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olecular effects of soil extracts
from the Agbogbloshie electronic-waste site on
fish and human cell lines†

Krittika Mittal,a Ke Xu, a Jingyun Zheng,b Stephane Bayen, b Julius Fobilc

and Niladri Basu *a

Effect-based methods (EBM) are of growing interest in environmental monitoring programs. Few EBM have

incorporated transcriptomics even though these provide a wealth of biological information and can be

modeled to yield transcriptomic points of departure (tPODs). The study objectives were to: (A) characterize

cytotoxic effects of soil extracts on the rainbow trout RTgill-W1 and the human Caco-2 cell lines; (B)

measure gene expression changes and calculate tPODs; and (C) compare in vitro responses to available

measures of plastic-related compounds and metals. Extracts were prepared from 35 soil samples collected

at the Agbogbloshie E-waste site (Accra, Ghana). Cells were exposed to six soil concentrations (0.3 to

9.4 mg dry weight of extract (eQsed) per mL). Many samples caused cytotoxicity with RTgill cells being

more sensitive than Caco-2 cells. Eleven samples were analyzed for transcriptomics in both cell lines, with

responses measured in all samples (52 to 5925 differentially expressed genes) even in the absence of

cytotoxicity. In RTgill cells there was concordance between cytotoxic measures in tPOD values (spearman

= 0.85). Though trends between in vitro measures and contaminant data were observed, more work is

needed in this area before definitive conclusions are drawn. Nonetheless, this study helps support ongoing

efforts in establishing alternative testing strategies (e.g., alternative to animal methods; toxicogenomics) for

the assessment of complex environmental samples.
Environmental signicance

Effect-based methods (EBM) are of growing interest to evaluate the hazard potential of real-world environmental samples. Some EBM studies have included
a small number of gene targets but these do not take advantage of advances in the eld in which next generation sequencing technologies and bioinformatics
can reveal rich and untargeted insights into potential mechanisms of action. Further, transcriptomic data can be modeled using benchmark dose statistical
techniques to yield a discrete concentration at which a concerted molecular change occurs (= transcriptomic point of departure, or tPOD). Accordingly, the
objective of this study was to assess the implementation of the tPOD concept into an EBM study situated at the Agbogbloshie electronic waste site involving
human and sh cell lines.
Introduction

Contaminants in environmental matrices oen exist as complex
mixtures, and to assess the hazard potential of such matrices,
researchers tend to focus on select priority chemicals.1 In doing
so, this approach underestimates risk as it neither accounts for
the universe of chemicals that may be present in the sample, nor
does it consider mixture interactions well. Given these
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deciencies, there is increased scientic and regulatory interest
to improve the hazard and risk characterization of real-world
environmental samples that tend to exist as complex mixtures.2,3

In contrast to approaches strictly reliant on chemical
measures, effect-based methods (EBM) interrogate responses in
biological systems following exposure to environmental
samples.4 To date there has been a focus on bioanalytical tests
that characterize apical measures in exposed sh, invertebrate,
and algae, as well as in in vitro assays designed to interrogate
specic mode of action such as endocrine disruption.4,5 Some of
these latter approaches may rely on genomic techniques though
to date have tended to focus on a small number of gene targets.
Next generation sequencing and associated bioinformatic
methods continue to advance and are now penetrating into
regulatory toxicology. Transcriptome-wide data can provide rich
information on a chemical's mechanism of action by returning
© 2024 The Author(s). Published by the Royal Society of Chemistry
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data on thousands of individual genes, as well as on focused
gene sets or biological pathways.6 In addition, transcriptomic
data can be modeled using benchmark dose (BMD) statistical
techniques to yield a discrete concentration at which
a concerted molecular change occurs.7 The resulting value,
referred to as a transcriptomic point of departure (tPOD), tends
to be lower in concentration (i.e., protective) than values that
would be associated with causing adverse outcomes in long-
term studies. For example, the US EPA's Transcriptomic
Assessment Product (ETAP) is based on the concept that tPOD
values from short term (5 day) rodent tests are comparable to
apical point of departure values from long-term (e.g., 2 year)
studies. Despite the promise of transcriptomic approaches to be
used as EBMs, its penetration for scientic, monitoring, and
regulatory purposes remains limited.5

The overall objective of this study was to assess the imple-
mentation of the tPOD concept into an EBM study situated at
a contaminated site involving human and sh cell lines.
Specically, this work was positioned at the Agbogbloshie
electronic waste site (e-waste) in Ghana which is widely viewed
as one of the most contaminated sites worldwide8 and one in
which we have conducted extensive research.9,10 Rainbow trout
(Oncorhynchus mykiss) gill (RTgill-W1) and human intestinal
epithelial cells (Caco-2) were exposed to chemical extracts of soil
samples from this site in a concentration-dependent manner,
following which cytotoxic and transcriptomic responses were
measured and compared. The resulting data were also
compared to available measures of select priority chemicals of
concern in these same samples, namely a panel of plastic-
related organic compounds and inorganic metals.

Methods

As a brief introduction to the methods section, sh and human
cells were exposed to extracts prepared from soil samples
collected at various locations within the Agbogbloshie e-waste site
(i.e., sites for dumping waste, trading materials, and burning
items as well as various control sites) to examine effects on cell
viability and gene expression. We focused on rainbow trout gill
cells under OECD Test Guideline 249 (ref. 11) as the method has
been validated to study risks to sh following waterborne expo-
sures, and also human Caco-2 cells which are commonly used as
an intestinal cell model in toxicity studies involving ingestion of
substances due to their similar microvilli structures to the
intestinal epithelial cells and biological functions in absorption.12

Soil pollution at the Agbogbloshie e-waste site is well-established
from which the adjacent Korle Lagoon gets contaminated.13 In
addition, e-waste workers and community members may inhale
or ingest chemicals from contaminated soil or food.8

Dimethyl sulfoxide (DMSO; Sigma-Aldrich) was used as the
solvent since the dried extracts were reconstituted in DMSO.
3,4-Dichloroaniline (DCA) was used as the positive control for
the RTgill-W1 cytotoxicity assays (as recommended by OECD
249) while copper sulphate (CuSO4) was used as the positive
control for the Caco-2 cytotoxicity assays. Untreated cells were
used as negative controls. All materials were obtained from
Thermo Fisher Scientic unless otherwise specied.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Cell culture

Experiments on both cell lines followed past publications14,15

from our group as well as guidance16,17 from ATCC. The cyto-
toxicity experiments for RTgill cells were performed in 24-well
plates following the OECD 249 guidelines.11 Subsequently, to
increase throughput and improve efficiency of this assay we
adapted the protocol to be conducted in 96-well plates. Thus,
the transcriptomics assay for RTgill cells, and all exposures for
the Caco-2 cells were conducted in 96-well plates.

