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HIGHLIGHTS

e Metal concentrations in 8 discarded
electronic waste plastics (E-plastics)
exceeded safety standards.

e No observable acute toxicity in 6
different E-plastics exposed human
cell lines.

e Leaching of toxic elements from E-
plastics is negligible in biological
milieu.

e Quantitative assessment of toxic ele-
ments is inadequate to forecast E-
plastics toxicity.
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ABSTRACT

Plastics in waste electronics (E-plastics) account for approximately 20% of the entire global electronic
waste (E-waste) stream. Most of the E-plastics are not recycled as the presence of toxic additives (e.g.
heavy metals, brominated flame retardants (BFRs), antimony, etc.) have associated environmental and
health concerns. However, the majority of the studies are focused on quantitative assessment of the toxic
constituents in E-plastics, while empirical information regarding the potential toxic effects in humans is
largely lacking. To gain a deeper appreciation into the toxicological profile of E-plastics, in situ time-
dependent exposures of 6 different human cell lines to a panel of 8 representative E-plastics recov-
ered from liquid crystal displays (LCD), keyboards, screen frames, and wire insulators were conducted.
Although several hazardous elements (e.g. Pb, As, Sb, Zn, Cu, etc) were detected at concentrations that far
exceed the limit values permitted by the Restriction of Hazardous Substances Directive and EU Directives
in the panel E-plastics, in-depth analysis of the 144 unique cell viability data points and live-dead
staining experiments suggest that the acute and sub-chronic toxic effects of E-plastics in direct con-
tact with human cells are negligible. These observations agreed with the inductively coupled plasma-
optical emission spectrometry data, which revealed that leaching of these toxic additives into the bio-
logical milieu is not sufficiently high to trigger a cytotoxic response up to a continuous culture period of 2
weeks. The novel insights gained from this study are posited to further clarify the uncertainty associated
with the safety and circular economy implementation of E-plastics.
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1. Introduction

Electronic waste (E-waste) is one of the fastest-growing solid
waste streams globally. In 2016, the total amount of E-waste was an
astonishing 44.7 million metric tons (Sahajwalla and Gaikwad,
2018; Vanessa Forti et al., 2020). By the year 2030, this number is
expected to increase to 74.7 million metric tons at an annual
growth rate of ~3—4% (Vanessa Forti, 2020). Despite the rapid in-
crease in E-waste generation, only about 15% was collected and
recycled, with the majority of the E-waste being disposed-off
largely in landfills or incinerated (Sahajwalla and Gaikwad, 2018).
Among the many types of materials that are found in E-waste,
electronic waste plastics (E-plastics) constitute a significant portion
and are approximated to account for up to 20% of total E-waste by
volume (Ma et al., 2016). Specifically, the production of E-plastic
increased by around 20% to 10.72 million metric tons in 2019
compared to 2014, and this number is expected to reach a stag-
gering 14.94 million metric tons by 2030 (Vanessa Forti, 2020).
While significant progress has been made to reclaim valuable
metals from E-wastes such as spent batteries (Rarotra et al., 2020;
Wau et al.,, 2020) and printed circuit boards (PCB) (Qiu et al., 2020,
2021), efforts to recycle post-consumer E-plastics is generally lag-
ging. In reality, plastics used in electronic products such as elec-
trical wire insulator, keyboards, and monitors are typically made of
recyclable polymers such as acrylonitrile butadiene styrene (ABS),
polyvinyl chloride (PVC), polyethylene terephthalate (PET), poly-
styrene (PS), poly (methyl methacrylate) (PMMA), and poly-
urethane (PU). (Vanessa Forti, 2020). However, it is also well-
established that E-plastics are often tainted with a myriad of
toxic flame retardants, heavy metals, plasticizers, pigments, and
modifiers additives, which have been identified as potential envi-
ronmental and health hazards, which hamper recycling
(Hahladakis et al., 2018).

