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A B S T R A C T   

Potential toxicants in sediments collected from an industrialized bay of Korea were identified by use of effect- 
directed analysis (EDA). Three marine microalgal bioassays (Dunaliella tertiolecta, Isochrysis galbana, and 
Phaeodactylum tricornutum) with diverse endpoints were employed. Initial screening of raw organic extracts of 
sediments indicated large variations among locations and species in a traditional endpoint “inhibition of 
growth”. After fractionation, inhibition of growths increased significantly, particularly in some fractions con
taining aromatics with log KOW 5− 6 (F2.6). While viabilities of cells were adversely affected in more fractions, 
including F2.6− F2.7 (log KOW 5− 7) and F3.5− F3.6 (log KOW 4–6). Among the several endpoints of viability, 
esterase activity seemed to be more sensitive, followed by integrity of cell membranes, chlorophyll a, cell size, 
and intracellular complexity. Instrumental analyses indicated that toxicities to microalgae observed in F2.7 could 
not be fully explained by target PAHs. Full-scan screening analysis using GC-QTOFMS identified 58 compounds 
in F2.7 with matching scores ≥90%. Based on toxic potencies for these compounds predicted by ECOSAR, several 
causative agents, including 1-phenylpyrene, dibenz[a,c]anthracene, and picene were suggested. Overall, viability 
of microalgae provided sensitive and high-resolution toxicity screening of samples into integrative assessment of 
sediment.   

1. Introduction 

In coastal environments, hydrophobic chemicals tend to accumulate 
in sediments and persist for extended periods, potentially affecting or
ganisms directly and indirectly (Power et al., 1991; Grote et al., 2005; 
Brack et al., 2009). Assessment of pollution of sediments, using instru
mental analyses, such as targeted analysis, is limited due to complexities 
of environmental samples, which can contain thousands of chemicals 
(Brack, 2003). Bioassays can integrate effects of known and unidentified 
toxic substances; however, it is difficult to identify the causative 
chemicals (Brack, 2003). Effect-directed analysis (EDA), which com
bines bioassays, fractionation, and instrumental analysis, is a powerful 
tool for identifying key toxicants in environmental samples by reducing 

complexity through iterative fractionations (Brack, 2003; Lee et al., 
2020). 

Because of their sensitivity and ability to test large numbers of 
samples quickly, in vitro bioassays are primarily used in EDA (Brack 
et al., 2016). However, in vitro bioassays are limited in their ability to 
assess overall effects on relevant organisms; consequently, demand for 
in vivo assays for use in EDA studies is increasing (Brack et al., 2016; 
Guo et al., 2019). In vivo bioassays have the advantage of using more 
environmentally relevant evaluations and assess diverse biological 
endpoints after a single exposure. Because microalgae are primary 
producers with major contributions to aquatic ecosystems, they are 
widely used to assess toxic potencies of extracts of environmental 
matrices (Burkiewicz et al., 2005; Prado et al., 2011; Booij et al., 2014). 
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In addition, microalgal bioassays have shown advantages, such as cul
ture flexibility, rapid growth potential, and sensitive responsiveness 
(Radix et al., 2000; Prato et al., 2012; Emelogu et al., 2014). 

Several previous studies successfully demonstrated some new envi
ronmental toxicants by utilizing the EDA approach with in vivo bio
assays of microalgae. For examples, triclosan, N-phenyl-2- 
naphthylamine, and 7 H-benzo[de]anthracen-7-one were newly identi
fied environmental toxicants based on inhibition of growth (Bandow 
et al., 2009; Schwab et al., 2009). In particular, triclosan, which has 
been banned in the United States (United States Food and Drug 
Administration USFDA, 2016), was identified as a major inhibitor of 
microalgal growth (Brack et al., 2009). However, those previous studies 
focused mainly on inhibition of growth as measured by cell division, 
during EDA (Brack et al., 2016; Bergmann et al., 2017). Studies on in
hibition of growth of microalgae require relatively larger toxic potency; 
consequently, it is not desirable for use in EDA of environmental sam
ples, particularly when testing their numerous fractions during EDA 
(Tang et al., 2013; Brack et al., 2016). In addition, detailed information 
on adverse outcome pathways (AOPs) that result in inhibition of 
microalgae remains limited. 

Assays of viability of microalgal cells, using flow cytometry, can 
provide measurements of sensitive physiological responses of individual 
cells (Funahashi and Hanna, 1997; Franqueira et al., 2000; Prado et al., 
2011). Of note, the endpoint has a statistical advantage as it can easily 
measure enough number of samples, viz., >10,000 cells in a single 
measurement (Baldetorp et al., 1989; Eudey, 1996). Determination of 
viabilities of cells by use of flow cytometry involves evaluation of in
dividual cells for various parameters, including size, intracellular 
complexity, chlorophyll a autofluorescence (Chl. a), esterase activity, 
membrane damage, mitochondrial membrane potential, contents of 
reactive oxygen species, etc. (Prado et al., 2011, 2012; Almeida et al., 
2019; Dupraz et al., 2019; Machado and Soares, 2019). Parameters of 
viability of cells provide early warning of sub-lethal effects on micro
algae. Microalgae that have lost their cellular health due to stresses by 
toxic substances become difficult to perform their original functions in 
the marine ecosystem, such as primary production (Béchet et al., 2017). 
Our recent study identified microalgal toxicants in contaminated sedi
ments using a cell viability assay with various endpoints, highlighting 
significant cell membrane damage being detected at lesser concentra
tions compared to the EC50 for inhibition of growth (Lee et al., 2020). 
Thus, cell viability assays could be a promising tool for the EDA usage to 
improve standard microalgal bioassays, and elucidate modes of toxic 
action to microalgae during EDA. Of note, however, special caution is 
required for cell viability assay using a flow cytometry technique in that 
cells need to be solitary living and of fairly uniform size and shape. 

In recent years, during EDA studies, full-scan screening (nontarget) 
analysis (FSA) has been successfully applied to identify previously 
untargeted toxicants in more potent fractions of environmental samples 
(Gómez et al., 2009; Booij et al., 2014). Low-resolution mass spec
trometry has limited capacity to measure the accurate mass of untar
geted compounds, or to distinguish compounds of similar m/z among 
complex mixtures. Thus, instrumental analysis using ultrahigh- 
resolution mass spectrometry (UHRMS), such as time-of-flight mass 
spectrometry (TOFMS) and Orbitrap mass spectrometry, is increasingly 
utilized for FSA (Hernández et al., 2012; Hollender et al., 2018; Cha 
et al., 2019; Lee et al., 2020). A previous study identified PSII stressors, 
such as irgarol, diuron, and terbuthylazine in surface water by use of LC- 
TOFMS (Booij et al., 2014). 

Pohang City, South Korea, which borders Yeongil Bay, supports na
tional industrial complexes and has more than half a million residents. 
Various pollutants originate from the industrial complexes, with 
approximately 290,000 tons of treated sewage effluent being discharged 
daily into Yeongil Bay. Several previous studies detected polycyclic ar
omatic hydrocarbons (PAHs) and alkylphenols (APs) in sediments of 
Pohang and/or Yeongil Bay regions of which concentrations exceeded 
the Interim Sediment Quality Guidelines (ISQG) suggested by the 

Canadian Council of Ministers of the Environment (CCME) (Koh et al., 
2004, 2006; Kim et al., 2014). Styrene oligomers (SOs), which are 
emerging pollutants, have been reported to distributed in industrial 
areas of South Korea, but had not been investigated in Yeongil Bay 
(Hong et al., 2016; Cha et al., 2019; Kim et al., 2019). 

The objectives of the present study were to assess toxic potencies of 
persistent toxic substances (PTSs) in sediments to microalgae and 
identify predominant toxicants in sediments of Pohang and Yeongil Bay 
regions by use of EDA, and to enhance microalgal bioassays by applying 
cell viability assays using flow cytometry. Multiple species of micro
algae, including the green algae, Dunaliella tertiolecta; haptophyte, Iso
chrysis galbana; and diatom, Phaeodactylum tricornutum with their 
various characteristics, such as morphotype, presence of cell walls, and 
motility, were tested individually to evaluate potential toxicants in 
whole and fractions of organic extracts of sediments (Borowitzka and 
Siva, 2007; Gallo et al., 2020). Specific objectives were to: (i) apply 
assays of cell viability using flow cytometry in EDA; (ii) evaluate the 
relationship between the inhibition of growth and cell viability; (iii) 
assess how target PAHs contribute to overall induced toxic responses; 
and finally (iv) identify potential algal toxicants in mixture sediments by 
use of GC-QTOFMS. 

2. Materials and methods 

2.1. Collection and preparations of samples 

In previous studies, greater concentrations of organic and inorganic 
pollutants were reported to accumulate in sediments of the industrial 
areas of Pohang City compared to urban areas (Hong et al., 2014; Kim 
et al., 2014; Bailon et al., 2018). Thus, in the present study, we focused 
on contaminations by organic toxic substances and their potential 
microalgal toxicities in sediments from industrial hotspots. Surface 
sediments were collected during May 2018, from Gumu Creek (S1, in
dustrial area), which flows into the Hyeongsan River, Hyeongsan River 
Estuary (S2), and Yeongil Bay (S3–S6) by use of a grab sampler (Fig. S1 
of the Supplementary Materials). Samples were transported to the lab
oratory in pre-cleaned glass jars, then stored at − 20 ℃ until analysis. 
Samples used for bioassays and chemical analyses were prepared by use 
of previously published methods (Hong et al., 2015). In brief, freeze- 
dried sediments were passed through a 1-mm sieve and homogenized. 
Forty grams of sediments were extracted using a Soxhlet extractor with 
350 mL dichloromethane (DCM, J.T. Baker, Phillipsburg, NJ) for 16 h. 
Organic extracts were exchanged with hexane (Honeywell, Charlotte, 
NC), and elemental sulfur was removed using activated copper. Organic 
extracts were then concentrated to 4 mL with a rotary evaporator and N2 
gas (10 g sediment equivalents [SEq] mL− 1). Raw extracts (RE) were 
separated into two aliquots (1 mL and 3 mL) and used for bioassay and 
chemical analysis/further fractionations, respectively. The organic 
extract (1 mL) was exchanged with dimethyl sulfoxide (DMSO, Sigma- 
Aldrich, St. Louis, MO) for the bioassay. To avoid surrogate standards 
adversely affecting the bioassay, they were not added during sample 
preparations. 