RTgill-W1 cell culture. The rainbow trout gill cell line
(RTgill-W1; CRL-2523) was obtained from American Type
Culture Collection (ATCC, Manassas, USA). Cells were grown
in 100 mm tissue culture-treated polyethylene Petri dishes
containing 10 mL of complete medium (L-15 culture medium
supplemented with 10% fetal bovine serum (FBS; WISENT,
Saint-Jean-Baptiste, Canada) and 1% Penicillin–Streptomycin
(Pen-Strep; WISENT)), at 21 °C in the HeraTherm Refrigerated
Incubator. Aer the cells reached 80% conuence, plates were
trypsinized for 3 to 5 min using 1 mL trypsin–EDTA, and
either passaged to continue the culture, or counted (using
a hemocytometer) and seeded in 24-well or 96-well plates for
cytotoxicity or transcriptomics, respectively. The passage
numbers of the gill cells used for the cytotoxicity exposures
ranged from 52–61 and for the transcriptomics exposures
ranged from 69–73.

Caco-2 cell culture. Caco-2 cell line (HTB-37) used in this
study was an internal stock originally obtained from ATCC.
Cells were cultured in 100 mm tissue culture-treated poly-
ethylene Petri dishes and supplemented with 10mL of complete
culture medium that contained Gibco Dulbecco's Modied
Eagle Medium (DMEM), 10% FBS and 1% Pen-Strep. Cells were
maintained in the Caron's Oasis™ CO2 incubator (Caron
products, VWR International, Radnor, USA) at 37 °C and 5%
CO2 with 95% humidity. Complete medium was changed every
two days until the plates reached 90% conuency when cells
were harvested with 0.25% trypsin/EDTA (WISENT) to sub-
culture or seed for subsequent experiments. The passage
numbers of the Caco-2 cells used for the exposures in this study
ranged from 10–19.
E-Waste soil and contaminants

Soil samples.Methods for soil sample collection are detailed
elsewhere.18 In brief, soil samples were collected from 35 sites in
and around the e-waste site by the banks of the Korle Lagoon in
Agbogbloshie, Ghana inMay 2015 (ESI Fig. SF1, ESI Table ST1†).
Each surface soil sample (approximately 10 g) was collected
from the top 1/200 soil while avoiding collecting rocks, twigs, and
roots, preserved in individual Whirl-Pak® (polyethylene) bags
and shipped to McGill University (Montreal, Canada) for anal-
ysis. Of the 35 sites, 24 were situated within the e-waste site
(dumpsite – 13, trade site – 8, and burn site – 3), and 11 were in
the surrounding areas (upstream – 6, community – 3, and
downstream – 2).

Plastic-related contaminants. The method for the prepara-
tion of soil extracts was adapted from Liu et al.19 and analysis of
plastic-related contaminants are described in detail18
Environ. Sci.: Adv., 2024, 3, 1802–1813 | 1803
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elsewhere. Briey, 1 g of soil was weighed and freeze dried,
followed by ultrasound-assisted extraction with acetonitrile (4
mL) for 30 min using a Branson 3510 sonication bath (40 kHz).
Extracts were centrifuged (3000×g, 10 min), and 1.5 mL of the
supernatant was concentrated under nitrogen gas to ∼100 mL
and reconstituted to 1 mL using DMSO. Extracts were then
analyzed using an Agilent 1290 Innity II LC system equipped
with Agilent 6545 QToF-MS (Agilent Technologies, Santa Clara,
USA) in both positive and negative electrospray ionizations.
Eight targeted plastic-related analytes (including diethyl
phthalate (DEP), dibutyl phthalate (DBP), diisobutyl phthalate
(DiBP), butyl benzyl phthalate (BBzP), diheptyl phthalate
(DHpP), diethylhexyl phthalate (DEHP), diethylhexyl adipate
(DEHA), bisphenol A (BPA)) were quantied. All soil concen-
trations are presented on a dry weight basis.

Metal-related contaminants. Details on the methods for the
soil metals analysis can be found in the previously published
methods.20 Briey, soil samples were measured for 26
elements using a PerkinElmer NexION 300x Inductively
Coupled Plasma Mass Spectrometer (ICP-MS) at the University
of Montreal. Of the 26 elements targeted, 19 yielded data with
accuracy measures that were within 20% of expected (removed
at this stage: Rb, Y, La, Ce, Al, Ca, K). Next, we selected
elements for which we had reference value measures, focusing
on both the Canadian Council of Ministers of the Environ-
ment guideline for agricultural soils21 and the US EPA
screening value22 for residential soil (removed at this stage:
Mn, Sr, Ag, Tl, Cr, Mn, Na, Mg). From the resulting list (V, Cr,
Co, Ni, Cu, Zn, Cd, Ba, Pb, As, Se), we focused our analysis on
six elements that exceeded aforementioned guidelines, as well
as elements that feature prominently on the US Agency for
Toxic Substances and Disease Registry's (ATSDR) Substance
Priority list for 2022 (As = #1 rank, Pb = #2, Cd = #7, Zn = #74,
Cr = #78, Cu = #120).23

The verication of data quality involves internal validation,
focusing on both precision and accuracy. Precision is assessed
by calculating coefficient of variance (CV) from three replicates
of each selected sample (eqn (1)), namely samples 14, 37, 65,
and 88. The coefficient of variance provides a measure of the
variability among these replicates, helping ensure the repro-
ducibility of the results.

CV ¼ mean

standard deviation
(1)

Accuracy is another critical aspect of data quality and is
veried by calculating the percentage difference relative to
a reference value. In this study, soil reference materials (QC 98-
04 and 98-05) were measured in triplicates and compared to the
respective certied values. The percentage error calculated by
eqn (2) provides an insight between the level of accuracy ach-
ieved in the experimental measurements, indicating how
closely the results align with the expected reference.

