans and/or wildlife.  The 

scientific consensus is that degraded water quality from increased 

nutrient pollution (eutrophication) is one of the main reasons for the 

global expansion of these harmful phytoplankton groups observed 

during recent decades (Heisler J. et al., 2008). It is therefore not 

surprising that we found correlations of EDC activities with both 

phytoplankton and some water quality nutrients from coastal waters 

(phosphate, total phosphorus, nitrite) (as shown in Table 2.6). 
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After ruling out the contribution of the native factors in the 

seawater to the high androgenic and estrogenic activities, the 

phytoplankton species were assessed based on their prevalence in the 

areas with high estrogenic and androgenic levels. These results 

demonstrated high ERα bioactivity in the media of the raphidophytes C. 

marina and F. japonica and high AR activity in the media of the 

dinoflagellates P. minimum and G. catenatum. Corroborating the results 

via ERα and AR gene reporter assays and cross validating with artificial 

seawater led to the conclusion that the phytoplankton are indeed 

secreting compounds which are estrogenic or androgenic in nature into 

the water. We did not find any correlation between androgenic or 

estrogenic activity and pico-nanophytoplankton (as shown in Table 2.6). 

These small size classes of phytoplankton are common in coastal waters 

including Singapore (Gin K.Y.H. et al., 2000), but they tend to be more 

dominant in the open oceans (Berman T., 1975). Coastal net-

phytoplankton communities are often dominated by diatoms and it 

remains to be determined if any diatom species can also produce the 

types of activity we have discovered in dinoflagellates and 

raphidophytes.               

Along with nutrient pollution, increasing industrialization has also 

led to increased pollution of waterways with EDCs (Hu W. & Jianying, 

2006).  It remains to be determined if the co-occurrence in coastal 

waterways near population centers of phytoplankton blooms that secrete 

EDCs, and anthropogenically produced EDCs has additive or synergistic 
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effects, either through direct contact or from their accumulation through 

aquatic food chains. Bayen S. et al. (2004) have shown androgenic and 

estrogenic activity in green mussels (Perna viridis) from the same water 

bodies where Gong Y.H. et al. (2003) reported finding EDCs activity for 

seawater around Singapore. Bayen S. et al. (2004) correlated this 

activity to concentrations of persistent organic pollutants (POPs) 

accumulated by the mussels. However, bivalves filter-feed on 

phytoplankton for food and the activity measured by Bayen S. et al. 

(2004) could have been partly produced by co-occurring phytoplankton.  

Interestingly, a phytoplankton source of the EDCs activity found by 

Bayen S. et al. (2004) in the mussel samples from the confined waters of 

the Johor Straits could be from marine phytoplankton as reported here, 

or possibly from periodic inflows of freshwater phytoplankton, if they 

also produce EDCs as previously found for green algae in Europe 

(Sychrova E. et al., 2012). 

2.4 CONCLUSION(REMARKS(

In this study, the data demonstrates that phytoplankton are a 

natural marine source of endocrine-disrupting chemicals and 

conclusively showed for the first time that the marine phytoplankton 

species C. marina and F. japonica displayed significant estrogenic 

activities whilst G. catenatum and P. minimum displayed significant 

androgenic activity in both the cell extracts and culture media extract. 

Moreover, concurrent discovery of an accumulation of estrogenic 
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chemicals in wild green mussel samples, which are filter feeders that 

predominantly feed on phytoplankton, in the coastal waters of Singapore 

heightened the suspicion on phytoplankton as a natural marine source of 

EDC in seawaters.  

 

 

 



! 100!



! 101!

CHAPTER(3 ((

CHARACTERIZATION(AND(FRACTIONATION(OF(THE(NATURAL(ENDOCRINE0

DISRUPTING(CHEMICALS(PRODUCED(BY(PHYTOPLANKTON(

!

3.1 INTRODUCTION(

The study showed that the bioactivities found in marine water 

samples collected from Singapore’s coastal environment correlated with 

the presence of total-phytoplankton and nutrients that encouraged plant 

growth such as phosphate and nitrate content. From the point of view of 

public health, its short and long-term effects on the marine environment 

and the public human health should be investigated to reduce the levels 

of possible EDCs in the waters. Thus it was crucial to determine the 

bioactive chemicals in the seawater samples in order to test the potential 

health problems that may be posed to human.  

The basic concept behind current environmental risk management 

is based on controlling the concentration of individual hazardous 

chemicals. However, current standards do not take into account the 

situation where humans or ecosystems are exposed to multiple chemicals 

simultaneously, which makes it difficult to accurately assess wild impact 

on the environmental problems by simply monitoring individual 

compound. In recent years, cell-based bioassays are introduced for 

assessing different impacts of compounds on humans and ecosystems. In 

this study, the phytoplankton crude extracts were investigated for 
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bioactivities on estrogen receptors (ERα) and androgen receptors (ARs) 

using human cell-based reporter gene based bioassays including 

evaluation of the proliferation of MCF-7 cells on human breast 

adenocarcinoma cell line. The AR and ER cell-based bioassays were 

performed via a luciferase-based reporter gene assay system, which was 

commonly used owing to their wide dynamic range and ultrasensitive 

detection capability. With these assays, it is possible to identify and 

characterize both synthetic molecules and natural bioactive compounds 

and predicts the acute lethal toxicity to humans.  

Given the possible impact of the phytoplankton-produced 

bioactive compounds on human health, we need to investigate the 

chemical properties of the bioactive compounds in the phytoplankton 

extracts via a series of multiple dimensional chromatographic 

separations and chemical analysis. 

3.2 MATERIALS(AND(METHODS(

3.2.1 Chemicals(and(Materials(

Chemicals for synthesizing Stationary Phase, such as C-

methylcalix [4] resorcinarene (MCR) was purchased from Sigma-

Aldrich (St. Louis, MO) and was dried in 0.1-mm Hg vacuum at 80 ºC 

for 12 h; Premium Rf spherical silica gel (3 µm, 100 Å) was obtained 

from Sorbent Technologies (Atlanta, GA, USA); Anhydrous N-methyl-

2-pyrrolidone (NMP) was purchased from J.T Baker (Phillipsburg, NJ); 

Silica Gel 60 (0,040-0,063 mm), Lichroprep Diol (40-63 µm) and 3-
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Glycidoxypropyltrimethoxysilane (97%) were purchased from Merck 

(Darmstadt, Germany). HPLC-grade solvents acetonitrile, methanol 

(MeOH), acetonitrile, hexane, ethyl acetate, chloroform, isopropanol and 

ethanol (EtOH) were purchased from Merck (Darmstadt, Germany). 

Analytical-grade nutrition chemicals were obtained from Sigma-Aldrich 

(St. Louis, MO, USA). Analytical-grade sodium hydroxide and formic 

acid were purchased from Fluka (Buchs, Switzerland). All the chemicals, 

waters and other materials used for phytoplankton culture and bioassay 

were similar to the one described in Section 2.2.1. All HPLC eluents 

were degassed by ultrasonic bath treatment for at least 30 minutes. 

3.2.2 Apparatus(

3.2.2.1 ((Apparatus(Used(for(Separation(of(Chat(M1(Extracts(

Preparation chromatographic analyses (the first dimensional HPLC 

chromatographic analysis) were carried out for C. marina (Chat M1) 

media analysis using semi preparative HPLC unit (JASCO, Tokyo, 

Japan) composed of a pump (JASCO, PU-1586 intelligent HPLC pump), 

a type 7725i Rheodyne injector (Rheodyne, Rohnert Park, CA, USA), 

and multi wavelength UV/VIS detector (JASCO MD-1510). The column 

used was Chrom Expert hypersil C18 250 mm x 20.0 mm i.d., 8 µm 

(Chrom Expert co, CA, USA). Data acquisition was accomplished using 

the Borwin Controller Software, version 1.50 (JMBS Developments, Le 

Fontanil, France). Mobile phases were degassed using an ultrasonic bath 

(BANDELIN, SONOREX, and super RK510).  
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The second dimensional HPLC analysis was performed using a 

Shimadzu (Kyoto, Japan) Model LC20AT liquid chromatography 

system equipped with a CBM-20A controller, an SPD-M20A photo 

diode array (PDA) detector and two LC20AT pumps. Fourier-transform 

infrared spectroscopic analysis was conducted using a Bio-Rad 

(Hercules, CA, USA) Model FTS165 analyzer. Chromatographic data 

were recorded and processed using LC solution (Rev. 1.24 sp1). A semi 

preparative Diol-Silica column measuring 250 mm x 20.0 mm i.d., 8-µm 

was used (Chrom Expert co, CA, USA) for crude Chat M1 media 

separation. Following that, the third dimensional HPLC analysis was 

carried out using the Shimadzu HPLC equipment with an RP-C18 8 µm 

150.0 mm x 10 mm (Phenomenex) column. The fourth dimensional 

HPLC analysis was carried out on an Agilent Technologies (Waldbronn, 

Germany) model 1100 LC system (as shown in Section 2.2.1.2). 

3.2.2.2 ((Apparatus(Used(for(Separation(of(PB3(Extracts(

The first dimensional separation was performed via Strata C18-E 

cartridge as flash chromatographic column. The second dimensional 

chromatographic separation was performed on a  Silica Gel 60 (0,040-

0,063 mm)-packed glass column . The column used for the third 

dimensional analysis was a 150 mm x 10 mm i.d., 5 µm RP-C18 column 

(Phenomenex). The fourth dimensional analysis was performed via a 

C18 column (100 mm x 2.1 mm i.d., 2.7 µm, Ascentis Express co, CA, 

USA) and an ODS-MCR-HPS column (150 mm x 2.1 mm i.d., 3 µm, 
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self-prepared as described in Section 3.3.7). 

3.2.3 ERα,(ERβ(and(AR(Bioassays((

Human cell-based bioassay for measurement of estrogen receptor 

bioactivities of phytoplankton extracts was performed as described in 

Section 2.2.2. 