2.2. Silica gel and RP-HPLC fractionations 

Eight grams of activated silica gel were packed into a glass column 
with hexane. RE was separated into three fractions based on polarity: 
non-polar (F1), aromatics (F2), and polar (F3). F1, F2, and F3 were 
eluted with 30 mL hexane, 60 mL of 20% DCM in hexane, and 50 mL of 
40% acetone in DCM, respectively. One milliliter of silica gel fractions 
was separated into 10 sub-fractions according to log KOW values using 
reverse-phase (RP)-HPLC (Agilent 1260 HPLC, Agilent Technologies, 
Santa Clara, CA) (Table S1) (Hong et al., 2016). Sub-fractions were 
exchanged with hexane or DMSO. 

S.-A. An et al.                                                                                                                                                                                                                                   



Journal of Hazardous Materials xxx (xxxx) xxx

3

2.3. Inhibition of growth of microalgae 

Three species of marine microalgae were used in this study. 
D. tertiolecta was obtained from NeoEnBiz Inc. (Bucheon, Korea). 
I. galbana and P. tricornutum were obtained from the Korea Marine 
Microalgae Culture Center (KMCC, KIOST, Geoje, Korea). D. tertiolecta 
and P. tricornutum are international standard species recommended for 
use by the American Society for Testing and Materials (ASTM) and In
ternational Organization for Standardization (ISO) (ISO10253, 2006; 
ASTM;E1218, 2012). Due to its relatively great sensitivity, I. galbana is 
also widely used in microalgal bioassays. Microalgae culture and bio
assays were performed with some modifications to ISO 2006 (ISO10253, 
2006). Detailed information on the culture conditions of the three 
microalgae is presented in Table S2. Microalgal bioassays were per
formed with algae cultured for 72–96 h and in the exponential growth 
phase. Test cultures were grown in 50-mL culture flasks with 8 mL cul
ture medium. All experiments were performed in triplicates and 
included control and solvent control (0.1% DMSO). To minimize con
founding effects of differences in intensities of lighting, flasks were 
randomly moved every 24 h. After 72 h exposure, numbers of cells were 
measured by direct cell counting under the light microscope (×400 
Optical Microscope, Olympus, Tokyo, Japan) with a disposable hemo
cytometer (INCYTO, Cheonan, Korea). Intrinsic rate of growth (μ) and 
inhibition of growth (Iμi) were estimated (Eqs. 1 and 2): 

μ =
ln⁡(N72) − ln⁡(N0)

t72
(1)  

Iμi(%) =
μC − μi

μC
× 100 (2)  

Where N0 is the initial cell density, and N72 is the cell density at the end 
of the test (72 h) in Eq. (1). For Eq. (2), μi is the growth rate for test flask 
i, and μC is the mean growth rate for the control cultures (ISO10253, 
2006). 

2.4. Viability of microalgal cells 

The cell viability assay was conducted using a BD FACS Canto II flow 
cytometer (BD Biosciences, San Jose, CA) equipped with three lasers 
(405 nm, 488 nm, and 633 nm) and eight filters. A 405 nm laser was 
used to analyze SYTOX blue (Thermo Fisher Scientific, Cambridge, UK). 
A 488 nm laser was used for fluorescein diacetate (FDA; Sigma-Aldrich) 
and propidium iodide (PI; Thermo Fisher Scientific). A 633 nm laser was 
used for Chl. a. Out of the eight filters, FS (forward scatter; cell size), SS 
(side scatter; intracellular complexity), Pacific Blue (SYTOX blue, 450/ 
50 nm), FITC (FDA, 530/30 nm), PE (PI, 585/42 nm), and APC (Chl. a, 
660/20 nm) were used to measure cell viability. For each sample, 5000 
cells were measured; however, in cases where 5000 cells were not 
available, samples were measured for 5 min. 

Before quantifications of numbers of cells, 6 mL of the experimental 
medium were centrifuged at 3500 rpm (1000 g) for 15 min D. tertiolecta 
and I. galbana were resuspended in 1 mL clean medium for double 
staining. Double staining with FDA and SYTOX blue was done, with 
some modifications, by use of previously published methods (Olsen 
et al., 2016). FDA is a measure of non-specific esterase activity and is 
used to distinguish live cells from dead cells. Hydrophilic FDA diffuses 
into living cells, and is cleaved by esterase to release fluorescein, which 
is fluorescent. Fluorescein is hydrophobic and cannot spread beyond the 
cell. Fluorescence of FDA is directly proportional to esterase activity. 
SYTOX blue stains occult nucleic acid (DNA and RNA), and diffuses into 
the membrane of damaged cells where it emits blue fluorescence. Thus, 
double staining with FDA and SYTOX blue allows viable cells and non- 
viable cells to be distinguished easily. First, the cells were stained for 
15 min with FDA (in acetone) to a final concentration of 5 μM, and 
allowed to react in a darkroom. After FDA staining, cells were stained 

with SYTOX blue (in DMSO) to obtain a final concentration of 2 μM in a 
darkroom. For the positive control, cells were heat-treated in a 60 ℃ 
water bath for 1 h. Single staining of P. tricornutum was performed using 
FDA and PI. PI was used to indicate the same endpoint as SYTOX blue, 
has similar emission fluorescent are FDA when affected by chlorophyll a 
autofluorescence (Olsen et al., 2016). Thus, it was resuspended in 2 mL 
clean medium and separated into two aliquots for single staining. The 
cells in each aliquot were stained with FDA (in acetone) and PI (in 
distilled water) to obtain a final concentration of 30 μM and 5 μM in a 
darkroom, respectively. 

Populations of cells were identified based on cell size and intracel
lular complexity, and were reconfirmed by measurement of Chl. a. Un
stained, solvent control, and positive control cells are shown in Fig. S2. 
Double staining results were determined using quadrants (Q1, Q2, Q3, 
and Q4) by comparing the distribution of the solvent control and posi
tive control in the dot plot of FDA and SYTOX blue (Fig. S2 and 
Table S3). Populations of the solvent control were determined by the 
control gate, which is not affected by exposure. The control gate was set 
to contain ≥ 90% cells (Fig. S2). 

2.5. Targeted chemical analyses 

Fifteen PAHs, 10 SOs, and 7 APs were analyzed as target pollutants. 
The full names of the target compounds are provided in Table S4. Tar
geted chemical analyses were performed with silica gel fractions. An 
internal standard (2-fluorobiphenyl, Chem Service) was added to each 
fraction before GC injection. An Agilent 7890B gas chromatograph 
equipped with a 5977B mass selective detector (MSD, Agilent Tech
nologies) was used for quantification of PAHs, SOs, and APs. A 1 μL 
volume was injected onto a DB5MS column (30 m × 0.25 mm i.d. ×
0.25 µm film). A detailed description on instrumental conditions is 
provided in Table S5. Recovery rates of surrogate standards raged from 
89% to 110% (mean=100%) for Ace-d10, from 86% to 99% 
(mean=93%) for Phe-d10, from 82% to 89% (mean=87%) for Chr-d12, 
and from 58% to 83% (mean=71%) for perylene-d12. Method detection 
limits (MDL) for individual PAHs, SOs, and APs ranged from 0.39 to 2.1, 
from 0.01 to 3.9, and from 0.01 to 0.03 ng g− 1 dm, respectively. 

2.6. Full-scan screening analysis 

FSA was performed using an Agilent 7890B gas chromatograph 
equipped with a 7200 QTOFMS (Agilent Technologies). One microliter 
of sample was injected onto a DB5MS column (30 m × 0.25 mm i. 
d. × 0.25 µm film). A detailed description of instrumental and analytical 
conditions are provided in Table S6. After GC-QTOFMS analysis for 
fractions with greater toxic potencies (F2.7 of S1) based on biotests, 
tentative algal toxicants were selected based on the match factor score 
(≥90%) of the spectral library (NIST library ver. 2014). Second, targeted 
PTSs in fractions were removed, including PAHs, SOs, and APs (Marsili, 
2001; Booij et al., 2014). A matching score of ≥ 70% was considered 
acceptable for compounds in previous studies; however, the present 
study applied a more stringent standard because toxicity was not 
confirmed using standard materials (Sjollema et al., 2014; Gómez- 
Ramos et al., 2016; Cha et al., 2019; Kim et al., 2019). Instead, the 
compounds identified in fractions were evaluated for potential toxicity 
to algae, by use of an in silico method (ECOSAR v1.11) (US-EPA, 2012). 
The EC50, based on inhibition of growth, was predicted, and the least 
EC50 of the various compound groups in ECOSAR was used. Water 
solubility was predicted by WS Kowwin (v1.43), which is included in the 
ECOSAR package. 

2.7. Confirmation of toxicity contribution by PAHs 

To estimate the contribution of target PAHs to adverse effects on 
microalgal toxicity, a mixture of PAH standards (AM; artificial mixture) 
was prepared at the same concentrations of target compounds in F2.7 
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(more toxic fraction; details in Results and Discussion). 

2.8. Data analysis and statistics 

The data were analyzed using Flow Jo ver. 10 (Oregon, Ashland) 
single-cell analysis software. The percentage of cells outside the control 
gate was set to 0% in the solvent control. Significant differences with 
cells in the control gate and each quadrant were analyzed. The data were 
tested for normality using a Shapiro-Wilks test before subsequent ana
lyses because of the limited sample size. Then, a t-test was carried out to 
determine the significant difference between the treatments. All statis
tical analyses (Shapiro–Wilks test, t-test, principal component analysis 
(PCA), and cluster analysis) were conducted using SPSS software (ver. 
24.0, SPSS INC., Chicago, IL). 

3. Results and discussion 

3.1. Inhibition of growth of microalgae 

Inhibitions of growth of three microalgae exposed to sediment REs 
and their fractions were measured. After 72 h exposure of D. tertiolecta 
and I. galbana to the sediment REs, inhibition of growths were not 
significantly different compared by solvent control (Fig. 1a). Growth of 
P. tricornutum was significantly different in REs of sites S1, S2, and S4, 
which was inhibited by 19%, 40%, and 21%, respectively. Silica gel 
fractionation was performed on the REs of S1, S2, and S4 (Fig. 1b). 
Growths of the three microalgae showed greater inhibition by exposure 
to the silica gel fractions of S1 than S2 and S4. The pattern of inhibition 
of growth after exposure to silica gel fractions of S1 differed among 
species of microalgae. For example, growth of D. tertiolecta was signifi
cantly inhibited by exposure to F2 (100%) and F3 (25%), but not to F1. 
Growth of neither I. galbana nor P. tricornutum was entirely inhibited 
(100%) by exposure to F2 or F3, while growth was less inhibited by F1. 
Thus, the three species of microalgae exhibited varied sensitivities to 
contaminants (Magnusson et al., 2008; Sjollema et al., 2014). 