% error ¼ ðexpected value�measured valueÞ
measured value

� 100% (2)
1804 | Environ. Sci.: Adv., 2024, 3, 1802–1813
Integrated assessment

Holistic examination of the measured contaminants in soil
extracts involved considering both plastic-related and metal
contaminants. To aid in this, we categorized each contaminant
in a given sample into quintiles based on the detected
concentrations of the respective contaminants (i.e., assigned
scores ranged from 1 to 5, corresponding to the rst to the last
quintile). Subsequently, the scores for all contaminants within
a single sample were equally weighed and summed to yield
a composite score (CS). The composite scoring system used in
this study was adapted from composite indicators commonly
employed in public communications of academic reports to
summarize complex or multidimensional variables.24

Hazard Quotient (HQ) is a common tool used in human
health risk assessment to evaluate the potential adverse effects
of exposure to a chemical or substance.25 The general equation
for calculating HQ is listed below as eqn (3),

HI ¼
X

HQcontamiant ¼
D� IRS�RBA

RfD� BW
(3)

where D is the exposure dose of the target substance (mg kg−1),
IRS is the default human soil ingestion rate (adults: 100 mg per
day),26 RBA is the relative bioavailability for human (default RBA
= 1, 0.6 for As and Pb), BW is the body weight (adults: 62 kg),
and RfD is the oral reference dose (mg per kg per day). Oral
reference doses used in this study for each metal were: Cr,
0.003; Cu, 0.04; Zn, 0.3; As, 0.0003; Cd, 0.0001;22 and Pb,
0.0036.27 The RfDs for each plastic-related contaminants were
DEP, 0.8; DBP, 0.1; BBzP, 0.2; DEHP, 0.02, BPA, 0.05;22 and DiBP,
0.1.28 Since the soil extract samples are mixtures of different
contaminants, the hazard index (HI) was also calculated as the
sum of all the HQs in the mixture. This HI was then compared
to 1 to decide if the cumulative exposure is of low adverse
concern (HI < 1), demanding future investigation (HI = 1), or
raises concerns of possible health risk requiring mitigation (HI
> 1).25 In this study, we used this reference value to assess
whether the detected contaminants pose potential risks to
human health, and thus provide insights for the risk assess-
ment of Caco-2 cells.

For the RTgill cell data, we used the risk index (RI), the sum
the risk quotient (RQ), approach by the US EPA for environ-
mental risk assessment of a chemical. It is calculated by
dividing an exposure concentration (D) by an effect threshold at
which adverse effects are expected to occur (eqn (4)).

RI ¼
X

RQcontaminant ¼
D

effect threshold
(4)

where D is the exposure dose of the target substance (mg kg−1),
effect threshold is the reference concentration that poses no
adverse effect on aquatic life (mg kg−1). Since aquatic species
generally do not contact soil directly, we used the sediment
quality guidelines as references for the protection of aquatic
life. The Canadian interim sediment quality guidelines (ISQGs)
from CCME was referred to as the standard for metal content.29

The effect threshold (mg per kg dry weight) were: Cr, 37.3; Cu,
35.7; Zn, 123; As, 5.9; Cd, 0.6; and Pb, 35.29 Due to limited
availability of guidelines for plastic-related compounds, we
© 2024 The Author(s). Published by the Royal Society of Chemistry
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referred to the sediment management standards from Wash-
ington State.30 The available effect thresholds for each plastic-
related contaminants (mg kg−1) were DEP, 61; DBP, 220;
BBzP, 4.9; and DEHP, 47.30 In this study, these guidelines were
used along with the detected contaminant concentrations to
offer risk assessment insights for RTgill cells.

Cytotoxicity exposures

In vitro exposures were conducted according to guidelines
prescribed in the OECD Test Guideline # 249 for chemical
exposures using the RTgill-W1 cell line11 with modications. A
working stock of the extract was prepared in DMSO at
a concentration equivalent to 1.875 g dry weight of soil (eQsed)
per mL. The stock was diluted two-fold in the respective expo-
sure medium (L-15/ex for RTgill-W1 and serum-free DMEM for
Caco-2) to obtain the nal test concentrations equivalent to
9.38, 4.69, 2.34, 1.17, 0.59, and 0.29 mg dry weight of extract
(eQsed) per mL. For RTgill cells, a working stock of DCA
prepared in DMSO and diluted in L-15/ex to obtain concentra-
tions of 6.25 mg L−1, 12.5 mg L−1, 25 mg L−1, 50 mg L−1, and
100 mg L−1 was used as the positive control. For Caco-2 cells,
CuSO4 was diluted in serum-free DMEMmedium to 200mg L−1,
100 mg L−1, 50 mg L−1, 25 mg L−1, 12.5 mg L−1, 6.3 mg L−1,
3.1 mg L−1, and 1.6 mg L−1 as the positive control. DMSO was
used as the solvent control and added to the exposure medium
at a nal concentration that did not exceed 0.5% v/v in all
exposure solutions.

RTgill-W1. On day 1, gill cells were seeded at a density of 350
000 cells per mL complete medium per well in 22 wells of 24-
well plates and incubated for 24 hours (h). Two wells per plate
were designated as no-cell controls and contained only the
culture medium. On day 2, the old complete medium was dis-
carded and replaced with 1 mL of L-15/ex for the negative
control (one well), or L-15/ex containing either the extract,
solvent or positive control at appropriate concentrations (in
triplicate). One of the two no-cell control wells received 1 mL of
the highest concentration of the e-waste extract exposure solu-
tion being tested and the other well received 1 mL L-15/ex. The
cells were then incubated for 24 h. On day 3, the exposure
medium was discarded, and Alamar Blue (AB) cytotoxicity assay
was conducted immediately. Briey, the cells were rinsed with
ice-cold phosphate buffered saline (PBS) and AB dye (5% v/v in
PBS) was added to the wells and incubated for 30 min following
which uorescence was read at 530 nm/595 nm using the
Synergy HT Gen5 microplate reader (BioTek, Winooski, USA).

Caco-2 cells

On day 1, Caco-2 cells were seeded at a density of 350 000 cells
per mL complete medium in 85 wells of a 96-well plates (100 mL
volume) and incubated for 24 h. The remaining 11 wells con-
tained complete culture medium designated as no-cell controls
for each tested extract, solvent control, and positive control. On
day 2, the growth medium was replaced by 100 mL of serum-free
medium containing either the extract, solvent, or positive
control at appropriate concentrations (in triplicates). The 11 no-
cell control wells received 100 mL of the highest exposure
© 2024 The Author(s). Published by the Royal Society of Chemistry
concentration of the e-waste extract, solvent, or positive control.
Cells were then incubated for 24 h. On day 3, the exposure
medium was discarded, rinsed with ice-cold PBS, and replaced
by 100 mL dye mixtures of AB (5% v/v). Plates were incubated for
60 min following which uorescence was read at 530 nm/595
using the Synergy HT Gen5 microplate reader (BioTek,
Winooski, USA).