3.2.4 Classic(Chromatography(Column(Preparation(

In order to remove the large amounts of impurities such as 

pigment from the complexity matrix of phytoplankton crude extract, a 

classic liquid chromatography column (length 350 mm, i.d. 5 mm) with 

a valve to control the flow rate of mobile phase was used as the second 

dimensional separation to achieve pre-purification of phytoplankton cell 

extract. Typically, the diameter of columns for chromatography was 4 

mm or 100 mm, according to the amount of sample that needs to be 

loaded onto the column.  

Before packing the LC column, a piece of glass wool was placed 

at the bottom of the column to retain the silica gel, the column was 

securely fastened in a vertical position onto a retort stand. 10g of silica 

gel was mixed with 15 mL of hexane and the slurry was quickly poured 

down the empty glass column. Hexane was allowed to elute during the 

packing of the column. After packing was completed, the column was 

conditioned for an hour with hexane to pack and stabilize the stationary 

phase. 

The phytoplankton extract was dried down under a gentle stream 
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of nitrogen gas at 40 °C and reconstituted in 100 µL of chloroform. This 

solution was loaded along the sides of the wall from the top of the 

column to avoid disturbing the top of the silica gel bed. After the sample 

was loaded, more hexane was added to flush the column until the belt of 

chloroform was eluted out. The top solvent level is kept above the top of 

the silica by adding solvent when necessary, while preparing to collect 

the first fraction. 

3.2.5 Preparation(of(Bonded(Silica(Particles(MCR0HPS(

MCR-HPS was synthesized by using commercially available C-

methylcalix [4] resorcinarene (MCR) as starting material. A similar 

reported method (Thamarai C.S.K. et al., 2008; Nishikubo T. et al., 1999) 

was used in this experiment. Typically, 1.73 g (3.18 mM) of MCR, 

previously dried in vacuum at 80 ºC overnight, was resolved in 60 mL of 

anhydrous N-methyl-2-pyrrolidone (NMP) (NMP) and treated with 1 

equivalent of sodium hydride under dry argon (Ar) over 12 h at room 

temperature to form MCR oxyanion solution. Thereafter, 0.58 mL of 3-

glycidoxypropyltrimethoxysilane (2.54 mmole) was added to the 

solution. The reaction mixture was then reacted for 6 h under dry (Ar) 

argon at 70 ºC to form 3-(C-methylcalix [4] resorcinarene)-2-

hydroxypropoxy)-propyltrimethoxysilane (MCR-HP). Subsequently, 2 g 

of activated silica gel, previously dried in vacuum at 120 ºC over 12 h, 

and was added to the reaction mixture. This reaction was continued for 

24 h under dry argon (Ar) at 110 ºC to form MCR-HPS. The product 
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MCR-HPS was filtered and washed successively with NMP, methanol, 

water, and acetone; then purified by Soxhlet extraction with acetone 

overnight; and dried for 6 h under vacuum at 60 ºC. An elemental 

analysis of MCR-HPS showed that the percentage of elements C and H 

of O were 4.02% and 1.04% respectively. The amount of C-methylcalix 

[4] resorcinarene moieties in the bonded silica was 93.83 µmol g-1. 

3.2.6 Preparation(of(ODS0MCR0HPS(Stationary(Phase(

The octadecylsily and (3-(C-methylcalix[4]resorcinarene)-2-

hydroxypropoxy)-propylsilyl-appended silica particles (ODS-MCR-HPS) 

were synthesized by treatment of MCR-HPS with 

octadecyltrimethoxysilane. Typically, 2 g of MCR-HPS, previously 

dried in vacuum at 80 ºC for 12 h, was suspended in 100 mL of 

anhydrous toluene containing 50 µL of anhydrous triethylamine. Then, 

1.5 mL of octadecyltrimethoxysilane was added to the reaction mixture, 

and the mixture was refluxed for 24 h at 120ºC under dry nitrogen. 

Finally, the product ODS-MCR-HPS silica particles were filtered; 

washed successively with toluene, dichloromomethane, methanol, and 

water; and purified by Soxhlet extraction with acetone overnight. A Jeol 

JSM-6610LV (Tokyo, Japan) was used for performing scanning electron 

microscopes (SEM) and the image showed in Figure 3.1A. Figure 3.1B 

showed a chemical structure of ODS-MCR-HPS. The bonded silica 

ODS-MCR-HPS were packed into one 250 mm × 4.6 mm ID stainless 

steel column (Phenomenex, Torrance, CA, USA) by a modified balance-
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density slurry technique (Da S. et al., 1999).   

!
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Figure 3.1 Microstructure ODS-MSR-HPS in 3-µm silica. (A). SEM 
image; (B). Chemical structure. 

3.2.7 Methods(of(Purification(for(Chat(M1(Extracts(

Twenty batches of Chat M1 were successfully cultured in a total of 

1200 L of natural seawater culture media in the laboratory under 

controlled conditions (as described in Section 2.2.5.1). Each batch of 

(A)!

(B)!
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culture media was extracted via C18-E SPE after 18 days incubation and 

the methanol eluent was then concentrated to a volume of 6 mL (1 x 104 

Fold) at 40 ºC under a reduced pressure of 210 mBar. Each batch of 

concentrated samples was transferred to glass bottle and kept at -20 ºC 

for further analysis. 

Prior to the further purification, the stock solution was dried down 

under a gentle stream of N2 at 40 °C. The total weight of 20 batches of 

Chat M1 media extract was 143 mg, and the dried samples were 

reconstituted in methanol at a concentration of 10 mg/mL for the first 

dimensional separation. In other word, a total 14.3 mL of reconstituted 

media extract was prepared from 1200 L of culture media (nature sea 

water with nutrition) and 1 x 105 fold enrichment was achieved 

approximately over the whole process. 

After each column fractionation, all the sub-fractions were 

collected and evaporated to dryness under a gentle stream of N2 at 40 °C. 

The dried samples were weighed and reconstituted in methanol at 

concentration of 1mg/mL for further human cell-based bioassay (as 

described in Section 2.2.2). The bioactive fractions collected from each 

fractionation were combined and stored in -20ºC for further analysis. 

The procedures of separation of Chat M1 extracts, guided by cell-based 

bioassay, are showed in Appendix IV and Appendix V. The HPLC 

system was conditioned for 10 min using the initial mobile phase before 

each injection. Blank samples (methanol) were injected twice before 

running the real samples.  
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3.2.7.1 (The(First(Dimensional(Chromatographic(Separation(of(Chat(M1(

Media(Extracts(

The equipment used is described in Section 3.2.2. The HPLC 

chromatogram at wavelength 210 nm was selected because the best 

sensitivity was achieved at this wavelength. Mobile phase was ultra-pure 

water and mobile phase B was HPLC grade methanol. The flow rate was 

5 mL/min, the column was kept at room temperature, and an injection 

volume of 500 µL was used. The initial conditions of 50% of solvent B 

was maintained for first 10 min, followed by a linear gradient from 50% 

to 90% of solvent B within the next 40 min and maintaining 90% of 

solvent B for the final 10 min. The gradient program is shown in Table 

3.1 below.  

Table 3.1 Gradient elution programs of HPLC chromatographic analysis 

of Chat M1 media extract. 

        S. No. 
Time 
(min) 

Mobile Phase Composition Flow rate 
(mL/min) �A �B 

1 0 50 50 5 

2 10 50 50 5 

3 50 90 10 5 

4 60 90 10 5 

 

Mobile phase A: Ultra-pure water 

Mobile phase B: Methanol 

 

     All the fractions were collected based on the UV adsorb peak 

on the HPLC chromatography profile; if there were no peak, the 

fractions would be collected in every 2 to 5 minutes.  
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3.2.7.2 ((The(Second(Dimensional(Chromatographic(Separation(of(Chat(M1(

Media(Extracts(

The combined bioactive sub-fraction (Chat K) was dried and 

reconstituted using 0.4 mL of hexane and 19.6 mL of IPA for the second 

dimensional column separation by HPLC and the detection was 

monitored at 254 nm. An isocratic elution was carried out with a mixture 

of two mobile phases. Mobile phase A was HPLC grade 2� isopropanol 

(IPA), and Mobile phase B was 98� hexane. The mobile phase was 

delivered at a constant flow rate of 20 mL/min with an injection volume 

of 1.0 mL and the column was kept at room temperature.  

3.2.7.3 ((The(Third(Dimensional(Chromatographic(Separation(of(Chat(M1(

Media(Extracts(

The bioactive sub-fractions (Chat K6) obtained from the HPLC 

runs in the second dimensional chromatographic separation was 

combined and further dried down and then reconstituted in 100 µL of 

methanol for the third dimensional column separation by HPLC. An 

isocratic elution was carried out with a mixture of two eluents, namely, 

mobile phase A (60� methanol) and mobile phase B (40� ultra-pure 

water). The flow rate was 0.18 mL/min, the column was kept at room 

temperature, and the detection was monitored at 254 nm. An injection 

volume of 20 µL was used.  
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3.2.7.4 ((The(Fourth(Dimensional(Chromatographic(Separation(of(Chat(M1(

Media(Extracts(

The combined bioactive sub-fraction (Chat K6-12) was prepared 

in 100 µL of methanol for the fourth dimensional separation by HPLC 

and an isocratic elution was carried out with a mixture of two eluents. 

Solvent A was HPLC grade methanol with 0.1% formic acid and solvent 

B was ultra-pure water with 0.1% formic acid. The mobile phase was 

delivered at a constant flow rate of 0.2 mL/min, the column was kept at 

room temperature, and the detection was monitored at 254 nm. An 

injection volume of 10 µL was used. The initial conditions of 60% of 

solvent A was maintained for first 22 min followed by a linear gradient 

from 60% to 100% of solvent A within the next 13 min and maintained 

at 100% of solvent A for the final 45 min.  

3.2.8 Purification(and(Fractionation(of(PB3(Extracts(

Twenty-seven batches of PB3 were successfully cultured in a total 

of 1620 L of natural seawater culture media in the laboratory under 

controlled conditions (as described in Section 2.2.5.1). Each batch of 

cultured cells was extracted after 18 days incubation and dried under 

nitrogen gas (as described in Section 2.2.7.2). A total amount of 1.563 g 

of crude PB3 cell extract was successfully obtained from 1620 L of 

seawater culture media.  