E-plastics have been documented to contain numerous toxic
chemicals such as lead (Pb), arsenic (As), antimony (Sb), copper
(Cu), barium (Ba), and brominated flame retardants (BFRs) (Senthil
Kumar and Baskar, 2015). These additives may or may not be
chemically bound to the polymer matrix. Additionally, electrical
heating may also potentially contaminate the E-plastics as a result
of the migration of heavy metals or additives from the metallic
components (e.g. pins, printed circuit board, etc.) to the plastics
(Vimala et al., 2009; Hahladakis et al., 2018; Mao et al., 2020). Lead
(Pb) is a highly potent systemic toxicant that can affect almost
every organ, importantly, the neurotoxic actions of lead (Pb) such as
cellular apoptosis, excitotoxicity, and impairment to neurotrans-
mission processes, especially in the developing brain, are widely
documented (Mishra, 2009; Wani et al., 2015). Arsenic (As) is a
protoplastic poison since it affects primarily the sulphydryl group
of cells causing malfunctioning of cell respiration, cell enzymes, and
mitosis (Sarkar and Paul, 2016). Exposure to antimony (Sb) con-
centrations above 9 mg/m> will result in eye, skin, and lung irri-
tation, while chronic exposure will potentiate lung, heart, and
gastrointestinal diseases (Denys et al., 2009). Although copper is
required for the proper functioning of many important enzyme
systems, the acute lethal dose of Cu (II) for adults lies between 4
and 400 ppm (per body weight), and excessive copper ions can
cause symptoms typical of food poisoning (headache, nausea,
vomiting, diarrhea) at subtoxic doses (Jantsch et al., 1984; Cavallo
et al., 2002). Solubilized barium (Ba) salts can cause muscle
poisoning, leading to significant hypokalemia, secondary respira-
tory paralysis, and malignant arrhythmia, resulting in serious
consequences (Ananda et al., 2013). There are currently more than
75 types of BFRs (Eriksson et al., 2001). Some BFRs are unstable
under thermal stress and may turn to extremely toxic poly-
brominated dioxins and furans (PBDD/F) during thermal processing
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(Weber and Kuch, 2003; Schlummer et al.,, 2007). BFRs such as
polybrominated diphenyl ethers (PBDEs), tetrabromobisphenol A
(TBBPA), and polybrominated biphenyls (PBBs) found in E-plastics
can perturb the production of thyroid hormone, interfere with es-
trogenic and androgen pathways (Hallgren and Darnerud, 2002;
Hamers et al., 2006), induce hyperactivity (Branchi et al., 2002),
cause cognitive impairment (Eriksson et al., 2001; Dufault et al.,
2005), resulting in dose-dependent spatial learning and memory
deficits (Yan et al., 2012).

Given its potential adverse public health impacts, examining the
toxic effects of E-plastics is therefore fundamental to the safe
implementation of a new plastic circular economy (CE) model. The
presence of these toxic chemicals and additives may disrupt the CE
and directly affect the recyclability and reuse of E-plastics. For
instance, compared with outdoor levels of toxic metals (e.g. lead,
chromium, zinc, etc.), E-waste recycling activities have been asso-
ciated to several-fold higher production of heavy metal enriched
total suspended particles (TSP) that far exceeds the World Health
Organization (WHO) levels (Song and Li, 2014; Hahladakis et al.,
2018). Besides workplace exposure to these toxic additives, elec-
tronic goods consumers are not spared either. In an earlier study,
several heavy metals such as lead (Pb), cadmium (Cd), nickel (Ni),
and silver (Ag) have been detected in the plastic housing of mobile
phones at levels that may be harmful to the environment and hu-
man health (Nnorom and Osibanjo, 2009). Application of the
USEtox® life cycle impact assessment (LICA) model has shown that
Hg, Cr, Pb, Sb, and Br found in mobile phone plastics present
considerable ecotoxicity and health (cancerous and non-cancerous)
risks (Singh et al., 2020). Furthermore, a recent study reported that
among the more than 600 black non-electronic consumer plastics
tested, bromine (Br) was detected in almost 50% of samples with
concentration ranging from 1.5 to 133,000 ppm, while lead (Pb) and
antimony (As) were found in ~25% of the black plastics (Turner,
2018). These findings suggest that the contamination and the
inadvertent exposure of the E-plastics associated additives in our
daily life are more pervasive than expected (Turner, 2018). While
these findings have raised significant public health concerns, it
should be emphasized that the adverse health effects associated
with the E-plastics are mostly inferred based on the quantitative
assessment of the harmful additives they contain. Our current un-
derstanding of the actual toxic potential of the E-plastics is inade-
quate and remains far from being complete.