Greater inhibition of growth of microalgae by exposure to the silica 

gel fractions compared to corresponding REs might have been due to 
mixed toxic effects, leading to antagonistic reactions (Schwab et al., 
2009). Greater toxicity to microalgae in fractions compared to REs has 
been reported previously (Grote et al., 2005; Schwab et al., 2009; Smital 
et al., 2011). Inhibition of growth of Scenedesmus vacuolatus by the ar
omatic fraction compared to that of the REs was about 30–40% greater 
(Grote et al., 2005; Schwab et al., 2009). Inhibition of growth of Des
modesmus subspicatus by polar and highly-polar fractions of the effluent 
of wastewater treatment plants were about 10− 15% greater than raw 
wastewater (Smital et al., 2011). Results of a previous study suggested 
that resin compounds in sediment organic extract might adsorb hydro
phobic organic compounds and reduce their toxic potencies to organ
isms (Schwab et al., 2009). Hence, a plausible explanation is that resin 
compounds could not be eluted in F3 of the silica gel column used in this 
study, and retained on the column. 

Additional fractionations of F2 and F3 of S1 were conducted by use of 
RP-HPLC (Fig. 1c). Growth was inhibited more by F2 sub-fractions 
compared to F3 sub-fractions. Thus, toxicants that most affected algae 
were primarily contained in F2 (i.e., aromatic compounds). Of the F2 
sub-fractions, growth of the three microalgae was generally inhibited by 
F2.6. Most potent fractions were species-specific; F2.6 (log KOW 5–6) for 
D. tertiolecta, F2.6–F2.8 (log KOW 5–8) for I. galbana, and F2.5–F2.7 (log 
KOW 4–7) for P. tricornutum. The main toxicants inhibiting growth 
differed among species of microalgae, which is caused by characteristics 
of each microalgal species, such as cell size, surface area, uptake into 
cells, and the presence or absence of cell walls (Weiner et al., 2004; 
Borowitzka and Siva, 2007; Othman et al., 2012; Lee et al., 2020). 
Exposure of D. tertiolecta and I. galbana to certain F3 sub-fractions (F3.5 
and F3.6) resulted in slight inhibition of growth, with no specific frac
tion showing strong toxicity being isolated. Thus, chemicals toxic to 
microalgae likely exist over a wide range of fractions or show mixed 
toxic effects (i.e., synergistic effects). 

3.2. Inhibition of viability of cells 

First, results of previous studies related to the toxicity evaluation 
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Fig. 1. Inhibition of growth of three microalgae after exposures to: (a) raw organic extracts, (b) silica gel fractions, and (c) RP-HPLC fine fractions of sediments from 
Yeongil Bay, Korea (*: significantly different compared by solvent control; p < 0.05). 
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using microalgal bioassays were reviewed (Table S7). Assays of viability 
of cells have been mostly applied in studies about the physiological re
sponses by exposure of pure chemicals. In studies evaluating potential 
toxicity of environmental samples using microalgae, inhibition of 
growth was generally used as the measurement endpoint. Among EDAs 
using microalgal bioassays, there are very few studies on which assays of 

viability of cells have been applied. In the present study, we focused on 
evaluating the potential toxicity by organic pollutants in sediments 
using the cell viability assays, which would provide more detailed in
formation on the causative toxic substances in environments. 

Esterase activity of D. tertiolecta was only minimally inhibited by 
exposure to the RE of S1, while inhibition of viability of cells exposed to 
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Fig. 2. Results of microalgal assays after exposures to the raw organic extracts and fractions (silica gel and RP-HPLC) of sediment from site S1. (a) Inhibition of 
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of P. tricornutum cells with FDA and PI. 
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silica gel fractions was observed (Fig. 2a). For example, viability of 
D. tertiolecta was significantly inhibited and accompanied by lesser 
esterase activity, membrane damage, lesser Chl. a, and greater cell size 
when exposed to F2 and F3 of S1. Of the F2 sub-fractions, viability of 
D. tertiolecta was inhibited by exposure to F2.6 and F2.7. Growth of 
D. tertiolecta was slightly inhibited (18%) by exposure to F2.7 of S1, but 
esterase activity and cell membrane damage were strongly inhibited by 
the sample (About 41% of cells distributed in Q4 in dot plot) (Fig. 2b). Of 
the F3 sub-fractions, F3.3− F3.10 inhibited esterase activity, while 
exposure to F3.5 and F3.6 damaged membranes. For the RE and 
F3.3− F3.10, excluding F3.5, rates of growth were inversely proportional 
to esterase activity (Table S8). This response indicated hormesis, which 
is an abnormal increase in growth that occurs when toxic substances are 
present at concentrations less than those inducing inhibition of growth 
(Calabrese, 1999). 

Esterase activity of I. galbana was inhibited by exposure to RE of S1 
(Figs. 2a and S3). I. galbana after exposures to silica gel fractions, F2 and 
F3 exhibited significantly lesser viability of cells compared to solvent 
control (Fig. 2a and b). Toxic responses of I. galbana were observed when 
exposed to F2.6− F2.8 and F3.5− F3.6. In particular, F2.6 and F2.7 
inhibited all endpoints associated with viability of cells. However, F2.8 
only inhibited esterase activity and damaged cell membranes. The 
population of I. galbana in Q4 when exposed to F2.6, F2.7, and F2.8 was 
71%, 80%, and 25%, respectively (Fig. 2a and S3 and Table S9). 

Viability of P. tricornutum could not be evaluated because all cells 
were dead after exposure to F2, F3, and F2.6 of S1 (Fig. 2a and c), the 
fractions which caused 100% inhibition of growth. However, it was 
possible to evaluate cell viability exposed to F2.7, with an increase of 
esterase activity in P. tricornutum. When P. tricornutum was exposed to 
sub-fractions F3.5− F3.10, esterase activity increased more than 20% 
compared to solvent control (Table S10). Results of previous studies 
have shown that esterase activity might increase as a result of accu
mulation of enzymes stopping cell separation and/or cell defense 
mechanisms at early stage of toxic responses, or under weak toxic 
pressure (Xue et al., 2018; Machado and Soares, 2019). However, it was 
difficult to discern specific toxic mechanisms of microalgae from the 
results of this study; further study on this phenomenon is needed in the 
future. 

Results of assays of inhibition of growth and viability of cells 
collectively indicated that three microalgal species possess chemical- 
specific responsiveness. For example, among the 10 sub-fractions of F2 
of S1, microalgal toxicities were specifically linked to certain fractions; 
F2.6 and F2.7 for D. tertiolecta and P. tricornutum, and F2.6− F2.8 for 
I. galbana. F2.6 and F2.7 include aromatics with log KOW 5− 7, particu
larly PAHs, which are well known to be toxic to algae (Bandow et al., 
2009; Schwab et al., 2009). PAHs are adsorbed onto and damage cell 
membranes of microalgae, which prevents uptake of nutrients, conse
quently lead inhibition of photosynthesis (Fan and Reinfelder, 2003; 
Aksmann and Tukaj, 2008; Othman et al., 2012; Cerezo et al., 2017). 
Sensitivities or efficacy of responses among species of microalgae could 
be related to sizes of their cells, which influences surface areas of cells. 
For example, due to the relatively large cell size, viability and growth of 
D. tertiolecta would be less sensitive to hydrophobic compounds 
compared to other species (Table S2). It has been documented to be less 
sensitive to PAHs than other marine microalgae species and less sensi
tive to polychlorinated biphenyls (PCBs) than diatoms (Mosser et al., 
1972; Okumura et al., 2003). 

Since esterase activities were inhibited over a wide range of F3 sub- 
fractions, specific toxic fractions were not isolated (Fig. 2a). Following 
exposure to F3 sub-fractions, greater esterase activity of P. tricornutum 
was not accompanied by significant inhibition of growth, but was 
considered to be an early stage of toxicity (Xue et al., 2018). Thus, 
D. tertiolecta was more sensitive to the effects of F3 sub-fractions 
compared to P. tricornutum. Toxicity is closely related to uptake of 
toxic substances, which are species-specific (Weiner et al., 2004). In 
addition, P. tricornutum is a diatom with a hard silicate cell wall. The 

hard cell walls of P. tricornutum influence the uptake of and interaction 
of toxic substances (Gallo et al., 2020; Lee et al., 2020). Overall, polar 
toxicants tend to be absorbed better by D. tertiolecta compared to 
I. galbana or P. tricornutum. 

3.3. Relationship between inhibition of growth and cell viability 

Relationships between endpoints of toxicity to microalgae were 
evaluated statistically, along with comparisons between species. PCA 
showed that growth and cell viability of D. tertiolecta and I. galbana were 
inhibited after exposure to REs and fractions, with four groups being 
delineated (A− D) (Fig. 3a). Group A included solvent control and less 
toxic fractions, which did not inhibit growth, but did inhibit esterase 
activity, for the three species. Inhibition of esterase activity was docu
mented to be a sensitive endpoint that is commonly observed at the early 
stages of toxic responses in microalgal bioassay (Gosset et al., 2019), 
which was also evidenced in the present study. Damage of cell mem
branes was observed for groups B and C, which also caused inhibition of 
growth, but less sensitive than inhibition of esterase activity. Group D 
included fractions F2, F3, and some F2 sub-fractions, which were more 
potent to D. tertiolecta and I. galbana. For example, Group D samples 
apparently caused the maximum inhibition of growth (100%) and also 
affected all the endpoints related to cell viability, such as Chl. a, cell size, 
and intracellular complexity. Thus, these parameters can be suitable 
endpoints capable of distinguishing greater toxic effects even when in
hibition of growth prevailed (Prado et al., 2011). 

Results of cluster analysis revealed three representative groups 
reflecting the characteristics of inhibition of growth and cell viability, 
with indication of species-specific sensitivity (Fig. 3b). Chl. a, cell size, 
and intracellular complexity were clustered in D. tertiolecta and 
I. galbana. However, other endpoints were grouped differently for these 
two species. For instance, inhibition of esterase activity and damage to 
membranes were grouped in D. tertiolecta, while inhibition of growth 
was distinguished, and inhibition of growth and damage to membranes 
were grouped in I. galbana. Such endpoint-specific grouping might be 
attributed to differences in damage to membranes of the two species. 
Damage to membranes of microalgae is generally recognized as an 
initial effect of apoptosis; however, D. tertiolecta has been reported to 
sustain growth of cells, even when membranes are damaged (Ellis et al., 
1991; Segovia and Berges, 2009). Esterase activity tended to be inhibi
ted during early stages of responses for D. tertiolecta and I. galbana. 
However, growth was maintained in D. tertiolecta even after damage to 
membranes occurred; D. tertiolecta exhibited little inhibition of growth 
compared to that in I. galbana. Thus, the different response of growth by 
damage of membranes was reflected that I. galbana showed significant 
inhibition of growth to more fractions of sediment RE compared to 
D. tertiolecta. 