The sub-fractions of PB3 were collected and evaporated to dryness. 

The dried samples were weighed and reconstituted in methanol at a 
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concentration of 1 mg/mL for further purification. The human cell-based 

bioassay was used for determining the AR bioactivity in the presence of 

0.1 nM DHT (as described in Section 2.2.2). The bioactive fractions 

collected from each HPLC run were combined and stored in -20ºC for 

further analysis. The procedures of PB3 separation guided by human 

cell-based bioassay are showed in Appendix VI and Appendix VII. 

3.2.8.1 ((The(First(Dimensional(Chromatographic(Separation(of(PB3(Cell(

Extracts(

Each batch of PB3 crude cell extract was prepared in 50 µL of 

methanol. The mixture was then performed sonication over intervals, up 

to ten minutes to completely dissolve the PB3 cell extract.  Table 3.2 

shows the elution programs for C18-SPE. 

Table 3.2 Elution programs of C18 Solid-phase Extraction (SPE) for the 

first dimensional separation of PB3 cell extract. 

S. Fractions 

 
Volume 

(mL) 
 

Mobile Phase Composition 

(Ratio) Flow rate 
(mL/min) 

�A �B 

100% H2O 50 00 100 10 

50% MeOH 50 50 50 10 

100% MeOH 50 100 00 10 

 

Solvent A: Methanol (MeOH) 

Solvent B: Ultra-pure water 

 

The dissolved cell extracts were percolated to pre-conditioned 

C18-SPE column (as described in Section 2.2.7.1). The compounds 

retained in the column were eluted with 50 mL of 100% ultrapure water, 
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50 mL of 50% methanol (ultra-pure water / methanol; 1:1) and then 50 

mL of 100% methanol.  

3.2.8.2 ((The(Second(Dimensional(Chromatographic(Separation(of(PB3(Cell(

Extracts(

Every three batches of PB3 cell extract were combined together 

and classical silica gel column chromatography (350 mm x 4 mm) with a 

valve to control the flow rate of mobile phase was employed for the 

second dimensional column separation. The sonication was performed 

during the packing of column to ensure that the slurry of silica gel is 

homogeneous. Before loading the sample, the column was conditioned 

for two hours with hexane to pack and stabilize the stationary phase. The 

dried C18-SPE fraction of 100% methanol (around 100 mg per LC 

separation process) was reconstituted using 100 µL of chloroform. The 

mixture was then sonicated to dissolve the sample completely and 

loaded into column (see Section 3.2.3).  

Gradient elution was carried out using three solvents; solvent A 

was hexane, solvent B was ethyl acetate and solvent C was methanol. 

The elution program is described in Table 3.3. The mobile phase was 

delivered at a constant flow rate of 0.2 mL/min and the column was kept 

at room temperature. 

A total of fourteen HPLC sub-fractions were collected at a 50 

minutes interval, making the total running time for elution to be 750 

minutes.  
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Table 3.3 Elution programs of column chromatography for the second 

dimensional separation of PB3 cell extract. 

S. No. Time (min) 
Mobile Phase Composition 

(Ratio) 

 

 

Flow rate  

(mL/min) 
�A �B �C 

1 0 90 10 0 0.200 

2 200 80 20 0 0.200 

3 650 75 25 0 0.200 

4 750 0 0 100 0.200 

 

Solvent A: Hexane 

Solvent B: Ethyl acetate 

Solvent C: Methanol 

3.2.8.3 ((The(Third(Dimensional(Chromatographic(Separation(of(PB3(Cell(

Extracts(

The bioactive sub-fraction (PB3 C7, total of 34.7 mg) was 

collected, dried down and then reconstituted in 500 µL of methanol for 

third dimensional separation of HPLC. Isocratic elution was carried out 

with a mixture of two solvents; solvent A was HPLC grade methanol 

and solvent B was ultra-pure water. Solvent A and B were mixed 

together in a 1:1 ratio. The elution programs are shown in Table 3.4. 

The mobile phase was delivered at a constant flow rate of 3.0 mL/min 

with an injection volume of 50 µL and the column was kept at room 

temperature. 

The process of HPLC separation was repeated nine times at the 

same HPLC conditions and the total net weight of corresponding 

fractions obtained was calculated (as shown in the Appendix XIV). 
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Table 3.4 Elution programs of HPLC chromatographic analysis for the 

third dimensional separation of PB3 cell extract.  

   S. No. 
Time 

(min) 

Mobile Phase Composition (Ratio) Flow rate 

(mL/min) 
�A �B 

�C 1 0.00 50 50 

0 

3.0 

2 45.00 50 50 

0 

3.0 

3 45.01 100 0 

0 

3.0 

4 65.00 100 0 

100 

3.0 

5 70.00 50 50 3.0 

 

Mobile phase A: Methanol 

Mobile phase B: Ultra-pure water 

 

3.2.8.4 (The(Fourth(Dimensional(Chromatographic(Separation(of(PB3(Cell(

Extracts(

Gradient program was carried out with a mixture of two solvents; 

solvent A was HPLC grade methanol with 0.1% formic acid and solvent 

B was ultra-pure water with 0.1% formic acid. The elution program is 

shown in Table 3.5 below. The flow rate was kept at 0.12 mL/min and 

the column temperature was kept at 50 °C. An injection volume of 5.0 

µL of sample was used. The HPLC system was conditioned for an hour 

using 10% solvent A and 90% solvent B before each injection. 100 mm 

x 2.1 mm i.d., 2.7 µm C18 column (Ascentis Express co, CA, USA) was 

used for separating bioactive fraction PB3 C7-5H before performing MS 

�TOF� analysis. Eluents were degassed using an ultrasonic bath 

(BANDELIN, SONOREX, Super RK510).  
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Table 3.5 Elution programs of HPLC chromatographic analysis for the 

fourth dimensional separation of PB3 cell extract.  

S. No. Time (min) 
Mobile Phase Composition (Ratio) Flow rate 

(mL/min) 
�A �B 

�C 1 0.00 10 90 

0 

0.12 

2 1.00 10 90 

0 

0.12 

3 23.00 90 10 

100 

0.12 

4 25.00 10 90 0.12 

5 28.00 10 90 0.12 

 

Mobile phase A: Methanol with 0.1% Formic acid 

Mobile phase B: Ultra-pure water with 0.1% Formic acid 

 

3.2.9 MCF07(Proliferation(Assay(

The MCF-7 cell proliferation assays were performed as previously 

reported (Yap, S.P. et al, 2007). MCF-7 cells were routinely maintained 

in EMEM (Sigma-Aldrich, USA) supplemented with 10% complete FBS 

(dextran-coated charcoal treated), 2.0 mM L-glutamine, 3.5 mM sodium 

bicarbonate and 1.0 mM sodium pyruvate. One week before experiment, 

the cells were grown in media with 10% dextran-coated charcoal treated 

FBS. The cells were seeded on 96-well microtitre plates at a density of 

4,000 cells per well and were incubated in a humidified atmosphere at 

37°C, 5% CO2 for 24 hours. Culture medium was then replaced and the 

cells were treated with crude culture media extracts for another 24 hours.  

The cells were incubated with media containing compounds for 6 days 

with media renewal every two days. The cell proliferation was 
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determined using MTS proliferation assay. Briefly 20 µL of MTS 

reagent (CellTiter 96® AQueous One Solution Reagent, Promega, USA) 

was added to the each well and incubated for 4 hours. Absorbance was 

read at 490 nm using a TECAN GENIOS multifunctional microplate 

reader (Spectra FLUOR plus, M-Code 3660033, Austria) and the cell 

proliferation was then calculated. Three independent experiments were 

performed in triplicates and expressed as mean ± standard error of the 

mean. 

3.3 RESULTS(AND(DISCUSSION((

3.3.1 Multi0dimensional(Chromatographic(Separation(of(Phytoplankton(

Samples(

Guided by the human cell-based bioassay, the bioactive 

phytoplankton sample extracts were fractionated using a series of 

multiple-dimensional column chromatographic separations to achieve 

highly-purified bioactive compounds.  

The collected sub-fractions were dried and weighed and the 

retention times of each corresponding HPLC fraction are shown in 

Appendix VIII-XVI. The dried samples were then reconstituted in 

methanol at a concentration of 1.0 mg/mL and bioassay was performed, 

as described in Section 2.2.2. All the corresponding bioactive fractions 

of each HPLC separation were combined according to chromatographic 

profiles and bioassay results.  
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3.3.2 Multi0dimensional(Chromatographic(Separation(of(Chat(M1(Extracts(

3.3.2.1 ((The(First(Dimensional(Chromatographic(Separation(

Figure 3.2 shows the HPLC chromatogram (Figure 3.2A) and 

ERα bioassay results (Figure 3.2B) of the first dimensional separation 

of Chat M1 crude media extract. The fractions were collected based on 

each peak observed during the elution period of 0-28 min (as shown in 

Figure 3.2A), while the fraction Chat K, which was collected between 

43.0-45.0 min, displayed a significantly high bioactivity as compared 

with other collected fractions although no obvious peak was observed 

during this period. The chromatogram obtained for each HPLC 

separation was reproducible at retention time of 0-60 min.  

 The HPLC process was repeated three times for each batch under 

the same HPLC method and conditions. The ERα bioactivities and 

corresponding HPLC profiles displayed high similarity for each 

individual HPLC separation. The retention times and total net weight of 

corresponding fractions are shown in Appendix VIII.  
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Figure 3.2 HPLC chromatogram and bioassay of the first 
dimensional separation on Chat M1. (A). HPLC chromatogram of 
Chat M1 crude media extract; UV wavelength: 210 nm. (B). ERα 
bioactivities of corresponding HPLC fractions from Chat A to Chat N. 
The HPLC fractions were obtained and tested for ERα bioactivity in 
Chat M1 fractions via the human cell based bioassays, as described 
under the Materials and Methods section. All the samples were prepared 
in concentrations of 1 mg/mL.  Data are expressed as mean ± SEM, * p 
< 0.05. Error bars denote standard deviations of averaged results from 
three replicate bioassay results. 
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3.3.2.2 The(Second(Dimensional(Chromatographic(Separation(

Figure 3.3A shows the HPLC chromatogram of the second 

dimensional separation of Chat K. The chromatogram obtained for each 

injection was reproducible at retention time of 0-13 min. Six fractions 

were collected based on each peak observed during the elution period of 

0-8.5 min (as shown in Figure 3.3A), while the last fraction Chat K6, 

which was collected between 8.5-13.0 min, displayed a significantly 

high bioactivity as compared with other collected fractions.  