Herein, to better appreciate the potentially toxic effects of E-
plastics, an unbiased in situ toxicity assessment of 8 representative
E-plastics collected from a local recycling plant (Virogreen Pte Ltd,
Singapore) was conducted. The panel E-plastics was selected, in
part, based on their relative abundance in the E-waste stream
(Buekens and Yang, 2014) (Vanessa Forti, 2020). The E-plastics was
first thoroughly characterized to determine its physicochemical
constituents using Fourier-transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), and X-ray fluorescence analyzer
(XRF). Thereafter, to accurately examine the potential cytotoxicity
of the E-plastics, the test materials were placed in intimate contact
(ISO 10993-5, 2009; MHLW, 2012) with a panel of 6 different
primary and immortalized human cell lines from tissues that are
representative of the different potential routes of exposure such as
skin contact and ingestion. With our in vitro experimental
approach, any direct (cell-materials interaction) or indirect (cell-
leachable interaction) biological damages inflicted by the E-plastics
under physiological conditions are posited to be evident. Baseline
acute and sub-chronic cytotoxicity information was determined
using the PrestoBlue assay to measure cell metabolism and live/
dead staining to examine cell viability. This study provides the first
(to the best of our knowledge) comprehensive evaluation of E-
plastic toxicity using a variety of human cell lines.
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2. Materials and methods
2.1. Sample collection and preparation

Representative E-plastics were curated from Virogreen
(Singapore) Pte. Ltd. The E-plastics consisted of scraps from com-
puters, liquid-crystal display (LCD), laptops, keyboards, various
phones (mobile and landline), electrical insulators, and personal
digital assistants (PDAs), etc. The samples were transported to the
laboratory and manually dismantled by screwdrivers and pen-
knives, and the printed circuit board, metallic and glass parts were
carefully removed. The plastic components were cut into a square
shape (12 x 12 mm) by a mechanical puncher, washed thoroughly
with double distilled water, air-dried, and inventoried accordingly.
For in vitro cytotoxicity studies, the samples were sterilized in 70%
ethanol for 3 times (15 min each time), followed by a washing step
using Phosphate Buffer Saline (PBS).

2.2. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of various E-plastics were obtained using an FTIR
spectrometer (PerkinElmer Frontier, Ohio, United States). The E-
plastics were manually cut using penknives, and the samples were
grounded into fine powder manually by a mortar and pestle. Then,
the obtained powder was mixed with KBr powder and compacted
into a pellet for the FTIR examination. The spectra were investi-
gated in the wavenumber range of 400—4000 cm™ . The obtained
FTIR spectra were input in KnowlItAll IR Spectral Library (Bio-Rad
Laboratories, Hercules, California, United States) to identify each
type of E-plastics.

2.3. Thermal gravimetric analysis (TGA)

The thermal stability of the different E-plastics was analyzed by
thermal gravimetric analysis (TGA, Q500, TA Instruments, New
Castle, United States). Changes to the sample weight were
measured over a temperature range of 25 °C to 900 °C (20 °C/min)
in a nitrogen atmosphere. Derivative thermogravimetric analysis
(DTG) was used to determine the decomposition temperature of
the E-plastics.

2.4. X-ray fluorescent analyzer (XRF)

The E-plastics samples (12 x 12 mm) were prepared according
to published protocols (Riise et al., 2000; Chagmagqchee et al., 2017).
Elemental analysis was carried out using a modified handheld X-
ray fluorescence analyzer (Vanta C Series Handheld XRF analyzer,
Olympus, Tokyo, Japan). The handheld XRF analyzer was pre-
calibrated by the manufacturer for plastic analysis. For safety rea-
sons, the XRF analyzer was stabilized by a field stand during
measurements, and the plastic samples were put on a silicon drift
detector within a protective shield. Exposure duration of approxi-
mately 180—500 s was used for each analysis, including a dwell
time of 60 s in the low energy range (30 kV and 66.67 pA: Cl, Cr, and
Ti) and main energy range (50 kV and 40 pA: all remaining ele-
ments). The generated X-rays spectra were automatically decon-
voluted and semi-quantified to determine the dry weight
elemental concentrations (parts per million, ppm).

2.5. Cell lines and culture

Human keratinocyte (HaCaT), human dermal fibroblasts (HDF),
human gastric adenocarcinoma cell line (MKN), human colon cell
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lines (SW480), human bone osteosarcoma cells (MG63) and
ASC52telo, hTERT immortalized adipose-derived mesenchymal
stem cells (ADSCs, SCRC-4000) were purchased from American
Type Culture Collection (ATCC). ADSCs were maintained in
mesenchymal stem cell basal medium with the addition of a
mesenchymal stem cell growth kit (PCS-500-030 and PCS-500-
040). The other cell lines were maintained in Dulbecco’s Modified
Eagle Medium (DMEM, Sigma-Aldrich) with the addition of 10%
Fetal Bovine Serum (Gibco) and 1% Penicillin/Streptomycin.