Exposures for transcriptomics

Based on the cell viability results, 11 sites were chosen to
represent a mix of site types (e-waste work activities and
geographic proximity), contaminant levels, and cytotoxicity
assay results (Table 1). In vitro exposures for transcriptomics in
both cell lines were conducted in 96-well plates following the
same timeline as the cytotoxicity exposures. Cells were seeded at
a density of 35 000 cells per well and no-cell controls were
excluded. For each site, the concentration equivalent to the
EC20 (effect concentration of a chemical that induces 20% cell
death) or (the highest concentration tested in cases where
extracts caused no cytotoxicity) was the highest concentration
chosen from which an 8-point, 2-fold dilution series was
prepared. This concentration range ensures the detection of
meaningful biological responses while minimizing the risk of
data quality issues that arise from cell death.31 Of the 96 wells,
two wells were le empty for the Xpressref internal control RNA
(see library preparation section). Aer the 24 h exposure,
exposure solutions were removed and 40 mL lysis premix (UPX 30

lysis buffer, RNase inhibitor and nuclease-free water; QIAGEN)
was added to each well, pipetted up and down 10 times and
plates were placed on a shaker at room temperature for 10 min
to facilitate lysis. Cells were checked visually under a micro-
scope to make sure they were detached, following which the
pipetting and shaking steps were repeated if needed. The cell
lysate plates were stored at −80 °C until library preparation.

Library preparation

Libraries were prepared from the cell lysates following the
QIAGEN UPXome protocol for 30 partial transcriptome
sequencing.32 Cell lysates were reverse transcribed using an
Oligo-dT (ODT) primer with the following temperature prole:
1 min at 4 °C, 5 min at 25 °C, 90 min at 42 °C, 10 min at 70 °C,
and 1 min at 4 °C. In the 96-well plate, 94 wells contained 94
samples from the e-waste exposure plate, and 2 wells contained
an internal RNA control (RNA isolated from RT-gill-W1 cells
following RNeasy protocol with on-column DNAse I digestion or
human Xpressref RNA control obtained from QIAGEN). The
reverse transcription step incorporates a unique sample ID into
each individual cDNA sample thus allowing up to 24 cDNA
samples to be pooled for library preparation. The pooling
scheme for each microplate was as follows: 3 pools of 24 wells
each, 1 pool of 22 wells, and 1 pool of 2 Xpressref control wells.
This was followed by a two-step magnetic bead clean-up that
included two ethanol washes using a magnetic tube rack (Per-
magen Labware, Amesbury, USA). Subsequently, qPCR ampli-
cation was performed on each pool with the following
temperature prole: 30 s at 98 °C, 17 cycles of 5 s at 98 °C, 10 s at
Environ. Sci.: Adv., 2024, 3, 1802–1813 | 1805
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Table 1 Summary of the number of differentially expressed genes (DEGs), the number of DEGs for which a benchmark dose (BMD) could be
calculated and derived transcriptomic point of departure (tPODs) in RTgill-W1 and Caco-2 cells for each of the 11 e-waste sites shortlisted for
transcriptomic analysis. The data are ordered in ascending order of the EC20. Cases in which the EC20 or EC50 were determined to be higher
than the highest concentration tested (9.38 eQsed per mL), are denoted as >9.38 eQsed per mL

Species (cell line) Sites # of DEGs DEGs w/BMDs

tPOD (eQsed per mL)
EC20
(eQsed per mL)

EC50
(eQsed per mL)20th gene Max 1st peak 10th percentile

Rainbow trouta (RTgill-W1) 8 187 75 0.052 0.059 0.027 0.27 0.50
16 52 17 NA 0.018 0.003 0.67 2.27
2 181 33 0.130 0.140 0.038 1.12 1.90
5 941 209 0.052 0.096 0.058 1.26 2.28

48 1279 565 0.029 0.220 0.140 1.27 2.28
3 196 87 0.019 0.510 0.065 1.40 2.21
7 678 111 0.260 0.640 0.072 1.93 3.02

30 529 197 0.17 0.890 0.200 5.90 9.79
20 1999 105 0.640 0.870 0.210 8.88 10.79
74 496 107 1.100 4.700 0.160 >9.38 >9.38
49 1797 513 1.500 4.900 2.400 >9.38 >9.38

Human (Caco-2) 49 1835 43 0.820 0.260 0.160 2.85 >9.38
8 842 217 0.025 0.240 0.056 3.10 5.00

48 1505 25 1.700 0.770 0.160 5.82 >9.38
2 175 21 1.300 1.1 0.800 >9.38 >9.38
3 1490 128 0.230 0.920 0.270 >9.38 >9.38
5 1645 52 0.170 0.410 0.072 >9.38 >9.38
7 1828 44 0.058 0.280 0.041 >9.38 >9.38

16 18 NA NA NA NA >9.38 >9.38
20 1639 38 0.630 0.820 0.33 >9.38 >9.38
30 104 7 NA NA NA >9.38 >9.38
74 1119 8 NA NA NA >9.38 >9.38

a The FDR adjusted differential expression analysis resulted in 15 or fewer DEGs in seven out of 11 sites, and hence for the RTgill cells, the FDR
adjusted lter was turned off.

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 1
2:

16
:3

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
55 °C and 20 s at 72 °C, 2 min at 72 °C and 1 min 4 °C, followed
by another bead clean-up including one ethanol wash. The
amplication step incorporates a RUDI unique library index to
each pooled library, thus allowing libraries to be sequenced
together on one lane. At this step, the Xpressref control wells
were pooled as an internal quality control library but were not
sequenced. In total, there were six 96-well plates exposed to e-
waste soil extracts (three for each cell line), resulting in 24
libraries (12 for each cell line) for sequencing. The prepared
libraries were assessed for quality on a Tapestation using the
D1000 screen tape (Agilent). Libraries were then shipped to the
Genome Quebec Innovation Center, quantied using the Pico-
Green assay prior to pooling and sequenced to produce paired-
end 2 × 150 bp reads on a Novaseq 6000 S4 platform (Illumina).
Data analysis

Cell viability of the exposed cells was determined as the
percentage uorescence compared to the DMSO treated solvent-
control cells. Cell viability of the DMSO treated cells was
determined as the percentage uorescence compared to the
negative untreated control cells. Exposure response curves were
plotted by the Logit method using the drc package for dose–
response analysis in R.33