The HPLC process was repeated two times and the individual 

chromatogram obtained for each separation was reproducible. The ERα 

bioactivity of the corresponding HPLC fraction displayed high similarity 

between each HPLC separation (as shown in Figure 3.3B). The 

retention times and total net weight of corresponding fractions are 

shown in Appendix IX. 



! 122!

0"

20"

40"

60"

80"

100"

120"

vehicle(MeOH),10nM,E2, Chat,K, Chat,K1, Chat,K2, Chat,K3, Chat,K4, Chat,k5, Chat,K6,

ER
α,
bi
oa

c?
vi
ty
,(%

E2
),

HPLC,SubFFrac?ons,of,Chat,K,
,

ChaKonella,cf.,marina,(Chat,M1),,

(A),

(B),

*"

*"

[8.50"min/13.00"min]"

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 min

-10

0

10

20

30

40

50

60

70

80

90
mAU

3
.5
2
3

3
.9
4
1

4
.3
9
4

7
.4
3
5

9
.0
4
1

1
0
.1
6
5

 
Figure 3.3 HPLC chromatogram and bioassay of the second 
dimensional separation on Chat K. (A). HPLC chromatogram of Chat 
K sub-fraction; UV wavelength: 254 nm. (B). ERα bioactivities of 
corresponding HPLC fractions from Chat K1 to Chat K6. The HPLC 
fractions were obtained and tested for ERα bioactivity in Chat K sub 
fractions via the human cell based bioassays, as described under the 
Materials and Methods section. All the samples were prepared in 
concentrations of 1 mg/mL.  Data are expressed as mean ± SEM, * p < 
0.05. Error bars denote standard deviations of averaged results from 
three replicate bioassay results. 
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3.3.2.3 (The(Third(Dimensional(Chromatographic(Separation(

Figure 3.4 shows the HPLC chromatogram (Figure 3.4A) and 

ERα bioassay (Figure 3.3B) of the third dimensional separation of Chat 

K6. The individual HPLC separation process was repeated ten times and 

the corresponding fractions were collected based on each peak observed 

during the elution period of 0-14 min (as shown in Figure 3.4A). 

According to the bioassay results and the HPLC chromatograms, the 

fractions (Chat k6-11 and Chat K6-12) that were eluted in the range of 

10.5-12.4 min (as shown in Figure 3.4A) displayed significantly high 

bioactivities as compared with other collected fractions. The retention 

times and total net weight of corresponding fractions are shown in 

Appendix X. The ERα bioactivity of corresponding HPLC fractions 

displayed high similarity between each HPLC separation (as shown in 

Figure 3.4B).  
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Figure 3.4 HPLC chromatogram and bioassay of the third 
dimensional separation on Chat K6. (A). HPLC chromatogram of 
Chat K6 sub-fraction eluted between 0-14 min. (B). ERα bioactivities of 
correspond HPLC fractions from Chat K6-1 to Chat K6-15. The HPLC 
fractions were obtained and tested for ERα bioactivity in Chat K6 sub-
fractions via the human cell based bioassays, as described under the 
Materials and Methods section. All the samples were prepared in 
concentrations of 1 mg/mL.  Data are expressed as mean ± SEM, * p < 
0.05. Error bars denote standard deviations of averaged results from 
three replicate bioassay results. 
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3.3.2.4 (The(Fourth(Dimensional(Chromatographic(Separation(

Figure 3.5 shows the HPLC chromatogram (Figure 3.5A) and 

ERα bioassay (Figure 3.5B) of the forth-dimensional separation of Chat 

K6-12. The sub-fractions were collected based on each peak observed 

during the entire elution period of 0-45 min and bioactivities were tested. 

The last fraction, which eluted out during the period of 36.0-45.0 min, 

displayed a significantly high bioactivity as compared with other 

collected fractions. The HPLC chromatogram of the fourth dimensional 

separation is showed in Figure 3.5A (Chat K6-12). The ERα bioactivity 

of corresponding HPLC fractions displayed high similarity between each 

HPLC separation (as shown in Figure 3.5B). The retention time for the 

collection of sub-fractions are showed in Appendix XI. 
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Figure 3.5 HPLC chromatogram and bioassay of the fourth 
dimensional separation on Chat K6-12. (A). HPLC chromatogram of 
Chat K6-12 sub fraction eluted between 0-14 min. (B). ERα bioactivities 
of corresponding HPLC fractions from Chat K6-12A to Chat K6-12J. 
The HPLC fractions were obtained and tested for ERα bioactivity in 
Chat K6-12 sub-fractions using the human cell based bioassays, as 
described under the Materials and Methods section. Bioassay data are 
expressed as mean ± SEM, * p < 0.05 compared with negative control, 
t-test. Error bars denote standard deviations of averaged results from 
three replicate bioassay results. 
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3.3.3 Multi0dimensional(Chromatographic(Separation(of(PB3(Extracts(

3.3.3.1 (The(First(Dimensional(Chromatographic(Separation(

In the first dimensional chromatographic separation, three sub-

fractions of PB3 cell extract were obtained via C18-SPE column. The 

weights of the three SPE fractions are shown in Appendix XII). Figure 

3.6 shows AR bioactivities of corresponding SPE fractions.  
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Figure 3.6 Eluted fractions of Solid Phase Extraction (SPE). The 
crude cell extract of PB3 were loaded to SPE cartridge and eluted by 
100% ultra-pure water, 50% methanol and 100% methanol.  All the 
samples were prepared in concentrations of 1.0 mg/mL. AR CALUX 
cells were plated in 96-well plates and the activity was measured with 
the reporter gene pARE-Luc. Bioassay data are expressed as mean ± 
SEM, * p < 0.05 compared with negative control, t-test. Error bars 
denote standard deviations of averaged results from three replicate 
bioassay results. 

All the SPE fractions showed either no bioactivity or low 

bioactivity. However, SPE fraction (100% MeOH) showed more than 

ten times higher bioactivity than the negative control (methanol). This 
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data strongly suggested that target bioactive compound should exist in 

the SPE sub-fraction eluted by 100% of methanol.  

3.3.3.2 (The(Second(Dimensional(Chromatographic(Separation(

Figure 3.7 shows the bioactive results of the three batches of PB3 

cell fractions that were obtained by classic silica gel column 

chromatography (the second dimensional separation). Figure 3.7 (A), 

Figure 3.7 (B) and Figure 3.7 (C) show the bioactive results of batch 03, 

06 and 09 of PB3 sub-fractions respectively. 

As shown in Figure 3.7, similar trends can be observed across all 

the AR bioactive results with minor differences attributed to the 

different AR cell conditions, which suggest that the process of normal 

phase column chromatography is reliable. Moreover, the fraction PB3 

C7 showed distinctly higher bioactivity as compared with other fractions, 

which confirmed that the bioactive compounds existed in the sub-

fraction eluted with 100% MeOH (methanol), this also suggested that 

the cell crude extract was purified successfully by the classic column 

chromatography. Notably, the similar compositions of the crude PB3 

cell extracts indicated that the mass-culture conditions for phytoplankton 

are reliable. 

The corresponding LC fractions of each separation were dried 

down and weighed. The total net weight of fractions obtained from the 

nine batches was calculated and the total 34.7 mg of bioactive fraction of 
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PB3 C7 was obtained for further purification (as shown in Appendix 

XIII).  
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Figure 3.7 Bioactivity results of the typical PB3 cell fractions. 
Obtained by classic column chromatography (the second dimensional 
separation) and tested for AR bioactivity using the human cell based 
bioassays, as described under the Materials and Methods section. (A). 
Batch 03; (B). Batch 06; (C). Batch 09. All the samples were prepared in 
concentrations of 1 mg/mL. Data are expressed as mean ± SEM, * p < 
0.05. Error bars denote standard deviations of averaged results from 
three replicate bioassay results. 
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3.3.3.3 The(Third(Dimensional(Chromatographic(Separation(

Figure 3.8 shows the HPLC chromatogram of the concentrated 

sub-fraction PB3 C7. The sub-fractions of PB3 C7 were collected based 

on the peaks observed in the HPLC chromatogram at different time 

intervals by UV detection. The process of HPLC separation was 

repeated nine times and total net weight of corresponding dried fractions 

obtained from nine individual HPLC process was calculated (as shown 

in the Appendix XIV). 

As shown in Figure 3.8B, the bioactive value of sub-fractions PB3 

C7-4 (retention time: 44.5-45.0 min) and PB3 C7-5 (retention time: 

45.0-45.5 min) were higher than sample PB3 C7 and close to 90% of 

positive control (0.1 nM DHT), indicating that these two fractions 

contained the highest concentration of bioactive compounds that 

activated the androgen receptor reporter activity. The bioactive fraction 

of PB3 C7-4 and PB4 C7-5 were combined together as they were 

covered in one peak (as shown in Figure 3.8A), which indicated that 

these two fractions contained the same type of bioactive compounds. 