2.6. Cell viability assay

To ensure fair comparisons, cells were seeded onto each type of
E-plastics (12 x 12 mm) at a fixed seeding density of 5 x 10* cells/E-
plastics. PrestoBlue reagent (Thermal Fisher) was used to evaluate
the cell viability at day 1, 4, and 7 respectively as per the earlier
report (Wang et al.). Briefly, 1 ml of DMEM cell culture media
containing 10% PrestoBlue and 5% FBS was incubated with each
sample respectively, then 200 pl of each sample was aspirated into
96 well plates, their absorbance values at 570 and 600 nm were
tested by a microplate reader (Molecular Devices SpectraMax M2).
Cells cultured on normal tissue culture plastics (TCP) were served
as controls. Subsequently, the cell viability was calculated accord-
ing to the following formula:

Prestoblue reduction of cells on E — plastics

Prestoblue reduction of cells on TCP X100%

%Cell viability =

2.7. Live/dead assay

Samples at day 1 and 7 were incubated with fluorescein diac-
etate (FDA, 8 pg/ml) and propidium iodide (PI, 20 pg/ml) in
phosphate-buffered saline (PBS) for 5 min. Thereafter, the samples
were observed under a fluorescence microscope (Carl Zeiss), the
live (FDA, excitation: 495 nm and Emission: 517 nm) and dead cells
(PI, excitation: 538 nm and Emission: 617 nm) were shown in green
and red colors respectively. The exposure time was automatically
optimized by the imaging software. The fluorescent images of live
(green) and dead (red) cells were further analyzed by Image].
Briefly, the images were first converted into an 8-bit format and
background signals were removed by adjusting the threshold.
Thereafter, the integrated intensities of the live and dead cells in the
images were measured.

2.8. Inductively coupled plasma-optical emission spectrometry
(ICP-OES)

To determine the concentration of leached heavy metals, the E-
plastics were fully submerged in the cell culture media (i.e. ADSCs
growth medium and DMEM) in 50 ml tubes at an equivalent weight
ratio of plastics to cell culture media as per the cell viability tests.
The tubes were securely sealed and placed in an oven at 37 °C for 7
days. Thereafter, the culture media (10 ml) was collected and
sampled using the inductively coupled plasma-optical emission
spectrometry (ICP-OES, Agilent Technologies, California, United
States) as reported earlier (Wu et al., 2020).

2.9. Statistical analysis

All data were expressed as mean + the standard deviation.

Statistical analysis was performed by pairwise comparison of
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experimental categories using a two-tailed, unpaired Student’s t-
test and multiple comparisons using single-factor analysis of vari-
ance (ANOVA) and post hoc Tukey tests, using SPSS Statistics
version 22.0. A p-value of less than 0.05 is considered statistically
significant.

3. Results and discussion
3.1. FTIR polymer identification of E-waste plastics

End-of-life personal computers and mobile devices are the
fastest growing waste streams in modern society. In terms of vol-
ume, the E-plastics derived from electrical wire insulator, key-
boards, and monitors are among the highest (Vanessa Forti 2020).
Accordingly, we have selected 8 different representative discarded
E-plastic samples. They were labeled as EP1 to EP8 as shown in
Fig. S1. EP1 (reflector film) is a white and flexible plastic sheet. EP2
(light guide plate) is a highly transparent plastic sheet that guides
light from light-emitting diode (LED) to the whole display area. EP3
(screen diffuser) is presented as a whitish and stretchable plastic
thin film. EP4 (screen prism) is a moderate flexible plastic sheet,
with highly aligned grooves on it. EP5 (prism protector) is a
translucent flexible plastic sheet that confers scratch resistance
properties to the LCD. EP6, EP7, and EP8 are keyboard, screen frame,
and wire insulator, respectively. Throughout the paper, we would
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use the abbreviated terminology to refer to the respective E-
plastics.

Not all the E-plastics were labeled with standardizing resin
codes. Therefore, FTIR spectroscopy was employed to determine
the chemical identities of the various E-plastics. Chemical charac-
teristics of the E-plastics could be differentiated by detecting the
well-established chemical functionalities-specific infrared absorp-
tion bands (1450-4000 cm™!) and fingerprint region (400-
1450 cm™!) (Al-Oweini and El-Rassy, 2009; Al-Ali and Kassab-
Bashi, 2015; Dzulkurnain et al., 2015; Li et al., 2017; Jung et al.,
2018). Fig. 1 shows the FTIR spectra of the various E-plastic sam-
ples. To determine the polymer types, the sample-specific absorp-
tion peaks were identified based on published data (Table 1) and
the FTIR spectra were matched using the KnowItAll IR Spectral Li-
brary. The best-matched reference FTIR spectra (red dash-dot line)
are overlapped in the respective graphs. Accordingly, we were able
to determine the polymer types for the respective E-plastics as
such: EP1 — PET; EP2 — PMMA; EP3 — acrylic and methacrylic
polymers; EP4 — glass-reinforced PET; PEP5 — PMMA, EP6 — ABS,
EP7 — acrylic polymers, and EP8 — PVC.