Raw FASTQ sequencing reads from the 24 libraries were
submitted to QIAGEN's online RNASeq analysis portal (RAP,
Analysis workow version 1.0) for demultiplexing according to
1806 | Environ. Sci.: Adv., 2024, 3, 1802–1813
the corresponding sample IDs to obtain FASTQ les for each
individual sample. Raw reads from each individual FASTQ le
were trimmed and ltered (ESI Table ST2†) and mapped to the
rainbow trout genome version Omyk_1.0.105 (RTgill-W1 cells)
and the human genome version GRCh38.noalt.106 (Caco-2
cells). Raw counts, obtained from RAP as the total exon reads,
were submitted to ExpressAnalyst (https://
www.expressanalyst.ca) for differential expression and tPOD
analysis. Counts were normalized (log 2 counts per million)
and ltered for abundance (cut-off 4) and variance (cut-off 15).
Differential expression was determined using Limma as the
statistical method rst with a log 2FC and false discovery rate
(FDR) adjusted p-value threshold of 1 and 0.05, respectively. For
RTgill-W1 cells, due to lower number of DEGs in many cases,
the FDR adjusted lter was turned off. Whereas for Caco-2 cells,
these thresholds resulted in manymore than 2000 DEGs. Curve-
tting for dose–response analysis is performed on a maximum
of 2000 DEGs which represents the maximum allowable
number of genes for optimal curve tting.34 Hence for Caco-2
cells, a uniform, more-stringent threshold of log 2FC = 1.5
and FDR adjusted p-value of 0.01 was used to obtain at most
2000 DEGs. Curve-tting was performed on these lists of DEGs
with lack-of-t p-value and BMR factor thresholds of 0.1 and 1.0,
respectively. Depending on the best t, a gene-level BMD rela-
tive to the mean expression of the control samples was calcu-
lated from which tPODs were derived as the (1) BMD of the 20th
most sensitive gene (tPOD20thgene), (2) rst mode of the gene-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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level BMD distribution (tPODmode), and (3) 10th percentile of all
gene-level BMDs (tPOD10th percentile). Genes with BMDs were
then examined for pathway level BMDs using the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database (adj p-value
<0.05 and minimum number of genes = 3) and for enriched
gene ontologies (GO) under the three categories – biological
processes (BP), cellular components (CC) and molecular func-
tions (MF) (http://www.geneontology.org). Raw sequencing data
les are available through NCBI GEO Accession Number
GSE279464.

Results and discussion
Contaminant levels

Plastic-related contaminants. The quality and concentra-
tions of the eight targeted plastic-related chemicals quantied
in the soil extracts are presented in detail elsewhere;18 (ESI
Table ST3†). Of the eight analytes, BPA and DEHP were the most
prominent with concentrations ranging from 1.4 to 184 mg g−1

and 0.04 to 62.3 mg g−1, respectively. In general, trade sites were
the ones with the highest concentrations of most analytes. Of
the eight trade sites, sites 7, 8 and 10 were among the most
contaminated with the highest concentrations of DHpP (10.4 mg
g−1), DEHP (184 mg g−1) and DEHA (0.3 mg g−1), and DBP (2.7 mg
g−1) and DiBP (5.04 mg g−1). Further, DEHA was measured only
in trade sites (detected in 6 of 8). The highest concentrations of
the other three analytes were measured in burn site #17 (DEP,
5.6 mg g−1), and upstream site #46 (BBzP, 4.9 mg g−1 and BPA,
62.3 mg g−1). Principal component analysis (PCA) showed that
trade sites were separated from the other sites in the score plots
for PC1, while the other sites were not distanced from each
other (ESI Fig. SF2†). The majority of plastic-related contami-
nants exhibited more pronounced impacts on PC1 and a rela-
tively weaker inuence on PC2, with the exception of DEP,
which showed the opposite trend (ESI Fig. SF3†). The concen-
trations of DEHP exhibited the widest range, making it the
primary contributor to the variation observed between sites.

The measured concentrations were cross-referenced with
reference values to assess potential harm. While the CCME
reference only provides aquatic threshold value for DEP and
DBP, and no specic soil guidelines, the US EPA regional soil
screening level (EPA-RSL) offers reference concentrations for
DEHP, BBzP, DBP, DEP and BPA. The values used for compar-
ison in this study were based on carcinogenic target risk (TR) =
1 × 10−6 and HI = 0.1.22 Notably, all analytes were at least one
magnitude below the reference threshold with the exception of
DEHP. However, as illustrated in ESI Fig. SF4,† 75% of the
DEHP results fell below the reference threshold. The ndings
indicate that, despite the detection of plastic-related chemicals,
their individual concentrations may not pose a concern for
human health.

Metals. The quality and concentrations of the metal data are
presented in the ESI tables (ESI Tables ST3 and ST4†). Overall,
the coefficient of variation (CV) for Cr, Zn and As were lower
than 10%, suggesting relatively high precision in these
measures, though for Cu, Zn and Pb, a few samples had CVs
greater than 30%. In terms of accuracy (through the use of
© 2024 The Author(s). Published by the Royal Society of Chemistry
reference samples), for all metals the measured values were
within 10% of the expected value (ESI Table ST4†).

Of the six metals included in our analysis, Cu and Pb were
among the most prominent with concentrations ranging from
20.1 to 31 672.1 mg g−1 and 16.4 to 4347.0 mg g−1 dry weight,
respectively. While there were certain site types with relatively
high levels of metals detected including dump sites (2, 5, 18)
and upstream sites (30, 46), in general, trade sites were again
the ones with highest concentrations of most metals (ESI Table
ST5†). The trade sites also inuenced the most variation for PC1
(ESI Fig. SF5†). Furthermore, we observed that all selected
metals for deeper investigation here were positively correlated
to each other and the plastic-related contaminants (ESI
Fig. SF3†). Out of all selected metals, Cd and Pb seemed to
contribute the most to PC1.

The metal concentrations measured in this study were
compared to respective metal concentrations measured in other
studies situated at the Agbogbloshie area (ESI Table ST5†) (ref.
13, 35–37) and regulatory standards from EPA22 and CCME21

(ESI Fig. SF6†). Compared to other studies, the measured levels
of Cu, Zn, and Pb showed great variations and were close to the
lower concentration range (ESI Fig. SF6†). However, the
measured levels of As, Cr, and Cd were much lower than the
detected ranges reported in the literature. While the measured
values here were relatively low compared to previous studies
(with reasons for this difference not entirely known), the
majority of soil samples had metal concentrations above both
EPA and CCME standards.21,22 For example, out of the 35 sites,
all contained Cr levels higher than both EPA and CCME stan-
dards. As for specic metals, all sites had As levels higher than
the EPA standard, but only 11.4% exceeded the CCME standard.
Further, approximately half of the sites detected Cd levels
higher than both EPA and CCME standards. For Cu, Zn, and Pb,
fewer than half of the sites reported metal concentrations
higher than the EPA standard, while over 70% exceeded the
CCME standard.
Composite scores, hazard indexes and risk indexes