The total weight of the two fractions was 1.6 mg. 
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Figure 3.8 HPLC chromatogram and bioassay of the third 
dimensional separation on PB3 C7. (A). HPLC chromatogram of PB3 
C7 sub-fraction eluted during the period of 0-14 min. (B). AR 
bioactivities of corresponding HPLC fractions from PB3 C7-1 to PB3 
C7-16. The HPLC fractions were obtained and tested for AR bioactivity 
in PB3 C7 sub-fractions using the human cell based bioassays, as 
described under the Materials and Methods section. All the samples 
were prepared in concentrations of 1.0 mg/mL. Bioassay data are 
expressed as mean ± SEM, * p < 0.05 compared with negative control, 
t-test. Error bars denote standard deviations of averaged results from 
three replicate bioassay results. 
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3.3.3.4 The(Fourth(Dimensional(Chromatographic(Separation(

Figure 3.9 shows the HPLC chromatogram (Figure 3.9A) and 

ERα bioassay (Figure 3.9B) results of the fourth dimensional separation 

on the sample of PB3 C7-4 and PB3 C7-5 combined sub-fractions. The 

retention times of the different fractions separated by HPLC was shown 

in Appendix XV.  

The bioactivity of sample PB3 C7-5H was more than 100 times 

higher than that of negative control (methanol) and other HPLC 

fractions; it was also nearly as high as the positive control (0.1nM DHT), 

indicating that this fraction contained higher concentration of bioactive 

compounds.  

Based on the bioactive results of HPLC fractions shown in Figure 

3.9B, the bioactive compounds were eluted out from 15.7 to 16.8 min 

(as shown in Appendix XV). However, the HPLC chromatogram 

showed no peaks during the elution period of 15.7 -16.8 min (as show in 

Figure 3.9A). This could be due to the fact that the target compounds 

existed in trace amount and/or in lower ultraviolet (UV) absorbance. 
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Figure 3.9 HPLC chromatogram and bioassay of the fourth 
dimensional separation on PB3 C7-5. (A). HPLC chromatogram of 
PB3 C7-5 sub fraction eluted between 0-14 min. (B). AR bioactivities of 
corresponding HPLC fractions from PB3 C7-5A to PB3 C7-5Q. The 
HPLC fractions were obtained and tested for AR bioactivity in PB3 C7-
5 sub fractions using the human cell based bioassays, as described under 
the Materials and Methods section. Bioassay data are expressed as mean 
± SEM, * p < 0.05 compared with negative control, t-test. Error bars 
denote standard deviations of averaged results from three replicate 
bioassay results. 
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3.3.4 MS(and(NMR(Analysis(on(Phytoplankton(extract(

3.3.4.1 (MS(and(NMR(Analysis(on(Chat(M1(Sub0fraction(Chat(K6012J(

To further identify the target compounds, MS/MS analysis was 

performed (apparatus used as shown in Section 2.2.1.2).  As shown in 

Figure 3.10, Chat K6-12J was isolated as a colorless powder from a 

bioactive HPLC sub-fraction. ESI-MS spectrum (positive mode) was 

shown in Figure 3.11. 

 

 
Figure 3.10 Purified fraction (Chat K6-12J) displays in colorless 
powder via multi-separation of HPLC. Isolated from bioactive fraction 
Chat K6-12. 
 

In order to obtain good LC-MS sensitivity for Chat K6-12J, 

different ionization methods, including positive and negative mode in 

electrospray ionization (ESI) and atmospheric pressure chemical 

ionization (APCI), were optimized and compared. In ESI mode, both the 

positive and negative mode gave relatively good responses for the 

analytes (the sub-fractions of Chat K6-12J) as compared with APCI 
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mode. The ESI positive mode was chosen because it had better signal-to-

noise responses at low concentrations of the analytes. 
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Figure 3.11 MS/MS fragmentation of (A) the total ion chromatogram 
(TIC±All), (B) MS1 spectrum, and (C) MS2 spectrum. 

Figure 3.11 (a) shows the total ion chromatogram (TIC±All), (b) 

MS1 spectrum and (c) MS2 spectrum. One sharp ion peak at around 

38.0-43.0 min was obtained on TIC±All profile (Figure 3.11 (a)). The 

ion peak corresponds to the peak 379 on MS, which are shown in Figure 
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3.11 (b). Positive mode ESI-MS spectrum demonstrated an ion peak at 

m/z  379 [(M+H)+], which indicated the compound of Chat K6-12J with 

molecular weight of 378. The MS/MS spectrum of the molecular ion m/z  

379 presented four product ions at m/z  361 (-H2 O), m/z  191, m/z 189 

and m/z  333 (-H2 O, -CO), the former two displayed a high intensity. 

Unfortunately, no clear NMR spectrum was achieved due to the very 

limited amount of the bioactive fraction available after the MS analysis. 

Therefore, the chemical structure of the bioactive fraction is not 

identified yet. 

3.3.4.2 (Q0TOF(Analysis(of(on(PBS(Sub0fraction(PB3(C705H(

Figure 3.12B shows the Q-TOF profile of bioactive fraction PB3 

C7-5H that was achieved via the fourth dimensional separation, while 

Figure 3.12A shows methanol (blank) chromatogram. 

No peaks were displayed during eluent period of 15.7 - 16.8 min 

for the fraction of PB3 C7-5H (as shown in Figure 3.9A). However, as 

shown in Figure 3.13, a lot of peaks were present in TOF 

chromatography of PB3 C7-5H, which indicated that fraction PB3 C7-

5H was not a pure compound. Therefore, further separation was carried 

out under the same HPLC conditions and human cell-based bioassay was 

performed on individual collected fractions.  
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(B)$

(A)$

 

Figure 3.12 Chromatography profile of Q-TOF. (A). Methanol 
(blank). (B). Bioactive fraction PB3 C7-5H achieved via the fourth 
dimensional separation.  

The fractions were collected based on retention time of the peaks 

observed in the HPLC-TOF chromatogram profile (Figure 3.12B) and 
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retention times of HPLC fractions are shown in Appendix XVI. 

However the sub-fractions of PB3 C7-5H16 that was eluted from 16.3 to 

16.6 min displayed low AR bioactivity, which was only 3 times higher 

than the negative control (methanol) (as shown in Figure 3.13). 

Interestingly, a high AR bioactivity was produced after all the sub-

fractions of PB3 C7-5H were combined together.  

 

!
Figure 3.13 Androgen receptor bioactivities of the HPLC sub-
fractions from PB3 C7-5H1 to PB3 C7-5H33. Each point represents 
the mean of three independent experiments ± SEM. *P<0.05, t-test. Error 
bars denote standard deviations of averaged results from three replicate 
bioassay results. 

This phenomenon may be due to synergistic effect, which refers to 

an increased intensity caused by the combination of all the sub-fractions 

together. It is also a widespread occurrence in the study of TCM. 

Fraction PB3 C7-5H displayed a high androgenic receptor activity (as 

shown in Figure 3.9B). The multiple-compounds in fraction PB3 C7-5H 
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could act in an additive or synergistic manner, where in the case of the 

latter, the effects of multiple-compounds were greater than the 

summation responses of each individual effect. Synergism could also 

explain why sub-fraction of PB3 C7-5H displayed low androgenic 

receptor activity; even though it may contain a higher concentration of 

the target bioactive compound. 

3.3.5 Reconstituted( Chat( M1( Media( Extracts( Promote( Proliferation( in(

MCF7(Cells(

Given the potent estrogenic effects of these phytoplankton extracts, 

we were interested to test if they could influence cell growth in ERα 

positive cells and thereby elucidate the impact of these bioactive 

chemicals to human health. The partially purified media extracts of C. 

marina cultures were exposed to estrogen dependent MCF-7 human 

breast cancer cells in a dose dependent manner.  

Figure 3.14A shows a dose-dependent increase in ERα reporter 

gene bioactivity with C. marina extract. Figure 3.14B demonstrates a 

significant increased proliferation of MCF7 cells even at a low 

concentration of 1 ng/mL of C. marina extract. Though we cannot 

ascertain here if the effects are via ERα, it is noteworthy that even at a 

low dose of 1.0 ng/mL, there is a significant increase in the proliferation 

of the MCF-7 cells. 
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Figure 3.14 Dose-dependent effect of re-constituted crude culture 
media extract of C. marina on ERα reporter gene bioassay and 
MCF7 cell proliferation assay. The crude culture media extract of C. 
marina (Chat M1) was reconstituted and tested on (A) ERα reporter 
gene bioassay and (B) MCF-7 cell proliferation at the stated doses. ERα 
activity is presented as a percentage fraction of activity as compared 
with 10 nM E2.  10 nM E2 was included as a positive control and 
methanol (MeOH) as a vehicle control. Data are expressed as mean ± 
SEM, * p < 0.05. 
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3.4 CONCLUSION(

We have initiated preliminary studies to investigate the chemical 

properties of the bioactive compounds in the media fractions from the 

phytoplankton extracts using a series of chromatographic separations.  

The extracts of large-scale cultures of C. marina cultures were 

fractionated by semi-preparative HPLC under reverse phase conditions 

using C18 column (250 mm x 20.0 mm i.d., 8-µm) and normal phase 

conditions using Diol column (250 x 20 mm i.d., 8-µm) respectively. 

The bioactivities of the various fractions were then tested using 

previously-established human cell-based bioassays. The active extract 

fractions were then further separated by a series of chromatographic 

separations using different columns and mobile phases. A single weak 

ER active white powder was achieved. Unfortunately, this purified 

fraction existed in trace quantity and the amount was insufficient for 

characterization of the chemical structures.  

The P. minimum cells extracts were also separated and purified by 

liquid chromatography under normal phase conditions (classic column, 

Silica Gel 60, 0,040-0,063 mm) using mixture of Hexane/Ethyl-acetate 

as mobile phases. The active fractions were then further purified by 

liquid chromatography separation under reversed-phase conditions using 

a C18 column and mixture of methanol/water as mobile phases. A strong 

AR active, partially purified fraction (1.6 mg) was obtained. 

Unfortunately, further separation of this fraction resulted in trace amount 

of several fractions with no bioactivities. This suggests that a mixture of 
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multiple compounds produced by phytoplankton may generate the 

synergistic bioactivity or that bioactivity would be easily lost during the 

purification process. Furthermore, the bioactivity may be influenced by 

additive and synergistic interactions (synergistic effect) with other 

natural and anthropogenic environmental toxicants. In this study, 

through both the AR and ER bioassays, we could conclusively exhibit 

that the extracts of PB3 demonstrated synergistic effects. The biological 

activities of AR might come from the intervention of different elements 

rather than a single component.  