3.2. XRF determination of toxic content in E-plastics

XRF spectroscopy is a non-destructive and effective method to
detect and identify hazardous heavy metals in the E-plastics with
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Fig. 1. FTIR spectra of all the E-plastics (black line) and the respective database matched spectra (red dash-dot line) for EP1 (a), EP2 (b), EP3 (c), EP4 (d), EP5 (e), EP6 (f), EP7 (g) and
EP8 (h); the small alphabet labels in each FTIR spectrum indicate the respective characteristic absorption peaks of the samples. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Table 1
Characteristic bands and identifications of various E-plastics.
Sample ID Identification by FTIR Characteristics absorption bands (cm™") References
EP1 Polyethylene terephthalate (PET) (a) 1713 C=0 Jung et al. (2018)
(b) 1241 C-0
(c) 1094 C-0
(d) 720 Aromatic CH (out-of-plane bend)
EP2 Polymethyl methacrylate (PMMA) (a) 2992 C—H (e) (1) 985 CH3 Jung et al. (2018)
(b) 2949 C—H 1386 (m) 964 C—H
(c) 1721 C=0 CHs (n) 750 C=0
(d) 1433 CH, (f)
1238 C
-0 (g)
1189
CHs3
(h)
1141 C
-0
EP3 Acrylic and methacrylic polymers (a) 2955 C—CH3 Dzulkurnain et al. (2015)
(b) 1720 C=0 (carbonyl group)
(c) 1158 C—0—C (ether group)
(d) 1253 C—0—C (epoxy group)
EP4 Glass polyethylene terephthalate (PET) (a) 1713 C=0 Al-Oweini and El-Rassy (2009)
(b) 1241 C-0
(c) 1094 C—0
(d) 720 Aromatic CH (out-of-plane bend)
(e) 700 Si—0O—Si
EP5 Polymethyl methacrylate (PMMA) (a) 2992 C—H (b) 2949 C—H (e) 1386 CH3 (1) 985 CHs3 Jung et al. (2018)
(c) 1721 C=0 (f) 1238 C—0 (m) 964 C—H
(d) 1433 CH, (g) 1189 CH3 (n) 750 C=0
(h) 1141 C-0
EP6 Acrylonitrile butadiene styrene (ABS) (a) 2922 C—H (e)1452 CH2 (Li et al., 2017; Jung et al., 2018)
(b) 2238 C=N (f) 966 = C—H
(c) 1602 Aromatic ring (g) 759 Aromatic CH
(d) 1494 Aromatic ring (h) 698 Aromatic CH
EP7 Acrylic copolymers (a) 2922 C—H (d) 1190 C-0 Al-Ali and Kassab-Bashi (2015)
(b) 1733 C=0 (e) 1152 C—0—C
(c) 1471 CH, & CH3
EP8 Polyvinyl chloride (PVC) (a) 1427 CH, (c) 966 CH, Jung et al. (2018)
(b) 1099 C—C (d) 616 C—Cl

detection limits in the tens of ppm (Oyedotun, 2018). Specific to the
study, a handheld XRF analyzer was used to irradiate the samples
with collimated X-ray beams (30 and 50 kV) of high intensity in situ.
The elements detected in each E-plastic is compiled in Table 2. Our
results revealed that the E-plastics contained a broad spectrum of
toxic heavy metals such as copper (Cu), zinc (Zn), silver (Ag),
barium (Ba), and antimony (Sb), etc. For each of the E-plastic
samples, there is at least one toxic element that is present at levels
higher than the permissible limits (#, Table 2) according to the
RoHS and Directives of the European Parliament and the Council
(2009/48/EC, 2011/65/EU, and 94/62/EC) standards. Remarkably,
the highly toxic arsenic (As) was unexpectedly found to be present

Table 2
Elemental analysis of E-plastics by XRF.

in EP1 (103.3 ppm) and EP8 (14.4 ppm), while lead (Pb) was
detected in EP2 and EP6. Consistent with the FTIR analysis, a sub-
stantial amount of CI (>200000 ppm) was detected in EP8 (PVC). It
is also worth mentioning that the PVC contains arsenic (As) and a
notable amount of antimony (Sb) as a synergist of halogen-based
flame retardants.