Cell viability data for fractions F2, F3, and F2.6 were not available 
for P. tricornutum, and thus were excluded from the statistical analysis. 
In the PCA, fractions formed three groups (A− C) based on inhibition of 
growth and esterase activity. Damage to membranes, Chl. a, cell size, 
and intracellular complexity were grouped, but explained little of toxic 
potencies of fractions of sediment extracts. Cluster analysis showed a 
similar trend to PCA. Cell membrane damage, Chl. a, cell size, and 
intracellular complexity were grouped, while the inhibition of growth 
and esterase activity fell into separate groups. Because P. tricornutum has 
a hard cell wall, it does not change cell size and density substantially 
when stressed by toxic substances compared to other species (Bor
owitzka and Siva, 2007; Zhuravel et al., 2009). Thus, effects on esterase 
activity and growth inhibition may be more pronounced than other 
endpoints in cell viability assay for P. tricornutum. 

3.4. Contamination of PTSs in sediments 

The greatest concentrations of PAHs were observed in S1, followed 
by S2, S5, S4, S3, and S6 (Table S4 for details). Concentrations of ΣPAHs 
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in extracts of S1 were 220,000 ng g− 1 dry mass (dm) and were domi
nated by 4 − 6 ring PAHs. Concentrations of individual PAHs in S1 
exceeded probable effect levels (PELs) delineated by the CCME (CCME, 
2001). In particular, compared to PEL, concentrations of phenanthrene 
(Phe) and pyrene (Py), which are well-known microalgal toxicants, were 
103- and 17-times greater, respectively (Table S11) (CCME, 2001; 
Echeveste et al., 2010). 

The EC50 of acenaphthene (Ace), fluorene (Flu), Phe, antracene 
(Ant), fluoranthene (Fl), Py, benzo[a]anthracene (BaA), and benzo[a] 
pyrene (BaP) to inhibit growth of at least one species of microalgal used 
in the present study was documented to range from 65 to 1800 μg L− 1 

(Table S12). Considering the exposure concentration of the organic 
extract of S1 on three microalgae, Fl for D. tertiolecta, Flu, Phe, Ant, Fl, 
and BaP for I. galbana, and Fl and Py for P. tricornutum exceeded the 
reported EC50 for inhibition of growth (Table S12). Out of these com
pounds, Fl, Py, and BaA were mainly eluted in F2.6, while BaP was 
mainly eluted in F2.7. Thus, Fl and Py may be main contributors to the 
toxic potency of F2.6 of S1 to microalgae. However, of the compounds 
eluted in F2.7, EC50 of BaP was only reported based on inhibition of 
growth of I. galbana. 

To assess potential sources of PAHs, diagnostic ratios were used, such 
as Ant/(Ant+Phe), Flu/(Flu+Py), BaA/(BaA+ Chrysene), and Indeno 
[1,2,3-cd]pyrene (IcdP)/(IcdP+ Benzo[g,h,i]perylene) (data not shown). 
Diagnostic ratios indicated that most PAHs in Pohang area were of py
rogenic origin, including from combustions of coal, wood, and grass. 
Compared to results of previous studies conducted in the same area, 
contamination with PAHs is still serious (2400 ng g− 1 dm in 2001 and 
2100− 4200 ng g− 1 dm in 2010) (Koh et al., 2004; Hong et al., 2014). 
Source of PAHs identified in the present study generally supported the 
assessment of sediment contamination by PAHs in the previous studies. 

Concentrations of SOs in sediments around Pohang ranged from 38 
to 150 ng g− 1 dm. The greatest concentration of SOs was detected in S1. 

SOs are emerging pollutants (Hong et al., 2016) with no comparative 
data available in the study area. Compared to other industrial areas of 
Korea, such as Lake Sihwa (89− 870 ng g− 1 dm) and Ulsan Bay 
(36− 3700 ng g− 1 dm) (Cha et al., 2019; Kim et al., 2019), SOs in sedi
ments did not appear to be severely contaminated in Pohang and Yeongil 
Bay regions. Thus, SOs are unlikely to have significant adverse effects on 
microalgae; however, these PTSs occurred in toxic fractions (e.g., F2.6 
and F2.7); thus, further research on the potential toxicity of SOs are 
needed. Concentrations of APs in sediments ranged from 2.0 to 
98 ng g− 1 dm, which did not exceed existing sediment quality guide
lines, such as ISQG (1000 ng g− 1) (2001). The concentration of APs, like 
other PTSs, was the greatest in S1, with this tributary appearing to be a 
hotspot of PTSs in the study area. APs were eluted in F3, but did not 
seem to contribute significantly to toxicity to microalgae in F3. This is 
because concentrations that cause toxic effects, such as inhibition of 
growth to I. galbana, were of a certain level (µg L− 1) (Tato et al., 2018), 
with concentrations of APs in sediments being lesser. Relative toxicities 
of target compounds on microalgae were compared using toxic po
tencies derived from the linear free energy model, ECOSAR (Table S13). 
Results indicated that SOs and APs had similar or slightly lesser EC50 
values compared to those of PAHs. However, concentrations of PAHs in 
sediments were significantly greater than those of SOs and APs; thus, the 
toxicity contributions of SOs and APs were considered to be less than 
those by PAHs (Table S4). 

3.5. Contributions of targeted PAHs to toxic potency 

To determine relative contributions of individual PAHs to toxic po
tencies in F2.7 of S1 toward microalgae, a test medium containing a 
mixture of standard materials for six PAHs (benzo[b]fluoranthene, 
benzo[k]fluoranthene, BaP, IcdP, dibenz[a,h]anthracene, and BghiP) 
was prepared (Fig. 4 and Table S14). Concentrations of these PAHs were 
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greater than their limits of aqueous solubility, because DMSO was 
applied as a carrier solvent (0.1% dose). When exposed to hydrophobic 
compounds at concentrations greater than their aqueous solubility: 1) 
distributions of compounds in the test medium becomes inhomoge
neous, and 2) the compounds are lost by adsorption to plastic materials 
and organisms, volatilization, or metabolism with potential toxicity 
being underestimated (Smith et al., 2010; Kwon and Kwon, 2012; Nie
hus et al., 2018). This problem also occurs in exposures of microalgae 
from sediment organic extracts. However, because the present study 
evaluated contributions of target PAHs to toxic potencies to microalgae 
caused by exposure in the F2.7 of S1, the exposure concentration of AM 
was given by assuming that PAHs in the F2.7 of S1 were completely 
diluted in the exposure medium. 

Exposure of the three microalgae to AM showed that inhibition of 
growth of D. tertiolecta and I. galbana was non-significantly different to 
the F2.7 of S1 (Fig. 4a). However, inhibition of growth of P. tricornutum 
after exposure to AM was relatively small compared to that of the F2.7 of 
S1. Thus, these compounds did not fully explain inhibition of growth of 
P. tricornutum by F2.7 of S1. Based on flow cytometry, the population of 
D. tertiolecta in Q1 (healthy cells) was significantly larger following 
exposure to AM (74%) compared to that of F2.7 of S1 (0.1%) (Fig. 4b). 
Thus, inhibition of cell viability of D. tertiolecta in F2.7 was only partially 
explained by detected concentrations of PAHs. Damage to membranes of 
I. galbana in F2.7 was explained well by targeted PAHs, while inhibition 
of esterase activity was partly explained. Inhibition of Chl. a, cell size, 
and intracellular complexity might occur following inhibition of growth 

of I. galbana and was detected after AM exposure (Table S15). However, 
inhibition of Chl. a, cell size, and intracellular complexity by exposure to 
AM was not as great as responses to F2.7 of S1. Targeted PAHs accounted 
for part of the observed inhibition of esterase activity caused by F2.7 of 
S1 for P. tricornutum, while as for F2.7, no damage to membranes was 
observed (Fig. 4c). 

3.6. Full-scan screening analysis 

FSA was conducted to identify unknown microalgal toxicants in the 
F2.7 of S1 by use of GC-QTOFMS. In total, 294 compounds were detected 
in the F2.7 of S1, and were matched to the NIST Library (ver. 2014). 
After removing targeted PAHs, 58 compounds were selected as tentative 
toxicants based on the matching score (≥90) (Table 1 and S16). Toxic 
potencies of these compounds were evaluated by use of ECOSAR based 
on EC50 for inhibition of growth of the freshwater green algae, Raphi
docelis subcapitata. The compounds of lesser EC50 values than target 
compounds were PAHs that primarily originated from combustion of 
coal and wood as well as byproducts of liquefaction of coal (Oros and 
Simoneit, 2000; Zhao et al., 2008; Zheng et al., 2020). 1-Phenylpyrene, 
dibenz[a,c]anthracene, and picene were predicted to be the top three 
ranked toxic substances in the sediment sample. The EC50 of these 
compounds for inhibition of growth was comparable to those of IcdP, 
DbahA, and BghiP (EC50: 0.054 mg L− 1 predicted in ECOSAR). These 
substances seemed to originate from surrounding industrial complexes, 
including steel and steel-related industries. In the future, it is necessary 
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Fig. 4. (a) Inhibition of growth of the three microalgae after exposure to the F2.7 fraction and artificial PAH mixture (N.I: non-inhibition), (b) flow cytometry dot 
plots of D. tertiolecta and I. galbana cells with FDA and SYTOX blue, and (c) fluorescence histograms of P. tricornutum cells with FDA and PI. 

Table 1 
Potential microalgal toxicants in the most potent fraction (F2.7 of S1) (Compounds of lesser EC50 values than target compounds based on the predicted EC50 for 
inhibition of growth using ECOSAR).  

