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ABSTRACT

The advantages of combining composting and vermicomposting to break down and remove pollutants from organic waste are reviewed.
This mini-review aims to present the benefits of combining these methods and the outcome of specific cases of environmental remediation.
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Introduction

Organic substances occur in nature due to human
activities and natural processes (Luo et al. 2014). These
compounds occur throughout the environment at low
trace concentrations; nevertheless, their negative effects
on organisms including humans are well known. Such
organic substances include pesticides, pharmaceuticals,
personal care products, endocrine disruptors and indus-
trial chemicals. Organic contaminants and heavy metals
are not completely removed by wastewater treatment
plants (WWTPs). The by-product, WWTP sludge, is rich
in nutrients and therefore used as an agricultural fertil-
izer (Clarke and Smith 2011). In order to remove micro-
pollutants from bio solids and at the same time main-
tain their valuable properties, green technologies called
bioremediations are being developed (Hickman and Reid
2008). Typical biotechnologies for this purpose are com-
posting or vermicomposting, which are environmentally
friendly, low-maintenance and low-cost methods. When
these two processes are combined, even better outcomes
can be achieved in terms of breaking down organic mat-
ter and removal of pollutants from bio solids (Lim et al.
2016). The objective of this paper is to review the advan-
tages of combining composting and vermicomposting
in terms of both the properties of the end product and
removal of pollutants.

Composting

During thermogenic composting, the organic matter
is decomposed by microorganisms (Finstein and Morris
1975), so it is important to aerate the compost, in order
to replenish the oxygen. Under optimal conditions, the

thermal phase takes around one month (de Bertoldi
et al. 1983). The main decomposers are bacteria, fungi,
actinomycetes or protozoa. Over many years, compost-
ing has also been used for the bioremediation of polluted
substrates (Cajthaml et al. 2002; Cai et al. 2007; Covino
et al. 2016; Iranzo et al. 2018; Guo et al. 2020; Wei et al.
2020).

Vermicomposting

Vermicomposting is a process in which earthworms
are used to break down organic matter (Dominguez
2004). The decomposition starts in the gizzards of the
earthworms’ after which the organic matter is digested
by enzymes and microorganism in their guts. Product of
vermicomposting is rich in nutrients and can be re-used
as organic fertilizer (Yadav and Garg 2019). If a pollutant
is removed from the soil via vermicomposting, the pro-
cess is called vermiremediation (Rodriguez-Campos et
al. 2014). Shi et al. (2019) recently defined vermiremedia-
tion as “an earthworm-based bioremediation technology
that makes use of the earthworms life cycle (i.e., feeding,
burrowing, metabolism, secretion) or their interaction
with other abiotic and biotic factors to accumulate and
extract, transform, or degrade contaminants in the soil
environment”. Processes involved in vermiremediation
are vermiaccumulation, vermiextraction, vermitrans-
formation and drilodegradation (Shi et al. 2019). Earth-
worms can successfully remove organic micropollutants
(Chachina et al. 2016; Chevillot et al. 2017; Havranek
et al. 2017; Rorat et al. 2017; Lin et al. 2019; Owagbo-
riaye et al. 2020) and heavy metals (Azizi et al. 2013a;
Suthar et al. 2014; He et al. 2016).
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Combination of composting and vermicomposting
used to break down organic waste

Composting and vermicomposting alone are very
successful methods for decomposing organic waste.
However, each has its drawbacks, which can be overcome
by combining the two techniques (Lim et al. 2016). Tem-
peratures during self-heating of the compost can increase
to 80 °C (Finstein and Morris 1975). These elevated tem-
peratures (higher than 55 °C) are necessary to suppress
pathogens in sludge (Grewal et al. 2006) but at the same
time are lethal for earthworms (Dominguez 2004). It is
therefore reasonable to start with composting, during
which the pathogens are killed and the decomposition
process begins. Ndegwa and Thompson (2001) confirm
that by combining composting-vermicomposting elimi-
nates pathogens. On the contrary, starting with vermi-
composting, followed by composting, results in that the
system does not reach temperatures high enough to kill
the pathogens.

When the thermophilic phase is completed, earth-
worms are added to continue the decomposition and
facilitate aeration of the material. The earthworms dis-
turb the organic material and produce very small par-
ticles with favourable agrochemical properties result-
ing in high concentrations of available nitrogen and
phosphorus (Hanc and Dreslova 2016). The size of the
particles is crucial, as small particles have a large total
surface area, which makes it easier for the microbes to
access the material. Tognetti et al. (2005) report another
benefit of the composting-vermicomposting method. As
mentioned above, the thermophilic phase is detrimen-
tal to earthworms, therefore large areas are needed for
spreading the material to prevent overheating. However,
if the waste is subjected to the thermophilic phase pri-
or to vermicomposting, the latter can be initiated in the
surface layer, which reduces the demands on space. The
same authors report a difference between compost and
pre-composted vermicompost in terms of nutrient con-
tent. The pre-composted vermicompost has higher nu-
trient concentrations and an enhanced microbial activity
resulting in a higher yield of ryegrass when applied as
a fertiliser. However, these authors also point out that the
quality of the product is not only dependent on the tech-
nology used, but also on the starting material, that is, the
nature of the waste and bulking agent.

Table 1 gives examples of composting-vermicompost-
ing using different kinds of organic waste. It is apparent
that the incubation time for composting and vermi-
composting is not the same. Composting usually takes
around two to four weeks depending on the starting
material and duration of the thermophilic phase. For in-
stance, Nair et al. (2006) suggest for producing pathogen
free compost from kitchen waste 9 days of pre-compost-
ing followed by 2.5 months of vermicomposting. Ther-
mocomposting reduces both the time and area needed

for vermicomposting by reducing the volume of material
to be processed.

Composting-vermicomposting used
to remove pollutants

Earthworms can accumulate heavy metals and organ-
ic pollutants (Sinha et al. 2008). Moreover, they increase
their availability for microorganisms by grinding the
waste into smaller particles. Earthworms generally im-
prove soil microbial activity by stimulating the growth
of bacteria and fungi both in their intestine and their
faeces (Dendooven et al. 2011). Increase in activity of
the detoxification enzymes cytochrome P450 and gluta-
thione-S-transferase in earthworms are reported when
they ingest different kinds of pollutants, which indicates
earthworms are also able to degrade pollutants (Achazi et
al. 1998; Zhang et al. 2009; Zhao et al. 2020). Earthworms
are great accumulators of metals, especially zinc and cad-
mium, which are incorporated into their soft tissues. In
that sense, earthworms can also act as indicators of met-
al pollution. Metals can also be transformed to a valent
state inside earthworms, which makes them more avail-
able for plants.

Pollutants are not always completely removed from
WWTP (Luo et al. 2014), in which case the WWTP
sludge should not be used as a fertiliser, as it would con-
taminate field plants and the whole food chain. Com-
posting and vermicomposting are both proven to be suc-
cessful methods for removing pollutants (Poulsen and
Bester 2010). However, vermicomposting is not suitable
for the immediate remediation of WWTP sewage sludge
due to the toxicity of NH; and CH, (Awiszus et al. 2018).
Pre-composting with a nutrient-rich bulking agent, such
as cow manure or green waste, stabilizes sewage sludge
(Kaushik and Garg 2003; Hanc and Dreslova 2016). It not
only reduces its toxicity to earthworms, but also adds nu-
trients to the final product.

Vermiremediation of sewage sludge or contaminat-
ed soil using pre-composting has been investigated (see
Table 2). However, there is no detailed comparison of
pre-composting-vermicomposting with composting and
vermicomposting in terms of pollutant removal. Com-
posting followed by vermiremediation is studied mainly
for its efficiency in removing heavy metals and polycyclic
aromatic hydrocarbons. Manakovd et al. (2014) report
that combining these processes results in a greater re-
duction in the mobility and bioavailability of arsenic. The
mobile arsenic pool is reduced to 4/9 of its initial value
due to bioaccumulation. Soobhany et al. (2015) confirm
the vermiaccumulation of other heavy metals with de-
crease in the bioaccumulation factors (BCFs) as follows:
Cd > Ni > Cu > Co > Cr > Zn. In contrast, composting
without earthworms results in a progressive increase in
heavy metal concentrations due to the reduction in the
volume of compost due to decomposition. Rorat et al.
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Table 1 Summary of the results of composting-vermicomposting of organic wastes.

Composting Vermicom-
Organic waste Bulking agent duration postl.ng Earthworms Notes/Findings Reference
(amendment) (days) duration used
4 (days)
Municipal Green waste, spent Similar outcomes as conventional
sewage sludge | mushroom compost, 43 90 Eisenia fetida composting, but kinetin concen- | Rékasi etal. 2019
digestate wheat straw, biochar tration was two times higher.
Bagasse. Cow ma- Lower content of vinasse and
Vinasse 9 T 21 60 Eisenia fetida higher content of zeolite resulted | Alavietal. 2017
nure, zeolite . .
in better quality compost.
L. . Eisenia andrei, Eisenia species of earthworms
Municipal solid S . o )
Sewage sludge waste. rass 30 45 Eisenia fetida, exhibited stronger defence and Suleiman et al.
9 9 o 9 Dendrobaena higher ability to accumulate 2017
clippings, sawdust
veneta heavy metals.
Ratio 2:1:1 (pressmud : cow
Cow dung, green . . dung : green manure plants) Balachandar et al.
Press mud manure plants 2 >0 Eudrilus eugeniae resulted in the high quality 2020
compost.
Ratio 2:1:1 (garden waste : cattle
Cattle manure, spent o manure : spent mushroom
Garden waste mushroom substrate 2 70 Eisenia fetida substrate) resulted in high quality Gong etal. 2019
compost.
Ratio 1:3 (pistachio waste : cow -
. . o ; Lo . Esmaeili et al.
Pistachio waste Cow dung 45 45 Eisenia fetida dung) resulted in high quality 2020
compost.
Cow dung, saw dust, Eisenia fetida, Stabilized ehd proc.luct Wl.thm Varma
Vegetable waste - 8 20 . ; a short period of time using and Kalamdhad
dried leaves Eudrilus eugeniae
rotary drum. 2016
Sugarcane Bagasse, sugarcane Composting-vermicompost-
9 9 1sug 30 40 Drawida willsi ing method reduced the time Kumar et al. 2010
press mud trash . -
required for composting.
Rice straw, o . ngh fragmen'Fanon and homoge- Sharma
Cow dung 21 105 Eisenia fetida neity of vermicompost based on
paper waste . and Garg 2018
SEM pictures.
Press mud Ratio 1:3 (compressed sludge : cat-
sludae Cattle dung 15 135 Eisenia fetida tle dung) resulted in good growth | Bhat et al. 2016
9 and fecundity of earthworms.
Sewage sludge Rabbit manure enhanced the
vinas?e g Rabbit manure 21 56 Eisenia fetida reproduction and weight of Molina et al. 2013
earthworms.
Tomato cro Eisenia andrei, Vermicompost and
. P Almond shells 63 198 L o pre-composted vermicompost | Fornesetal. 2012
residues Eisenia fetida L -
had similar properties.

(2017) also report vermiaccumulation of heavy metals,
with decreases in BCFs as follows: Cd > Cu > Zn > Ni
>Cr > Pb. Kharrazi et al. (2014), on the other hand, re-
portincreases in heavy metals concentrations in compost
produced by the composting-vermicomposting process.
These authors discuss possible reasons for this e.g. min-
eralization making metals more available or loss of the
overall mass due to decomposition. They did not study
the vermiaccumulation of heavy metals. Suleiman et al.
(2017) report the accumulation of heavy metals by three
species of earthworm, namely Eisenia andrei, Eisenia fet-
ida and Dendrobaena veneta. BCFs were ranked as fol-
lows: Cd > Co > Cu > Zn > Ni > Pb > Cr. Of the earth-
worms studied, the Eisenia species exhibit the highest
ability to vermiaccumulate heavy metals.

The fate of polycyclic aromatic hydrocarbons (PAHs)
during vermicomposting is also reported. Rorat et al.
(2017) report a significant reduction in 16 priority PAHs
after 30 days of composting followed by 35 days of ver-
micomposting. Total amount of PAHs is reduced by
up to 85.75%, with the reduction in naphthalene, ace-
naphtylene, phenanthrene and benzo(g,h,i)perylene the
most marked. In addition to vermiaccumulation, deg-
radation is reported, namely that of 5-rings PAHs to 3-
and 4-rings PAHs. Composting alone is efficient when
degrading PAHs (Cajthaml and Sasek 2005). However,
degradation occurs in the final maturation phase, which
can take up to 300 days. Composting-vermicomposting
could therefore potentially decrease the time required to
remove PAHs.
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Table 2 Summary of the results of pre-composting followed by vermiremediation of pollutants.

Composting Vermicom-
Pollutant Matrix Bulking agent duration postl.n 9 Earthworms Notes/Findings Reference
(amendment) (days) duration used
4 (days)
Arsenic Sewage Horse manu.re, ‘sawdust, % % Eisenia fetida Decrease in mobility | Manakova et al.
sludge grass clippings to 4/9. 2014
Municipal | Food waste, paper waste, Eudrilus BCFs: Cd > Ni > Cu> | Soobhany et al.
Heavy metals solid waste yard waste, cow dung 7 3 eugeniae Co>Cr>Zn. 2015
Miscanthus green waste,
Sewage market waste, organic Lo .| BCFs:Cd>Cu>Zn> Rorat et al.
Heavy metals sludge fraction of municipal 30 35 Eisenia andrei Ni > Cr > Pb. 2017
solid waste
Increase in heavy
Heavy metals Sewage Corn waste, cow dung, 30 20 Eisenia fetida metal conter?t dueto | Kharrazietal.
sludge compost, paper the decrease in overall 2014
mass.
Increase in the Cu and
Heavy metals Pig manure Rice straw 15 45 Eisenia fetida | Zn availability after | Zhuetal. 2014
vermicomposting.
Heavy metals Sewage Spent mushroom 21 105 Lumbricus 90-98.7% removal of Azizi et al.
Y sludge compost rubellus Cr, Cd and Pb. 2013a
Eisenia andrei,
Heavy metals Sewage Municipal solid wastes, 30 45 Eisenia fetida, | BCFs:Cd > Co > Cu> | Suleiman etal.
Y sludge grass clippings, sawdust Dendrobaena Zn>Ni>Pb>Cr. 2017
veneta
Enrichment of
Petroleum ) X (compost as L . microorganisms after | Ceccanti et al.
hydrocarbons ol Compost amendment) 15 Eisenia fetida adding compost as an 2006
amendment.
Sewage A:i;crakzzgﬁagsrt:egrwzzti? Degradation of 5-ring Rorat et al
16 priority PAHs 9 . e g 30 35 Eisenia andrei | PAHs to 3- and 4-ring ’
sludge fraction of municipal . 2017
. PAHs is reported.
solid waste
Anthracene, . . .
phenanthrene, Soil, sewage X 21 60 Lumbricus 99.99% PAHs removed. Azizi etal.
sludge rubellus 2013b
benzo(a)pyrene
. . Microorganisms
Heavy Cow bedding, rice husks, L . obtained carbon Martin-Gil et al.
Asphaltenes 4 seaweed extracts, potato 112 183 Eisenia fetida
fuel oil . and energy from 2008
peelings
asphaltenes.
Conclusion Acknowledgements

Pre-composting is an important step when decom-
posing organic waste by vermicomposting. It facilitates
its breakdown, suppresses pathogens and decomposes
toxic compounds, which could harm the earthworms.
Moreover, as it results in a reduction in mass, less time
and space is needed for vermicomposting. Pre-compost-
ing can be also used prior to the vermiremediation of
WWTPs sludge and contaminated soil. A combination
of composting and vermicomposting has been success-
fully used for removing polycyclic aromatic hydrocar-
bons and heavy metals. However, no research has been
done on using this method for removing other organic
pollutants, such as pharmaceuticals or endocrine disrup-
tors. This mini-review indicates that composting-vermi-
composting is a promising low-cost and environmentally
friendly way of treating contaminated WWTP sludge.
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Abstract: During the last two decades, nanomaterials based on nanoscale zero-valent iron (nZVI)
have ranked among the most utilized remediation technologies for soil and groundwater cleanup.
The high reduction capacity of elemental iron (Fe?) allows for the rapid and cost-efficient degradation
or transformation of many organic and inorganic pollutants. Although worldwide real and pilot
applications show promising results, the effects of nZVI on exposed living organisms are still not
well explored. The majority of the recent studies examined toxicity to microbes and to a lesser extent
to other organisms that could also be exposed to nZVI via nanoremediation applications. In this
work, a novel approach using amoebocytes, the immune effector cells of the earthworm Eisenia andrei,
was applied to study the toxicity mechanisms of nZVI. The toxicity of the dissolved iron released
during exposure was studied to evaluate the effect of nZVI aging with regard to toxicity and to assess
the true environmental risks. The impact of nZVI and associated iron ions was studied in vitro on
the subcellular level using different toxicological approaches, such as short-term immunological
responses and oxidative stress. The results revealed an increase in reactive oxygen species production
following nZVI exposure, as well as a dose-dependent increase in lipid peroxidation. Programmed
cell death (apoptosis) and necrosis were detected upon exposure to ferric and ferrous ions, although
no lethal effects were observed at environmentally relevant nZVI concentrations. The decreased
phagocytic activity further confirmed sublethal adverse effects, even after short-term exposure to
ferric and ferrous iron. Detection of sublethal effects, including changes in oxidative stress-related
markers such as reactive oxygen species and malondialdehyde production revealed that nZVI had
minimal impacts on exposed earthworm cells. In comparison to other works, this study provides
more details regarding the effects of the individual iron forms associated with nZVI aging and the
cell toxicity effects on the specific earthworms” immune cells that represent a suitable model for
nanomaterial testing.