Composite scores are widely employed to integrate and
summarize data with multiple parameters, and has been sug-
gested for the communication of cumulative risk.24,38 In the
exposure assessment of this study, composite scores were
particularly valuable for synthesizing exposure data related to
both metal and plastic-related contaminants. Reducing
multiple contaminant data into a single numerical value for
each site facilitates the comparison and ranking of exposure
levels across different sites. The average composite score across
all sites was 38.5 and ranged from 19 to 65. Within this, the
average score was highest for trade sites (averaged 57.6, ranged
from 51–65). Notably, four out of the ve highest composite
scores were associated with trade sites (Sites #7, 8, 10, and 11,
ESI Fig. SF7†). Following the trade sites, the composite score
decreasing rank-order was: upstream sites (average 38.2,
between 26–59), dump site (average 33.2, between 18–55),
community site (average 30, between 20–37), burn site (average
23, between 18–27), and downstream sites (average 21, between
Environ. Sci.: Adv., 2024, 3, 1802–1813 | 1807
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19–23). This observation may also be examined by a PCA (ESI
Fig. SF3†), and also the indexes calculated for human (HI, ESI
Table ST6†) and aquatic species (RI, ESI Table ST7†). The PCA
showed that the trade sites were distinctly separated from the
rest of the sites (ESI Fig. SF2 and SF5†). The loading score of the
six selected metals were closely clustered with the plastics and
were distinctly separated from half of the detected metals in
PC1 and PC2 (ESI Fig. SF3†). Notably, DEHP had the greatest
loading among all the plastics-related chemicals. These obser-
vations suggested that the selected metals and DEHP were the
primary contributors to the variation across identied sites.
Furthermore, the aquatic RI (ESI Table ST7†) for the selected
metals signicantly exceeded 1 (RI ranged from 5.9 to 1004.4),
and half of the RI values for plastics were higher the level of
concern (LOC > 1). Notably, only DEHP had a RQ that exceeded
Fig. 1 EC50 values for (A) RTgill-W1 cells and (B) Caco-2 cells (EC50 cou
are shown) exposed to e-waste soil extracts. All non-cytotoxic sites are r
cytotoxic. Color and icon shapes correspond to the various site types. E

1808 | Environ. Sci.: Adv., 2024, 3, 1802–1813
1 across all sites, and the majority of the trade sites detected
DEHP at levels surpassing the threshold. As a result, from an
exposure perspective, the selected six metals and DEHP posed
higher level of concern compared to other contaminants. Trade
sites, which collectively contained the highest concentrations of
all measured contaminants, were consequently ranked as of
greatest concern across all sites. The dismantling activities
around the trade sites might be one of reasons for the increased
contaminant content as this is an activity that produces
contaminants that can then settle into the soil.39,40
Cell viability

The cell viability results for both cell lines are presented in ESI
Table ST8.† For the RTgill-W1 cells, the cell viability in DMSO
solvent controls compared to the untreated controls was 99.7%
ld be calculated only for trade site #8, thus EC20 values where possible
epresented by the dashed line at the top above which all sites were not
rror bars represent standard deviation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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± 3.4%, and the variability among the no-cell control wells was
under 20% for all experiments. The EC50 for the DCA positive
control was 47 mg L−1, thus meeting the quality control
requirements (28.4–58.9 mg L−1) as specied by the OECD
guidelines for Test No. 249 (ref. 11) and similar to our previous
study14 (43.6 mg L−1). For the Caco-2 cells, the cell viability in
DMSO solvent controls compared to the untreated controls was
96.6% ± 7.7%, the variability among the no-cell control wells
was under 20% for all experiments, and the EC50 for the CuSO4

positive control was 201.6 mg L−1 (ESI Tables ST8 and ST9†).
RTgill-W1 cells were more sensitive to the e-waste soil

extracts than the Caco-2 cells (Fig. 1). For the RTgill-W1 cells, 17
of the 35 e-waste soil extracts were cytotoxic enough to derive
EC50s (Table 1). Trade site #8 was the most cytotoxic site with
an EC50 of 0.5 eQsed per mL. Trade sites were also the most
cytotoxic site type with EC50s derived for all eight sites. Dump
sites were the next most cytotoxic with EC50s derived for seven
of the 13 sites. Among the burn site, community, and upstream
sites, EC50s were derived for isolated sites while neither of the
two downstream sites were cytotoxic. Unlike the RTgill-W1 cells,
for the Caco-2 cells, only one site (trade site #8) was cytotoxic
with an EC50 of 5.59 eQsed per mL (Table 1). There are relatively
few studies comparing cytotoxic responses across these two cell
lines. One study concerning magnetite and palladium/
magnetite nano-catalysts found minor exposure-related
decreases in metabolic activity in both cell lines aer 1 h of
exposure, though following three days of exposure the changes
disappeared in the RTgill cells but were sustained in the Caco-2
cells.41 Another study concerning parabens, including methyl-
paraben, ethylparaben and propylparaben, and their chlori-
nated by-products found that many compounds were cytotoxic
to RTgill cells but not to Caco-2 cells in terms of absolute
responses (cytotoxic versus non cytotoxic) and relative responses
(lower EC50s in RTgill cells).42 While not overly conclusive,
these ndings are generally similar to what we observed here.
RNA sequencing

The raw reads per sample ranged from 0.5–14 million for RTgill
cells and 0.2–26 million for Caco-2 cells. For RTgill cells, 50–
78% were mapped in pairs of which 21–49% were mapped to
genes for downstream analysis. For Caco-2 cells, 76–99% were
mapped in pairs of which 53–98% were mapped to genes. In
total, 44 260 and 61 552 features were annotated for RTgill-W1
and Caco-2 cells, respectively. Further details on the
sequencing run are provided in ESI Tables ST2 and ST10.†

Overall, we noticed some differences in sequencing metrics
between the RTgill-W1 and Caco-2 cells. For example, the
percentage of reads mapped to the rainbow trout and the
human genome were lower for the RTgill cells than the Caco-2
cells, respectively. Of the reads that mapped to the corre-
sponding genomes, the percentage that mapped to exons and
protein coding genes were lower for the RTgill compared to the
Caco-2 cells. Further, the percentage of reads mapping to
ribosomal RNA (rRNA) were much higher in the RTgill (∼90%)
than the Caco-2 cells (∼5%). The rainbow trout genome is
known to be less annotated than the human genome which
© 2024 The Author(s). Published by the Royal Society of Chemistry
might explain the lower percentage of reads mapping for the
RTgill cells. Additionally, in traditional RNA sequencing, RNA is
isolated from the starting biological material and is depleted of
rRNA. In this protocol, the library preparation was conducted
directly on lysed cells without RNA isolation or rRNA depletion
but using an oligo-dT primer to selectively bind to the poly-A
tail. While the oligo-dT binding was successful in eliminating
a large percentage of the rRNA in Caco-2 libraries, this was not
the case in the RTgill cells. Further, the percentage of reads
mapping to introns and intergenic regions were higher in the
Caco-2 cells.
Transcriptomic responses

Differential gene expression. Differential expression analysis
of RTgill-W1 cells resulted in 52 to 1999 DEGs per sample (ESI
Table ST11†). Exposure to extracts from site #s 48 and 16
resulted in the most and least number of DEGs, respectively.
Site #8, which was the most cytotoxic with the lowest EC50,
resulted in relatively fewer DEGs (187). Across all the results,
some of the common DEGs identied were related to processes
such as glucose homeostasis, lipid metabolism, stress response,
lipid storage, cell–cell and cell–matrix interactions.