CAS# Compound name Formula EC50 (mg L− 1) Uses/origins References 

5101–27–9 1-Phenylpyrene C22H14  0.054a Byproducts of coal liquefaction  Zheng et al. (2020) 
215–58–7 Dibenz[a,c]anthracene C22H14  0.054a –   
213–46–7 Picene C22H14  0.054a Coal combustion  Oros and Simoneit (2000) 
193–39–5 Indeno[1,2,3-cd]pyreneb C22H12  0.054a    

53–70–3 Dibenz[a,h]anthraceneb C22H14  0.054a    

191–24–2 Benzo[g,h,i]peryleneb C22H12  0.054a    

63,104–32–5 10-Methylbenzo[a]pyrene C21H14  0.055a Byproducts of coal liquefaction  Zheng et al. (2020) 
57,652–66–1 4,5-Dihydrobenzo[a]pyrene C20H14  0.067a –   
239–85–0 13 H-Dibenzo[a,h]fluorene C21H14  0.088a Components of coal  Zhao et al. (2008) 
50,861–05–7 9 H-Cyclopenta[a]pyrene C19H12  0.105a –   
198–55–0 Perylene C20H12  0.125a Components of coal  Zhao et al. (2008) 
225–99–2 Benzo[b]fluorantheneb C20H12  0.125a    

207–08–9 Benzo[k]fluorantheneb C20H12  0.125a    

50–32–8 Benzo[a]pyreneb C20H12  0.125a     

a Exceeds predicted water solubility by WS Kowwin (v1.43) included in the ECOSAR program. 
b Target compounds in F2.7 fraction. 
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to develop the novel water and air treatment technology to prevent the 
introduction of causative toxic substances originating from the indus
trial complexes into the aquatic environments (Maleki et al., 2016; 
Maleki, 2018; Kara et al., 2020; Rahimi et al., 2020). Of note, ECOSAR is 
based on a linear mathematical relationship between log KOW and 
measured toxicity values in each chemical class training set, it has 
limited to predicting for the substance that are difficult to determine the 
chemical class or have unique mode of toxic actions (Moore et al., 2003; 
Mayo-Bean et al., 2012). Further studies on the ecotoxicological effects 
and confirmation of predicted toxicities for these compounds are 
necessary. In addition, a new index to assess the potential toxicities of 
contaminants in sediments based on diverse microalgal species with 
multiple endpoints can be developed; it will aid a more accurate risk 
assessment of hazardous substances in the aquatic and/or marine 
environments. 

4. Conclusions 

This study performed standard assays of inhibition of growth com
bined with a cell viability assay of microalgae encompassing three 
different taxa. Cell viability analysis enhanced our understanding of the 
physiological responses of single cells, and provided detailed toxic in
formation that could not be obtained using the standard assay for in
hibition of growth. In addition, FSA was very useful in identifying 
potential unknown toxic substances present in the toxic fractions. 
Further studies on the distribution, source, fate, and ecotoxicity of the 
suggested tentative toxic compounds would be required. In addition, 
environmental relevance could be improved by applying sampling and 
dosing techniques that should consider bioavailability. Despite some 
limitations, the microalgal bioassay combined with cell viability anal
ysis applied in sediment EDA work represents a useful approach towards 
advancement of current EDA practices. 
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Supplementary Tables 

Table S1. Reverse phase (RP)-HPLC conditions for fractionation of silica gel column fractions 
(Hong et al., 2016). 

Instrument 
 

Agilent 1260 HPLC system (Preparative scale) 
1260 Multiple wavelength detector 

Column PrepHT XDB-C18 reverse phase column (250 mm × 21.2 mm × 7 μm) 
Mobile phase A: Water, B: Methanol 
Flow rate 10 mL min.-1 
Injection volume 1 mL 
Mobile phase gradient 40% A (0 min.) → 40–0% A (0–40 min.) → 0% A (40–60 min.) →  

0–40% A (60–62 min.) → 40% A (62–70 min.) 
60% B (0 min.) → 60–100% B (0–40 min.) → 100% B (40–60 min.) 
→ 100–60% B (60–62 min.) → 60% B (62–70 min.) 

Test standards 34 polychlorinated biphenyls 
16 polycyclic aromatic hydrocarbons 
7 alkylphenols 
5 phthalates 

Fractions collected times 
 

RP-HPLC 
Sub-fraction 

Starting –End 
sampling time (min.) 

Log KOW 

1 3.11 – 6.35 < 1 
2 6.35 – 12.83 1 – 2 
3 12.83 – 19.32 2 – 3 
4 19.32 – 25.80 3 – 4 
5 25.80 – 32.29 4 – 5 
6 32.29 – 38.78 5 – 6 
7 38.78 – 45.26 6 – 7 
8 45.26 – 51.70 7 – 8 
9 51.70 – 58.23 8 – 9 
10 58.23 – 64.72 > 9 
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Table S2. Culture conditions of the three microalgae and test conditions of each microalgal 
species for which the cell viability of algal cells was measured using flow cytometry.  

  

Scientific name Dunaliella tertiolecta Isochrysis galbana Phaeodactylum tricornutum 
Class Chlorophyceae Prymnesiophyceae Bacillariophyceae 
Cell size 6−14 μm 5−6 μm 5−6 μm × 10−14 μm 
Culture condition f/2 medium + autoclaved seawater (121 ℃), 20 ℃, 12:12 (Light : Dark), 100 rpm 
Initial cell density 7 × 104 cells mL-1 6 × 104 cells mL-1 3 × 104 cells mL-1 
Staining protocol Double staining Double staining Single staining 
Dye FDA (fluorescein diacetate) 

 + SYTOX blue 
FDA + SYTOX blue FDA, PI (propidium iodide) 

Ex/Em (nm) 488/530, 444/480 488/530, 444/480 488/530, 488/582 
Endpoint Growth inhibition (72 h) 

Esterase activity (FDA) 
Cell membrane intensity 
(SYTOX blue) 
Chlorophyll a 
Cell size (FS) 
Intracellular complexity (SS) 

Growth inhibition (72 h) 
Esterase activity (FDA) 
Cell membrane intensity 
(SYTOX blue) 
Chlorophyll a 
Cell size (FS) 
Intracellular complexity (SS) 

Growth inhibition (72 h) 
Esterase activity (FDA) 
Cell membrane intensity (PI) 
Chlorophyll a 
Cell size (FS) 
Intracellular complexity (SS) 
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Table S3. Overview of the quadrants (Q1−Q4) in response to elevated (+) and low (−) fluorescence 
intensity when cells were stained with FDA and SYTOX blue (Olsen et al., 2016). 

Quadrant FDA SYTOX 
blue 

Physiological characteristics Vitality 

Q1 + − Esterase active; membrane intact Healthy 
Q2 + + Esterase active; membrane damaged Severely damaged 
Q3 − − Esterase inactive; membrane intact or DNA/RNA degraded Severely damaged 
Q4 − + Esterase inactive; membrane damaged Stressed 
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Table S4. Concentration of each compound in the sediments of Yeongil Bay.  
Chemical 
class 

Compounds 
(ng g-1 dry mass) 

Abb.a Organic extracts of sediments 

S1 S2 S3 S4 S5 S6 
PAHs Acenaphthene Ace 6100b < DLc < DL < DL < DL < DL  

Acenaphthylene Acl 1200 < DL < DL < DL 3.1 < DL  
Fluorene Flu 19000 2.2 < DL < DL < DL < DL  
Phenanthrene Phe 56000 22 3.4 4.2 15 < DL  
Antracene Ant 11000 13 < DL < DL < DL < DL  
Fluoranthene Fl 42000 < DL 4.5 6.8 20 < DL  
Pyrene Py 24000 67 5.4 6.2 20 < DL  
Benzo[a]anthracene BaA 13000 24 < DL < DL < DL < DL  
Chrysene Chr 12000 22 0.73 1.8 8.8 < DL  
Benzo[b]fluoranthene BbF 19000 25 < DL < DL 4.3 < DL  
Benzo[k]fluoranthene BkF 2300 5.1 < DL < DL < DL < DL  
Benzo[a]pyrene BaP 7000 9.1 3.3 1.6 8.1 < DL  
Indeno[1,2,3-cd]pyrene IcdP 1400 4.1 < DL < DL 4.8 < DL  
Dibenz[a,h]anthracene DbahA 2200 < DL < DL < DL < DL < DL  
Benzo[g,h,i]perylene BghiP 4800 5.6 < DL < DL 7.3 < DL 

SOs 1,3-Diphenylproane SD1 6.3 1.6 < DL < DL < DL 1.7  
2,4-Diphenyl-1-butene SD3 98 56 52 26 36 66  
4,6-Triphenyl-1-hexene ST1 16 12 12 12 18 12  
1,3,5-Triphenylcyclohexane 
(isomer mix) 

ST6 25 < DL < DL < DL < DL < DL 

APs 4-tert-Octylphenol t-OP 49 0.29 < DL 0.19 0.77 0.075  
Nonylphenol NPs 13 0.43 < DL 0.072 0.26 0.018  
4-tert-Octylphenol-
monoethoxylate 

t-OP1EO 5.2 0.40 0.40 0.35 0.35 0.40 
 

Nonylphenol-monoethoxylates NP1EOs 11 0.23 < DL < DL 0.086 0.086  
Bisphenol A BPA 14 1.1 2.6 1.4 8.0 51  
4-tert-Octylphenol-
diethoxylate 

t-OP2EO 2.9 < DL < DL < DL < DL < DL 
 

Nonylphenol-diethoxylates NP2EOs 2.9 < DL < DL < DL < DL < DL 
a Abb.: Abbreviations. 
b: Shade indicated of exceed PEL values (CCME, 2002). 
c < DL: Below detection limits. 

  



S6 

 

Table S5. GC-MSD conditions for the targeted analysis of polycyclic aromatic hydrocarbons 
(PAHs), styrene oligomers (SOs), and alkylphenols (APs). 