Keywords: nanoecotoxicology; earthworms; coelomocytes; reactive oxygen species; nanoscale
zero-valent iron (nZVI); ferrous and ferric ions; phagocytosis; lipid peroxidation; apoptosis
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1. Introduction

Nanoscale zero-valent iron (nZVI) and derived nanomaterials are widely applied for
nanoremediation and have shown the potential to degrade inorganic and organic pollutants in
many laboratory experiments and pilot field applications [1,2]. For remediation, nZVI-based materials
in the form of highly concentrated suspensions (up to 10-30 g/L) are usually injected into contaminated
soil or groundwater [1]. In addition to interacting with the targeted pollutant, nZVI can also
interact with resident soil (micro)organisms [3]. It is noteworthy that due to the mobility of nZVI,
highly concentrated suspension disperses in the groundwater aquifer after application and within a
relatively short time period the local, environmentally relevant concentrations of this nanomaterial
are in the range of mg/L [4,5]. Over the past decade, many authors have studied the negative
effects of nZVI and materials derived from it on potentially exposed organisms [6]. The majority
of these studies were mainly focused on toxicity and the mechanisms of adverse effects in exposed
microorganisms [7]. Only a few authors have explored the effects of nZVI on earthworms and,
due to the heterogeneity of nanomaterial types (size, crystallinity, and coating), results have varied
greatly [8-14]. Using OECD tests, some of the authors were able to observe a decrease in the viability,
body weight, cocoons production, growth, and reproduction rate of earthworms after exposure to
nZVI synthesized by the borohydride method [8,9,11,12]. However, different types of nZVI at similar
concentrations did not cause any changes in earthworm viability [13,14]. Intrinsically, nZVI is a
reactive material with a high reduction capacity, which can result in reactive oxygen species (ROS)
generation and oxidative stress induction [15]. Many authors have already described the oxidative
stress and associated cellular damage that occurs in microorganisms after exposure to nZVI [16,17].
It is worth noting that only two studies employed oxidative stress determination in earthworms after
exposure to nZVI [11,14]. Earthworm immune cells float freely in the coelomic fluid, where they
encounter pollutants, bacteria, viruses and nanoparticles (NPs). These cells are divided into two
main populations, eleocytes (free chloragogen cells with mainly nutritive function) and amoebocytes
(hyaline and granular immune effector cells) and are frequently used for in vitro toxicity studies of
pesticides, heavy metals or nanoparticles [18-22]. For example, Hayashi and Bigorgne described
how Ag and TiO, nanoparticles induce oxidative stress and affect the immune function of these cells,
demonstrating their potential for studying the fate and adverse effects of new nanomaterials [23,24].

Whenitis used, nZVlinteracts with targeted pollutant molecules and untargeted compounds dissolved
in the groundwater or naturally present in the soil [25,26]. This process of oxidation—the transformation
of elemental iron to iron oxides and hydroxides—is called aging. Aggregation of nanoparticles is
one of the most crucial factors affecting their toxicity, as an increase in their size results in decreased
bioavailability and loss of their unique properties at the nano level. Therefore, direct characterization
of nanomaterials in the exposure medium is necessary to understand the mechanisms of toxicity and
avoid data misinterpretation. It was recently demonstrated that the aging process is accompanied by
strong morphological nanomaterial changes, aggregate formation, soluble iron release, and a marked
decrease in the toxicity of nZVI to bacterial species [25,27]. The effect of nZVI and its aggregates/aging
products on earthwormes is still not well described. Specifically, the toxicity of soluble forms of iron
released from nZVI particles during the aging process to earthworms is still unknown. For this reason,
the present work studies the sublethal effects of nZVI on the two subtypes of coelomocytes with a
focus on the role of iron ions in oxidative stress and overall toxicity during the aging process.

2. Materials and Methods

2.1. Zero-Valent Iron Nanoparticles (nZVI1 NPs)

In the present study only one type of commercially available, air-stable modified form of nZVI was
tested (NANOFER STAR; NANO IRON, Czech Republic). The surface-passivated nZVI particles were
synthesized by solid—gas thermal reduction of an iron oxide precursor and partially oxidized to achieve
stability in air. The synthesis and characterization of the particles used were recently described in detail
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by Kaslik et al. (2018) [28]. Briefly, NANOFER STAR particles are core-shell spherical particles that
reach a size of approximately 70 nm and are composed of a core of elemental iron (approximately 90%)
and a 4-nm-thick shell predominantly made of magnetite (Fe30,).

2.2. Characterization of nZVI and Quantification of Soluble Iron Species

The aggregation of nZVI NPs was analyzed by scanning electron microscopy (SEM).
The aggregation experiments were performed under the same conditions as the exposure experiments
to reflect the state of nanoparticles during the exposure (darkness, 20 °C, 0 and 24 h, distilled water
and RPMI 1640 medium; Lonza, Walkersville, MD, USA). After the experiments, the samples of nZVI
and RPMI 1640 medium + nZVI NPs were passed through filters to retain the particles. A glass
vacuum filtration device (Advantec MFS, Inc., Tokyo, Japan) and a stainless-steel manifold (Speed Flow,
Crami Group Srl, Milan, Italy) connected to a vacuum pump (Rocker 300, Rocker Scientific Co.,
Taiwan, ROC) were used. Separate filters were prepared for quantitative analysis of the
particles by SEM. For SEM, polytetrafluoroethylene (P°TFE) membrane filters (diameter of 13 mm;
Merck Millipore, ME, USA) with a 0.2-pum pore size were used. Before analysis, the filters were dried in
an oven (30 °C, 30 min) and stored in capped glass Petri dishes in a desiccator. A Vega high-resolution
scanning electron microscope (Tescan, Brno, Czech Republic) was used to determine the number and
size of the particles on the filters. Three cut-outs (3 X 8 mm) from each filter were prepared and analyzed.
Prior to imaging, a conductive gold layer was sputtered onto the filter cut-outs. Images were then
taken with an optimized acceleration voltage of 10 kV and detector working distance of approximately
9 mm. The number and size of the particles from each cut-out were determined by using SigmaScan 5
software (Systat Software, Inc., San Jose, CA, USA), and the results were then recalculated for the whole
filter area. The SEM analyses were performed with 100 mg/L nZVI NPs dispersed in distilled water and
RPMI 1640 cultivation medium at 2, 6, and 24 h. Fe concentrations were measured using inductively
coupled plasma optical emission spectrometry (ICP-OES, 5110 Series, Agilent Technologies, Santa
Clara, CA, USA). To separate undissolved NPs, the samples were centrifuged three times at 10,000 g
for 10 min. Fe measurements were conducted in triplicate with errors at less than 2%. A calibration
standard (Astasol) was purchased from ANALYTIKA, spol. st. 0. (Prague, Czech Republic). The range
of calibration of Fe concentrations was 0.02-5 mg/L.

2.3. Earthworms and Coelomocytes Extrusion

The Eisenia andrei earthworms were collected from our laboratory vermicompost breeding.
Adult earthworms with clitella were used for the extrusion of earthworm coelomocytes. Prior to
coelomocytes extrusion, the earthworms were kept on wet filter paper for 48 h to clean their gut
contents. Then, coelomocytes were extracted via a noninvasive method. Briefly, the earthworms were
placed into a falcon tube andextrusion buffer (50.4 mM guaiacol glyceryl ether (GGE; Sigma-Aldrich;
Steinheim, Germany) and 5.37 mM EDTA (Sigma-Aldrich, Steinheim, Germany) in PBS 3:2; 2 mL per
earthworm) was applied to the earthworms for 2 min. Then, the earthworms were removed from the
falcon tube and the collected cells were kept on ice before the following washing steps. The coelomocytes
were washed twice with PBS (3:2, 176 mOsm, pH 7.3; 200x g, 4 °C, 10 min). RPMI 1640 medium
supplemented with 5% heat-inactivated fetal bovine serum (FBS; Life technologies, Carlsbad, CA, USA),
1 M HEPES (Sigma-Aldrich; Gillingham, UK), 100 mM sodium pyruvate (Sigma-Aldrich, Steinheim,
Germany), 100 mg/mL gentamycin (Corning, Manassas, VA, USA) and antibiotic-antimycotic solution
(Sigma-Aldrich, Steinheim, Germany) was used for cell culture. The culture medium was diluted to
60% (v/v) with autoclaved milli-Q water (0.05 uS/cm) [29]. Later, nZVI NPs were freshly suspended in
water and dispersed in an ultrasound bath (15 min, 300 W, 38 kHz). The nZVI NPs were then vortexed
prior to being resuspended in the culture medium (1, 10, and 100 mg/L nZVI NPs). Coelomocytes were
incubated in the dark at 20 °C for 2, 6 and 24 h in triplicate (96 well plates, total volume of 100 uL,
phagocytosis and apoptosis: 2 x 10° cells/well, ROS quatification: 1 x 10° cells/well).
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2.4. Quantification of Reactive Oxygen Species and Lipid Peroxidation

After incubation with 1, 10 and 100 mg/L nZVI NPs for 2, 6 and 24 h, the cells were washed with
PBS (3:2; 200x g, 4 °C, 10 min); then, 2’,7’-dichlorofluorescein diacetate (DCF-DA; 1:1000 in PBS 3:2;
Sigma-Aldrich; Steinheim, Germany) was applied to the cells for 15 min. Afterwards, the cells were
washed twice with PBS (3:2; 200x g, 4 °C, 10 min). Then, the samples were stained with propidium iodide
(P, 1 mg/L; Sigma-Aldrich; Steinheim, Germany) and analyzed by flow cytometry. To quantify the lipid
peroxidation induced by nZVI NPs, a previously optimized protocol for measuring malondialdehyde
(MDA) levels in bacterial cultures was used with slight modification to examine earthworm cells [16].
The method is based on quantification of the MDA complex with thiobarbituric acid by HPLC-FLD.
Earthworm coelomocytes (1 million cells/mL) were exposed to 3 different concentrations of nZVI
NPs (1, 10, and 100 mg/L) and two different ionic forms of iron (FeCl, and Fe;(SOy)3; 100 mg/L).
Following exposure, all samples were frozen, stored at —20 °C and analyzed within 2 weeks by
high-performance liquid chromatography with fluorescence detection (HPLC-FLD, Waters, Milford,
MA, USA). Using external calibration, the final results were determined and are expressed as the
production of MDA [nmol/L] per 1 million cells.

2.5. Phagocytosis

The phagocytic assay was performed with fluorescent beads (Fluoresbrite® Plain YG; 1 um
microspheres diameter; Polysciencies, Inc., Warrington, PA, UK). After incubation with 1, 10 and
100 mg/L nZVINPs after 2, 6 and 24 h, the beads were added at a ratio of 1:100 (cells:beads) and incubated
for 18 h at 17 °C. After incubation, the cells were washed twice with PBS (3:2; 200x g, 4 °C, 10 min),
stained with PI (1 mg/L) and analyzed by flow cytometry. Finally, the phagocytosis is expressed as a
percentage of engulfed fluorescence beads by the cells.

2.6. Viability, Apoptosis, and Necrosis Analyses

Viability and cell death stage assays were performed after incubation of the coelomocytes with 1,
10 and 100 mg/L nZVI NPs. The cell suspension was washed twice with Annexin V buffer (200x g,
4 °C, 10 min; 0.01M Hepes (pH 7.4), 0.14M NaCl, and 2.5 mM CaCl, solution) and stained with 30 uL
of Annexin V (Thermo Fisher Scientific, Eugene, OR, USA) for 15 min in the dark at room temperature.
Prior to flow cytometry analysis, the suspended cells were stained with PI (1 mg/L; Sigma-Aldrich;
Steinheim, Germany).

2.7. Flow Cytometry

Cellular ROS production, viability, phagocytic activity, and the stages of cell death were analyzed
with a flow cytometer (LSR II; BD biosciences, San Jose, CA, USA). To assess the reliability of these
assays, 10 mM and 100 mM H,O, (Lachner, Neratovice, Czech Republic) were used as positive
controls for the endpoints measured by flow cytometry. The forward and side scatter and stain
fluorescence settings were adjusted for each coelomocyte subtype and fluorescent probe (Figure S1).
For analysis, 10,000 events were detected, and the obtained data were analyzed using FlowJo
(9.9.4 version, BD Biosciences, San Jose, CA, USA). Each experiment was performed in triplicate
for each component/substance, and the calculated standard deviation is plotted in the figures. For
postprocessing the statistical analysis, two-way ANOVA and Bonferroni’s post test were used (* p < 0.05,
**p <0.01, *** p < 0.001) by GraphPad Prism (8.3.1 version, San Diego, CA, USA)

3. Results and Discussion

3.1. Particle Aggregation and Iron Release

The results of SEM examination revealed an increase in aggregate formation between fresh nZVI
NPs and nZVINPs aged for 24 h in distilled water (Figure 1a,b). However, the aggregation process was
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much more intense upon RPMI 1640 medium exposure than in distilled water (Figure 1c,d). Analysis of
particle size distribution confirmed an increase in aggregate formation over time and revealed a higher
aggregation rate in the RPMI 1640 medium than in distilled water (Figure 2). The aggregate size
reached values of 19.68 + 2.77, 33.83 + 4.11, 228.44 + 11.30, and 359.06 + 16.82 um for fresh nZVI in
distilled water, aged nZVI (24 h) in distilled water, fresh nZVI in RPMI 1640 medium, and aged nZVI
(24 h) in RPMI 1640 medium, respectively. nZVI particles aggregated and formed larger clusters after
exposure, suggesting that after the application of nZVI NPs in remediation practices, rapid aggregation
can be expected depending on the complexity of the soil/groundwater [30-32]. On the other hand,
the composition of the exposure media, especially the protein content, could also affect the behavior of
NPs such as aggregation, bioavailability, and respective toxicity [33]. Many different proteins present
in biological tissues/media could form a protein corona around NPs that affects NPs’ behavior and its
transport into the cells [34]. The RPMI 1640 medium has been supplemented with FBS which contains
mainly bovine serum albumin and a great variety of other proteins. One of the possible explanations
of the nZVI aggregation in RPMI 1640 medium was the presence of albumin (and other proteins) as it
was documented in a study with TiO; NPs conducted by Marquez et al. (2017) [35].

SEI IAG: 376 x can speed: VEGAS3 TESC, : 439 x =
WD: 7.85 mm BI: 10.00 100 pm ‘WD: 7.46 mm BI: 10.00 100 pm
Det: SE Date(m/dly): 06/11/20 Performance in nanospace Det: SE Date(m/dly): 06/11/20 Performance in nanospace

Figure 1. Scanning electron microscopy (SEM) images of fresh and aged nanoscale zero-valent iron
(nZVI) in water and in the exposure medium (RPMI 1640): (a) Freshly prepared nZVI in distilled
water; (b) nZVI aged for 24 h in distilled water; (c) Freshly prepared nZVI in RPMI 1640 medium;
(d) nZVI aged for 24 h in RPMI 1640 medium.

71



Nanomaterials 2020, 10, 2189 6 of 15

nZVI in water Oh nZVI in water 24h

Frequency
= = N N w
(=] w (=} w o
Frequency
[ N N w
v o v o

=
o

=] «w
—
—
=) w
—

N
[ E-E--) o9 o
N ® o5 N ® &

Particl

100

Qe 99
S BB O
- - Nm

450
550
650
750
850
950

=] oo
- - &
- - -
e e

3
size [um] Particle size [um]

nZVI in RPMI Oh nZVI in RPMI 24h

N
«
N
«

N
o

Frequency
e
o (%]
Frequency
-
v

|

o

coo0oo0QOo00Q0Q0QO0
AHNMTHOR®OD

0

0 — e B
C0o0 Q0000000 Q
HNMHTHORDG

Particl

=] =)
] -
- -
e e

size [um] Particl
Figure 2. Particle size distribution of fresh and aged nZVI in distilled water and the exposure medium
(RPMI 1640).

Moreover, ICP-OES analysis of dissolved iron demonstrated that ions were released from the
nanomaterial (Figure 3). The dissolved concentrations corresponded to only approximately 0.1-0.2%
of the original amount of nZVI NPs depending on the duration of exposure in RPMI 1640 medium.
The analysis of the dissolved iron forms revealed that the concentration in case of nZVI reached
maximally 0.15 mg/L in comparison with 7.72 to 9.56 and 3.82 to 4.46 mg/L detected from FeCl,
(source of Fe?* jons) and Fe;(SO,); (source of Fe* ions). Notably, under specific conditions, nZVI can
be oxidized/transformed into ferric and ferrous species that can be involved in ROS generation through
Fenton-like processes [36,37].

3.2. Viability, Apoptosis, and Necrosis

Viability analysis did not show any significant effect following exposure of both granular and
hyaline amoebocytes to either nZVI NPs at the tested concentrations or the tested ionic forms of iron
(Figure 4; Figure 5; Figures 52-5S8). The absence of a significant decrease in earthworm cell viability
at concentrations of up to 100 mg/L is consistent with previous in vivo studies demonstrating no
effect on whole organisms at these levels. Yirsaw et al. (2016) did not observe decreased survival in 3
different soils at concentrations of up to 3 g/kg [14]. However, it is worth noting that other authors
have tested different types of nZVI NPs and exposure setups, which resulted in a significant decrease
in the viability and body weight of exposed earthworms [8-10]. One possible explanation for the
contradictory results of these published works is the formation of heterogeneous aggregates and,
thus, different cellular (or animal) uptake due to differences in nZVI NPs aggregation rate [30,38].
The wide variety of modified forms of nZVINPs being tested currently further complicates comparisons
of the results; however, based on the results of previous studies, it is clear that nZVI NPs can be toxic
to earthworms [8,9,11,12].
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Figure 4. Viability, early and late apoptosis, and necrosis of granular amoebocytes (GA) after exposure
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*p < 0.05,* p < 0.01, ** p < 0.001.
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In addition to viability studies, the use of flow cytometry allowed the monitoring of cell death
stages, including apoptosis and necrosis, in coelomocytes. Moreover, based on the combination of
different staining (PI and Annexin V) for the detection of membrane integrity and lipid phosphatidyl
serine externalization (a typical marker of apoptosis), the early and late apoptosis were determined
in the exposed cells. Only the ferric form of iron significantly decreased early apoptosis of granular
amoebocytes (after 6 and 24 h) and increased their necrosis after 6 h (Figure 4). In contrast, no significant
effect was observed at any of the tested concentrations of nZVI NPs or ferrous ions. Similar trends in
early apoptosis were observed in hyaline amoebocytes, in which ferric iron also induced significant
decreases after 6 and 24 h (Figure 5). Despite several changes in the cell death cycle induced by
ionic forms of iron, no significant negative effects of nZVI NPs were observed in either type of
amoebocytes at environmentally relevant concentrations. The absence of lethal effects is in accordance
with in vivo studies focused on the toxicity of nZVI-based material in earthworms and other terrestrial
organisms [13,14].