The chemical analysis and bioassay results proved that the 

phytoplankton secreted bioactive compounds into surrounding aqueous 

medium. The molecular weight of one of bioactive compound from Chat 

M1 was found to be m/z 378. This secreted compound is stable for 

several months at room temperature and for at least one year at 4 °C.  
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CHAPTER(4 ((

CONCLUSIONS(AND(FUTURE(WORK(

4.1 SIGNIFICANCE(OF(THE(FINDINGS(

This is the first project in Singapore combining knowledge and 

technologies of cell culture, human cell-based reporter gene bioassay, 

and chemical analysis (LC-MS/MS etc.) to study endocrine disrupting 

chemicals produced by phytoplankton. In this study a robust approach of 

mass-culture of phytoplankton was successfully developed and used for 

accumulating the phytoplankton-produced compounds. A series of 

multi-dimensional chromatographic fractionations were successfully 

applied to purify and fraction the phytoplankton cultures. The purified 

extract was further analyzed by chemical analysis including LC-MS/MS 

and Q-TOF analysis.  

The results demonstrated for the first time that the marine 

phytoplankton species C. marina and F. japonica displayed significant 

estrogenic bioactivity whilst G. catenatum and P. minimum displayed 

significant androgenic bioactivity in both the cell extracts and the cell 

culture media extracts. Our results proved that the phytoplankton is one 

of the original sources of EDC in Singapore seawaters.  

Notably, the development and use of novel functional assays seen 

in this study have paved the way to provide a method of quantifying the 

integrated EDC bioactivity. The hydrophobic nature of the bioactive 
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fractions have critical implications as they may also confer stability 

against degradation and subsequently lead to the accumulation of the 

compounds in the marine food chain and hence in humans. Exposure of 

the estrogenic extracts to the human breast cancer cells, MCF 7 also led 

to increase cell proliferation displaying the potency of the compounds 

produced by phytoplankton, though it is yet to be understood if it can act 

as a carcinogen thus stimulating the development of breast cancer cells.   

 LC-MS/MS analysis showed that the chemical composition of the 

different batches of culture media was consistent. The molecular weight 

of one of the secreted bioactive compound was found to be 378. This 

secreted compound is stable for several months in the room temperature 

and at least one year at 4 °C. Further chemical and biological 

characterization of this compound will be conducted in the future work. 

In conclusion, phytoplankton may be potent secretors of estrogenic 

and androgenic compounds in the Singapore marine environment. These 

findings underscore the broad environmental consequences of certain 

species of phytoplankton, which we may have previously overlooked. 

The production of these naturally occurring bioactive compounds by the 

selected phytoplankton varieties could have a significant contribution to 

the total bioactivity levels in the seawaters. 
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4.2 LIMITATIONS(OF(MY(RESEARCH((

We have used a series of muti-dimensional column liquid 

chromatography for the purification and separation of the complicated 

phytoplankton extracts. However, this muti-dimensional column liquid 

chromatography has several drawbacks, e.g. long running time, loss of 

sample, etc., which poses a challenge to the analysis for trace amount of 

EDCs produced by phytoplankton. In addition, phytoplankton cell 

culturing process and culture accumulation are time-consuming and 

inefficient, even if we have successfully optimized the culture conditions 

and enhanced the productivity significantly. Moreover, the current 

analytical techniques including Q-TOF are not sufficient enough to 

provide high sensitivity to effectively identify the trace-amount of 

complicated bioactive compounds produced by the phytoplankton; even 

though highly-purified bioactive fractions were successfully achieved.  

On the other hand, the human cell-based reporter gene bioassays 

used in the experiment maybe inadequate for searching and monitoring 

all the bioactive compounds. The employment of more types of 

bioassays may be useful for obtaining more complex information on the 

endocrine effects of chemicals and this may lead to more accurate 

determination and better guide for isolation of bioactive compounds 

produced by phytoplankton. 
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4.3 FUTURE(WORK(

Although we have concluded that phytoplankton is a natural 

marine source of endocrine-disrupting chemicals, the impact of the 

EDCs from phytoplankton sources need to be further investigated, 

especially for seafood. Therefore, it remains to be determined whether 

the EDC produced by phytoplankton can be accumulated or transferred 

through one or more trophic levels in food chains and therefore 

physiologically affect human and wildlife in the marine environment.   

Alternatively, should these phytoplankton-origin EDCs not 

accumulate through food chains to significantly impact humans or 

marine mammals, then we will need to further investigate whether the 

natural EDCs produced by marine phytoplankton could overestimate 

risks to humans or marine wildlife. 

In the future, this study may require clear and conclusive 

characterization of the chemical structure and further assessment of the 

impact of these chemicals on human and environmental health.  

In this study, the active fractions that are secreted by the 

phytoplankton are successfully analyzed by LC-MS/MS. However, the 

molecular formula of these trace levels of bioactive compounds were not 

resolved due to the lack of adequate amounts of the bioactive 

compounds. Therefore, in the future, we will accumulate more bioactive 

compound by a more efficient approach. We also need to determine the 

effects of these isolated compounds and elucidate the effects on the 

growth of the phytoplankton and investigate the signaling function of 



! 147!

these compounds in the future. Since one of our studied phytoplankton 

(Chat) is the one of the most noxious species found in red tides in the sea, 

this research exhibited a significant impact on the aquiculture industry 

(e.g, fish farming) and desalination industry in Singapore. This will have 

great contribution to the knowledge of the red tides in the ocean.  
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APPENDIX(I(

ESAW Medium (Harrison et al., 1980, modified in Berges et al., 2001) 
 
Component Stock solution   Quantity Molar concentration 

in final medium /M 
     Salt solution I – Anhydrous salts 
NaCl  21.194 g 3.63 x 10-1 
Na2SO4  3.550 g 2.50 x 10-2 
KCl  0.599 g 8.03 x 10-3 
NaHCO3  0.174 g 2.07 x 10-3 
KBr  0.0863 g 7.25 x 10-4 
H3BO3  0.0230 g 3.72 x 10-4 
NaF  0.0028 g 6.67 x 10-5 

 
Salt solution II – Hydrated salts 

MgCl2·6H2O  9.592 g 4.71 x 10-2 
CaCl2·2H2O  1.344 g 9.14 x 10-3 
SrCl2·6H2O  0.0218 g 8.18 x 10-5 

 
Major nutrients 

NaNO3 46.67 gL-1  

in H2O 
1 mL 5.49 x 10-4 

NaH2PO4·H2O 3.094 gL-1  
in H2O 

1 mL 2.24 x 10-5 

Na2SiO3·9H2O 15 gL-1  
in H2O 
 

2 mL 1.06 x 10-4 

Iron-EDTA stock solution 
Na2EDTA·2H2O  2.44 g 6.56 x 10-6 
FeCl3·6H2O 1.77 gL-1  

in H2O 
 

1 mL 6.55 x 10-6 

Trace metal II stock solution 1 mL  
Na2EDTA ·2H2O  3.09 g 8.30 x 10-6 
ZnSO4·7H2O  0.073 g 2.54 x 10-7 
CoSO4·7H2O  0.016 g 5.69 x 10-8 
MnSO4·4H2O  0.54 g 2.42 x 10-6 
Na2MoO4·2H2O 1.48 gL-1  

in H2O 
1 mL 6.12 x 10-9 

Na2SeO3 0.173 gL-1  
in H2O 

1 mL 1.00 x 10-9 

NiCl2·6H2O 1.49 gL-1  
in H2O 
 

1 mL 6.27 x 10-9 

Vitamin Stock Solution 1 mL  
Thiamine·HCl  0.1g 2.96 x 10-7 
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 (vit.  B1) 
Biotin (vit. H) 1.0 gL-1  

in H2O 
1 mL 4.09 x 10-9 

Cyanocobalamin  
(vit. B12) 
 
 

2.0 gL-1  
in H2O 

1 mL 1.48 x 10-9 
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APPENDIX(II(

Artificial Seawater Formula (R2) 
1. Stock Solutions (g/L of d H2O) 

• Nitrogen stock: NaNO3 150 g/L 
• Phosphorous stock: NaH2PO4.2H2O 10 g/L 

2. Iron stock: 
• Di-sodium EDTA (Na2 ethylene diamine tetracetic acid) 4 g/L 
• Ferric chloride (FeCl3.6 H2O) 1.3 g/L.  

Dissolve the EDTA in about 500ml of distilled water before adding 
the iron and topping up to 1 L. 

3. Trace metal stock: 
• Di-sodium EDTA 1.9g (dissolve this before the metals) 
• Copper sulphate (CuSO4.5H2O) 0.02 g/L 
• Zinc sulphate (ZnSO4.7H2O) 0.044 g/L 
• Cobalt chloride (CoCl2.6H2O) 0.02 g/L 
• Sodium molybdate (Na2MoO4.2H2O) 0.013 g/L 
• Manganeso chloride (MnCl2.4H2O) 0.36 g/L 
• Selenious acid (H2SeO3) 0.13 g/L 

4. Vitamin stock: 
• Dissolve 0.05 g Thiamine HCl in ~150 ml distilled water in a 250 

ml volumetric flash. 
• Dissolve 0.05 g Biotin in a separate 500 ml volumetric flask. 

Add 5 ml of the biotin solution to the Thiamine volumetric.  
• Dissolve 0.025 g B12 (cyanocobalamin) in a separate 250 ml 

volumetric flask. Add 10 ml of the B12 solution to the Thiamine 
volumetric flask.  

• Make the Thiamine volumetric up to 250 ml with distilled water. 
This is the vitamin stock. 

Note: Store the nitrate, phosphate, trace metal and vitamin solutions 
in the fridge. The iron solution tends to precipitate- store it in the dark 
at room temperature. 