Instrument 
 

GC : Agilent 7890B 
MS : Agilent 5977B MSD 

Column DB-5ms (30 m × 250 μm i.d. × 0.25 μm film) 
Carrier gas He 
Flow rate 1.0 mL min-1 
Injection mode Splitless 
Injection volume 1 μL 
Ionization mode EI mode (70 eV) 
Ion source temperature 230 °C 
Acquisition mode SIM mode 
Oven temperature program PAHs 60 ℃ (hold 2 min.)  6 °C min.-1 to 300 °C (hold 13 min.) 
 SOs 60 ℃ (hold 2 min.)  6 °C min.-1 to 300 °C (hold 13 min.) 
 APs 10 ℃ min.-1 to 100 ℃  20 °C min.-1 to 300 °C (hold 6 min.) 
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Table S6. GC-QTOFMS conditions for full-scan screening analysis.  
Instrument 
 

GC : Agilent 7890B 
QTOFMS : Agilent 7200 

Samples S1 (Gumu Creek) F2.7 RP-HPLC fractions 
Column DB-5MS UI (30 m × 0.25 μm i.d. × 0.25 μm film) 
Carrier gas He 
Flow rate 1.2 mL min.-1 
Injection volume 2 μL 
Mass range 50−600 m/z 
Ion source temperature 230 ℃ 
Ionization mode EI mode (70 eV) 
Software 
 
 
 

Qualitative analysis B.07.01  
MassHunter Quantitative analysis 
Unknown analysis 
NIST Library (ver. 2014) 

Identification criteria 
for potential algal 
toxicants  

Minimum number of ion peaks > 5 
Peak shape quality > 60% 
Matching factor scores of ≥ 90 
- Matching factor score (the accurate mass pattern match score) 
= Contribution of Mass Abundance Score, Mass Accuracy Score, Mass Spacing 
Score 
- Mass Abundance Score records how well the abundance pattern of the measured 
isotope cluster compared with values predicted from the proposed formula 
- Mass Accuracy Score records how well the measured mass (or m/z) compared with 
the value predicted from the proposed formula 
- Mass Spacing Score records how the m/z spacing between the lowest m/z ion and 
the A+1 and A+2 ions compared with the values predicted from the proposed formula 
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Table S7. The review of toxicity evaluation of toxic substances using microalgal bioassays. 
Matrix Microalgae species Endpoints EDA Identified or potential 

toxicants 
Reference 

Standard Cu Phaeodactylum 
tricornutum 

Cell membrane intensity 
Peroxidase activity 
Membrane potential 

- - Cid et al. (1996)  

Cu Dunaliella tertiolecta 
Phaeodactylum 
tricornutum 
Pseudokerchnerella 
subcapitata 
Chlorella sp. 

Growth rate 
Esterase activity 
Chlorophyll a fluorescence 
Membrane potential 
Cell size 
Intracellular complexity 

- - Franklin et al. 
(2001) 

Perfluorobutanoic 
sulfonate 
Perfluorooctane sulfonate 
Perfluorohexanoic acid 
Perfluorooctanoic acid 
Perfluorododecanoic acid 
Perfluorotetradecanoic acid 

Scenedesmus obliquus Growth inhibition 
Esterase activity 
Cell membrane intensity 
Chlorophyll a fluorescence 
Mitochondrial membrane 
potential 

- - Liu et al. (2008) 

Paraquat Chlamydomonas 
moewusii 

Esterase activity 
Chlorophyll a fluorescence 
Cell size 
Intracellular complexity 
Chlorophyll contents 

- - Prado et al. (2011) 

Florfenicol Skeletonema costatum Growth inhibition 
Esterase activity 
Reactive oxygen species 
contents 
Intracellular pH 
Cell size 
PSII inhibition 

- - Liu et al. (2012) 

Paraquat Chlamydomonas 
moewusii 

Esterase activity 
Chlorophyll a fluorescence 
Reactive oxygen species 
contents 
Membrane potential  
Protein contents 

- - Prado et al. (2012) 
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Table S7. (continued). 
Matrix Microalgae species Endpoints EDA Identified or potential 

toxicants 
Reference 

Standard Paraquat Chlamydomonas 
moewusii 

Esterase activity 
Cell membrane intensity  
Chlorophyll a fluorescence 
Reactive oxygen species 
contents 
Membrane potential 
Mitochondrial membrane 
potential 
Intracellular free calcium 
Intracellular pH 
Cell size 
Intracellular complexity 

- - Prado et al. (2012) 

Paraquat Chlamydomonas 
reinhardtii 

Growh inhibition 
Esterase activity 
Reactive oxygen species 
contents 
Oxidative DNA damage 
Mitochondrial membrane 
potential 
DNA contents 
Comet assay 

- - Esperanza et al. 
(2015) 

Cd, Cr, Cu, Zn Pseudokirchneriella 
subcapitata 

Growh inhibition 
Esterase activity 
Cell membrane intensity 
Mitochondrial membrane 
potential 
Chlorophyll content 
PSII inhibition 

- - Machado et al. 
(2015) 

Graphene oxide Pseudokirchneriella 
subcapitata 

Growth inhibition 
Esterase activity 
Cell membrane intensity 
Reactive oxygen species 
contents 

- - Nogueira et al. 
(2015) 
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Table S7. (continued). 
Matrix Microalgae species Endpoints EDA Identified or potential 

toxicants 
Reference 

Standard Diuron 
Isoproturon 
Metazachlor 
Chlorpyrifos-methyl 
Azoxystrobin 
Quinoxyfen 
Spiroxamine 

Tisochrysis lutea 
Skeletonema marinoi 

Growh inhibition 
Esterase activity 
Reactive oxygen species 
contents 
Superoxide anion content 
Membrane potential 
Lipid contents 
PSII inhibition 

- - Dupraz et al. 
(2019) 

Benzophenone-3 
Benzophenone-4 

Chlamydomonas 
reinhardtii 

Growth inhibition 
Esterase activity 
Cell membrane intensity 
Chlorophyll a fluorescence 
Reactive oxygen species 
contents 
Membrane potential 
Mitochondrial-membrane 
potential 
Intracellular pH 

- - Esperanza et al. 
(2019) 

Environmental 
samples 

Sediments Scenedesmus 
vacuolatus 

Growth inhibition O - Grote et al. (2005) 

Sediments 
Water 
Porewater 

Pseudokirchneriella 
subcapitata 

Growth inhibition - - Källqvist et al. 
(2008) 

Sediments Scenedesmus 
vacuolatus 

Growth inhibition O - Bandow et al. 
(2009a) 

Sediments Scenedesmus 
vacuolatus 

Growth inhibition O Triclosan 
2-Methylanthraquinone 
Benz[a]anthrone 
Cyclopenta[def]phenanthre
n-4-one 
Benz[c]acridine 
Hexadecanol 
Palmetic acid  
Pentadecanol 

Bandow et al. 
(2009b)  
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Table S7. (continued). 
Matrix Microalgae species Endpoints EDA Identified or potential 

toxicants 
Reference 

Environmental 
samples 

Sediments Scenedesmus 
vacuolatus 

Growth inhibition O 7H-benzo[de]anthracen-7-
one 
N-phenyl-2-naphthylamine 

Schwab et al. 
(2009) 

Water Pseudokirchneriella 
subcapitata 

Growth inhibition 
PSII inhibition 

- - Vermeirssen et al. 
(2010) 

Waste water Desmodesmus 
subspicatus 

Growth inhibition - - Smital et al. 
(2011) 

Water Dunaliella tertiolecta PSII inhibition O Atrazine 
Diuron 
Irgarol 
Isoproturon 
Terbutryn 
Terbutylazine 

Booij et al. (2014) 

Waste water Pseudokirchneriella 
subcapitata 

Growth inhibition O Terbutryn 
Terbuthylazine 
Prometryn, etc. 

Tousova et al. 
(2018) 

Water Selenastrum 
capricornutum 
Pseudokirchneriella 
subcapitata 
Phaeodactylum 
tricornutum 

PSII inhibition O Terbutryn 
Atrazine 
Simazine 
Diuron 

Riegraf et al. 
(2019) 

Bottled waters Pseudokirchneriella 
subcapitata 

Growth inhibition 
Esterase activity 
Cell membrane intensity 
Reactive oxygen species 
formation 
Mitochondrial-membrane 
potential 
Lipid peroxidation 
DNA contents 
Cell size 
Intracellular complexity 
Chlorophyll contents 
PSII inhibition 

- - Almeida et al. 
(2019) 
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Table S7. (continued). 
Matrix Microalgae species Endpoints EDA Identified or potential 

toxicants 
Reference 

Environmental 
samples 

Water Pseudokirchneriella 
subcapitata 
Chlorella vulgaris 

Growth inhibition 
Esterase activity 
Cell membrane intensity 
Chlorophyll a 
autofluorescence 
Alkaline phosphatase 
activity 

- - Gosset et al. 
(2019) 

Vehicle emitted 
particles 

Porphyridium 
purpureum 
Heterosigma akashiwo 

Esterase activity 
Cell membrane intensity 
Membrane potential 

- - Pikula et al. 
(2019) 

Water Phaeodactylum 
tricornutum 

Growth inhibition - - Moeris et al. 
(2019) 

Water Scenedesmus obliquus Growth inhibition, 
Chlorophyll contents 
Superoxide dismutase 
activity 
Algal macromolecules 
analysis 
Intracellular complexity 

- - Cai et al. (2020) 

Sediments Isochrysis galbana 
Phaeodactylum 
tricornutum 

Growth inhibition 
Esterase activity 
Cell membrane intensity 
Chlorophyll a 
autofluorescence 
Cell size 
Intracellular complexity 

O Nonylphenols Lee et al. (2020) 

Sediments Dunaliella tertiolecta 
Isochrysis galbana 
Phaeodactylum 
tricornutum 

Growth inhibition 
Esterase activity 
Cell membrane intensity 
Chlorophyll a 
autofluorescence 
Cell size 
Intracellular complexity 

O 1-Phenylpyrene 
Dibenz[a,c]anthracene 
Picene, etc. 

This study 
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Table S8. Results of exposed organic extracts and fractions on Dunaliella tertiolecta (Mean ± 
standard deviation). 
Organic extracts 
and fractions 