3.3. TGA analysis

TGA was used to examine the thermal stability of E-plastics, as
well as to quantify the filler contents, and their compositions.
Shown in Fig. 2 are the TGA (green) and DTG (blue) graphs of EP1-

Sample ID Elements (ppm)

Cl Ca Ti Fe Cu Zn As Br Sr Ag Sn Sb Ba Pb Bi
EP1 - - 261 x 10* — - 20.4 1.03 x 10% — 62 x 10° 212 1.77 x 10 63 655 x 104 —  —
EP2 - — - 43 70.5 - - - — - 616 - 6.19 x 10> 159 —
EP3 - - - 8.28 x 10% 6.86 x 10° — - - - 442 228 x 10% 138 x 10 2.66 x 10> — —
EP4 - - - 473 x 10° 2.89 x 10> — - - - 36.7 2.03 x 10? 1.04 x 10*> 1.77 x 10> — —
EP5 - — - 8.41 x 10 5.78 x 10? — - 10.6 - - 214x10% — 270 x 10° —  —
EP6 - 4.71 x 10® 2.89 x 10% 3.55 x 10 47 60.8 - 3.73 x 10° 8.8 10.9 37.9 2.7 x 10> 543 x 10> 18 —
EP7 - - 485 x 10> — 1.89 x 10% 3.38 x 10> — 49.8 46 - 502 - 694 x 10> — 15
EPS 245 x 10° 9.85 x 10* — 3.83 x 10 51.3 7.01 x 10% 14.1 12.5 66.2 15.1 39.1 26 x10° 417 x 10> — —

Cr, Mn, Co, Ni, Se, Zr, Mo, Cd, Au, and Hg are not detectable (—) in the E-plastics.

Permissible limits (restriction of hazardous substances, 2009/48/EC, 2011/65/EU, and 94/62/EC).
Cu (156 ppm); Zn (938 ppm); As (3.8 ppm); Sr (1125 ppm); Sn (3750 ppm); Sb (45 ppm); Ba (1125 ppm); Pb (13.5 ppm).

Highlighted figures denote element exceeds the safety limit.
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Fig. 2. Thermogravimetric analysis (TGA) of various E-plastics: EP1 (a), EP2 (b), EP3 (c), EP4 (d), EP5 (e), EP6 (f), EP7 (g) and EP8 (h); weight loss percentage: dot line (e); and

Derivative weight loss vs Temperature: square line ((J).

EP8. DTG illustrates the weight loss rate of plastics upon heating,
and it is used here to simplify the readings of the starting and
endpoints of E-plastic decomposition. All the E-plastics were found
to be stable within the temperature range of 25—200 °C. At higher
temperatures (250—900 °C), we observed a significant weight loss
ranging from 65 to 99% across the different E-plastics, which cor-
responded to the burn-off (endothermic) of the respective polymer
matrices. In the case of EP2 and EP6, the almost complete weight
loss of the samples >500 °C suggests that the presence of mineral
additives in the plastics are negligible. In stark contrast, varying
amounts of non-decomposable residues (EP1: 28.76%, EP3: 5.75%,
EP4: 13.13%, EP5: 11.72%, EP7: 22.24%, and EP8: 32.44%) were
observed for the rest of the E-plastic samples. Based on the XRF
analysis, it was postulated that Ti, Ba, and Zn compounds may be
incorporated into the plastics as fillers (e.g. calcium carbonate),
coloring additives (e.g. titanium dioxide, barium sulfate) and even
mold lubricants (e.g. zinc stearate) (Liu et al., 2006; N.A.S. and
Noreen, 2008; Subramanian, 2013). Of note is EP8 (PVC), which
has a significant amount of residue of ~33% and contained the
greatest number of metallic components among the representative
E-plastics screened (Fig. 2 and Table 2). Calcium carbonate is typi-
cally incorporated in PVC to reduce abrasive wear, improve me-
chanical strength, and enhance protection against weathering (Liu
et al., 2006; N.A.S. and Noreen, 2008).