3.3. Sublethal Effects: Reactive Oxygen Species, Lipid Peroxidation, and Phagocytosis

Despite the fact that Yirsaw et al. (2016) did not observe a decrease in the survival of earthworms
exposed to nZVI NPs, they were able to detect various concentration-dependent sublethal effects,
such as lipid peroxidation and DNA damage [14]. In the current work, we performed a deeper
exploration of the sublethal effects of nZVI NPs using the described in vitro approach. ROS level
determination in coelomocytes after different treatments revealed an interesting trend that was similar
for both types of earthworm immune effector cells (See Figure 6; Figures S8-513). The highest level of
ROS formation was detected in hyaline amoebocytes exposed to Fe?* and Fe3* for 2 h and in granular
amoebocytes exposed to Fe3* for the same amount of time. The differences in ROS production between
GA and HA caused by Fe?" and Fe3* could be explained by different sensitivities of the two cell types
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towards various redox forms of iron ions. Different antioxidative defense, uptake and biokinetics could
result in different ROS production induced by Fe** and Fe3*. Interestingly, after longer exposure (6 or
24 h), the production of ROS species decreased and did not differ significantly from that in the untreated
controls. Several authors have found downward trends in ROS generation following longer exposure
periods, and one possible explanation for this phenomenon is the activation of the antioxidative
defense system [39,40]. Cellular metabolism involves many mechanisms for the detoxification of ROS
that are triggered by oxidative stress. For example, coelomocytes express numerous antioxidative
enzymes that protect the cells against the effects of oxidative stress. Metallothioneins are proteins
produced by amoebocytes that are induced when metal-oxidative stress occurs [23,41]. The exposure
of coelomocytes to nZVI NPs could induce the production of metallothioneins to protect the cells
against the oxidative stress exerted by iron ions or a highly reactive nanomaterial. Moreover, there are
other antioxidant enzymes (catalase and superoxide dismutase), that are activated in response to an
imbalance in ROS metabolism. However, ROS formation in hyaline and granular amoebocytes after
exposure to nZVI NPs showed a different trend. As observed with the DCF-DA test which measures the
intracellular ROS, nZVI at 100 mg/L significantly increased nonspecific ROS generation after the longer
exposure period of 24 h in both amoebocyte subpopulations. This opposite trend in ROS formation
in cells after exposure to nZVI NPs could be explained by delayed cellular uptake of nanoparticles
compared to iron ions or by dissolution/degradation of the oxidic shell [42]. These results emphasize
the need for a further investigation of longer exposure times using an approach other than primary
culture, which has a limited viability of approximately 24 h.

HA GA

10009 10004

900 900

800- §00-

700
e ot

600+

5004

m
2
H

;

e

=

Xz

= 400-

L
2%
2K

p
5
H
T
R

Relative ROS production (%)
[ S
X
Relative ROS production (%)

3004

=
KR

-
e

2004

)
Z A k> 100
| AHES n.ﬂgﬂ].%

b
=
S

I

TS

225

2]

&
!
5

&5

) o > o o o
O conral B 1mgl g gy [ 10mgr 100 myglL O conmol B 1mgt Timem @D 10mpi. 100 mg/1
nZVINPs nZVINPs nZVINPs nZVINDs nZVINPs NV INDs
B 100 man B3 100 mgsl. B 10 0MILO, E 100 mgL B 100 mg/ W 0mMHO,
fieCl, ies(S0y); FeCl, Fey(50,);

Figure 6. Reactive oxygen species (ROS) generation in granular (GA) and hyaline (HA) amoebocytes
after exposure to nZVI NPs, FeCl, and Fe;(SO4)3; 10 mM H,O, was used as a positive control;
***p < 0.001.

Analysis of lipid peroxidation in coelomocytes after exposure to nZVI NPs showed a
dose-dependent increase in MDA production (Figure 7). Even the tested concentration 10 mg/L
of nZVI NPs induced a significant elevation of MDA levels compared to that in the control sample
without the nanomaterial. Moreover, different forms of iron ions (Fe?* and Fe®*) also induced a
significant increase in lipid peroxidation compared to that in the control sample. The same concentration
of iron in the form of ferrous ions (Fe?* dissolved from FeCl,) produced significantly more MDA than
iron in the form of ferric ions (Fe3* dissolved from Fe,(SOy)3). Determination of MDA levels was the
most sensitive assay out of those used, as in a previous study focused on adverse effects in bacteria [27].
The applicability and sensitivity of the MDA determination assay has already been established using
earthworms exposed to ZnO NPs, as well as to nZVI NPs [11,43]. The results of the MDA formation
assay in amoebocytes exposed to nZVI NPs in the current study are consistent with an in vivo study
by Liang et al. (2017) and show the potential of in vitro tests for NPs’ toxicity testing [11].
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The phagocytic activity of hyaline amoebocytes was not affected by the tested concentrations of
nZVINPs or iron ions (Figure 8; Figures 514-519). The granular amoebocytes were more sensitive than
the other subtype of coelomocytes. The tested concentrations of ferric iron significantly decreased the
phagocytic activity of the exposed granular amoebocytes after 2, 6 and 24 h of exposure. The normal
phagocytic activity of the untreated granular amoebocyte subpopulation was 52-58%, while that of
granular amoebocytes treated with ferric iron was 37, 32, and 36% at 2, 6, and 24 h, respectively.
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Figure 8. Phagocytic activity of hyaline (HA) and granular (GA) amoebocytes after exposure to
nZVI NPs, FeCl, and Fe;(SO4); for 2, 6 and 24 h; 100 mM H,O, was used as a positive control;
**p < 0.01, ** p < 0.001.

3.4. The Effect of Dissolved Iron Species on Toxicity

As previously mentioned, many authors have studied the toxicity of nZVI NPs and elucidated the
mechanisms of its adverse effects using microbial species. Despite the many different and contradictory
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results, the majority of those studies concluded that oxidative stress is one of the main adverse effects
induced by nZVI NPs and the materials derived from it [3]. The imbalance in ROS metabolism induced
by increased ROS production or ineffective antioxidative defense mechanisms can result in oxidation of
cellular biomolecules and subsequent cell death. Many reaction cascades have already been described
in which nZVI NPs undergo oxidation/reduction with consequent ROS production [15]. Both ferrous
and ferric ions are known to be able to induce intracellular ROS formation via Fenton reactions [44].
The redox reactions of ferrous and ferric ions with hydrogen peroxide result in the formation of
hydroxyl and hydroperoxyl radicals, which can then degrade biomolecules such as nucleic acids,
proteins, and lipids. Some recent studies performed on bacterial species and human cell lines have
suggested that not only highly reactive nZVI NPs but also iron ions dissolved from nanomaterials could
play a critical role in mediating the toxicity of nZVI NPs [45,46]. On the other hand, another study
showed no significant relationship between toxicity/lipid peroxidation in bacteria and the concentration
of dissolved iron from different nZVI-based materials during 2 months of aging [27]. Similarly, another
study ascribed greater toxicity to Escherichia coli exposed to nZVI NPs than to Escherichia coli exposed
to the same concentration of ferrous iron under both air-saturated and deaerated conditions [47].
The findings regarding early apoptosis and necrosis of granular amoebocytes exposed to ferric iron in
this study are highly consistent with the decrease in phagocytic activity and demonstrate the potential
negative effects of dissolved iron in this form (Figures 4 and 5). However, dissolved iron ions reached
levels 0.1-0.2% of the amount reached with nZVI NPs in this experiment, which is negligible in
comparison to dissolved iron species from FeCl, and Fe,(SO4)3 that reached from 50 to 100 times
higher concentrations (see Section 3.1 and Figure 3). It is noteworthy that approximately the same
concentration levels of dissolved iron were detected in a previous 2-month aging experiment [27].
Nevertheless, even at such a high nZVI NPs concentration of 10 g/L, which is, from a practical
perspective, irrelevant, as it is 100 times higher than the concentration used in our experiment or that
is detected at sites of nZVI NPs applications, similar concentrations of ferric and ferrous ions could not
theoretically be reached (considering that 0.1-0.2% of iron that is dissolved). This finding indicates
that dissolved iron species do not play an important role in toxicity to earthworms in the context of
nZVI NPs applications. It is worth noting that under different conditions in heterogenic matrices
(e.g., real groundwater, different types of soil, etc.), the aging process is different, and dissolution occurs
with different kinetics. Moreover, Fe® could be transformed by microbial species into various insoluble
iron species or their oxidation products [25]. Despite the many aforementioned factors affecting the
aging processes of nZVI NPs, the results of the current study show that nZVI NPs applications pose
minimal risk to earthworms.

4. Conclusions

The results of the current study demonstrate the necessity of material characterization in the
medium used for exposure conditions to achieve reliable results. While the fact that nZVI NPs
aggregated in the RPMI 1640 medium makes the experimental setup inapplicable for determining
the toxicity of fresh nZVI NPs, the formation of aggregates reflects the fate of nanoparticles after real
application. Evaluation of the toxicity of nZVI NPs in the form of aggregates is equally or even more
important than evaluation of freshly prepared particles, which are present in the environment only
for several hours or days. Understanding the mechanisms of iron dissolution and ion release, as well
as their impact on overall toxicity, can help in the assessment of the environmental safety of nZVI
NPs. The toxicological data obtained in this study suggest that two sizes of nZVI NPs aggregates
(after 0 and 24 h in RPMI 1640) and ferrous and ferric ions, as potentially released forms of iron,
do not significantly affect the viability of coelomocytes and probably do not pose a risk to exposed
earthworms. Determination of the sublethal effects including impacts on phagocytosis and oxidative
stress-related markers showed that ferric and ferrous ions as well as nZVI NPs aggregates had a
slight effect. The combination of the quantification of dissolved iron and the most sensitive assay
(from the battery of assay used), malondialdehyde determination, showed that, even in the form of
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aggregates, nZVI NPs cause higher lipid peroxidation than their potential transformation products
(i.e., dissolved ferric and ferrous ions) in earthworm coelomocytes. Overall, the results of the present
study confirm the environmental safety of nZVI NPs and suggest that the toxicity of nZVI NPs is
potentially reduced during aging. Further studies incorporating the nZVI NPs characterization during
the aging process and iron dissolution under different environmental conditions are needed to better
understand material behavior and toxicity in real-world nanoremediation applications. Our results also
show that the methodological concept of testing isolated immune earthworm cells is a suitable approach
to testing for nanomaterials toxicity and to elucidate mechanistical aspects of the nanomaterials with
respect to possible different modes of actions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/11/2189/s1.
Figure S1. Detection of coelomocytes subpopulations through flow cytometry. Coelomocytes populations were
detected and divided into eleocytes (E), hyaline (HA) and granular amoebocytes (GA). (A) coelomocytes non-treated
(control) and coelomocytes exposed to 100 mg/L of nZVI, FeCl, and Fe;(SO4)3; (B) RPM 1640 medium and
RPMI 1640 medium with 100 mg/L of nZVI, FeCl, and Fe,(SO4); without coelomocytes after 6 h. Figure S2.
Apoptosis activity of hyaline amoebocytes (HA) without annexin V, without treatment (control) and HA
exposed to 10 mM H,0O; (positive control), 100 mg/L of nZVI, FeCl, and Fe;(SO4)3 after 2 h. Figure S3.
Apoptosis activity of granular amoebocytes (GA) without annexin V, without treatment (control) and GA
exposed to 10 mM H,0, (positive control), 100 mg/L of nZVI, FeCl, and Fe;(SOy4); after 2 h. Figure S4.
Apoptosis activity of hyaline amoebocytes (HA) without annexin V, without treatment (control) and HA
exposed to 10 mM H,0O; (positive control), 100 mg/L of nZVI, FeCl, and Fe;(SO4)3 after 6 h. Figure S5.
Apoptosis activity of granular amoebocytes (GA) without annexin V, without treatment (control) and GA exposed
to 10 mM H, O, (positive control), 100 mg/L of nZVI, FeCl, and Fe,(SOy)3 after 6 h. Figure S6. Apoptosis activity
of hyaline amoebocytes (HA) without annexin V, without treatment (control) and HA exposed to 10 mM
H,0O, (positive control), 100 mg/L of nZVI, FeCl, and Fep(SOy)3 after 24 h. Figure S7. Apoptosis activity of
granular amoebocytes (GA) without annexin V, without treatment (control) and GA exposed to 10 mM H,0,
(positive control), 100 mg/L of nZVI, FeCl, and Fe,;(SO4); after 24 h. Figure S8. Reactive Oxygen Species
production of hyaline amoebocytes (HA) without fluorescence, without treatment (control) and HA exposed to
10 mM H,O;, (positive control), 100 mg/L of nZVI, FeCl, and Fe,;(SO4)3 after 2 h. Figure S9. Reactive Oxygen
Species production of granular amoebocytes (GA) without fluorescence, without treatment (control) and GA
exposed to 10 mM H,0; (positive control), 100 mg/L of nZVI, FeCl, and Fe,(SO,); after 2 h. Figure S10.
Reactive Oxygen Species production of hyaline amoebocytes (HA) without fluorescence, without treatment
(control) and HA exposed to 10 mM H,O, (positive control), 100 mg/L of nZVI, FeCl, and Fep(SO4)3 after
6 h. Figure S11. Reactive Oxygen Species production of granular amoebocytes (GA) without fluorescence,
without treatment (control) and GA exposed to 10 mM H,O; (positive control), 100 mg/L of nZVI, FeCl, and
Fe,(SO4)3 after 6 h. Figure S12. Reactive Oxygen Species production of hyaline amoebocytes (HA) without
fluorescence, without treatment (control) and HA exposed to 10 mM H,O; (positive control), 100 mg/L of nZVI,
FeCl, and Fey(SOy4)3 after 24 h. Figure S13. Reactive Oxygen Species production of granular amoebocytes
(GA) without fluorescence, without treatment (control) and GA exposed to 10 mM H,O, (positive control),
100 mg/L of nZVI, FeCl, and Fe;(SO,); after 24 h. Figure S14. Phagocytic activity of hyaline amoebocytes (HA)
without Fluoresbrite, without treatment (control) and HA exposed to 100 mM H,O, (positive control), 100 mg/L
of nZVI, FeCl, and Fe;(SOy4)3 after 2 h. Figure S15. Phagocytic activity of granular amoebocytes (GA) without
annexin V, without treatment (control) and GA exposed to 100 mM H,O; (positive control), 100 mg/L of nZVI,
FeCl, and Fe,(SOy)3 after 2 h. Figure S16. Phagocytic activity of hyaline amoebocytes (HA) without Fluoresbrite,
without treatment (control) and HA exposed to 100 mM H;O, (positive control), 100 mg/L of nZVI, FeCl, and
Fe,(SOy4)3 after 6 h. Figure S17. Phagocytic activity of granular amoebocytes (GA) without Fluoresbrite, without
treatment (control) and HA exposed to 100 mM H,O; (positive control), 100 mg/L of nZVI, FeCl, and Fe;(504)3
after 6 h. Figure S18. Phagocytic activity of hyaline amoebocytes (HA) without Fluoresbrite, without treatment
(control) and HA exposed to 100 mM H,O; (positive control), 100 mg/L of nZVI, FeCl, and Fe,(SO4)3 after 24 h.
Figure S19. Phagocytic activity of granular amoebocytes (GA) without Fluoresbrite, without treatment (control)
and HA exposed to 100 mM H,O, (positive control), 100 mg/L of nZVI, FeCl, and Fe;(SO4)5 after 24 h.
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Figure S1. Detection of coelomocytes subpopulations through flow cytometry. Coelomocytes
populations were detected and divided into eleocytes (E), hyaline (HA) and granular amoebocytes
(GA). (A) coelomocytes non-treated (control) and coelomocytes exposed to 100 mg/L of nZVI, FeCl2
and Fe2(SOs)s; (B) RPM1640 medium and medium with 100 mg/L of nZVI, FeClz and Fe2(SOa4)s without
coelomocytes after 6 hours.
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Figure S2. Apoptosis activity of hyaline amoebocytes (HA) without annexin V, without treatment
(control) and HA exposed to 10 mM H:0: (positive control), 100 mg/L of nZVI, FeClz and Fe2(SOa)s

after 2 hours.
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Figure S3. Apoptosis activity of granular amoebocytes (GA) without annexin V, without treatment
(control) and GA exposed to 10 mM H20:2 (positive control), 100 mg/L of nZVI, FeCl2 and Fe2(SOa)s
after 2 hours.
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Figure S4. Apoptosis activity of hyaline amoebocytes (HA) without annexin V, without treatment
(control) and HA exposed to 10 mM H:0: (positive control), 100 mg/L of nZVI, FeClz and Fe2(SOx)s
after 6 hours.
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Figure S5. Apoptosis activity of granular amoebocytes (GA) without annexin V, without treatment
(control) and GA exposed to 10 mM H2O:2 (positive control), 100 mg/L of nZVI, FeCl2 and Fe2(SOa)s

after 6 hours.
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(control) and HA exposed to 10 mM H:0: (positive control), 100 mg/L of nZVI, FeCl2 and Fe2(SOa)s

after 24 hours.
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Figure S7. Apoptosis activity of granular amoebocytes (GA) without annexin V, without treatment
(control) and GA exposed to 10 mM H20:2 (positive control), 100 mg/L of nZVI, FeClz and Fe2(SOx)s
after 24 hours.