Growth 
inhibition 

 
Cell viability  
Esterase 
activity 
inhibition 

Cell 
membrane 
damaged 

Chl. aa Cell size Intracellular 
complexity 

Raw 
extracts 

S1 -95±1.4  
 

14±5.4 1.4±1.2 3.5±1.1 2.2±0.61 - 
S2 -110±7.2  

 
6.6±0.7 5.8±4.3 4.6±3.3 3.5±1.8 0.57±0.38 

S3 1.0±2.1  
 

93±6.5 - 2.9±1.5 4.2±2.5 - 
S4 -61±7.5  

 
- - 1.2±2.4 2.6±1.3 - 

S5 0.7±2.5  
 

97±1.2 - 4±0.47 2.8±0.63 0.11±0.39 
S6 -4.6±5.1  

 
92±6.2 - 4.4±0.30 9.0±0.52 4.2±0.65 

Silica 
gel 
fractions 

S1 F1 -68±2.9  
 

16±4.1 - 3.1±0.77 2.4±0.18 - 
F2 100  

 
99±0.20 99±0.18 49±0.85 39±4.6 9.8±0.74 

F3 25  
 

99±0.20 93±2.3 59±3.5 47±1.2 1.6±1.2 
S2 F1 -89±7.3  

 
0.94±3.8 1.4±1.9 0.1±0.72 0.71±0.48 - 

F2 -28±7.4  
 

3.5±3.8 5.8±2.5 0.33±0.55 0.78±0.33 - 
F3 -33±7.4  

 
19±1.7 - 1.7±0.48 1.7±0.26 0.28±0.18 

S4 F1 -15±10  
 

9.2±7.7 - - 0.35±0.22 
 

F2 -0.39±3.4  
 

14±4.4 - - 2.0±0.13 0.32±0.33 
F3 -28±4.8  

 
20±2.9 5.4±2.2 - 2.2±0.83 0.28±0.58 

RP-
HPLC 
fractions 

S1 F2.1 -55±31  
 

- - - - - 
F2.2 -61±11  

 
- - - 0.77±1.0 - 

F2.3 -26±7.8  
 

- - - 0.6±0.78 - 
F2.4 -49±2.4  

 
- - - 0.39±0.13 - 

F2.5 -48±3.1  
 

11±0.66 2.6±6.1 2.6±3.2 1.8±0.82 - 
F2.6 100  

 
95±0.13 97±0.51 40±5.1 4.5±0.65 1.5±1.3 

F2.7 18±20  
 

75±5.4 97±0.60 20±2.0 4.4±1.1 0.37±0.58 
F2.8 -45±4.4 

 
2.0±13 19±4.5 1.2±4.1 0.53±0.82 -  

 F2.9 -86±12  
 

- - - - - 
F2.10 -71±11  

 
1.7±11 2.3±6.6 - 0.6±0.55 - 

F3.1 -27±10  
 

6.0±0.73 2.3±0.71 - - - 
F3.2 -10±4.2  

 
32±9.9 

 
- - - 

F3.3 4.5±4.8  
 

25±7.5 3.4±4.0 - - - 
F3.4 9.3  

 
50±5.8 

 
- - - 

Distributed 
outside the 
control gate 

F3.5 67  
 

55±2.4 51±10 - 0.53±0.45 - 
F3.6 -4.6±4.4  

 
43±17 17±11 - - - 

F3.7 -32±19  
 

35±2.4 0.49±4.1 - 0.84±0.87 - 
20−50% F3.8 -16±4.8  

 
25±3.4 - - - - 

50−80% F3.9 -45±13  
 

30±0.22 - - - - 
80−100% F3.10 -32±10   50±12 - - - - 
a Chl. a: Chlorophyll a 
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Table S9. Results of exposed organic extracts and fractions on Isochrysis galbana (Mean ± standard 
deviation). 
Organic extracts 
and fractions 

Growth 
inhibition 

 
Cell viability  
Esterase 
activity 
inhibition 

Cell 
membrane 
damaged 

Chl. aa Cell size Intracellular 
complexity Increase Decrease 

Raw 
extracts 

S1 -3.3±3.1  
 

35±12 - - - - - 
S2 -4.2±5.0  

 
71±19 5.5±2.2 - - - - 

S3 5.0±1.6  
 

3.3±1.7 21±2.1 0.94±0.24 - - 0.81±0.41 
S4 11±1.5  

 
79±3.4 54±13 0.57±1.2 5.0±1.3 -10±1.3 3.8±1.1 

S5 9.1±0.59  
 

41±12 22±1.4 - 3.3±3.6 - 0.99±2.0 
S6 0.50±2.2  

 
0.46±7.0 29±4.2 0.03±0.05 0.31±0.26 - 0.74±0.50 

Silica gel 
fractions 

S1 F1 31  
 

45±38 1.7±0.69 - - - - 
F2 100 

 
99 99 99 9.0 -44 34 

F3 100  
 

100 99 99 13 -32 37 
S2 F1 4.9±5.0  

 
13±6.6 19±2.0 - - - - 

F2 -0.15  
 

28±9.7 6.3±3.1 - 1.3±0.09 - - 
F3 -5.2±5.0  

 
48±4.4 5.3±1.2 - 2.5±0.58 - 0.67±0.75 

S4 F1 8.5±1.4  
 

19±0.50 12±2.6 - 1.4±0.48 - - 
F2 2.3±3.4  

 
28±5.9 13±6.1 1.2±1.1 3.0±1.0 - 0.88±0.65 

F3 3.2±4.7  
 

28±4.4 12±5.0 - 1.2±0.76 - - 
RP-
HPLC 
fractions 

S1 F2.1 -1.8±2.3  
 

17±15 0.83±0.83 - 0.26±0.89 - 0.39±0.18 
F2.2 -3.8±7.1  

 
11±2.6 0.43±1.2 - 1.1±1.5 - 0.98±0.60 

F2.3 -5.1  
 

7.9±2.5 0.39±0.78 - 1.4±0.40 - 0.67±0.52 
F2.4 -5.9±8.7  

 
9.6±1.8 - - - - 0.49±0.30 

F2.5 3.6±3.6  
 

12±2.9 - 0.24±0.35 - - 0.53±1.0 
F2.6 100  

 
89 73 82 11 -43 28 

F2.7 100  
 

97 89 88 15 -37 43 
F2.8 100  

 
57 68 9.3 1.4 - 1.9 

F2.9 17±11  
 

12±3.0 2.7±2.3 - - - - 
F2.10 1.0±4.4  

 
- - - - - - 

F3.1 -13±3.0  
 

- 8.1±10 - - - - 
F3.2 -14±4.8  

 
- 1.8±1.2 - - - - 

F3.3 -1.3±3.8  
 

- - - - - - 
F3.4 5.5±3.0  

 
16±3.1 - - - - - 

Distributed 
outside the 
control gate 

F3.5 27±9.4  
 

15±4.4 42±5.6 0.52±0.94 2.5±1.1 - 3.0±0.91 
F3.6 33±7.1  

 
26±15 70±7.8 0.030±0.47 - - 1.1±0.78 

F3.7 5.5±3.0  
 

13±4.7 2.7±1.1 - 0.79±1.8 - - 
20−50% F3.8 -0.59±6.4  

 
5.5±2.7 1.1±2.5 - 1.6±3.3 - - 

50−80% F3.9 -10±5.3  
 

17±3.7 3.1±1.2 - 0.26±1.3 - - 
80−100% F3.10 -16   1.3±3.1 - - - - - 
a Chl. a: Chlorophyll a 
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Table S10. Results of exposed organic extracts and fractions on Phaeodactylum tricornutum 
(Mean ± standard deviation). 
Organic extracts 
and fractions 

Growth 
inhibition 

 
Cell viability  
Esterase 
activity 
inhibition 

Cell 
membrane 
damaged 

Chl. aa Cell size Intracellular 
complexity  

Raw 
extracts 

S1 19±1.6  
 

- 24±0.31 3.9 1.8±0.06 - 
S2 40±4.9  

 
- 3.7±0.01 - 0.45±0.02 - 

S3 5.9±0.47  
 

99±0.31 0.82±0.11 - - 0.29±0.74 
S4 21±7.0  

 
23±0.12 5.6±0.02 0.55 1.7±0.03 - 

S5 -0.8±0.6  
 

100±0.04 0.47±0.94 - - - 
S6 2.1±3.8  

 
99±0.36 0.94±1.3 - - - 

Silica gel 
fractions 

S1 F1 34±5.1  
 

- 1.1±0.03 1.8 0.71±0.17 - 
F2 100  

 
- - - - - 

F3 100  
 

- - - - - 
S2 F1 11±3.9  

 
48±0.14 2.4±0.0485 - 0.64±0.01 - 

F2 3.5±2.7  
 

30±0.04 1.4±0.07 0.74 0.19 - 
F3 5.0±3.6  

 
40±0.04 1.7 1.5 0.26±0.01 - 

S4 F1 20±1.7  
 

61±0.04 5.6 - 1.1±0.01 - 
F2 7.3±3.9  

 
59 4.2 0.23 0.66 - 

F3 0.43±5.5  
 

66 2.9 - 1.3 - 
RP-
HPLC 
fractions 

S1 F2.1 5.3±2.2  
 

- - 0.27 0.41±0.05 1.1±0.44 
F2.2 7.5  

 
0.63±0.49 - 0.29 0.15±0.01 - 

F2.3 5.3±3.0  
 

0.21±0.13 - 0.59 0.98±0.06 2.3±0.72 
F2.4 -6.4±3.2  

 
0.63±0.08 - 0.41 0.53±0.04 2.4±0.42 

F2.5 24±1.9  
 

5.2±0.04 0.68±0.04 1.6 2.1±0.06 2.0±0.61 
F2.6 100  

 
- - - - - 

F2.7 100  
 

-50 - 0.66 1.4 0.61 
F2.8 7.7±3.9  

 
-4.6±0.04 - 0.12 0.61±0.02 0.83±0.41 

F2.9 16±6.1  
 

-13±0.03 - 0.34 0.47±0.02 0.86±0.32 
F2.10 8.6±5.1  

 
-16±0.20 - 1.2 1.1±0.06 0.9±0.06 

F3.1 -2.7  
 

-14±0.06 1.5 0.56 0.53±0.05 1.3±0.18 
F3.2 -4.3±1.7  

 
-17±0.13 0.56 0.79 0.81±0.02 0.97±0.19 

F3.3 4.1±4.8  
 

-16±0.02 0.23 0.51 0.46±0.07 2.00±0.38 
F3.4 8.6±5.1  

 
-17±0.13 - - 0.22±0.02 1.00±0.27 

Distributed 
outside the 
control gate 

F3.5 11±3.9  
 

-22±0.22 - 0.2 0.36±0.05 0.46±0.22 
F3.6 10±5.8  

 
-24±0.43 - 0.03 1±0.10 2.2±1.2 

F3.7 19±1.6  
 

-38±0.12 - 0.34 1.1±0.16 1.2±1.8 
20−50% F3.8 4.1±4.8  

 
-32±0.10 - 0.84 1.3±0.16 2.7±0.58 

50−80% F3.9 2.4±5.1  
 

-33±0.16 2.6 0.95 0.61±0.09 1.7±0.21 
80−100% F3.10 3.5±5.6  

 
-33±0.60 - 0.51 0.76±0.11 0.91±0.67 

a Chl. a: Chlorophyll a 
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Table S11. Comparison of concentrations of PAHs in sediments of S1 and probable effect levels 
(PELs) (CCME, 2002). 
Compounds Concentration 

(ng g-1 dry mass) 
Probable effect levels 
(PELs) 

Exceedance of PELs 
(times) 

Acenaphthene 1200 128 9.4 
Acenaphthylene 6100 88.9 69 
Fluorene 19000 144 132 
Phenanthrene 56000 544 103 
Antracene 11000 245 45 
Fluoranthene 42000 1494 28 
Pyrene 24000 1398 17 
Benzo[a]anthracene 13000 693 19 
Chrysene 12000 846 14 
Benzo[a]pyrene 7000 763 9.2 
Dibenz[a,h]anthracene 2200 135 16 
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Table S12. EC50 values of PAHs on each microalgal species reported in the previous studies.  
Compounds Abbreviations. EC50 (µg L-1) 