3.4. Cytotoxicity assays

So far, our characterization data is consistent with existing lit-
eratures (Hahladakis et al., 2018; Turner, 2018), suggesting that the
E-plastics contain numerous hazardous metal ions and additives. It
has been reported that these harmful substances found in E-plas-
tics may be released gradually in an aqueous environment, thereby
rendering the plastics to be cytotoxic (Mao et al.,, 2020). Further-
more, the apoptosis-inducing potential of environmentally dis-
integrated microplastics was also recently documented in normal
human embryonic kidney cell lines (HEK-293) (Sivagami et al.,
2021). Conceivably, the amount of hazardous constituent and size
of plastics has important bearings on the cytotoxic potential of
waste plastics. Although it is possible to utilize plastic extracts to
examine the toxicity of the polymer leachates (Zimmermann et al.,
2019), the use of strong solvents during the extraction step is not
representative of environmental exposures. Such unintended
experimental bias may, therefore, skew the findings, leading to the
over-interpretation of the toxic potential of plastic materials.
Therefore, to decouple the “actual” and “apparent” cytotoxic po-
tential of E-plastics, herein, cells were cultured in direct contact
with the panel plastics for an extended period of time. Specifically,
6 different human cell lines were selected for our in vitro studies.
The cells used in this study are HaCaT, HDF, MKN, SW480, MG63,



P. Shi, Y. Wan, A. Grandjean et al.

[V

160 -

120 4
100 A1
80 1

Cell viability(%)

40 4

EP1 EP2 EP3 EP4 EP5 EP6 EP7 EP8

MKN

(2]

160 -

120
100 4
80 1

Cell viability(%)

EP1 EP2 EP3 EP4 EP5 EP6 EP7 EP8
MG63

1]

160 1

120 . F

Cell viability(%)

EP1 EP2 EP3 EP4 EP5 EP6 EP7 EP8

Chemosphere xXx (XXXX) XxX

T

160 - N *

120 A
100 +

80

Cell viability(%)

40 4

EP1 EP2 EP3 EP4 EP5 EP6 EP7 EP8

Q

SW480
160 -

120 A *
100 1 -=- = - 3~ %Fl B
80

Cell viability(%)

40

EP1 EP2 EP3 EP4 EP5 EP6 EP7 EPS
ADSC

-h

160 1

120 A
100 1
80 A

Cell viability(%)

40

EP1 EP2 EP3 EP4 EP5 EP6 EP7 EP8

Fig. 3. Percentage cell viability of HaCaT (a), HDF (b), MKN (c), SW480 (d), MG63 (e) and ADSC (f) after 24 h (white bar), 96 h (gray bar) and 168 h (black bar) of culture on the
respective E-plastics. Measured metabolic activities were normalized to recorded values obtained from cells grown on standard TCPs (red dashed line). All data are represented as
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and ADSCs. The time-dependent toxicity of the E-plastics was also
evaluated at different time points (i.e. 24, 96, and 168 h), resulting
in 144 unique E-plastic-cell type-exposure time permutations. To
the best of our knowledge, this is by far the most comprehensive
cytotoxicity study ever to be attempted on E-plastics.

Viabilities of the E-plastics exposed cells were measured using
the PrestoBlue assay. The non-destructive nature of the assay,
coupled with its excellent sensitivity, enables us to monitor the cell
metabolism in situ over time. The computed percentage cell
viability of the different cell types grown on the respective E-
plastics is shown in Fig. 3. Cells grown on standard TCPs served as
internal controls. Interestingly, we did not observe any significant
toxicity for all the E-plastics that were screened. In general, the
measured cell viabilities on the E-plastics were comparable to the
control, with a normalized fluctuation of around +20% across the
different cell/E-plastics-time point permutations. Specifically,
HaCaT (Fig. 3a) and HDF (Fig. 3b) consistently exhibited higher cell
viability values on EP1-EP6 relative to the control. In the case of the
other cell types (Fig. 3c—f), the cell viability values were not dras-
tically different from their respective controls. These results
strongly suggest that the biological response to the E-plastics is
highly cell-specific, and some cells are more sensitive to the
property of plastic surfaces. Furthermore, both EP7 and EP8 appear
to have greater negative impacts on the cell viabilities for all cell
types. Unlike EP1-6, HaCaT, and HDF cultured on EP7 and EP8 did
not exhibit increased metabolic activities. Instead, we observed a

slightly lowered HDF viability for the EP7 group at each exposure
timepoint. Correspondingly, higher levels of Zn (3382.2 ppm) and
Sb (2604 ppm) were also observed in EP7 and EP8 respectively
(Table 2), which are easy>10-fold higher compared to the other E-
plastics. This led us to postulate that the modest decrease in cell
viability values may be attributed to the leaching of toxic ions from
the source E-plastics. However, except for Sr, the leaching of metals
detected in the cell culture medium was less than 1 ppb (Table S1).
This strongly suggests that within our experimental timeframe,
there is negligible outward diffusion of toxic metal ions in the
biological milieu.