85



Nanomaterials 2020, 10, 2189 50f 10

0
e e
100 w0t 10° 0102 100 100 10°
FITC-A FITC-A
HA No Fluorescence HA Control
10° 10° 10° 4
104 0% 10°4
< <
a 10*4 & 1034
1074 107
04 04
i 98.7 i 98.7
bl B WS L WS R L D ot i) i SIS Ll SN G0 e s £ I
010! 10 w0 10 0102 100 100 10° 0102 100 10t 1f
FITC-A FITC-A FITC-A
HA 100 mg/L nZV1 HA 100 mg/L FeCl, HA 100 mg/L Fe,(S0,),

Figure S8. Reactive Oxygen Species production of hyaline amoebocytes (HA) without fluorescence,
without treatment (control) and HA exposed to 10 mM H20: (positive control), 100 mg/L of nZVI,
FeClz and Fez(SO4)s after 2 hours.
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Figure S9. Reactive Oxygen Species production of granular amoebocytes (GA) without fluorescence,
without treatment (control) and GA exposed to 10 mM H20: (positive control), 100 mg/L of nZVI,
FeCl2 and Fe2(SOa4)s after 2 hours.
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Figure S10. Reactive Oxygen Species production of hyaline amoebocytes (HA) without fluorescence,
without treatment (control) and HA exposed to 10 mM H20: (positive control), 100 mg/L of nZVI,
FeClz and Fez(SO4)s after 6 hours.
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Figure S11. Reactive Oxygen Species production of granular amoebocytes (GA) without fluorescence,
without treatment (control) and GA exposed to 10 mM H20: (positive control), 100 mg/L of nZVI,
FeClz and Fez(SO4)s after 6 hours.
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Figure S12. Reactive Oxygen Species production of hyaline amoebocytes (HA) without fluorescence,
without treatment (control) and HA exposed to 10 mM H20: (positive control), 100 mg/L of nZVI,

FeCl2 and Fe2(SOs)s after 24 hours.
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Figure S13. Reactive Oxygen Species production of granular amoebocytes (GA) without fluorescence,
without treatment (control) and GA exposed to 10 mM H20: (positive control), 100 mg/L of nZVI,

FeCl2 and Fe2(SOs4)s after 24 hours.
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HIGHLIGHTS

e The addition of straw to spent coffee grounds supported earthworm development.

o The contents of fungi and enzymes decreased with the age of vermicompost.

e Earthworms were able to substantially reduce the caffeine stimulant content.

e Vermicompost contained more P, K and Mg than the variant without earthworms.

e Biowaste with earthworms was stabilized faster than without earthworms.
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The present study was focused on vermicomposting of spent coffee grounds (SCG) and its mixtures with straw
pellets. The process was evaluated in terms of biological and physico-chemical properties. The greatest number
and biomass of earthworms was found in the treatment with 25% vol. SCG + 75% vol. straw pellets. In this
treatment, the upper youngest layer exhibited 1.6-fold and 4.5-fold greater earthworm number and biomass,
respectively, than the bottom oldest layer. Earthworm weight decreased in direct proportion to the layer age. The

oldest treatment layer was characterized by lesser contents of fungi and six hydrolytic enzymes, compared to the
younger layers. Further, the oldest treatment layer had suitable agrochemical properties. Earthworms were able
to substantially reduce the caffeine stimulant content, which is considered the most representative pharma-

ceutically active compound.

1. Introduction

Worldwide, the coffee processing industry produces almost 33
million tons of solid coffee waste (coffee pulps, mucilages, and hulls) per
year. The coffee processing industry utilizes almost 15 L of water per
kilogram of freshly harvested green coffee during the various stages. The
process discharges effluent which can pollute a receiving water system
and soil (Alemayehu et al., 2020). In 2019, annual coffee bean pro-
duction exceeded 10 million tons (International Coffee Organization,
2020). The residue after preparing the coffee drink are spent coffee
grounds (SCG). Since coffee brewing involves the extraction of selected
compounds from coffee beans, a large amount of unused waste is
generated (about 90 % by weight) (McNutt and He, 2019; Blinova et al.,
2017). Especially, in cafes, SCG can account for a substantial proportion

of food waste. SCG can be defined as an organic residue with high hu-
midity and small particle size (Esquivel and Jiménez, 2012). SCG
contain large amounts of organic matter, including polysaccharides,
especially cellulose (with glucose as a main component), and hemicel-
lulose (with mannose, galactose, and arabinose as main components),
which together make up half of the SCG dry mass. Lignin (25% wt. on a
dry mass basis), protein (almost 20% wt. on a dry mass basis), and oil
(with over 15% wt. on a dry mass basis) are also significant in SCG
(Ballesteros et al., 2014; Mussatto et al., 2011; Yordanov et al., 2016;
Kovalcik et al., 2018). Most SCG end up in landfills or in the sewage
system, which is a serious environmental problem related to biode-
gradable organic matter decomposition and the release of potentially
toxic compounds, for example, polyphenols, tannins, and caffeine (Low
et al., 2015; Murthy and Madhava Naidu, 2012). SCG are characterized
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by a great caffeine content, but the specific value depends on the coffee
sort and processing (Peshev et al., 2018). Caffeine is considered as
pharmaceutically active compound (PhAC) pollutant. Due to its large
amount in the environment, it is suitable as an indicator of anthropo-
genic inputs of PhACs in unregulated water bodies. Caffeine residues are
very stable in the water environment (Li et al., 2020).

In practice, only a small part of SCG production is used. According
McNutt and He (2019), possible applications for SCG include:

- biodiesel, bioethanol, biochar, and biogas production (Obruca
et al., 2014; Tongcumpou et al., 2019)

- direct fuel source

- extraction of phenolic compounds, antioxidants, and phytosterols
(Nzekoue et al., 2020)

- use as subgrade filler material, effective adsorbent for a wide range
of contaminants, composites, and bricks incorporating SCG

- direct application into soil — there is frequent anecdotal recom-
mendation for the use of locally produced SCG as fertilizer into the soil.
However, this is against the conclusions of scientific experiments. For
example, in an experiment with five horticultural plants in different soil
types with various SCG amendment rates, detrimental plant growth ef-
fects were found, regardless of soil type and fertiliser addition. Growth
suppression was not explained by a change in any of the major param-
eters, such as pH or soil nitrogen availability. The more likely reason was
the phytotoxic effects of SCG caused by high levels of caffeine, tannins
and polyphenols (Hardgrove and Livesley, 2016)

- composting is a viable way of valorising this residue (Santos et al.,
2017)

Composting using earthworms (vermicomposting) is considered the
most advanced composting method (Lim et al., 2016). Vermicomposting
is a biooxidative and stabilizing process of organic materials conversion,
which, unlike classical composting, uses interactions between earth-
worms and microorganisms, and does not involve the decomposition
thermophilic phase (Dominguez and Edwards, 2011). It is evident that
earthworms and endosymbiotic microbes during vermicomposting tend
to eliminate pathogens by enhancing enzymatic activities in both gut-
and cast-associated processes. Pathogen reduction during vermi-
composting can be plausibly attributed to direct actions like microbial
inhibition due to intestinal enzymatic action, and secretion of coelomic
fluids with antibacterial properties, as well as indirect actions like
stimulation of endemic microbes leading to competition and antago-
nism. Further, the pathogen reduction during vermicomposting is
largely selective, and earthworms exert a differential effect according to
the earthworm species and whether the pathogen considered is Gram-
positive or -negative, owing to its cell wall composition (Swati and
Hait, 2018). Digging, fragmentation, and aeration are provided to a
greater extent by earthworms, making vermicomposting one of the low-
cost waste treatment systems (Baghel et al., 2018). The technology is
fully environmentally friendly (Abbasi et al., 2015).

Vermicomposts are characterized by very good maturity and stabil-
ity, containing high-quality humic substances, enzymes, and plant
growth hormones (Hanc et al., 2019a; Hrebeckova et al., 2019a; Rav-
indran et al., 2016).

There are many reports on different valorization of SCG. Some of
them are on classical composting. Only a few studies have been pub-
lished on vermicomposting of this specific waste. Adi and Noor (2009)
used Lumbricus rubellus for 49-day vermicomposting that was conducted
after 21 days of pre-composting. Three different combination of treat-
ments were prepared combined cow dung, kitchen waste and coffee
grounds. The presence of coffee grounds showed higher percentage of
nutrients in vermicompost produced. The data reveal that coffee
grounds can be decomposed through vermicomposting and help to
enhance the quality of vermicompost produced rather than sole use of
kitchen waste in vermicomposting. Sanchez-Hernandez and Dominguez
(2017) concluded that vermicomposting reduced substantially the res-
idue mass of SCG in the very short term, yielding a nutrient-rich and
enzymatically active vermicompost. Gonzalez-Moreno et al. (2020)
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conducted 60-day laboratory vermicomposting experiment with 9
treatments differed with proportions of horse manure, spent coffee
grounds (SCG) and coffee silver skin (CS). Best options were treatments
with a medium-low amount of residue (25% for SCG and 25% or 50%
for CS) due to the specific characteristics of these wastes and possible
toxicity. They recommended that SCG is used with other amendments or
alkaline residues in order to increase the pH level..

In comparison with the above studies, the main novelties of our work
include using of straw pellets as amendment material, system with
continuous feeding of earthworms where layers of different ages can be
evaluated and effect of earthworms on reduction of caffeine.

The aim of the study was to investigate the feasibility of the vermi-
composting SCG and its mixtures with straw pellets on the basis of: i)
survival and development of earthworms, ii) occurrence of the main
groups of microorganisms, iii) enzyme activity, iiii) physico-chemical

Our research results are useful for food waste producers, small-scale
processors and large-scale vermicomposting plants, and vermicompost
users, especially growers.

2. Materials and methods
2.1. Raw material and earthworms

A SCG mixture of coffee varieties from the La Divina Providencia
from Nicaragua, Karuhiu Uhteri from Kenya, and Nensebo from Ethiopia
was used for the vermicomposting experiment. It was obtained from
Misto Café in Prague (N 50°5.94017’, E 14°24.26082'). After receiving
this material, the SCG were refrigerated in dark sealed bags. Due to the
lesser pH and C:N ratio in SCG, moistened straw pellets with 34% dry
matter content was used in the experiment. The pellets exhibited an
alkaline pH (7.9). The EC was 2 times greater, and the C:N 4 times
greater compared with the SCG (Table 1). Eisenia andrei earthworms
were used in the study. It belongs to the group of epigeic earthworms. It
is one of the most commonly used earthworms for vermicomposting in a
mild climate.

2.2. Experimental design

The experiment was set up under laboratory conditions in plastic
vermicomposters Worm Factory with four perforated trays of individual
size 40 x 40 x 18 cm, marked from oldest (I) to youngest layer (IV).
They were gradually filled with biowaste every 6 weeks during 6
months. Five treatments were established:

1: SCG 100% vol. with Eisenia andrei (layers I to IV)

2: SCG 75% vol. + straw pellets 25% vol. with Eisenia andrei (layers I
to IV)

3: SCG 50% vol. + straw pellets 50% vol. with Eisenia andrei (layers I
to IV)

4: SCG 25% vol. + straw pellets 75% vol. with Eisenia andrei (layers I
to IV)

5: SCG 50% vol. + straw pellets 50% vol. without earthworms (layers
ItoIV)

For the four first treatments, 10L of bedding layer containing grape
marc with earthworms Eisenia andrei (50 earthworms per liter) was put
down. After that, new layer — 15 L of feedstocks was placed into the new
tray above. The top of the vermicomposter was covered with a com-
posting fabric and a plastic lid. To prevent the earthworms from
escaping or crawling among vermicomposters, the experiment was
conducted in constant light. The room air temperature was maintained
at 22 °C. Every 12 h the room air was replaced with outdoor air.

Three 1 kg samples were taken from each layer and weighed. All
potential earthworms were separated manually, counted, and weighed
from each sample taken. About 50 g of the remaining sample was stored
in a refrigerator (temperature 4 °C). Another 500 g portion was placed in
a drying room and dried for about 14 days at a constant temperature of
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Table 1
Physico-chemical parameters of SCG and wet straw pellets used in the study.
Dry matter[%] pH/H;0 EC[pS/cm] ORP[mV] C/N Pror.[mg/kgl Kior.[mg/kg] Mgor.[mg/kg] Caffeine[mg/g]
SCG 345+1.0 6.0+£0.1 723 + 47 45.5 + 6.6 17.7 £ 1.3 1301.7 £ 131.4 9904.3 + 917.4 1586.0 + 238.6 3.27 £0.14
Straw pellets 342 +24 7.9+0.1 1345 + 59 -30.5+ 3.1 65.7 £ 7.0 1100 + 100 9300 + 600 900 + 100 n.d.

Values are means + SD; n.d. — no data.

pH, EC, and ORP were determined in wet matter; other parameters in dry matter

SCG = spent coffee grounds

35 °C, and then ground. The remaining sample was frozen at —25 °C and
lyophilized.

2.3. Physico-chemical and biological analyses

2.3.1. Analyses from refrigerated samples

To determine the pH, electrical conductivity (EC) and oxida-
tion-reduction potential (ORP), a 10 g sample was weighed into a
sealable flask, and then 50 ml of demineralized water was added. The
mixture was then shaken for 10 min. Values of pH and ORP were
measured with a calibrated meter (WTW 340i). Then, the sample was
filtered and the EC was measured with the WTW cond 730
conductometer.

2.3.2. Analyses from dried samples

For total carbon (Cio) and nitrogen (Nyy¢) determination, the CHNS
Vario MACRO cube analyzer (Elementar Analysensysteme GmbH, Ger-
many), was used. The total contents of macronutrients (P, K, and Mg)
were determined by decomposition obtained by pressurized wet-ashing
(HNOs3 + H205) of dried samples in a closed system of Ethos 1 (MLS
GmbH, Germany). The contents of ammonium and nitrate nitrogen (N-
NH,4 ", N-NO3"), dissolved organic carbon (DOC) and the available nu-
trients (P, K, and Mg) were determined in CAT solution, which is a
mixture of 0.01 mol/L CaCly and 0.002 mol/L diethylene triamine
pentaacetic acid (DTPA) (1:10 w/v), according to the international BSI
EN 13651, 2001. The N-NH,4, N-NO3", and DOC contents in the extracts
were measured using the SKALAR SANPLUS SYSTEM® (the
Netherlands). The total and available element concentrations were
determined using ICP-OES (VARIAN VistaPro, Australia).

2.3.3. Analyses from lyophilized samples

Phospholipid fatty acid (PLFA) analysis were determined in the
samples (in triplicates) according to Stella et al., 2015. The samples were
extracted using phosphate buffer, chloroform, and methanol (0.8:1:2; v/
v/v) according to Bligh and Dyer, 1959. Gas chromatography-mass
spectrometry (GC-MS; 450-GC, 240-MS Varian, Walnut Creek, CA,
USA) was employed for determination of methylated esters of fatty
acids. The authentic chemical standards were obtained from Sigma-
Aldrich, Prague, Czech Republic and Matreya LLC, USA. Actino-
bacterial biomass was estimated as the sum of 10Me-16:0, 10Me-18:0,
10Me-17:0, biomass of gram positive bacteria (G + ): al7:0, i17:0, i116:0,
i15:0, al15:0, and i14:0; biomass of gram negative bacteria (G — ):
16:105,16:1w7, cy17:0, 18:107, and cy19:0. The total bacterial biomass
was determined on the basis of 15:0, 17:0, 16:1e7, and 16:1w9, together
with the other above mentioned bacterial PLFA. Fungi were estimated
according to 18:2w6,9.

The enzymatic activities of hydrolytic enzymes were measured in 96-
well microplates. The mixture of lyophilized sample (0.2 g) and acetate
buffer (20 ml; pH 5.0; ¢ = 50 mmol/L) was homogenized using the Ultra-
Turrax (IKA Labortechnik, Germany) according to Stursova and Baldrian
(2011). The substrates for these hydrolytic enzymes were as follows: for
p-D-glucosidase it was MUFG (c = 2.75 mmol/L), which is a mixture of
4-methylumbellyferyl-p-D-glucopyranoside and dimethyl sulfoxide, for
acid phosphatase it was MUFP(c = 2.75 mmol/L), which is a mixture of
4-methylumbellyferyl-phosphate and dimethyl sulfoxide, for arylsul-
phatase it was MUFS (c = 2.50 mmol/L), which is a mixture of 4-
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methylumbellyferyl sulphate potassium salt and dimethyl sulfoxide,
for lipase it was MUFY (c = 2.50 mmol/L), which is a mixture of 4-meth-
ylumbellyferyl-caprylate and dimethyl sulfoxide, for chitinase it was
MUEN (c = 1.00 mmol/L), which is a mixture of 4-methylumbellyferyl-
N-acetylglucosaminide and dimethyl sulfoxide, for cellobiohydrolase it
was MUFC (c = 2.50 mmol/L), which is a mixture of 4-methylumbelly-
feryl-N-cellobiopyranoside and dimethyl sulfoxide, for alanine amino-
peptidase it was AMCA (¢ = 2.50 mmol/L), which is a mixture of L-
alanine-7-amido-4-methylcoumarin and dimethyl sulfoxide, for leucine
aminopeptidase it was AMCL (¢ = 2.50 mmol/L), which is a mixture of
L-leucine-7-amido-4-methylcoumarin and dimethyl sulfoxide. Enzymes
were measured as a fluorescence change using the Tecan Infinite® M200
(Austria) after 5 min and 125 min of incubation (40 °C) according to
Baldrian (2009).

Caffeine was analyzed in the lyophilized samples using liquid
chromatography-tandem mass spectrometry (LC-MS/MS). At first, the
lyophilised samples were extracted using Accelerated Solvent Extractor
ASE 200 (Dionex; Palaiseau, France) with heated methanol as an
extraction solvent (temperature 80 °C, pressure 10.3 MPa, 3 extraction
cycles and 5-min static periods in between the cycles). Methanol extracts
were appropriately diluted with 50% methanol and analysed with liquid
LC-MS/MS (Cimetiere et al., 2013). The system consisted of Agilent
1260 Infinity II liquid chromatograph coupled with Agilent 6470 LC/TQ
mass spectrometer equipped with Agilent Jet Stream electrospray ion
source (Agilent Technologies, Santa Clara, CA, USA). The caffeine ana-
lyses was performed using chromatographic column Poroshell 120 2.7
um, 3 mm x 100 mm (Agilent Technologies, Santa Clara, CA, USA).
Injection volume was 2 pl, mobile phase consisted of 0.5 mM NH4F in
Milli-Q water (0.01% formic acid; Honeywell) (A) and methanol (Hon-
eywell) (B); the flow rate was 0.4 ml min~!. Column temperature
throughout the analysis was maintained at 40 °C. Gradient elution was
as follows (min/%B): 0/5; 1/20; 8 — 9/100; 9.1 — 12/5. Caffeine was
monitored in positive ion mode, specific ion transitions (m/z) were:
195.1 — 83;195.1 - 110 and 195.1 — 138 (fragmentor voltage: 105V,
collision energy: 20 eV). Following electrospray conditions were
applied: drying gas temperature: 200 °C, drying gas flow 8 L/min,
nebulizer pressure: 45 psi, sheath gas temperature: 400 °C, sheath gas
flow: 12 L/min, capillary voltage: 2500 V, nozzle voltage: 0 V.

2.4. Statistical analysis

All the results are the means of three replicates. The tests of
normality and homogeneity were performed. Since some data did not
have normal and homogeneous distribution, a strict nonparametric
Kruskal-Wallis ANOVA test (P < 0.05) was used with the help of STA-
TISTICA 12 software (StatSoft, Tulsa, USA). Spearman’s correlations
were explored at the 0.05 probability levels.