For the Caco-2 cells, although cytotoxic responses were not
measured following exposure to e-waste site extracts, there were
many transcriptomic effects observed. Differential expression
analysis resulted in 226 to 5925 DEGs per sample (ESI Table
ST11†). Exposure to extracts from site #s 7 and 16 resulted in the
most and least number of DEGs. Site #8, which was the most
cytotoxic, resulted in 3458 DEGs. Some of the identied DEGs
were related to processes such as immune and stress response,
inhibition of cell proliferation, cell fate, xenobiotic metabolism.

Benchmark dose–response and tPODs. For the RTgill-W1
cells, curve tting resulted in gene BMDs calculated for 5–
44% of the DEGs for each of the 11 sites (Table 1). The lowest
tPODmode value (0.018 eQsed per mL) was calculated for site
#16, and this was derived from 17 gene BMDs. Though it is
unclear how many gene BMDs are needed to derive a reliable
tPOD, a recent study involving sh embryos suggested
a minimum of 15 gene BMDs.43 Exposure of RTgill-W1 cells to
extracts from site #8, which had the lowest EC50, resulted in 75
gene BMDs and the 2nd lowest tPODmode (0.06 eQsed per mL).
Across all sites, the tPODs were mostly within one order of
magnitude of each other, except for sites #s 74 and 49 which
had the highest tPODmode values (4.7 and 4.9 eQsed per mL,
respectively). Overall, there was some concordance between
measured EC20 values and determined tPODs with the top two
most cytotoxic sites (#s 8 and 16) resulting in the most sensitive
tPODs and the least cytotoxic sites (#s 74 and 49) resulting in the
highest tPODs (Fig. 2).

For the Caco-2 cells, in many cases we observed more than
2000 DEGs. Thus, for curve tting we employed more stringent
statistical analysis (log 2FC and FDR adjust p-value threshold of
1.5 and 0.01 to obtain at most 2000 DEGs), which resulted in
gene BMDs calculated for 2–26% of DEGs (Table 1). The lowest
tPODmode calculated was for trade site #8 (0.24 eQsed per mL),
which exhibited the strongest dose-dependent effect with 217
Environ. Sci.: Adv., 2024, 3, 1802–1813 | 1809
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Fig. 2 Correlation of in vitro tPODmode vs. in vitro EC50 values in
rainbow trout gill RTgill-W1 cells exposed to e-waste soil extracts.
Numbers in the figure correspond to the site numbers. The dark
shaded part is the 95% confidence interval, and the light shaded part is
the confidence prediction band. Correlation of human Caco-2 cell
tPOD vs. EC50 values was not possible since only three sites were
cytotoxic enough to derive EC20 values.
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gene BMDs. Unlike the RTgill-W1 tPODs, the Caco-2 derived
tPODs were within 5-fold of each other except for site #s 16, 30
and 74 for which no tPOD could be calculated due to lack of
DEGs or genes with BMDs.

Functional analysis. In addition to the gene level dose–
response analysis, we performed over-representation analysis of
the gene BMDs to identify potentially dysregulated KEGG
pathways. For the RTgill-W1 cells there were no signicantly
impacted pathways across any of the samples. This observation
may be attributed to the limited annotation of the genome,
highlighting potential challenges in drawing pathway-related
conclusions. For the Caco-2 cells, trade site #8 was the only
site that resulted in three signicantly dysregulated pathways
includingmineral absorption which was the most sensitive with
the lowest pathway BMD (0.38 eQsed per mL), and ferroptosis
(0.5 eQsed per mL), and alanine, aspartate and glutamate
metabolism (0.69 eQsed per mL) (ESI Table ST12†).

To further explore this dataset, we performed Gene Ontology
(GO) annotation analysis based on the genes with BMDs (ESI
Table ST12†). Due to the lack of a reference in the gene ontology
database for RTgill-W1 cells, we utilized the zebrash database
as an alternative. While there were no signicantly enriched GO
terms identied for the RTgill cells, we observed several
enriched terms for Caco-2 cells exposed to site #s 7 (2 terms), 20
(3 terms), 3 (22 terms), and 8 (158 terms) (ESI Table ST12†).
These included regulation of hormone levels and brinogen
complex in site #7, and system development, anatomical
structure development and multicellular organism develop-
ment in site #20. Exposure to site #3 resulted in 10 enriched
biological processes, 1 molecular function and 10 cellular
component terms including regulation of hormone levels,
response to stimulus, and several extracellular component
1810 | Environ. Sci.: Adv., 2024, 3, 1802–1813
terms. Exposure to site #8 resulted in the highest number of
gene ontology terms – 121 biological processes, 27 cellular
components and 10 molecular functions including several
related to response to metal ions, response to stress, detoxi-
cation and binding. None of the GO terms were commonly
enriched across all sites. However, seven biological processes
and nine cellular component terms were commonly identied
between site #s 3 and 8. These included response to stimulus,
and metabolic processes related to organic substances with
a specic emphasis on organic acids, and all detected extra-
cellular components.

A few studies have examined the transcriptomic effects of
exposure to e-waste related contaminants. One studying effects
of key e-waste contaminants including Pb and deca-
bromodiphenyl ether (BDE) in zebrash larvae (Danio rerio)
reported several enriched GO terms that were also found in our
study including protein binding, ion binding and intracellular
membrane-bound organelle, in addition to many development
and metabolic processes that were similar though not iden-
tical.44 Another, examining effects of in situ exposure to e-waste
contaminants in climbing perch (Anabus testudineus), a native
sh species, also reported several enriched terms that were
found here including protein folding, regulation of apoptotic
process, response to unfolded protein and regulation of tran-
scription from RNA polymerase II promoter.45 More recently,
a study examining the potential of a bacteria (Pseudomonas
plecoglossicida) to biodegrade BDEs reported several enriched
GO terms including response to toxic substance, ion binding,
plasma membrane and cytoplasm.46 While these studies
differed from ours in many ways (e.g., different species, in vivo
exposures), the perturbed biological functions (i.e., main GO
terms being hormone metabolic process and regulation, amino
acid metabolism such as alanine, aspartate and glutamate
metabolism) following exposure to e-waste materials were
somewhat consistent.
Application of effect-based methods at contaminated sites

The ultimate goal of this study was to assess the implementa-
tion of the tPOD concept into an in vitro EBM study involving
human and sh cell lines situated at a contaminated site.
Accordingly, we need to consider how the tPODs data compare
to the cytotoxicity measures, and also how the tPODs data
compare to available measures of select priority chemicals of
concern in these same samples.