 
To make f/10k seawater media� 
To 10 litres of artificial seawater, add: 
• 3 ml of the nitrate stock 
• 3 ml of the phosphate stock 
• 1 ml of the trace metal stock 
• 5 ml of the vitamin stock 
• 5 ml of the iron stock 
• 360 g of sea salt 

Mix well, incubate for 1 hour at room temperature, and then shake 
thoroughly to confirm that there is no visible particle; Filter to 
sterilize the culture medium. 
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Nature Seawater formula (R2) 
 
 (Holme’s non-patented f10 K dino formula; Dr. Michael Colmes, School 
of Biological Sciences, National University of Singapore, 2000) 
 
Stock Solutions (g/L of d H2O) 
 

To make f/10k nature seawater media 
To 10 litres of seawater, add: 
• 1 ml of the nitrate stock 
• 1 ml of the phosphate stock 
• 1 ml of the trace metal stock 
• 5 ml of the vitamin stock 
• 5 ml of the iron stock 

Mix well, incubate for 1 hr at room temperature, and then shake 
thoroughly to confirm that there is no visible particle; Filter to sterilize 
the culture medium. 
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APPENDIX(III(

Overview of methodology for phytoplankton culture and extraction: 

Sample'Collec+on'
Seawater''and'isolated'phytoplankton'cells'were'obtained'from'Tropical'Marine'

Science'Ins9tute'(TMSI)'

Phytoplankton'Culture'
Culture' nutrient' recipe' was' prepared' using' Holmes' modified' f/10' seawater' media2,'
Subcultures'were'prepared'for'rapid'growth'of'the'cells'with' increasing'dilu9on'factor'
under'controlled'laboratory'condi9ons'

Centrifuga+on'
AGer'18'days,'culture'media'was'

harvested'by'centrifuga9on'at'13,000'
rpm'

Up8scaling''
Phytoplankton'cells'were'inoculated'in'6.5L'of'seawater'media'in'a'13L'glass'boPle''

Water'Filtra+on'
AGer'18'days,'seawater'media'of'PB3''

was'passed'through'a'0.2µm'water'filter'
twice'

Crude'Cell'Extract'
Phytoplankton'cells'collected'were'

repeatedly'freezeTthawed'at'T80oC'before'
extracted'by'ultrasonic'bath'with'

methanol'solvent'

Concentrated'

400'mL'of'extract'for'every'60L'of'
seawater;'4'x102Tfold'

Crude'Media'Extract'
Phytoplankton'media'was'treated'with'

C18'Solid'Phase'Extrac9on'(SPE)'
cartridge'(12TmL'2g'C18TE').'Bioac9ve'
compounds'were'eluted'with'Methanol'

Concentrated'

6mL'of'extract'for'every'60L'of'
seawater;'1'x'104'Tfold'

Bioac+vity'Test'
Estrogen'Receptor'(ER)'and'Androgen'receptor'(AR)'
bioac9vi9es'of'the'extracts'were'determined'using'an'

established'human'cellTbased'bioassay.'The'bioac9vity'data'
were'expressed'as'percentages'with''

respect'to'10nM'estradiol'(E2)'0.1nM'dihydrotestosterone'
(DHT),'respec9vely.''

Positive Control: Phytoplankton was grown in 
artificially created seawater by ESAW recipes3 

and extracts were tested for bioactivity 
 

Negative Control: Enriched seawater culture 
media without cells was tested for bioactivity 

EXPERIMENTAL 
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APPENDIX(IV(

The procedure of Chattonella cf. marina (Chat M1) separation guided by 
human cell-based bioassays: 

 

Cha$onella)cf.)Marina)(Chat)M1)!Media!Extract!!
(C18%SPE%extract)%

Bioac.vity!Test!
Estrogen%Receptor%(ER)%bioac8vi8es%of%the%extracts%were%

determined%using%an%established%human%cellAbased%
bioassay.%The%bioac8vity%data%were%expressed%as%

percentages%with%%

respect%to%10nM%estradiol%(E2)%.%

Concentrated!
6%mL%of%extract%for%every%60%L%of%seawater;%1%x%104%Afold%

%%

Concentrated!
All%extrac8on%was%further%concentrated%

%to%14.3%mL%for%HPLC%separa8on%

The!First!Dimensional!Separa.on!
Semi%prepara8ve%HPLC%with%RPAC18%column;%gradient%elu8on%
(methanol/ultraApure%water;%v/v);%injec8on%volume:%200%µL.%
Fourteen%frac8ons%were%collected%base%on%the%UV%adsorb%

peaks%on%the%HPLC%chromatography%profile.%

Bioac8ve%frac8ons%
determined%by%bioassay%

The!Second!Dimensional!Separa.on!
Semi%prepara8ve%HPLC%with%DiolASilica%column;%Isocra8c%

elu8on%(isopropanol/%%Hexane;%2:98;%v/v%);%injec8on%volume:%1%
mL.%Six%frac8ons%were%collected%base%on%the%UV%adsorb%peaks%

on%the%HPLC%chromatography%profile.%

Six%of%collected%
frac8ons%

Bioac8ve%frac8ons%
determined%by%bioassay%

The!Third!Dimensional!Separa.on!
Semi%prepara8ve%HPLC%with%RPAC18%column;%Isocra8c%elu8on%
(methanol%/ultraApure%water;%40:60;%v/v%);%injec8on%volume:%
20%µL.%Fifteen%frac8ons%were%collected%base%on%the%UV%adsorb%

peaks%on%the%HPLC%chromatography%profile.%

Fourteen%of%
collected%
frac8ons%

Fi\een%of%
collected%
frac8ons%

The!Fourth!Dimensional!Separa.on!
Semi%prepara8ve%HPLC%with%RPAC18%column;%gradient%elu8on%
(methanol%with%0.1%%formic%acid%/ultraApure%water%with%0.1%%
formic%acid;%v/v%);%injec8on%volume:%10%µL.%Ten%frac8ons%were%

collected%base%on%the%UV%adsorb%peaks%on%the%HPLC%
chromatography%profile.%

Bioac8ve%frac8ons%
determined%by%bioassay%

Ten%of%
collected%
frac8ons%

MS!Analysis!
The%HPLC%effluent%was%analyzed%by%an%Agilent%G2445A.%IonA
trap%mass%spectrometer%(Agilent%Technologies,%Waldbronn,%
Germany)%equipped%with%an%atmosphericApressure%chemical%
ioniza8on%(ESI)%source%operated%under%posi8ve%mode.%(210%

mm%x%2%mm%i.d.)%stainless%steel%column%packed%with%3µm%ODSA
MCR_HPS%par8cles%%

Bioac8ve%frac8ons%
determined%by%bioassay%

NMR!Analysis!
H1ANMR%spectrum%and%CANMR%spectrum%of%the%bioac8ve%

frac8on%Chat%K6A12J%were%inves8gated.%%
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APPENDIX(V(

The procedure of extraction and fractionation of Chattonella cf. marina (Chat 
M1): 

Cha$onella)cf.)Marina)(Chat&M1)&seawater&culture&media&

(20&batches&with&60&L&per&batch)&

Total&extract&

(143&mg)&

C18&SPE&

First&dimensional&separaFon&
(HPLC)&

Guiding&by&cellJbase&bioassay&

BioacFve&fracFon&(Chat&K)&

(EluFon&duraFon:&43.0J45.0&min)&

Total&12.8&mg&&&&(9%&w/w&yield)&

Sub&bioacFve&fracFon&(Chat&K6)&

(EluFon&duraFon:&8.5J13.0&min)&

Total&2.7&mg&&&&(21%&w/w&yield)&

Second&dimensional&separaFon&
(HPLC)&from&Chat&K&

Guiding&by&cellJbase&bioassay&

Sub&bioacFve&fracFon&(Chat&K6J12)&

(EluFon&duraFon:&11.1J12.4&min)&

Total&0.2&mg&&&&(7.4%&w/w&yield)&

Third&dimensional&separaFon&
(HPLC)&from&Chat&K6&

Guiding&by&cellJbase&bioassay&

Sub&bioacFve&fracFon&(Chat&K6J12J)&

(EluFon&duraFon:&36.0J45.0&min)&

Trace&amount&(pure&compound)&

Fourth&dimensional&separaFon&
(HPLC)&from&Chat&K6J12&

Guiding&by&cellJbase&bioassay&
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APPENDIX(VI(

The procedure of Prorpcentrum cf. Minmum (PB3) separation guided by 
human cell-based bioassays: 
 

Prorocentrum*cf.****Minimum!(PB3)!Media!Extract!!
(C18!SPE!extract)!

Bioac2vity!Test!
Androgen!Receptor!(AR)!bioac9vi9es!of!the!extracts!were!

determined!using!an!established!human!cellBbased!
bioassay.!The!bioac9vity!data!were!expressed!as!

percentages!with!!

respect!to!0.1nM!DHT.!

Concentrated!
6mL!of!extract!for!every!60L!of!seawater;!1!x!104!Bfold!

!!

Concentrated!
6mL!of!extract!concentra9on!was!further!concentrated!to!6!

μL;!10!Bfold!

The!First!Dimensional!Separa2on!
C18!SolidBphase!Extrac9on!(SPE)!;!eluted!with!50!mL!of!100%!
ultrapure!water,!50%!!(methanol/ultraBpure!water;!v/v)!and!

100%!methanol.!!

Bioac9ve!frac9ons!
determined!by!bioassay!

The!Second!Dimensional!Separa2on!
Classical!silica!gel!column!chromatography;!Gradient!elu9on!
with!3!eluents!(hexane,!ethyl!acetate!and!methanol,!v/v!);!
flow!rate!at!0.2!ml/min.!14!frac9ons!were!collected!!at!a!50!

minutes!interval.!

Fourteen!of!
collected!
frac9ons!

Bioac9ve!frac9ons!
determined!by!bioassay!

The!Third!Dimensional!Separa2on!
Semi!prepara9ve!HPLC!with!RPBC18!column;!Isocra9c!elu9on!
(methanol!/ultraBpure!water;50:50!v/v!);!injec9on!volume:!20!
µL.!Sixteen!frac9ons!were!collected!base!on!the!UV!adsorb!

peaks!on!the!HPLC!chromatography!profile.!

Three!of!
collected!
frac9ons!