The slight decrease in cell viability for some cells as observed in
Fig. 3 may not amount to an acute nor sub-chronic cytotoxic
response, and the phenomena may be purely induced by the nat-
ural fluctuation of cell metabolic activity at each time point, as well
as the ECM production process on the different plastic surface. To
further confirm this postulation, we next employed live/dead
staining with FDA and PI dyes. FDA is a cell-permeable esterase
substrate that would rapidly hydrolyze into fluorescein in the
cytoplasmic compartment of living cells to produce bright green
fluorescence. Conversely, Pl is an impermeable dye that is excluded
in viable cells. A damaged cell membrane in a dead cell would allow
PI to passage into the cell and intercalate with the nucleic acid to
produce a bright red fluorescent signal. Therefore, the combined
use of FDA and PI dyes would allow us to differentiate the viable (i.e.
FDA (+)/PI (-)) and non-viable (i.e. FDA (—)/PI (+)) cells. The
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Fig. 4. Live (green)/dead (red) images of HaCaT (a), HDF (b), MKN (c), SW480 (d), MG63 (e) and ADSCs (f) on the various E-plastics after 24 h of culture. Scale bar: 200 pm. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

representative FDA/PI staining images of the various cell lines on
the E-plastics after 24 h of culture are shown in Fig. 4.

Consistent with the results obtained from the PrestoBlue assay,
the metabolic activity of the cells grown on the E-plastics appears
to be robust as indicated by the large number of FDA (+) cells.
Conversely, the number of PI (+) cells are negligible, suggesting
that the E-plastics are cytocompatible and support cell adhesion
(Fig. S2). It is interesting to note that despite the known hydro-
phobic nature of the E-plastics, cells were still able to attach onto
the plastic surface, albeit at varying degrees. Furthermore, the cells
grown on EP4 were highly aligned at day 1 (Fig. 4), and the cell
alignment was maintained at day 7 (Fig. 5). This could be attributed
to the occurrence of micro-scale, angled ridges on its front-facing
surface of the prism, which could guide cell attachment and
migration via the process of “contact guidance” (Tay et al., 2011,
2013). As shown in Fig. 5, by day 7 (168 h) a significant increase in
the number of FDA (+) cells were observed on all the E-plastic
samples, while the occurrence of PI (+) cells remained negligible
(Fig. S3). This implies that not only are the E-plastics non-toxic, but
also able to support cell proliferation. Taken together, our results
revealed that the E-plastics were stable under physiological con-
ditions and that the leaching of the E-plastic bound toxic additives
into the biological milieu (if any) was not sufficiently high to
adversely affect cell viability within our experimental boundaries.

4. Conclusion

In this study, 8 representative discarded E-plastics from a local
recycling plant were collected and analyzed. The E-plastics were
thoroughly characterized using FTIR, TGA, and XRF. The E-plastics
are composed mainly of PET, PMMA, acrylics, ABS, and PVC.
Numerous hazardous heavy metals and halogen compounds were
detected in all the E-plastics. A small library of 144 biological
endpoints to examine the toxic potential of the E-plastics was
generated. The overall toxicity of E-plastics depends heavily on the
plastic types, cell types, and exposure time. Among the 6 human
cell lines screened, HaCaT and HDF were observed to be more
responsive to E-plastics exposure, whereas EP 7 and 8 exhibited
greater perturbation to the cell metabolism. Nevertheless, follow-
up examination using FDA and PI staining revealed that the cell
viability of all cell lines remained high >90% despite being in close
contact with the E-plastics over a period of 1 week. This can be
explained by the negligible outward leaching of heavy metals from
the plastic matrix. In the broader context, clarifying the innate toxic
potential of the E-plastics in its pristine state is not only important
from the public health perspective but also may open up new av-
enues for E-plastics to be upcycled for applications that may require
the short term interaction with human cells. While the apparent
cytotoxic potential of the screened E-plastics may be low, addi-
tional studies are warranted to examine in greater detail the
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Fig. 5. Live (green)/dead (red) images of HaCaT (a), HDF (b), MKN (c), SW480 (d), MG63 (e) and ADSCs (f) on the various E-plastics after 168 h of culture. Scale bar: 200 pm. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

toxicity of E-plastics in various operating environment along the
entire E-waste CE value chain.
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