3. Results and discussion
3.1. Earthworms

The youngest upper layers contained the greatest biomass and also a
number of earthworms (Table 2). The increasing addition of straw pel-

lets reduced the proportion of number and biomass of earthworms in the
upper layer (number of earthworms: 88%, 64%, and 37%; earthworm
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Table 2
Number and biomass of earthworms in individual treatments and layers.
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100% SCG(Treatment 1)
(Treatment 2)

75% SCG + 25% straw pellets

50% SCG + 50% straw pellets
(Treatment 3)

25% SCG + 75% straw pellets
(Treatment 4)

Layer (age) Number [pcs/ E. biomass [g/ Number [pcs/ E. biomass [g/ Number [pcs/ E. biomass [g/ Number [pcs/ E. biomass [g/
kgl kgl kgl kgl kgl kel kgl kgl
IV(45 days) 42+5 12.0 £ 1.7 99 + 24 38.7 £ 6.5 70 £13 27.5+ 3.4 629 + 83 715+ 7.1
111(90 days) 41 + 18 13.0 £ 5.6 14 +3 42+1.2 31+8 13.6 + 3.9 354 + 66 28.4 £ 5.5
(135 6+4 1.2+0.8 0 0 8+1 2.8+ 1.4 320+ 6 15.8 + 0.6
days)
1(180 days) 0 0 0 0 1+1 0.2+ 0.2 400 + 51 16.0 + 0.2

Values are means + SD.

SCG = spent coffee grounds

E. biomass = Earthworm biomass

days in brackets = age of layers at the time of sampling

biomass: 90%, 62%, and 54% in treatments 2, 3, and 4, respectively),
and thus increased their presence in the bottom and the middle layers.
The biomass for layer I (age 180 days) was less for treatment 3 (0.2 g)
than for treatment 4 (16 g). Their long presence in treatment 4 was due
to the longer biodegradability because of the greater C/N ratio. Signif-
icant proportion of straw and, conversely, a lesser proportion of SCG
created suitable conditions for earthworm survival (greater aeration and
less bulk density of the mixture), and encouraged earthworms to
multiply. Earthworm weight was calculated from Table 2 as ratio of
earthworm biomass and number of earthworms, and decreased in direct
proportion to the layer age. Compared to the other treatments, the
earthworm weight was much lesser for treatment 4 (0,07 g). The fewest
number and least biomass of earthworms were found in the first ver-
micomposter with 100% coffee grounds. They accounted for 4% of the
total number and 10% of total earthworm biomass of all
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vermicomposters. The lesser earthworm biomass in SCG itself could be
caused by the lesser carbon compound content as a source of energy for
earthworms, and/or the relatively great density and thus lesser air
content in SCG and pressure of the above layers. The toxicity of the SCG
itself may be important here (Cervera-Mata et al., 2020). In our exper-
iment, the greatest earthworm number, which exceeded all other
treatments by about 15 times, was found in the fourth treatment with
75% straw pellets. Therefore, the description of further biological and
chemical parameters will be directed to this treatment and treatment 3,
where earthworms occurred in all layers.

3.2. Microorganisms

The oldest layers of treatment 3 and 4 contained by 23% and 11%,
respectively, more total microbial biomass expressed as phospholipid
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Fig. 1. Changes in the microbial biomass expressed as content of phospholipid fatty acids (PLFA) (a-f) in layers IV, II], II, and I of the treatments 3, 4, and 5. Values
are the means + SD. Letters indicate significant differences (Kruskal-Wallis test, P < 0.05) among layers within a treatment. dw — dry weight.
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fatty acids (PLFA) than the youngest layer, in which the microorganisms
were probably much represented in the earthworm digestive tracts
(Fig. 1). This is confirmed by a strong indirect correlation between the
total microbial biomass and earthworm number (R = -0.94, p < 0.05 for
treatment 3; R =-0.71, p < 0.05 for treatment 4), and the total microbial
biomass and earthworm biomass (R =-0.92, p < 0.05 for treatment 3; R
= -0.88, p < 0.05 for treatment 4). Conversely, in treatment 5 without
earthworms, which is identical to treatment 3 (with respect to compo-
sition), biomass decreased directly proportionally with the layer age.
Fungi are a valuable food source for earthworms. Epigeic earthworms
have enzymes in their digestive tract that allow them to digest fungi
(Zhang et al., 2000). Likewise, treatments 3 and 4 contained 32% and
50%, respectively, less fungi than treatment 5 without earthworms.
Conversely, the presence of bacteria was slightly greater in treatments 3
and 4, specifically by 14% and 11%, respectively, in comparison with
treatment 5 without earthworms. A strong indirect correlation was
found between bacteria and earthworm number (R = -0.99, p < 0.05 for
treatment 3; R = -0.91, p < 0.05 for treatment 4), and between bacteria
and earthworm biomass (R = -0.99, p < 0.05 for treatment 3; R = -0.96,
p < 0.05 for treatment 4).
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3.3. Enzyme activities

The activity of all enzymes varied in the individual treatments and
layers depending on the specific enzyme (Fig. 2). The greatest enzymatic
activity values were found in the non-earthworm treatment 5. At the
beginning of the process in the youngest treatment layer, the activity of
the 8 enzymes was 1.75 and 2.96 times greater compared to treatments 3
and 4, respectively. In the oldest layer, it was only 1.52 and 2.21-fold.
This was probably due to the greater number and biomass of earth-
worms, where decomposition took place mainly in the earthworm
bodies. Fifty-seven bacterial 16S rDNA clones, including enzyme-
producing microorganisms, were identified in the intestines of Eisenia
fetida by using polymerase chain reaction-denaturing gradient gel
electrophoresis (PCR-DGGE) analysis (Hong et al.,, 2011). In our
experiment, as the earthworm representation in layers III and II de-
creases, the enzymatic activity increases. In the oldest layer, in which
the presence of earthworms slightly increased, enzymatic activity was
reduced again. Activity of lipaze was the highest among 8 determined
hydrolytic enzymes due to the high content of lipids in coffee, and in
connection with caffeine, which promotes the breakdown of lipids.
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Fig. 2. Changes in enzymatic activity of hydrolytic enzymes (a-h) in layers IV, III, II, and I of the treatments 3, 4, and 5. Values are the means + SD. Letters indicate
significant differences (Kruskal-Wallis test, P < 0.05) among layers within a treatment. dw — dry weight.
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Caffeine inhibits phosphodiesterase (an enzyme that catalyzes the hy-
drolysis of cyclic adenosinemonophosphate (cAMP)), leading to an in-
crease in cAMP concentration. Thus, caffeine indirectly affects the
regulation of cAMP-dependent protein kinases responsible for the
regulation of glycogen, sugars and lipid metabolism. Activation of
hormone-sensitive lipases leads to increased lipolysis, which causes
increased plasma levels of free fatty acids and glycerol. There is also an
increased release of catecholamines (Wahlang et al., 2018).

3.4. Physico-chemical parameters

The dry matter decreased from the youngest to the oldest layer
(Table 3). The differences between layers IV and I were statistically
significant. Among monitored treatments, the greatest increase was
recorded in treatment 4 (by 47% between layers I and IV), where greater
earthworm activity and proportion of straw pellets were important.
Increasing moisture with layer age showed that the humified material
(vermicompost) has a greater water absorption capacity than feedstock
(Munnoli and Bhosle, 2011). The pH ranged from 7.1 to 8.1. In treat-
ment 3 with earthworms, there was a significant pH increase over time,
unlike the composition of an identical earthworm-free treatment 5, in
which the pH was almost unchanged. There was a statistically signifi-
cant difference between treatments 3 and 5 in the oldest layer I. There
was no pH change in treatment 4, which was due to the greater pro-
portion of straw pellets with their greater pH value (7.9). This probably
did not give the possibility to increase the pH further. The EC decreased
significantly (by 23%) in treatment 3 between layers IV and I. The layer I
EC value was much less for treatment 3 (626 pS/cm) than for the
earthworm-free treatment 5 (785 pS/cm). This can be explained by the
fact that some of the salts were found in earthworm bodies removed
from the sample prior to vermicompost analysis. In another 10-week
SCG vermicomposting study, EC was maintained within the range of
0.64-0.70 ds m ™%, and treatments receiving cardboard had a lesser EC
compared with the non-cardboard treatments (Liu and Price, 2011).
Similar values and findings were obtained in our experiment. Redox
potential gradually decreased with vermicompost age, which indicates
gradual reduction of aerobic conditions. One of the important factors
that reduced ORP in older layers was the pressure of the layers located
above them. In control treatment 5, the ORP was by 35% and by 74%
less compared to variants 3 and 4, respectively. This indicates that
treatment 5 tended more to anaerobic conditions. On the contrary,
earthworms have ability to intensively aerate material (Hanc and Dre-
slova, 2016) and thus ORP can increased. Earthworm number and
earthworm biomass showed the same correlation with ORP in treatment
3 (R =0.91, p < 0.05). In treatment 4, the ORP correlated more with
earthworm biomass (R = 0.70, p < 0.05) than with earthworm number
(R = 0.42, p < 0.05). The greater ORP in treatment 4 compared to
treatments 3 and 5 was also due to the greater proportion of straw pellets
having lesser bulk density and greater aeration ability. The C:N ratio
decreased directly proportionally with increasing layer age. Treatment 4
exhibited the greatest C/N ratio, but there was the greatest decrease
between layer IV and I (by 27%). For treatments 3 and 5, this decrease
was only 8% and 20% respectively. The lesser C/N ratio in treatment 3
compared with treatment 5 (especially in the youngest layer) showed
that earthworms accelerate biowaste decomposition. Wastes in which N-
NH4" values exceed 200 mg/kg of dry matter are unsuitable for ver-
micomposting, especially due to the volatilization of NHs, which is le-
thal to earthworms (Michal et al., 2019). N-NH4" ranged between 40
and 50 mg/kg, and decreased during vermicomposting (Table 3). Lesser
values were found in treatment 4 with 25% SCG compared with treat-
ments 3 and 5, which suggests that the N-NH4" level decreased with
straw. Similarly, the N-NOs3™ values observed in treatment 4 were 6.5-
fold less than in treatments 3 and 5, and accounted for only 0.03% of
the total N content. With increasing composting time, the N-NO3™ con-
tent increases (Hanc et al., 2017). This was confirmed in treatment 5
without earthworms, where after 180 days the N-NOj3™ value was 16
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Table 3
Physico-chemical parameters in layers IV, IIL, II, and I of treatments 3, 4, and 5.

50% SCG + 50% 25% SCG + 75% 50% SCG + 50% straw

straw pelletswith straw pelletswith pelletswithout
earthworms earthworms earthworms(Treatment
(Treatment 3) (Treatment 4) 5)
Dry
matter
[%]
1V (45 19.9 + 0.8 aA 22.6 + 0.7 aA 24.6 £1.9 aA
days)
1II (90 19.1 + 0.8 abA 19.0 + 0.7 abA 19.4 £ 0.6 abA
days)
I (135 17.4 £ 0.6 abAB 16.4 + 0.3 abA 20.1 + 1.1 abB
days)
1(180 16.5 + 0.2 bAB 15.4 + 0.5 bA 18.2 + 0.2bB
days)
pH/H,0
1V (45 7.2 + 0 abA 7.8 +0.1aB 7.3 + 0 aAB
days)
1II (90 7.1 +£0aA 7.9+ 0aB 7.2+ 0.1 aAB
days)
11 (135 7.6 + 0.1 abAB 7.8 £0.1aA 7.1 £ 0.1 aB
days)
1(180 8.1 +£0.1 bA 7.8 + 0 aAB 7.2+ 0.1 aB
days)
EC [pS/
cm]
1V (45 808.7 + 55.9 aA 664.7 + 70.5 aA 767.0 £ 58.1 aA
days)
1II (90 711.3 £ 19.7 abA 691.3 + 37.0 aA 758.7 £ 166.7 aA
days)
11 (135 766.7 + 44.3 abA 742.0 + 28.9 aA 805.7 + 57.8 aA
days)
1(180 626.3 + 33.9 bA 709.3 + 46.7 aA 785.0 £ 127.5 aA
days)
ORP
[mV]
1V (45 36.8 + 2.3 aAB 52.8 £ 7.1 aA 18.6 + 2.3 aB
days)
1II (90 25.0 + 1.7 abA 51.5+ 4.1 aB 13.4 + 1.0 abA
days)
I (135 22.6 + 2.2 abA 49.4 + 7.6 aB 12.7 £+ 2.6 abA
days)
1(180 8.3+ 1.8bA 44.1 + 6.0 aB 8.2+ 1.0 bA
days)
C/N
1V (45 11.2 £ 0.3 abA 18.7 £ 0.7 aAB 13.6 £ 0.6 aB
days)
1II (90 11.8 £ 0.1 aA 14.5 £ 0.1 abB 12.0 £ 0.2 abA
days)
(135 11.1 £+ 0.1 abAB 14.0 + 0.4 abA 10.9 + 0.4 abB
days)
1(180 10.3 + 0.2 bA 13.6 + 0.4 bB 10.3 £ 0.2 bA
days)
N-NH,*
[mg
N/kgl
1V (45 49.5 + 0.2 aA 46.2 + 2.9 aA 49.4 + 0.7 aA
days)
1II (90 47.2 £ 1.2 abA 46.7 + 1.1 aA 45.3 £ 0.5 bA
days)
11 (135 47.2 + 0.4 abA 45.3 £ 1.6 aA 47.4 £ 0.7 abA
days)
1(180 45.4 + 0.7 bAB 42.4 + 1.2 aA 46.9 + 1.2 abB
days)
N-NO3°
[mg
N/kgl
1V (45 65.2 + 3.1 aA 6.7 + 2.4 abA 4.9+ 0.3aA
days)
1II (90 65.2 + 1.4 aAB 13.8 £ 0.7 aA 85.7 + 0.7 bB
days)
I (135 48.1 £ 7.1 aAB 5.3+ 0.8 bA 58.4 + 0.5 abB
days)
1(180 33.6 + 1.5 aAB 8.0 + 0.8 abA 80.3 + 1.1 abB
days)

(continued on next page)
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Table 3 (continued)

50% SCG + 50%

25% SCG + 75%

50% SCG + 50% straw

straw pelletswith straw pelletswith pelletswithout
earthworms earthworms earthworms(Treatment
(Treatment 3) (Treatment 4) 5)
N-NH,*/
N-NO3’
IV (45 0.76 + 0.04 abA 7.38 + 2.08 abAB 10.15 + 0.55 aB
days)
111 (90 0.72 + 0.01 aAB 3.39 £ 0.25 aA 0.53 + 0.00 bB
days)
1I(13s 1.00 + 0.14 abAB 8.71 + 1.55 bA 0.81 + 0.01 abB
days)
1(180 1.35 + 0.08 bAB 5.33 + 0.62 abA 0.58 + 0.01 abB
days)
DOC [mg
C/kg]
1V (45 18808 =+ 2440 aA 10084 + 823 aA 16101 + 2041 aA
days)
111 (90 11875 =+ 2468 abA 10560 + 1706 aA 12910 + 848 aA
days)
11135 15025 + 908 abA 11954 + 1077 aA 12993 + 1111 aA
days)
1(180 10245 + 602 bA 10726 + 651 aA 14898 + 926 aA
days)

Values are the means + SD. Different lowercase letters in a column indicate
significant differences among layers, capital letters indicate significant differ-
ences among treatments (Kruskal-Wallis test, P < 0.05).

SCG = spent coffee grounds; days in brackets = age of layers at the time of
sampling

times greater. The nitrification index (N-NH,4"/N-NO3) is considered a
parameter of compost and vermicompost maturity (Karak et al., 2017).
There was a significant decrease in the N-NH;"/N-NO;" ratio in treat-
ment 5 between layers IV and III (45 and 90 days). In treatment 3
containing earthworms the N-NH,"/N-NOs™ ratio was on average 3
times less than in the identical treatment 5 without earthworms. Zhang
and Sun (2017) found an indirect relationship between the increasing
proportion of SCG and the nitrification index during green waste com-
posting. Treatment 4 exhibited a much greater N-NH4"/N-NO3™ ratio
than treatment 3 (Table 4). This result was probably due to the greater
proportion of straw pellets, which increased the C/N ratio and thus
provided more suitable conditions for earthworm activity, as seen pre-
viously (Biruntha et al., 2020). This is confirmed by the fairly even
earthworm distribution in the whole profile of treatment 4. Earthworms

Table 4
Caffeine content in layers IV, III, II, and I of all studied treatments (ng/g of dry
matter).

1V (45 1II (90 I (135 1(180
days) days) days) days)

100% SCGwith earthworms 2447 + 142.4 + 2301 + 1748 +
(Treatment 1) 96.6 Aab 21.6 bAB 89.1 abA 138.0

abAB

75% SCG + 25% straw 95.4 + 2791 + 139.5 + 7330 +
pelletswith earthworms 6.7 aAB 780.8 51.3 218.9 bB
(Treatment 2) abAB abAB

50% SCG + 50% straw 42.0 + 42.1 + 73.9 + 334+
pelletswith earthworms 6.3 abAB 4.6 abAB 19.4 aAB 2.3 bAB
(Treatment 3)

25% SCG + 75% straw 26.8 + 20.7 + 17.7 + 20.6 +
pelletswith earthworms 1.9aA 0.6 abA 0.8 bB 0.5 abB
(Treatment 4)

50% SCG + 50% straw 2174 + 4809 + 283.2 + 136.8 +
pelletswithout earthworms ~ 620.3 aB 48.3 abB 43.6 18.9 bAB
(Treatment 5) abAB

Values are the means + SD. Different lowercase letters indicate significant dif-
ferences among layers, capital letters indicate significant differences among
treatments (Kruskal-Wallis test, P < 0.05).

SCG = spent coffee grounds

days in brackets = age of layers at the time of sampling
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are able to stabilize biowaste faster, as evidenced by the fact that after
only 45 days the N-NH4"/N-NOj" ratio was much less for treatment 3
(0.76), as opposed to treatment 5 (10.15). The proportion of DOC in the
total carbon content was less in treatment 4 (2.6%) than in treatment 3
(3.2%). There was a decrease in DOC in treatments 3 and 5 between the
youngest and the oldest layer by 45% and 7%, respectively. Although
treatment 4 exhibited the least DOC, the values practically did not
change, because the vermicomposting process was still occurring in all
layers.