D. tertiolecta    I. galbana  P. tricornutum 
Acenaphthylene Ace - - 1800a 
Fluorene Flu 1100b 110b - 
Phenanthrene Phe - 140b 150c 
Anthracene Ant - 65c 120d 
Fluoranthene Fl 390 e 140e 100c, 370e 
Pyrene Py - - 120c 
Benz[a]anthracene BaA 790e 260e - 
Benzo[a]pyrene BaP - 88d - 
a: Niehus et al. (2018). 
b: Okumura et al. (2003). 
c: Wang et al. (2008). 
d: Huang et al. (2000). 
e: Othman et al. (2012). 
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Table S13. Predicted algal toxicity of PAHs, SOs, and APs using ECOSAR. 
Compound 
classes 

Eluted 
fraction 

Compounds (ng g-1 dry mass) Abb.a Predicted toxicity 
(EC50, mg L-1) 

PAHs F2.4 Acenaphthene Ace 1.7 
F2.5 Acenaphthylene Acl 2.4 

Fluorene Flu 2.3b 
Phenanthrene Phe 1.5b 
Antracene Ant 1.5b 

F2.6 Fluoranthene Fl 0.66b 
Pyrene Py 0.66b 
Benzo[a]anthracene BaA 0.29b 
Chrysene Chr 0.29b 

F2.7 Benzo[b]fluoranthene BbF 0.13b 
Benzo[k]fluoranthene BkF 0.13b 
Benzo[a]pyrene BaP 0.13b 
Indeno[1,2,3-cd]pyrene IcdP 0.054b 
Dibenz[a,h]anthracene DbahA 0.054b 
Benzo[g,h,i]perylene BghiP 0.054b 

SOs F2.6 1,3-Diphenylpropane SD1 0.40 
cis-1,2-Diphenylcyclobutane SD2 0.40 
2,4-Diphenyl-1-butene SD3 0.22 
trans-1,2-Diphenylcyclobutane SD4 0.29 

F2.7 2,4,6-Triphenyl-1-hexene ST1 0.0050 
1e-Phenyl-4e-(1-phenylethyl)-tetralin ST2 0.014b 
1a-Phenyl-4e-(1-phenylethyl)-tetralin ST3 0.014b 
1a-Phenyl-4a-(1-phenylethyl)-tetralin ST4 0.014b 
1e-Phenyl-4a-(1-phenylethyl)-tetralin ST5 0.014b 
1,3,5-Triphenylcyclohexane (isomer mix) ST6 0.070 

APs 
  

F3.4 4-tert-Octylphenol  t-OP 1.6 
Nonylphenols NPs 0.13 

F3.5 4-tert-Octylphenol-mono-ethoxylate  t-OP1EO 0.76 
Nonylphenol-mono-ethoxylates NP1EOs 0.31 

F3.6 Bisphenol A  BPA 1.3 
4-tert-Octylphenol-di-ethoxylate  t-OP2EO 1.7 
Nonylphenol-di-ethoxylates NP2EOs 0.56 

a Abb.: Abbreviations. 
b: Exceed value of predicted water solubility using ECOSAR. 
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Table S14. Concentration of PAHs in the artificial mixture based on targeted analysis in the F2.7 
fraction. 
Compounds Abbreviations mg L-1 
Benzo[b]fluoranthene BbF 18 
Benzo[k]fluoranthene BkF 8.7 
Benzo[a]pyrene BaP 17 
Indeno[1,2,3-cd]pyrene IcdP 5.7 
Dibenz[a,h]anthracene DbahA 2.8 
Benzo[g,h,i]perylene BghiP 3.2 
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Table S15. Results of the exposed artificial mixture on the three microalgal species. 
Microalgae species Growth 

inhibition 

 
Cell viability  
Esterase 
activity 
inhibition 

Cell 
membrane 
damaged 

Chl. aa Cell size Intracellular 
complexity  Increase Decrease 

D. tertiolecta -22 
 

29±0.66b - - - - - 
I. galbana 98c 

 
74d 98 46 - -26 9.5 

P. tricornutum 7.4 
 

-42±0.11  - 0.27 1.1±0.045 - 0.66±1.0 
a: Chlorophyll a. 
b: Yellow Shade indicated that 20−50% cells were distributed outside the control gate. 
c: Red Shade indicated that 80−100% cells were distributed outside the control gate. 
d: Orange Shade indicated that 50−80% cells were distributed outside the control gate. 
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Table S16. List of predicted algal toxicant compounds in the F2.7 fractions using ECOSAR. 
CAS# Compound Name Formula Predicted toxicity 

(EC50, mg L-1) 
Uses/origins Reference 

 
604-53-5 1,1'-Binaphthalene C20H14 0.126a   
4325-74-0 1,2'-Binaphthalene C20H14 0.126a   
612-78-2 2,3'-Binaphthalene C20H14 0.126a   
3351-28-8 1-Methylchrysene C19H14 0.129a Wood combustion Hedberg et al. (2002) 
3351-31-3 3-Methylchrysene C19H14 0.129a Wood combustion Hedberg et al. (2002) 
93870-57-6 1-Methyl-4-p-tolylnaphthalene C18H16 0.132   
3674-73-5 2,3,5-Trimethylphenanthrene C17H16 0.133a   
19353-76-5 7-Ethyl-1-methylphenanthrene C17H16 0.146a   
2091-92-1 5,6-Dihydrochrysene C18H14 0.156a   
4389-09-07 5,6-dihydro-4H-Benz[de]anthracene C17H14 0.173a Byproducts of coal 

liquefaction 
Zheng et al. (2020) 

217-59-4 Triphenylene C18H12 0.29a Components of coal Zhao et al. (2008) 
84-15-1 ο-Terthenyl C18H14 0.292   
3442-78-2 2-Methylpyrene C17H12 0.293a Charcoal combustion Dyremark et al. (1995) 
483-87-4 1,7-Dimethylphenanthrene C16H14 0.298a Wood combustion Benner et al. (1995) 
3674-66-6 2,5-Dimethylphenanthrene C16H14 0.298a Components of wood tar Egenberg et al. (2002) 
2717-39-7 1,4,5,8-Tetramethylnaphthalene C14H16 0.303   
2000157-19-2 2,4,6,8-Tetramethylazulene C14H16 0.303   
3976-35-0 2,4,6-Trimethylbiphenyl C15H16 0.303   
31317-19-8 2,7-Dimethyldibenzothiophene C14H12S 0.335a   
241-35-0 Indolo[2,3-b]carbazole C18H12N2 0.341   
205-43-6 Benzo[b]naphtho[1,2-d]thiophene C16H10S 0.396a Components of oil Grimmer et al. (1983) 
490-65-3 1-Methyl-7-(1-methylethyl)-

naphthalene 
C14H16 0.408 Wood combustion Ramdahl (1983) 

613-59-2 2-Benzylnaphthalene C17H14 0.469   
612-94-2 2-Phenylnaphthalene C16H12 0.662 Used to produce liquid 

crystals 
Funahashi and Hanna 
(1997) 

613-12-7 2-Methylanthracene C15H12 0.665a Combustion Safarik and Strausz (1997) 
883-20-5 9-Methyphenanthrene C15H12 0.665a Wood combustion Schauer et al. (2001) 
2245-38-7 1,6,7-Trimethyl-naphthalene C13H14 0.670   
948-67-4 2-Methyl-9,10-dihydroanthracene C15H14 0.752a Combustion Safarik and Strausz (1997) 
203-64-5 4H-Cyclopenta[def]phenanthrene C15H10 1.042 Used to produce OLED Kim et al. (2009) 
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Table S16. (continued). 
CAS# Compound Name Formula Predicted toxicity 

(EC50, mg L-1) 
Uses/origins Reference 

 
575-41-7 1,3-Dimethylnaphthalene C12H12 1.472   
571-58-4 1,4-Dimethylnaphthalene C12H12 1.472   
569-41-5 1,8-Dimethylnaphthalene C12H12 1.472   
644-08-6 4-Methylbiphenyl C13H12 1.485   
92-83-1 9H-Xanthene C13H10O 1.600   
90-12-0 1-Methylnaphthalene C11H10 3.205 Wood combustion Schauer et al. (2001) 
81694-10-2 1,1,1-Trifluoro-3-(1-methyl-2(1H)-

quinolinylidene)-2-propanone 
C13H10F3NO -   

140928-46-7 1,4,5,6-Tetramethylbicyclo[2.2.0]hexa-
2,5-diene-2,3-dicarbonitrile 

C12H12N2 -   

74357-40-7 2-(1-methyl-1-propenyl)-(e)-
Naphthalene 

C14H14 -   

125902-73-0 2-(2-furyl)-1,3,4-trimethyl-2,5-
dihydrophosphole 1-sulfide 

C11H15OPS -   

2000234-55-0 2,3,9-Trimethyl-gamma-carboline C14H14N2 -   
2000392-49-0 2-Phenyl-3-(2-pyrrolyl)indole C18H14N2 -   
2000346-27-9 3,4-dihydro-7-methylbenz[a]anthracene C19H16 -   
2000305-49-7 6-Methyl-3,4-benzo-beta-carboline C16H12N2 -   
2000438-54-0 8-Acetyloxy-1-cyano-5-hydroxy-7-

methoxy-6-methylisoquinoline 
C14H12N2O4 -   

2000345-65-0 9-(Pyridin-3-yl)-9H-carbazol C17H12N2 -   
100230-00-0 Benzo[7,8]cyclodeca[1,2,3,4-

def]biphenylene 
C22H14 -   

2000425-29-6 Dibenzo[b,kl]xanthene C20H12O -   
2000352-95-3 Ethyl 2-Amino-5-(1-methylethyl)indole-

3-carboxylate 
C14H18N2O2 -   

2000795-66-8 N-[2-[2-Methyl-1-(p-
tolylsulfonyl)propyl]heptanoyl]piperidi
ne 

C23H37NO3S -   

117052-62-7 Pyridazino[1'',6'':1',2']imidazo[4',5':4,5]i
midazo[1,2-b]pyridazine-2,9-diamine 

C10H8N8 -   
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Supplementary Figures 

 

 

Fig. S1. Map showing sampling sites of sediments in Pohang and Yeongil Bay, South Korea.  
 
  



S24 

 

 

 

Fig. S2. Bi-dimensional cytograms of the double staining of control cells and control gate of 
single staining. 
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Fig. S3. Results of exposure of the three microalgal species to S1 raw extract, F1, and F2.8.  
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