Sixteen!of!
collected!
frac9ons!

The!Fourth!Dimensional!Separa2on!
Semi!prepara9ve!HPLC!with!RPBC18!column;!Isocra9c!elu9on!
(methanol!with!0.1%!formic!acid!/ultraBpure!water!with!0.1%!
formic!acid;!60:40;!v/v!);!injec9on!volume:!20!µL.!Sixteen!

frac9ons!were!collected!base!on!the!UV!adsorb!peaks!on!the!
HPLC!chromatography!profile.!

Bioac9ve!frac9ons!
determined!by!bioassay!

Sixteen!of!
collected!
frac9ons!

Bioac9ve!frac9ons!
determined!by!bioassay!

QBTOF!!Analysis!
100mm!x!2.1mm!i.d.,!2.7Bµm!C18!column!were!used!for!QB

TOF!analysis!!
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APPENDIX(VII(

The procedure of extraction and fractionation of Prorpcentrum cf. Minmum 
(PB3): 

Prorocentrum*cf.****Minimum!(PB3)!seawater!culture!media!
(20!batches!with!60!L!per!batch)!

100%!Methanol!
Total!843.6!mg!!!!(56.6%!w/w!yield)!

First!dimensional!separaHon!
(C18!SPE)!

Guiding!by!cellMbase!bioassay!

BioacHve!fracHon!(PB3!7)!
(EluHon!duraHon:!43.0M45.0!min)!
Total!34.7!mg!!!!(4.1%!w/w!yield)!

Sub!bioacHve!fracHon!(PB3!7M4!&!PB3!7M5)!
(EluHon!duraHon:!44.5.5M45.5!min)!
Total!1.6!mg!!!!(4.6%!w/w!yield)!

Second!dimensional!separaHon!
(LC)!from!PB37!

Guiding!by!cellMbase!bioassay!

Sub!bioacHve!fracHon!(PB3!7M5H)!
(EluHon!duraHon:!15.7M16.8!min)!

Third!dimensional!separaHon!
(HPLC)!from!PB3!7M4!&!PB3!7M5!
Guiding!by!cellMbase!bioassay!

Fourth!dimensional!separaHon!
(HPLC)!from!PB3!7M5H!

Guiding!by!cellMbase!bioassay!

Total!extract!
(1491.7!mg)!
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APPENDIX(VIII(

Corresponding retention time and weight of each Chat M1 fraction in the 

first dimensional chromatographic!separation: 

 
Sample 

No. 

 
Time 
(min) 

 
Weight 
(mg) 

 
Luminescence 

Readings 

Chat A 0-10.5 1.4 
 

6914 
 

Chat B 10.5-13.0 0.9  
8143 

Chat C 13.0-15.0 4.7  
8977 

Chat D 15.0-22.0 18.2  
10212 

Chat E 22.0-28.0 4.6  
8294 

Chat F 28.0-32.0 2.9  
7951 

Chat G 32.0-34.0 2.3  
9744 

Chat H 35.0-36.0 1.6  
10819 

Chat I 36.0-38.0 4.7  
7603 

Chat J 38.0-43.0 1.6  
8077 

Chat K 43.0-45.0 12.8  
168663 

Chat L 45.0-48.0 3.4  
8566 

Chat M 48.0-50.0 2.7  
9127 

Chat N 50.0-60.0 3.9  
8650 
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APPENDIX(IX(

Retention time and weight of each Chat M1 fraction in the second 

dimensional chromatographic!separation: 

Sample No. Time (min) Weight (mg) 
Luminescence 

Readings 

Chat K1 0-3.75 0.2 57060 

Chat K2 3.75-4.2 0.3 63367 

Chat K3 4.2-5.8 1.5 54217 

Chat K4 5.8-7.0 1.2 63130 

Chat K5 7.0-8.5 0.8 63031 

Chat K6 8.5-13.0 2.7 186578 

 
 



! 160!

APPENDIX(X(

Retention time and weight of each Chat M1 fraction in the third 

dimensional chromatographic!separation: 

S. No. Time (min) Weight (mg) 
Luminescence 

Readings 

Chat K6-1 0-2.5 / 495 

Chat K6-2 2.5-3.1 0.2 449 

Chat K6-3 3.1-3.5 0.3 428 

Chat K6-4 3.5-4.3 0.1 412 

Chat K6-5 4.3-5.6 0.4 482 

Chat K6-6 5.6-6.1 / 520 

Chat K6-7 6.1-6.5 0.1 394 

Chat K6-8 6.5-7.4 0.1 410 

Chat K6-9 7.4-8.5 0.2 395 

Chat K6-10 8.5-10.5 0.2 437 

Chat K6-11 10.5-11.1 0.1 4730 

Chat K6-12 11.1-12.4 0.2 11951 

Chat K6-13 12.4-19 / 1383 

Chat K6-14 19-20.3 0.2 693 

Chat K6-15 20.3-22 0.1 433 
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APPENDIX(XI(

Retention time of each Chat M1 fraction in the third dimensional 

chromatographic!separation: 

S. No. 
Retention Time 

(min) 

Chat K6-12A 0.0-2.2 

Chat K6-12B 2.2-3.3 

Chat K6-12C 3.3-4.0 

Chat K6-12D 4.0-6.0 

Chat K6-12E 6.0-11.5 

Chat K6-12F 11.2-13.0 

Chat K6-12G 13-18.5 

Chat K6-12H 18.5-21.0 

Chat K6-12I 21.0-36.0 

Chat K6-12J 36.0-45.0 
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APPENDIX(XII(

Weight and percentage of each PB3 fraction eluted from SPE (the first 

dimensional chromatographic!separation): 

No. of Fraction Weight (mg) 
 

Percentage 
 

100% H2O 153.4 12% 

50% MeOH 281.2 22% 

100% MeOH 843.6 66% 

Total 1278.2 100% 
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APPENDIX(XIII(

Total weight of nine batches of combined PB3 sub-fractions in the 

second dimensional chromatographic!separation: 

No. of Fraction 
 

Weight (mg) 
 

PB3 C1 19 

PB3 C2 9 

PB3 C3 42 

PB3 C4 27 

PB3 C5 23 

PB3 C6 48 

PB3 C7 34.7 

PB3 C8 16.3 

PB3 C9 28 

PB3 C10 23.6 

PB3 C11 34 

PB3 C12 16 

PB3 C13 161 

PB3 C14 92 

Total 573.6 
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APPENDIX(XIV(

Retention time and weight of each PB3 fraction in the third dimensional!

chromatographic separation: 

S. No Time (min) 
 

Weight (mg) 
 

PB3 C7-1 0.0-5.0 0.4 

PB3 C7-2 5.0-30 1.6 

PB3 C7-3 30-44.5 2.7 

PB3 C7-4 44.5-45.0 0.7 

PB3 C7-5 45.0-45.5 0.9 

PB3 C7-6 45.5-45.9 1.2 

PB3 C7-7 45.9-46.3 0.8 

PB3 C7-8 46.3-46.9 0.2 

PB3 C7-9 48.5-50.0 1.9 

PB3 C7-10 50.0-52.7 0.4 

PB3 C7-11 52.7-53.8 0.6 

PB3 C7-12 53.8-54.9 0.8 

PB3 C7-13 54.9-56.9 1.3 

PB3 C7-14 56.9-57.7 1.1 

PB3 C7-15 57.7-58.5 1.4 

PB3 C7-16 58.5-60 1.7 
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APPENDIX(XV(

Retention time of PB3 sub-fractions in the fourth dimensional 

chromatographic!separation: 

S. No. 
 

Time (min) 
 

PB3 C7-5A 0.0-7.2 

PB3 C7-5B 7.2-8.0 

PB3 C7-5C 8.0-9.0 

PB3 C7-5D 9.0-10.5 

PB3 C7-5E 10.5-12.4 

PB3 C7-5F 12.4-13.9 

PB3 C7-5G 13.9-15.7 

PB3 C7-5H 15.7-16.8 

PB3 C7-5I 16.8-17.8 

PB3 C7-5J 17.8-18.9 

PB3 C7-5K 18.9-19.3 

PB3 C7-5L 19.3-20.3 

PB3 C7-5M 20.3-22.0 

PB3 C7-5N 22.0-22.5 

PB3 C7-5O 22.5-24.0 

PB3 C7-5P 24.0-25.0 

 



! 166!

APPENDIX(XVI(

Retention time of PB3 sub-fractions base on Q-TOF profile: 

S. No. Time (min) S. No. 
 

Time (min) 
 

PB3 C7-5H1 0.0-1.4 PB3 C7-5H18 17.5-17.7 

PB3 C7-5H2 1.4-5.7 PB3 C7-5H19 17.7-17.8 

PB3 C7-5H3 5.7-9.4 PB3 C7-5H20 17.8-18.0 

PB3 C7-5H4 9.4-9.9 PB3 C7-5H21 18.0-18.4 

PB3 C7-5H5 9.9-12.3 PB3 C7-5H22 18.4-18.8 

PB3 C7-5H6 12.3-12.7 PB3 C7-5H23 18.8-19.2 

PB3 C7-5H7 12.7-13.0 PB3 C7-5H24 19.2-19.4 

PB3 C7-5H8 13.0-13.3 PB3 C7-5H25 19.4-19.9 

PB3 C7-5H9 13.3-14.2 PB3 C7-5H26 19.9-20.1 

PB3 C7-5H10 14.2-14.7 PB3 C7-5H27 20.1-20.4 

PB3 C7-5H11 14.7-15.2 PB3 C7-5H28 20.4-21.2 

PB3 C7-5H12 15.2-15.4 PB3 C7-5H29 21.2-21.8 

PB3 C7-5H13 15.4-15.8 PB3 C7-5H30 21.8-22.3 

PB3 C7-5H14 15.8-16.1 PB3 C7-5H31 22.3-23.0 

PB3 C7-5H15 16.1-16.2 PB3 C7-5H32 23.0-23.4 

PB3 C7-5H16 16.3-16.6 PB3 C7-5H33 23.4-25 

PB3 C7-5H17 16.6-17.5 / / 
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