Total and available contents of basic macroelements are shown in
Fig. 3. The contents were influenced by earthworm movement from the
bedding layer and between the layers, the element contents in living
earthworms, the decomposition of dead earthworm bodies, and
conversely, the birth of new earthworms. The Py, content ranged from
0.16 to 0.29%. There was an increase in Py, content towards the bottom
older layers, which was probably caused by organic matter minerali-
zation. The greatest increase was recorded in treatment 4 (1.49-fold).
The Kot content was the greatest within the monitored elements (1.5 to
2.2%). The greatest increase of 1.25-fold was again seen in treatment 4.
The average Mg, content was 0.24%, with values varying irregularly
between layers. With the exception of Mg, the content of available
macroelements increased over time. The percentage of the available
contents of macronutrients (P, K, and Mg) on average in all of the layers
and chosen treatments accounted for 47%, 45%, and 14%, respectively,
on the total content. For vermicomposting of distillery residues, the
proportion P, K, and Mg constituted 11%, 64%, and 10%, and in the case
of kitchen waste 16%, 39%, and 2%, respectively (Hanc et al., 2019b;
Hrebeckova et al., 2019b). The greatest correlation between the total
and available content in the layers was shown in treatment 5 (for P: R =
0.94, p < 0.05; for K: R = 0.68, p < 0.05; for Mg: R = 0.95, p < 0.05). In
other treatments, the correlation was strongly influenced by earthworm
movement and activity.

3.5. Caffeine

Table 4 shows the caffeine content in all experimental treatments.
Eisenia andrei were able to decrease the caffeine content, as evidenced by
the lesser caffeine content in treatment 3 (average of the layers 48 ng/g)
compared to the control treatment 5 of the same composition without
earthworms (average of the layers 1851 ng/g) which is 38 times less.
The greater content in the control treatment 5 layer III could be caused
by the natural movement of the extract from the upper layer. In treat-
ments with a predominance of SCG, lesser caffeine values were found in
the younger layers. In treatments 3 to 5, on the contrary, lesser caffeine
values were found in the older layers.

Although caffeine has a negative effect on the environment, it is a
recognized stimulator of the central nervous system and beneficial
health effects have also been described. By using low-pressure or su-
percritical COy extraction within the biorefinery of SCG extract it is
possible to obtain between 0.734 and 41.3 pg/mg of caffeine which
corresponded to 18-48% of extracted compounds from coffee beans, and
8-31% from roasted coffee (Santos et al., 2021).

4. Conclusions

Due to the content of toxic substances, SCG itself are not suitable for
vermicomposting. The addition of straw pellets to the SCG (up to 75%
vol.) improved aeration and reduced bulk density, resulting in the
development of earthworms. Strong indirect correlation between the
total microbial biomass and earthworm number was found caused by the
presence of microorganisms in digestive tract of earthworms. Vermi-
composting of SCG was characterized by very strong activity of lipaze
due to the high content of lipids and caffeine in coffee. Vermicomposting
increased the content of P, K and Mg and decreased the content of
caffeine.
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Fig. 3. Total and available content of phosphorus, potassium, and magnesium (a-c) in layers IV, III, II, and I of the treatments 3, 4, and 5. Values are the means + SD.
Letters indicate significant differences (Kruskal-Wallis test, P < 0.05) among layers within a treatment. T3 — treatment 3 (50% SCG + 50% straw pellets with
earthworms), T4 — treatment 4 (25% SCG + 75% straw pellets with earthworms), T5 — treatment 5 (50% SCG + 50% straw pellets without earthworms), tot — total

content, avail — available content.
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ABSTRACT

The transformation of dewatered sewage sludge into vermicompost provides an
advantageous solution in cases where the sludge is not too contaminated with inor-
ganic pollutants, especially heavy metals. In addition to the conversion of the sludge
to a product with a higher-added value, undesirable organic pollutants and micropo-
llutants are partially eliminated. Anaerobically stabilized dewatered sewage sludge
from a medium-sized Wastewater Treatment Plant (WWTP) was subjected to the
vermicomposting process under field conditions. Straw was used as the bedding
material in the form of two mixing ratios. The almost 1 year of the monitoring of the
process focused on the hazardous substances present, the concentrations of which
are regulated by legislation on the use of sludge on agricultural land. In addition, the
contents of macro- and micro-nutrients such as N, P, K, Mo, Ca, Mg, and the winter-
ing of the earthworm inocula were monitored. The potential of the vermicomposting
process to reduce the content of emergent pollutants from the PPCP group was de-
scribed with respect to 35 detected substances, including five endocrine disruptors.
The study suggested that the bio-stabilization of dewatered sewage sludge using
earthworms provides an effective technology for converting noxious wastewater
treatment products into nutrient-rich bio-fertilizers.

1. INTRODUCTION

Sewage sludge contains nutrients and other substanc-
es that are able to positively contribute to the enhancement
of the properties of soil and overall fertility (Latare et al.,
2014; Shanta Mendis et al., 2020). Its reuse, where suitable,
is encouraged by European Council Directive 91/271/EEC.
Treated sludge in the Czech Republic must fulfil the quality
criteria set for toxic metals (As, Cd, Cr, Cu, Hg, Ni, Pb and
Zn), adsorbable organic halogens (AOX), polychlorinated
biphenyls (PCBs), polyaromatic hydrocarbons (PAHs) and
the microbial pathogens Salmonella sp. and Escherichia coli
(Ministry of the Environment of the Czech Republic, 2021).
National legislation has incorporated the relevant regula-
tions of the European Union, including Directive 86/278/
EEC. Apart from those pollutants whose concentrations
are regulated, a broad spectrum of so-called ‘emerging’
organic chemicals, including pharmaceuticals and other
personal care products (PPCPs), may be transferred to
residual solids during the treatment of wastewater. Thus,
a reliable assessment is required of their significance and

implications for the beneficial recycling of treated sewage
sludge (Khakbaz et al., 2020).

Vermicomposting is a process via which earthworms
act to convert organic materials (usually waste) into a hu-
mus-like material known as vermicompost. It comprises
a bio-oxidative and stabilizing process for the conversion
of organic material which, unlike classical composting,
uses the interaction between the intensive activity of earth-
worms and microorganisms, and does not involve the ther-
mophilic decomposition phase (Dominguez and Edwards,
2011; Champar Ngam et al., 2010). Vermicompost general-
ly appears to be superior to conventionally-produced com-
post in terms of a number of important parameters includ-
ing a higher content of available nutrients associated with
the enhanced hydrolytic activity and microbial population
size (Tognetti et al., 2005; Sinha et al., 2010).

Our study concerns the long-term field testing of sludge
vermicomposting in two separate pits, each with a working
volume of 3m?3. Straw was used as the bulking material in
two mixing ratios. The research covered the testing phase
of a pilot vermicomposter conducted for the purpose of
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follow-up experiments focusing on the reprocessing and
sanitation of sewage sludge. The aim was to ensure a suf-
ficient inoculum density and to test the overwintering of
the system under outdoor conditions. However, even dur-
ing this start-up phase, all the parameters required to be
monitored by Czech legislation, as well as the contents of
macro- and micro-nutrients such as N, P, K, Mo, Ca and Mg
were monitored, as was the development of the concentra-
tion of selected PPCP micropollutants.

2. MATERIAL AND METHODS
2.1 Material and the design of the field experiment

The dewatered anaerobically stabilized sewage sludge
with an initial dry matter content (DMC) of 24.9 + 0.7% was
taken from WWTPs of a 33 thousand population-equivalent
(p.e.) located in South Bohemia. The straw was supplied by
a local farmer. The earthworms (Eisenia andrei) were sup-
plied by the FLORIUM s.r.0. vermicomposting plant.

The pilot-scale vermicomposting experiment is being
conducted in segments A and B of a field vermicompost-
er (see Figure 1). The working volume of each segment (A
and B) is 3 m2. The working volume of the backup segment
(C) is 3.5 m3; this part of the vermicomposter serves as
the earthworm inoculum for subsequent experiments. The
drainage system of the field vermicomposter allows for the
leachate sampling of each segment. The excess leachate
is collected in an underground tank with a volume of 1 m?
and subsequently disposed of at the nearest WWTP. This
experiment does not include the monitoring of the leachate
(Figure 2).

A perforated drainage pipe made of polyvinyl chloride
was positioned at the bottom of each segment and cov-
ered with a layer of straw (36 kg for each of segment A
and B). After separating this drainage layer with a geotex-
tile material, each of the segments was filled with the test
material according to the following arrangements:

Segment A: 4 layers of straw (40 kg in total) and 3 lay-
ers of dewatered sewage sludge (608 kg in total, represent-
ing 159 kg of dry matter). Straw formed the bottom and
upper layers. The weight ratio of the straw to the dry sludge
was 1:4.

FIGURE 2: Field experiment.

Segment B: 3 layers of straw (30 kg in total) and 2 lay-
ers of dewatered sewage sludge (the same amounts as in
segment A). Straw formed the bottom and upper layers.
The weight ratio of the straw to the dry sludge was 1:5.3.

After filling the vermicomposter with a substrate, two
perforated polypropylene boxes containing the earthworm
hybrid Eisenia andrei were placed in each segment. The to-
tal weight of the earthworm inoculum was 7 kg for each
segment.

The layers of straw created air pockets that improved
the level of comfort for the earthworms. Sludge samples

Roof construction

Vermicomposting segment A
S Vermicomposting segment B Vermicompasting
/ T —— __ segment C (backup
—n ﬂ -ﬁ s B ir——a— segment)
/ 2 i N
i --_.-\-g____ T LJ] ﬂ/ n
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— Earthworks profile
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L Underground tank
1m3
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FIGURE 1: Pilot-scale vermicomposter scheme (if not directly specified, the dimensions are given in cm).
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for subsequent analysis purposes were taken from the lay-
ers without straw.

The vermicomposting process commenced on 4 June
2020 and is ongoing. Both segments were sprinkled twice
with the same amount of water during the dry summer of
2020. Otherwise, a perforated cover was sufficient to pro-
vide the necessary irrigation.

In November 2020, compact piles were formed from
the vermicompost layers of the two segments, in the lower
one-third of the segment in both cases. This arrangement
allowed the earthworms to overwinter comfortably via the
creation of non-freezing zones. In addition, this form of ver-
micompost will serve as the inoculum for the next batch
of sludge in the so-called wedge system (currently in pro-
gress).

2.2 Sample analysis

The earthworm biomass was determined on the basis
of the manual counting of individual worms (adults and
juveniles) in a 1 | sample of vermicompost. 5 parallel sam-
ples were taken from the two segments A and B. The dry
matter content (DMC) was measured gravimetrically after
the drying of the samples at 120°C. DMC was expressed as
a percentage of the dry weight of the respective sample.

E. coli was determined according to the Czech CSN EN
ISO 9308-1 national standard. The Salmonella sp. was de-
termined according to CSN EN 1SO 6579.

The determination of heavy metals, the Ca, Mg, K, P and
N contents, the pH, the DMC and the content of TOC, PCBs
(the sum of 7 congeners 28+52+101+118+138+153+180),
PAHs (the sum of anthracene, benzo(a) anthracene, ben-
zo(b) fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene,
benzo(ghi)perylene, phenanthrene, fluoranthene, chrysene,
indeno(1,2,3-cd)-pyrene, naphthalene and pyrene) and AOX
was conducted by an accredited analytical laboratory (De-
konta, a.s., Usti nad Labem, Czech Republic). All the meas-
urements were taken in triplicate.

The samples intended for the PPCP and endocrine
disruptor analysis using LC-MS/MS were freeze-dried and
homogenized. Each sample (weights of 1-2 g) was then
transferred to an extraction cell and positioned in an Ac-
celerated solvent extractor (ASE, Dionex). The extraction
method was as follows: the preheating of the methanol
solvent and the cell to 80°C with a pressure of 1500 psi; 3
extraction cycles and 5-minute static periods between the
cycles. The extracts were then evaporated to 5 mL and cen-
trifuged (6000g, 10 min), whereupon the supernatants were
transferred to 2mL vials for subsequent analysis purposes.
The extracts were analyzed using the LC system (Agilent
1260 Infinity) coupled with a triple quadrupole mass detec-
tor (Agilent 6470 LC/TQ). Separation was performed using
a Poroshell 120 EC-C18 column (2.7 ym, 3 mm x 100 mm,
Agilent) equipped with a Poroshell 120 EC-C18 precolumn
(2.7 um, 3 mm x 5 mm, Agilent); both were heated to 40°C.
The mobile phase consisted of phase A (0.5mM ammoni-
um fluoride in MQ water + 0.01% formic acid, LC-MS grade)
and phase B (100% methanol, LC-MS grade). The gradient
elution program was as follows (time [min], % phase B): 0,
5; 4, 50; 6, 50; 18, 100; 21, 100; 22, 5 and 23, 5. The mo-
bile phase flow was 0.4 mL/min; one run lasted 23.50 min

and the injection volume was 2 pL. In order to suppress the
matrix effect, the samples were measured with automatic
standard additions of 1, 5 and 25 ng/mL. The mass spec-
trometric parameters were optimized using MassHunter
Workstation Optimizer and Source Optimizer (both Version
10.0, SR1, Agilent).

The output values of the monitored chemical parame-
ters represented the results of the field sampling after 9
months (which included the winter season). With respect
to the microbiological parameters, the sanitation efficiency
of the process was evaluated after approximately 5 and 11
months of the duration of the process.

3. RESULTS AND DISCUSSON
3.1 Dry matter content and earthworm biomass

The dry matter contents of segments A and B after 11
months of processing were 28.6 + 0.4% and 26.8 = 0.9%,
respectively. The small (but statistically significant differ-
ence, p <0.01) did not lead to a differing worm density, i.e.
54.8 + 15.2 individuals per liter in segment A and 46.2
20.2 individuals per liter in segment B (mean and standard
deviation of 5 measurements) 11 months after the start of
the experiment. Nevertheless, the observed average weight
of the adults of 0.86 + 0.27 g in segment B was significant-
ly higher than the value of 0.47 + 0.18 g determined for
segment A (p <0.01, mean and standard deviation of 30
measurements). The slight difference in the moisture con-
tents of segments A and B was the most likely reason for
the observed differences in the body weights of the earth-
worms. Similar observations were described in a study
by Dominguez and Edwards (1997), which described that
beneath an 85% moisture level, higher moisture conditions
clearly facilitated growth as measured by an increase in the
individual biomass of Eisenia andrei.

3.2 Chemical and microbiological parameters

Adequate sanitation had not been achieved after 5
months of the process. Salmonella sp. was not detected in
the sludge used in the experiment but concerning the E. coli
parameter, the required limits were met after approximate-
ly 11 months of the duration of the experiment (see Table
1), thus indicating that sludge sanitation is possible in the
absence of a pre-composting step with the thermal phase
of the process; however, it requires a longer time period.
These results are at variance with trends reported in the
literature. For example, Prochazkova et al. (2018) observed
a decrease in E. coli to an undetectable level after 8 weeks
of the vermicomposting of apple pomace waste with an
artificial bacterial load. In addition, a study by Parseh et al.
(2021) described the extensive ability of E. fetida to reduce
pathogens within 8 weeks in dewatered sludge without the
need for an increase in temperature. However, the results
of these studies are difficult to compare since they are
usually recorded under optimal laboratory conditions. It is
necessary to take into account that a longer period of time
is required for complete sanitation under real conditions.
This is due not only to temperature and moisture fluctua-
tions; it was observed during the experiment that due to
the inhomogeneity of the mixture, random layers without
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TABLE 1: Concentrations of E. coli in segments A and B at the commencement and after 140 and 340 days of the process.

E. coli in parallel samples (CFU/g)

Czech legislation limit

Input 7.8x10* 9.2x10* 1x10° 2.2x10° 2.8x10° Max. 10°CFU/qg for 4
. " . . . samples and
A (day 140) 3.1x10 3.5x10 3.5x10 3.6x10 42x10 5x10°CFU/g for one
B (day 140) 2x 10 2.5x 10 2.9x10¢ 3.4x 10 3.5x 10 sample from 5 parallel
samples
A (day 340) Negative Negative Negative Negative Negative
B (day 340) Negative Negative Negative 4x102 2.4x10°

the presence of earthworm settlements occurred over rela-
tively longer time period.

As can be seen in Table 2, the treated sludge complied
with the limits for hazardous substances set by Czech leg-
islation (Ministry of the environment of the Czech Republic,
2021) for the application of treated sludge to agricultural
land even before the start of the vermicomposting process.
The relative stabile concentration at the most of monitored
heavy metals can be explained by the combination of two
conflicting phenomena: the concentration through the de-
composition of the organic matter and elimination due to in-
gestion by the earthworms and following bioaccumulation.
The predominant effect of bioaccumulation may provide an
explanation for the decrease in the content of Cu and As.
According to Rorat et al. (2017), Eisenia andrei accumulated
heavy metals as follows: Cd>Cu>Zn>Ni>Cr>Pb. Kilpi-Koski
et al. (2019) observed a high bioaccumulation factor (BAF)
for As, but a low BAF for Cu. Moreover, other studies have
provided differing information on heavy metal bioaccumu-
lation factors (Suleiman et al., 2017; Wang et al., 2018), and
further research is required in this regard. In any case, bi-
oaccumulation cannot be considered to provide a tool for
the removal of heavy metals from vermicomposted ma-
terial since the continuous earthworm mortality and their
subsequent decomposition during a full-scale application
leads to the re-supply of accumulated metals back into the
final vermicompost. Therefore, only the initial concentration
of heavy metals in the sludge is a key factor in the design
of the appropriate technology. The limits set for selected
organic substances from the persistent organic pollutants
(POPs) category were fulfilled. The AOX concentration
dropped to below the detection limit for both treatments.
Some studies (for example Khakbaz et al., 2020) have used
sludge parameter extractable organic halogens (EOX) for
the quantification of organic halogens in sewage because
of the suitability of this parameter to characterize complex
two-phase matrices as a sludge (Rizzardini and Goi, 2014).
Our study followed the requirements of the Ministry of the
environment of the Czech Republic (2021) according to
which, in addition to the AOX, the monitoring of PCBs (the
sum of 7 congeners: 28+52+101+118+138+153+180) and
PAHs (the sum of anthracene, benzo(a)anthracene, ben-
zo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene,
benzo(ghi)perylene, phenanthrene, fluoranthene, chrysene,
indeno(1,2,3-cd)-pyrene, naphthalene and pyrene) is man-
datory. While PCBs were under the detection limit even in
the initial samples, there was no tendency for the sum of 7
selected PAHSs to decrease from the initial value of 2.8 + 1.1
ppm. The opposite tendency, i. e. concentration over time,
indicates the presence of highly-persistent substances. The

bioavailability of PAHs has been found to be strongly relat-
ed to the number of their aromatic rings, their molecular
weight and their structure (Amir et al., 2005). In this specific
case, more persistent PAH representatives were probably
present in the sludge while, for example, a study by Rorat
et al. (2017) reported that of the PAHs regulated, inde-
no(1,2,3-c,d)-pyrene was not detected and the most efficient
rate of removal was recorded for the two- and three-ring
substances naphtalene and phenanthrene. When design-
ing the appropriate technology, it is, therefore, necessary to
take into account the relative concentrations of individual
PAHSs in the sum of those that are subject to regulation.