First, the in vitro tPOD data correlated well with corre-
sponding EC50 values of cytotoxicity. We note that this was only
possible for the trout cells given the lack of cytotoxicity results
in the human cells (i.e., only one case). Across all cases of
cytotoxicity, we noted that the corresponding tPOD value was
lower in concentration than the EC50 value. In studies of
chemical exposures versus exposures to complex mixture
extracts, this has also been observed for RTgill-W1 (ref. 14) and
Caco-2 cells.15 Such is not surprising given that molecular
responses indicate adaptive cellular responses and precede
adverse apical effects, and is thus a principle that underlies
growing interest in the tPODs approach.7 We also note a few
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00178h


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 1
2:

16
:3

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
cases in which cytotoxicity was not measured though tPODs
were calculated, which is similar to what has been reported in
a previous study where exposure to certain silicon dioxide and
silver nanoparticles caused no cytotoxicity in Caco-2 cells,
however elicited a measurable transcriptomic response.15 This
reinforces the notion that quantitative tPODs may be derived in
the absence of adverse measures.

In addition to yielding quantitative data that may be used in
a risk assessment context, the tPODs approach can also yield
helpful qualitative information to elucidate a sample's mecha-
nisms of action. If sufficient number of gene BMDs exist in
a biological pathway, then quantitative pathway-based BMDs
may be derived (as found here) which provide even deeper
insights. For example, our results show that biological pathways
such as mineral absorption and GO terms including responses
to inorganic metal ions were activated, specically, cellular
responses to copper, zinc, and cadmium ions. These three
metals were detected at site #8 at concentrations exceeding
standard values for agricultural soil and sediment from
CCME21,29 and US EPA.22 Other identied GO terms included
those associated with metabolic processes involving (di)
carboxylic acids, oxoacids, and organic acids. One potential
source of organic acids may be the diverse types of phthalate
esters present in the plastic compounds measured. Phthalate
esters in soil, via processes such as biodegradation, photolysis,
and/or hydrolysis47 may be converted to phthalic acid and
subsequently hydrogenated to carboxylic acids.48

Another consideration is whether this approach (in vitro
tPOD EBM) yields similar conclusions to the typical chemistry-
based method focused on select priority chemicals when
assessing environmental samples. The chemistry results show
that trade sites, followed by dump sites, and certain isolated
sites from the upstream and community sites showed high
levels of some contaminants, with some of these above
a guideline value. Among the shortlisted sites assessed for
transcriptomics, we observed that the most cytotoxic and
contaminated sites generally resulted in the most sensitive
tPODs. Based on the chemistry data, the only site with a HI
above 1 was site #8 for human references, and the highest RI
was also site #8 based on aquatic references. The in vitro results
also agged site #8. In Caco-2 cells, the extract from this site was
the only one to return an EC50 value and also had the lowest
tPOD value. Further, for RTgill cells, the lowest EC50 was
observed from site #8. A linear regression and non-parametric
correlation were used to capture the potential relationships
between the composite scores and the in vitro results (ESI
Fig. SF8†). All three regressions showed reasonable negative
correlation, suggesting higher composite scores correspond to
lower benchmark values. The only statistically signicant
correlation (Spearman, p < 0.05) was between the composite
score and the EC50. The R value was−0.72, suggesting a relative
strong correlation.49 While there seems to be some concordance
between the in vitro results and the chemistry data, we only
studied a few e-waste sites with limited numbers of targeted
chemicals measured. Thus, more work is required in this area
with larger sample sizes and in-depth chemical analysis.
© 2024 The Author(s). Published by the Royal Society of Chemistry
When comparing the two approaches, there are some
advantages of the EBM approach to note. While the two
approaches may be similarly priced (∼$1000–2000 USD per
sample), the in vitro work covering cytotoxicity and tran-
scriptomics took about 4–6 weeks whereas the chemical anal-
ysis took longer. The in vitro method also yielded much more
biological data. However, despite the promise of a more
resource efficient and informative method, some challenges
remain in comparing the methods (which also represent some
limitations of our work). First, the chemical analysis focused on
a select number of organic and inorganic substances. E-Waste
sites are notoriously contaminated with many more chem-
icals. Therefore, trying to rank and prioritize the study sites
using such (incomplete) information poses challenges. Second,
reducing multiple chemical data into a single composite score,
while necessary, is overly simplistic. Third, reference concen-
trations were challenged. Typically, reference concentrations in
water are used for sh and other aquatic species. However,
these values may not be directly applicable to this study which
focused on soil extract. Given that relevant information is
limited, human reference doses were utilized for estimation
purposes. Fourth, the transcriptomic analysis went well for the
human cell line but was more challenging for the trout cell
given that its genome is less resolved and annotated. In terms of
the library preparation, we attempted to skip the rRNA deple-
tion step by selectively binding to the poly-A tail for 30

sequencing. While we were able to obtain meaningful infor-
mation, a substantial percentage of the reads were lost to rRNA,
introns or intergenic regions, thus reducing overall efficiency of
the workow. Hence, for future studies, the workow could
be optimized for higher efficiency by including the rRNA
depletion step.

Beyond the limitations noted in the previous paragraph,
there are some additional methodological ones that merit
discussion. First, the metals analyses did not account for
speciation nor were we able examine the bioavailability of
compounds from our extracts. This makes it challenging to
understand potential exposures to humans or sh, and so we
focus the work on differences across the sites. Further, while we
conducted these studies using relevant cell lines to gauge
exposures in sh and humans, these represented single modes
of exposure. The inclusion of different cell lines such as
epidermal, hepatic, and neuronal may help increase under-
standing of other exposure routes and also potential mecha-
nisms of action. Finally, our studies focused on single cell lines
grown in monolayers which may represent an over-
simplication of complex biological responses, and so future
studies could consider more sophisticated models such as co-
cultures or spheroids.

Concluding remarks

In this study, we used an EBM approach to study the cytotoxic
and transcriptomic effects of soil extracts from e-waste
contaminated sites on the rainbow trout RTgill-W1 and
human Caco-2 cell lines. In general, the molecular responses
were not only in line with the cytotoxic results observed but also
Environ. Sci.: Adv., 2024, 3, 1802–1813 | 1811
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with contaminant levels measured at the selected sites. We
demonstrated the potential of using such methods on multiple
levels – as screening platforms to prioritize environmental
samples, and to gain better understanding of the sub-lethal
effects of complex mixtures. However, some challenges still
remain (as detailed near the end of the Discussion) and thus
more case studies like this are needed to assess the perfor-
mance of cell- and transcriptomics-based methods with
a diverse range of substances to build more condence on their
use.
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