In addition to hazardous substances, the monitoring
of which is required by legislation, the content of select-
ed biogenic elements was also monitored. As can be seen
from Table 2, an obvious increase was observed especially
in the case of phosphorus. An elevated level was also ob-
served in potassium concentrations. Conversely, the total
nitrogen content dropped and, at the same time, a marked
shift was observed in the ratio of the NH*/NO®* form of
nitrogen. It decreased by 4 orders of magnitude from the
original value of approximately 10% The levels of calcium
and magnesium remained at similar levels for 9 months.
These trends have also been observed under laboratory
conditions (Zhang et al., 2020) and even without sludge
blending (Khwairakpam and Bhargawa, 2009), which indi-
cates that sewage sludge can be recycled as a good qual-
ity fertilizer. The observed loss of organic carbon can be
attributed to the loss of organic matter from feed mixtures
as carbon dioxide through earthworms and microbial respi-
ration (Garg et al., 2008). The pH dropped from the original
7.6 £0.11t05.2 +0.3and 5.4+ 0,1 which is consistent with
the results of other authors (Gupta and Garg, 2008; Bhat et
al., 2016). A gradual return to neutral values was observed
after longer processing times (data not shown).

3.3 Development of the micropollutant concentra-
tion

Although samples were taken for analysis from the
sludge layer, it cannot be ruled out that the action of the
earthworms and mechanical manipulation did not result in
the mixing of the substrates and, thus, a reduction in the
content of the monitored substances via dilution. On the
other hand, during the vermicomposting process, the mass
of the mixture generally declines due to the partial mineral-
ization of the organic matter (Suleiman at al., 2017). Thus,
recalcitrant substances may become concentrated as a
result. The calculation of the actual loss of pollutants is
subsequently complicated. Similar laboratory studies have
applied an internal standard for the recalculation of the ef-
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TABLE 2: Concentration of hazardous substances, nutrients and TOC in segments A and B at the commencement and after 9 months of

the process (mean and standard deviation of 3 paralel samples).

Hazardous substances

(mg/kg) Input A - output B- output Czech legislation limit
As 8.0+0.2 52+1.1 6.1+0.6 30
Cd 1.3+0.03 1.2101 1.2+0.1 5
Cr 428142 42.7+8.2 409.0+0.7 200
Cu 249.0+11.0 201.0+£21.0 202.0+16 500
Hg 1.710.5 1.310.4 1.210.1 4
Ni 29.5+1.9 28.5+238 31.1+5.4 100
Pb 37.6+2.6 346+45 344128 200
Zn 804.0 +45.0 754.0 +80.0 714.0 £98.0 2500
Mo 6.0 £ 0.65 5.0+0.65 47 +0.6

AOX 96.0 £ 57.0 n.d. n.d. 500
PCB n.d. n.d. n.d. 0.6
PAH 28+1.1 3.5+0.4 6.8+1.4 10
P (26.0 + 0.5) X103 (39.3 £4.1) x10° (39.4+4.7) x10°

K (2.7 £0.4) x 10° (4.5 +0.3) x10° (3.9 0.2) x10°

Ny (8.2 2.5) x10° (3.7 £0.8) x10° (3.9 0.3) x10°

Ca (23.8 +0.4) x10° (22.6 £1.7) x10° (19.5 + 4.6) x10°

Mg (5.0 £0.2) x10° (5.0 £ 0.4) x10° (4.8£0.7) x10°

TOC (308 + 44) x10° (227 +14) x 103 (235 + 10) x10°

n.d.: not detected

ficacy. For example, Covino et al. (2016) used a selected
heavy metal, which was present in only one part of the com-
posting mixture (wooden chips). The removal efficiency of
micropollutants and hazardous substances indicated as a
percentage of reduction on the basis of the initial and final
concentrations without the calculation of the actual loss
may thus be misleading. The declared loss of monitored
substances should be considered as a combination of the
processes described above. However, with regard to the
subsequent applicability of the sludge, we were primarily
interested in the final quality of the product. For our purpos-
es, the final removal of micropollutants might be referred to
provisionally as the “operating removal efficiency”.

The initial concentrations of the monitored pharmaceu-
ticals ranged from 0.5 + 0.1 ppb (Sulfamethazine) to 8.0
+ 0.4 ppm (Telmisartan). The initial and output concentra-
tions of 35 substances detected from the PPCP group are
summarized in Table 3.

The operating removal efficiency of the vermicom-
posting process differed between 0% and 100%, with the
highest values (above 90%) determined for Acesulfame,
Equilin, Equol, Furosemide, Hydrochlorothiazide, Ibuprofen,
Saccharine and Sulfamethazine and endocrine disruptor
17beta-estradiol. With respect to this case study, 28.7%
(segment A) and 29.2% (segment B) of the most abundant
micropollutant, Telmisartan, were removed. The only in-
creased level after 9 months of processing was observed
for Bisphenol S, which was probably related to the com-
poster insulation material used. The total operating remov-
al efficiency of all the detected micropollutants was 35.3%
and 34%. To date, only a small number of similar studies

have been published, a review of which has recently been
provided by Chowdhury et al. (2022). The cited studies
differ in terms of the specific observed substances in-
cluded in the groups of pharmaceuticals and PPCPs and
are, therefore, difficult to compare. It is clear that further
research is essential in the field, especially concerning the
overall effects on the environment, e. g. endocrine disrup-
tivity and ecotoxicity.

4. CONCLUSIONS

During the first year of the operation of the field ver-
micomposter, the earthworm inoculum in the mixture of
sewage sludge and straw multiplied to a sufficient extent
and the culture overwintered successfully, even though
frosts reached temperatures of below -20°C in the winter
of 2020/2021.

The different mixing ratio of the sludge/straw exerted
a slight effect on the output dry matter content, which led
to a minimal difference in the density of the earthworm
populations and a significant difference in the biomass of
the Eisenia andrei. No significant difference was observed
between segments A and B with respect to the monitored
parameters.

The sludge used in the experiment met the respective
legislative requirements for agricultural land application in
terms of the content of heavy metals and that of the mon-
itored organic substances and Salmonella sp., the content
of which met legislative requirements even at the outset of
the process. The E. coli content met the criteria in the 11th
month.
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TABLE 3: Concentration of selected PPCPs in segments A and B at the commencement and after 9 months of the process, mean and
standard deviation of 18 input samples and 6 output samples from each of segment A and B; the variance associated with the compound
content via the analysis of variance (ANOVA) and its significance, *p <0.05; **p <0.01.

In ment A ment B
Pollutant (ng/l:) se(gng;!g)t seglgfg)t
Acesulfame 47.5£9.0 411" 3.9+0.7"
Acetaminophen (Paracetamol) 10.8+2.2 48115 3.9+04"
Amitriptyline 64.4+11.5 52.2+11.6 51.7+7.3"
Atorvastatin 13.1+£4.2 103+4 13.5+£5
Azithromycin 41.4+11.7 59.8+18.1 457 +£25.4
Bisphenol A 615.5+63.4 93.4 +23.6" 158.5 +24.6"
Bisphenol F 29.6+4.3 21.5+8.4" 17.8+2.2"
Bisphenol S 27.3+26 95.0 +31.5" 45.6 +29.1
Caffeine 50.0+4.0 40.8 £ 5.2" 429 +2.3"
Carbamazepine 132.5+38.4 75.8+11.4" 87.9+12.3"
Carbamazepine 10,11-epoxide 49+0.4 3.2+0.6" 3.7+0.6"
Cetirizine 152.8+9.6 84 +15.7" 91.5+12.5"
Citalopram 421.1 +32.1 320.1+62.8™ 287.3+61.8"
Daidzein 7.4+1.1 2.6 £0.2" 2.5+0.1"
Equilin 12+1.4 n.d. n.d.
Equol 39.7+8.6 2.6+0.8” 49+42"
Estrone 3.5+27 0.4+1.0° 09+1.3
Fluoconazole 1.3+£0.2 1.0+£0.2" 1.1+£0.7
Furosemide 19.2+28 n.d.” n.d.”
Gabapentin 38.5+9.8 7.0+2.8" 9.8+1.9"
Genistein 3.5+27 2+04 20+0.2
Hydrochlorothiazide 2.6 +0.5 n.d.” n.d.”
Ibuprofen 129.7 £79.2 7.7+7.2" n.d.”
Lamotrigine 947 +12.6 21.4+7.8" 27.6 £5.6"
Metoprolol 135.8+8.2 452 +7.5" 48.0+13.1"
Mirtazapine 742 +57 33.8+10.2" 36.3+5"
Saccharine 28.4+13.2 n.d.” n.d.”
Sulfamethazine 0.5+0.1 n.d.” n.d.”
Sulfanilamide 9.4 +3.1 2.2+0.4" 2.9+0.5"
Sulfapyridine 8.1+1.9 1.9+0.2" 2.6 £0.8"
Telmisartan (8.0 £0.4) x10® (5.7 £0.8) x103** (5.7 £0.8) x103**
Tramadol 58.4+43 28.8£4.3" 31.3+59"
Trimethoprim 10.2+1.6 1.6+0.1" 1.3+0.2"
Venlafaxine 128.6 +9.6 91.2+15.1" 90.5+11.3"
17beta-estradiol 24.8+20 n.d.” n.d.”

n.d.: not detected

The degradation potential of selected micropollutants
from the PPCP group differed. A total of 35.3% degradation
of the monitored substances was observed in segment A
and 34% in segment B.

Vermicomposting led to a significant decrease in the
concentration of the 4 detected endocrine disruptors (Bi-
sphenol A, Bisphenol F, Estrone and 17beta-estradiol). Con-
versely, an increase was observed in the content of Bisphe-
nol S, which was probably due to the film material that was

used for the insulation of the vermicomposter.

Thus, vermicomposting appears to be a useful meth-
od for processing sewage sludge from at least smaller
WWTPs. It is recommended that the further potential of
this process be explored in subsequent research.
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ARTICLE INFO ABSTRACT

Handling Editor: Cecilia Maria Villas Boas de The objective of this study was to evaluate the concentration of pharmaceuticals and personal care products

Almeida (PPCPs) and endocrine disrupting chemicals during vermicomposting of sewage sludge using Eisenia andrei and

in earthworm tissues with the aim of evaluating the effectiveness of earthworms to remove these substances. The
K?ywor‘i"' experiment was carried out for 120 days with and without earthworms in varying proportions of sewage sludge
3‘6';“"";$;adaﬁ0n in a mixture with dried straw pellets at 100, 75, 50, and 25% (w/w) of sludge. The results revealed that the
Fisenia andrei earthworms had the most significant removal efficiencies on triclosan (37%) and mirtazapine (14%). Venlafaxine
Vermiaccumulation (193%), triclosan (43%), and citalopram (37%), had the most earthworm influence efficiency of degradation.
Vermicompost The maximum vermiaccumulation of caffeine (72%), carbamazepine (65%), cetirizine (32%), citalopram (16%),

diclofenac (183%), and triclosan (118%) was obtained. Based on these findings, earthworms show great promise
in removing monitored compounds from sewage sludge during vermicomposting. However, further research is

needed to optimize the process for maximum removal efficiency and confirm this approach’s effectiveness.

1. Introduction

Organic micropollutants, including pharmaceuticals and personal
care products (PPCPs) and endocrine-disrupting chemicals (EDCs), pose
significant threats to ecosystems and human health (Thomas et al,,
2020). PPCPs comprehend a wide range of substances, such as antibi-
otics, hormones, fungicides, disinfectants, antidepressants, and
non-steroidal anti-inflammatory drugs (Jiang et al., 2023). EDCs include
detergents, plasticizers, personal care products, and biocides, which can
potentially interfere with hormonal systems, causing various develop-
mental, reproductive, and behavioural disturbances (Schug et al., 2016).
PPCPs and EDCs have become widespread in the aquatic environment,
including surface water, sediments, and soils, where the most important
primary source of these compounds usually represents wastewater
(Nunes et al., 2021). PPCPs and EDCs represent bioactive substances
that provide additional concern due to their hazardous bioactivity, even
at very low concentrations (Hu et al., 2021).

In a wastewater treatment system, organic micropollutants are

* Corresponding author.
E-mail address: gari@af.czu.cz (B. Dume).

https://doi.org/10.1016/j.jclepro.2023.137869

typically removed from wastewater through microbial degradation and
sorption on sludge (Menon et al., 2020). For this reason, the content of
PPCPs and EDCs in sewage sludge could be significant (Nunes et al.,
2021). Considering the significant production of sewage sludge and its
potential use as a fertilizer or soil amendment, addressing the issue of
organic micropollutants in this waste material is crucial (Mazzeo et al.,
2023). In the EU27, nearly 10 million tonnes of dry sludge are produced
annually, with more than half of this amount applied to farmland for
agricultural uses (Samaras et al., 2014). However, caution is necessary
for other aspects due to the presence of PPCPs and EDCs (Buta et al.,
2021) in sewage sludge. Although there are no current legislations
regarding the levels of organic micropollutants in sewage sludge for
agricultural use, it is essential to conduct studies related to minimizing
the potential environmental and agriculture hazards, including the
problems related to PPCPs and EDCs (Petrie et al., 2014).
Vermicomposting represents an environmentally friendly waste
management approach that utilizes earthworms and microorganisms to
convert biodegradable organic waste into valuable bio-fertilizers under
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aerobic conditions (Soobhany, 2019). At the same time, sewage sludge
could be used as one of a suitable substrate for the vermicomposting
process (Rorat et al., 2019). Due to its high tolerance for environmental
variables such as toxic substances contained in sewage sludge, pH,
moisture, and temperature, as well as its acceptance of a wide variety of
feeds, a high growth rate, and the capability of converting biomass into
stable products, the epigeic earthworm specie Eisenia andrei seems to be
optimal for a vermicomposting process (Yadav and Garg, 2016). How-
ever, if we would like to apply vermicomposting for sewage sludge
treatment, it is necessary to search for suitable co-substrates with which
it will be optimal to mix the sewage sludge before the starting vermi-
composting process. The straw pellets provide a favourable environment
for earthworms by increasing the porosity of the composted material
and allowing for better aeration and moisture retention. Suthar (2009)
compared wheat straw, cow dung, and digested slurry as bulking agents
in the vermicomposting of vegetable-market solid waste and found that
earthworms preferred wheat straw over other materials.

Previous studies have primarily focused on measuring the concen-
trations of PPCPs and EDCs in the influent and effluent of wastewater
treatment plants (WWTPs) (Gago-Ferrero et al., 2015). Some studies
have also explored the occurrence and distribution of PPCPs and EDCs in
sewage sludge (Sun et al., 2016). Selected specific previous researches
have also investigated the removal efficiency of selected organic
micropollutants by earthworms in soil (Shi et al., 2020). However, there
is a lack of comprehensive research on the influence of earthworms on
the behaviour of PPCPs and EDCs and on the potential ability of earth-
worms to support the removal of these pollutants during vermi-
composting of sewage sludge. This study’s novelty lies in its focus on the
evaluation of the potential participation of earthworms in removing
PPCPs and EDCs from sewage sludge during vermicomposting. This way,
this study could fill the existing gap in knowledge regarding the
advanced processes applicable for the minimizing of PPCPs and EDCs
introduction into the environment. Consequently, reasonable develop-
ment of more sustainable and effective sewage sludge management
strategies could be supported. Based on the available data analysed, 12
selected concrete pollutants belonging to PPCPs and EDCs were moni-
tored during vermicomposting process of the substrate containing the
sewage sludge in different mixtures with straw pellets using Eisenia
andrei. The targeted PPCPs and EDCs concentration was monitored in
the treated substrate during the treatment process. Moreover, it was also
measured in earthworm tissues to enhance the objectivity of the
research.

2. Materials and methods
2.1. Initial raw materials and earthworms

The experiments used freshly deposited sewage sludge collected
from a WWTP in a small town in the Czech Republic (3,500 population
equivalents). The WWTP was operated on the mechanical-biological
principle with an activation process applied for biological (secondary)
treatment. The sludge was digested under aerobic conditions. Before
being used in the experiment, it was kept at 4 °C for one week. Dried
straw pellets were provided by Granofyt Ltd. Company (Chrasfany,
Czechia) with a diameter of 10 mm. Because of the low moisture content
of the straw pellet, it was mixed with hot water (60 °C) at a 1:4 (w/v)
ratio before experimental use. Earthworms were collected from a private
vermiculture stock in the Czech Republic with grape marc substrate as
survival media. Of the determined organic micropollutants, only 6.05
ng g~} of caffiene (CAF) and 2.24 ng g~! of telmisartan (TE) were
detected in earthworm tissues. The selected physicochemical properties
of the initial materials and organic micropollutants before vermi-
composting are presented in Table 1.
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Table 1
Physicochemical properties of the initial materials and organic micropollutants
before vermicomposting.

Parameters Sewage sludge Straw Earthworm
pellet
Dry matter (%) 13.3 £ 0.19 21.2 £ 0.56
pH-H20 6.9 +0.03 8.3 +0.52
Electrical conductivity (mS/ 0.617 £ 0.11 0.68 + 0.07
cm)
Total carbon (%) 32.9 + 0.26 42.59 +
0.36
Total nitrogen (%) 5.36 + 0.03 0.80 + 0.12
C/N ratio 6.1 +0.04 53.67 +
7.60
Micropollutants (ng g~ %)
Bisphenol A 88.78 +18 nd nd
Caffeine 141.81 +£12.5 10.23 + 6.05 + 0.69
2.56
Carbamazepine 38.51 + 0.73 nd nd
Cetirizine 78.95 + 0.69 nd nd
Citalopram 440 + 2.84 nd nd
Diclofenac 284.22 + 9.8 nd nd
Ibuprofen 87.33 + 6.68 nd nd
Mirtazapine 63.26 + 2.83 1.75 £ 0.07 nd
Sulfapyridine 15.22 + 1.03 1.69 + 0.04 nd
Telmisartan 10,161.60 + 3.74+£020 224+0.11
226
Triclosan 543.24 + 36 nd nd
Venlafaxine 33.97 + 3.74 1.67 + 0.03 nd

nd = not detected, values indicate mean =+ standard error (n = 3).

2.2. Experimental set-up

The experiment included eight variants with three replications at
different mixing proportions of sewage sludge (SS) and straw pellet (SP)
with (+EW) and without earthworms (-EW): (T1) 100% SS (+EW); (T2)
100% SS (-EW); (T3) 75% SS + 25% SP (+EW); (T4) 75% SS + 25% SP
(-EW); (T5) 50% SS + 50% SP (+EW); (T6) 50% SS + 50% SP (-EW);
(T7) 25% SS + 75% SP (+EW); (T8) 25% SS + 75% SP (-EW). Table S1
shows the composition of vermicomposting/composting materials in
various proportions. In all variants, the additive material was homoge-
nized and transferred to worm bins (40 x 40 x 15 cm) for 120 days of
vermicomposting/composting. The substrate (3 L grape marc) contain-
ing earthworm was placed into the tray from the side to avoid earth-
worm mortality and to allow earthworms to return to optimum
conditions (Hanc et al., 2022). The average density of earthworm
(E. andrei) in the substrate was 126 pieces per litter, with each piece
weighing 0.2g. The vermicomposting/composting process was carried
out at a constant temperature of 22 °C. The moisture level of the material
was maintained at around 70%-80% of the wet mass during vermi-
composting/composting by spraying the surface with water every two
days. The experiment was carried out at the Faculty of Agrobiology,
Food, and Natural Resources experimental station in Cerveny Ujezd,
Czech University of Life Sciences Prague.

2.3. Laboratory analysis

2.3.1. Analysis of selected chemical properties

Representative samples of about 150 g wet weight per variant were
taken on days 0 and 120, freeze-dried at —25 °C, lyophilised, and ground
to analyse selected chemical properties. Another 30 g sample was taken
from each variant and kept at 4 °C to determine pH and electrical con-
ductivity (EC). According to BSI EN 15933(2012), the pH-H20 and EC
were determined using a WTW pH 340i and WTW cond 730 (1:5 w/v dry
basis). Total carbon (TC) and total nitrogen (TN) were determined using
an elemental analyser (CHNS Vario MACRO cube, Elementar Analy-
sensysteme V3.1.1, Hanau, Germany).
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2.3.2. Extraction and analysis of PPCPs and EDCs

The PPCPs and EDCs in the samples were analysed using LC-MS/MS
after they had been homogenized. Subsequently, 1-2 g samples were
moved to an extraction cell and placed in an accelerated solvent
extractor (ASE, Dionex). The extraction process included preheating the
methanol solvent and the cell to 80 °C and performing three cycles with
5-min fixed intervals between each cycle. The evaporated extracts were
spun in a centrifuge at 6000g for 10 min, and the supernatants were
collected and transferred to 2 mL vials for further analysis. The Agilent
1260 infinity liquid chromatography system and Agilent 6470 LC/TQ
triple quadrupole mass detector were used to examine the samples.
Separation was carried out using a Poroshell 120 EC-C18 column (2.7 m,
3 mm x 100 mm, Agilent) and a Poroshell 120 EC-C18 pre-column (2.7
m, 3 mm x 5 mm, Agilent), both of which were heated to 40 °C. The
mobile phase was made up of phase A (0.5 mM ammonium fluoride in
MQ water plus 0.01% formic acid, LC-MS grade) and phase B (100%
methanol, LC-MS grade). The elution schedule of the gradient was such
that the % phase B was as follows (time [min]): 0, 5; 4, 50; 6, 50; 18, 100;
21, 100; 22, 5, and 23, 5. The mobile phase had a flow rate of 0.4 mL/
min, the duration of the run was 23.50 min, and the amount injected was
2 L. The matrix effect was diminished by the use of automatic standard
additions of 1, 5, and 25 ng/mL to measure the samples. Innemanova
et al. (2022) utilized MassHunter Source Optimizer and Workstation
Optimizer (Versions 10.0, SR1, Agilent) to optimize the mass spectro-
metric parameters. After the experiment, the analyses were carried out
at the Institute of Microbiology of the Czech Academy of Sciences. The
analysis was done as part of a planned procedure called "scheduled
analysis". 32 organic micropollutants were identified in SS. However,
only 12 organic micropollutants, 11 of which were PPCPs: caffeine
(CAF), carbamazepine (CBZ), cetirizine (CETI), citalopram (CITA),
diclofenac (DCF), ibuprofen (IBF), mirtazapine (MIRT), sulfapyridine
(SPD), telmisartan (TE), triclosan (TCS), venlafaxine (VEN), and one was
an EDC: bisphenol A (BPA). The reduction percentage (R %) of each
variant was calculated for the concentrations of all PPCPs and EDCs
using the following equation (Biel-Maeso et al., 2019).

Xi—Xf
Xi

R(%)= (€8]
Where Xi is the concentration of organic micropollutants on the initial
(day 0) variants (ng g~ 1), and Xf denotes the same for the final con-
centration of organic micropollutants after 120 days of vermicompost-
ing/composting.

2.3.3. Vermidegradation and vermiaccumulation of PPCPs and EDCs

The influence of earthworms on degradation was tested by devel-
oping evaluation parameters. The influence of earthworms (vermide-
gradation (VD)) was determined by calculating the percentage
difference between the degradation efficiency (DE) with earthworms
(+EW) and the degradation efficiency without earthworms (-EW) (Zeb
et al., 2020).

VD = (DE(+EW) — DE(—EW)) * 100 )

(+EW)

DE (+EW)=1 - ———"——
Input raw material

3)

(=EW)

DE (-EW)=1 - —— ———
Input raw material

@

The influence value indicates how much more significant the
reduction in micropollutant concentration was with the use of earth-
worms compared to the variant without earthworms. The bio-
concentration factor (BCF) was calculated by dividing the average
concentration of micropollutants in earthworms by the average con-
centration of micropollutants in vermicomposted material to determine
vermiaccumulation (Suthar and Gairola, 2014).
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Concentrations in earthworms
BCF = - - 5)
Concentrations in the substrate

2.4. Statistical analyses

To ensure that the data were normally distributed and homogeneous,
the Shapiro-Wilk and Bartlett tests were used. A one-way variance
analysis (ANOVA) was used to determine whether earthworms signifi-
cantly influenced the concentrations of PPCPs and EDCs during SS
vermicomposting. A Tukey test based on the mean differences was
applied in a post-hoc analysis to identify the significant variations. The
principal component analysis (PCA) was employed to evaluate the re-
lations between the organic micropollutants and specific chemical pa-
rameters. The PCA was applied to the variables eigenvalues, variance
(%), and cumulative (%) were used to measure the correlation between
the variables. The Pearson correlation coefficient (r) was used to analyse
the relationships between organic micropollutants and chemical char-
acteristics. The statistical analyses used R version 4.0.2 and STATISTICA
12 software (StatSoft, Tulsa, USA). The significance level of statistical
test was set at p < 0.05.

3. Results and discussion
3.1. Selected chemical characteristics of vermicomposted sewage sludge

Table 2 presents the initial and final properties of eight different
variants. When compared to the initial, the pH of all variants decreased

Table 2
Initial and final selected chemical characterization of different variants.
Variants pH-H,0
Initial (day-0) (+EW) (day-120) (-EW) (day-120)
100% SS 6.9 + 0.03 5.26 + 0.49% 5.62 + 0.31*
75% SS + 25% SP 7.3+ 0.11 5.61 + 0.51? 4.99 + 0.04*
50% SS + 50% SP 7.6 + 0.25 5.25 + 0.68% 4.95 + 0.32%
25% SS + 75% SP 7.9 +£0.11 5.83 + 0.46% 5.08 + 0.20?
Variants EC (mS/cm)
Initial (day-0) (+EW) (day-120) (-EW) (day-120)
100% SS 0.617 £ 0.11 3.01 + 0.56% 2.30 + 0.35%
75% SS + 25% SP 0.633 + 0.08 2.77 + 0.68* 2.09 + 0.44*
50% SS + 50% SP 0.649 + 0.06 2.31 +0.63% 2.65 + 0.07%
25% SS + 75% SP 0.664 + 0.05 2.19 + 0.41* 2.55 +0.18*
Variants %TC

Initial (day-0) (+EW) (day-120) (-EW) (day-120)

100% SS 32.9 + 0.26 28.96 + 1.37¢ 25.40 + 0.03"
75% SS + 25% SP 35.36 + 0.23 30.55 =+ 0.65° 29.17 £ 0.71¢
50% SS + 50% SP 37.77 £ 0.24 32.66 + 0.32% 30.87 £ 0.17¢
25% SS + 75% SP 40.18 £ 0.29 34.74 £ 0.44° 35.12 + 0.28%
Variants %TN

Initial (day-0) (+EW) (day-120) (-EW) (day-120)

100% SS 5.36 + 0.03 3.30 + 0.25% 3.36 + 0.15%
75% SS + 25% SP 1.98 + 0.21 3.18 £ 0.25% 2.98 +0.14*
50% SS + 50% SP 1.34 £ 0.07 2.92 + 0.07% 3.16 + 0.10%
25% SS + 75% SP 1.05 + 0.05 2.98 +0.14* 3.07 + 0.00?
Variants C/N ratios
Initial (day-0) (+EW) (day-120) (-EW) (day-120)

100% SS 6.14 + 0.04 8.88 + 0.81% 7.61 £ 0.33¢
75% SS + 25% SP 18.03 + 1.92 9.74 + 0.86% 9.83 +0.21°
50% SS + 50% SP 28.17 +£1.43 11.20 + 0.20° 9.80 + 0.27°
25% SS + 75% SP 38.36 + 2.03 11.71 + 0.60? 11.45 + 0.09%

Mean value followed by different letters is statistically different at (p < 0.05).
Values indicate mean + standard error (n = 3). (+EW) = vermicompost with
earthworms, (-EW) = compost without earthworms, SS = sewage sludge, SP =
straw pellet.
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significantly (F = 4.12, p < 0.05); however, the reduction in pH value
after 120 days of processing was statistically not significantly different
(p > 0.05) among the variants, both with (+EW) and without earth-
worms (-EW) (Table 2).

The pH change during vermicomposting/composting may be
attributed to some different processes, including the conversion of
organic nitrogen into nitrites and nitrates via mineralization and nitri-
fication (Sharma and Garg, 2019), the conversion of organic phosphorus
into orthophosphates, and the bioconversion of organic material into
intermediate species such as low-molecular-weight organic acids and
humic acids (Karmegam et al., 2019). Similar pH reductions were found
when composting and vermicomposting sewage sludge, crop straw,
municipal solid waste, and livestock manure (Singh and Suthar, 2012).
The initial EC value was significantly increased (F = 3.80, p < 0.05);
however, there was no significant (p > 0.05) difference in the reduction
of EC value after 120 days of vermicomposting among the variants with
and without earthworms (Table 2). The gradual increase in EC could be
attributed to the release of minerals in the form of cations and anions
during substrate decomposition within vermicomposting processes
(Ramnarain et al., 2019). The breakdown of organic matter in the ver-
micompost, which released minerals such as exchangeable Ca, Mg, K,
and P in their accessible forms as cations, likely caused the increased EC
in this study during vermicomposting, supporting the findings of (Dume
et al., 2022).

TC was significantly reduced (p < 0.05) in the earthworm variants,
with reductions of 12%, 14%, 14%, and 14%; however, in non-
earthworm variants, TC was reduced by 23%, 18%, 18%, and 13% for
100% SS, 75% SS +25% SP, 50% SS + 50% SP, and 25% SS +75% SP,
respectively (Table 2). In their study, Rini et al. (2020) observed a
decrease in TC after 45 and 90 days of vermicomposting of solid waste
from indigenous and exotic cow breeds using epigeic earthworms (Peri-
onyx excavatus and Eudrilus eugeniae). Esmaeili et al. (2020) reported a
reduction in TC after 45 days of combined composting and vermi-
composting of pistachio waste (PW) mixed with cow dung (CD) in
various ratios. Dume et al. (2022) also reported a reduction in TC during
the vermicomposting of hydrolysed chicken feather residues for 120
days using Eisenia andrei. Microbial activity releases CO2 due to a
decreased TC, indicating that organic compounds are being biodegraded
and mineralized in the variants (Ravindran et al., 2015). Microorgan-
isms consume carbon to generate energy for their activities (Khatua
et al., 2018). TN decreased by 38% in the 100% SS variant with earth-
worms and 37% in the no-earthworm variant, whereas TN increased by
61%, 118%, and 184% in earthworm variants and 51%, 136%, and
192% in non-earthworm variants for 75% SS + 25% SP, 50% SS + 50%
SP, and 25% SS + 75% SP, respectively (Table 2). However, greater
values were recorded in the earthworm-free variants than in the
earthworm-containing variants, possibly due to organic carbon loss
during composting (Huang et al., 2004). During vermicomposting of
agricultural residues using E. fetida for 60 days, TN increased by 19.5%—
152% (Jadia and Fulekar, 2008). TN content increased in tea prunings
by 30.5%-51.3% after 30 days of vermicomposting with Eudrilus euginae
(Pramanik et al., 2016). According to Dume et al. (2022), vermi-
composting with Eisenia andrei earthworms increased TN by 42.3%-—
56.9% for 120 days. In comparison, vermicomposting hydrolysed
chicken feather residues (HCFR) without the presence of earthworms
increased TN by 56.4%-61.4% (Dume et al., 2022). Kaushik and Garg
(2004) reported that vermicomposting of textile mill sludge combined
with cow dung and agricultural residues using E. fetida for 11 weeks
resulted in vermicompost with 2-3 times more TN than initial feed-
stocks. After 60 days of vermicomposting, Sudkolai and Nourbakhsh
(2017) discovered that TN was 1.6 times greater in cow dung vermi-
compost and three times greater in wheat residue vermicompost than
the feedstocks using E. fetida. A decrease in organic C in the form of CO,
and the addition of N by earthworms in the form of mucus, nitrogenous
excretory substances, and growth-stimulating hormones could be
responsible for greater N levels in vermicompost.
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The C/N ratio decreased in both earthworm and non-earthworm
variants, with an overall reduction of 46%, 60%, and 69% in earth-
worm variants and 45%, 65%, and 70% in non-earthworm variants for
75% SS + 25% SP, 50% SS + 50% SP, and 25% SS + 75% SP, respec-
tively. In contrast, the C/N ratio increased in both earthworm and non-
earthworm variants for the 100% SS variant. This could be due to the
lesser TN in this 100% SS variant (Table 2). The C/N ratio indicates
compost maturity because it reflects stability and mineralization rates
during the processes (Arumugam et al., 2018).

Increasing TN content and organic matter degradation also
contribute to the decreased C/N ratio (Devi and Khwairakpam, 2020).
Zhi-wei et al. (2019) found that using Eisenia fetida for 45 days reduced
the C/N ratio of rice straw and kitchen waste vermicompost by
58.5-71.9%. Soobhany et al. (2015) found that vermicomposting
organic solid wastes with Eudrilus eugeniae for 10 weeks reduced the C/N
ratio by 41.5-48.4%. Boruah et al. (2019) observed that using E. fetida
for 45 days reduced the C/N ratio by 91.1% in citronella bagasse and
paper mill sludge vermicomposting. Biruntha et al. (2020) also found
that the C/N ratio was reduced by 48.8%, during vermicomposting of
different organic materials (seaweed, sugarcane trash, coir pith, and
vegetable waste) with cow dung using Eudrilus eugeniae for 50 days.
Vermicomposting with E. andrei earthworms decreased the C/N ratio by
65.8%-67.2% over 120 days, while vermicomposting HCFR without
earthworms increased the C/N ratio by 61.7%-67.9% (Dume et al.,
2022).

3.2. PPCPs and EDCs concentration in vermicomposted sewage sludge

The concentrations of PPCPs and EDCs, including bisphenol A (BPA),
caffeine (CAF), carbamazepine (CBZ), cetirizine (CETI), citalopram
(CITA), diclofenac (DCF), ibuprofen (IBF), mirtazapine (MIRT), sulfa-
pyridine (SPD), telmisartan (TE), triclosan (TCS), and venlafaxine
(VEN), are presented in Fig. 1. The concentrations of PPCPs and EDCs
decreased from the initial concentration (day 0) to the final concentra-
tion after 120 days in the final products (vermicomposts/composts). The
concentrations varied significantly among the variants (F = 9.64, p <
0.001 for CAF, F=12.50, p < 0.001 for CBZ, F = 4.53, p < 0.05 for CETI,
F=4.17,p < 0.05 for DCF, F = 6.21, p < 0.01 for CITA, F =5.97,p <
0.01 for MIRT, F = 4.07, p < 0.05 for SPD, F =p < 0.01 for TCS). Some
PPCP and ED concentrations; however, did not differ significantly
among the variants (F = 1.67, p > 0.05 for BPA, F = 1.91, p > 0.05 for
IBF, F = 1.50, p > 0.05 for TE, F = 2.06, p > 0.05 for VEN). In the
variants that included earthworms (+-EW), the concentrations of PPCPs
and EDCs varied as follows: BPA (16-59 ng g’l), CAF (25-48 ng g’l),
CBZ (16-33 ng g~ 1), CETI (20-60 ng g~ 1), CITA (127-388 ng g 1), DCF
(3.0-11ng g 1), IBF (0-7.8 ng g~ 1), MIRT (4.8-29 ng g~ 1), SPD (1.6-2.7
ng g 1), TE (4,099-8,257 ng g~ 1), TCS (9.6-227 ng g~ 1), and VEN
(11-32 ng g’l). In the variants without earthworms (-EW), the con-
centrations ranged from BPA (18-71 ng g 1), CAF (25-53 ng g~ 1), CBZ
(19-38 ng g~ 1), CETI (20-56 ng g 1), CITA (146-444 ng g~ 1), DCF
(3.9-12 ng g™ 1), IBF (2.0-8.8 ng g~ 1), MIRT (7.38-32 ng g !), SPD
(1.8-3.9 ng g1, TE (3,211-9,130 ng g~ 1), TCS (47-454 ng g~ 1), and
VEN (12-48 ng gfl) (dw) (Fig. 1, Table S2). CAF, DCF, IBF, MIRT, SPD,
and TCS concentrations were reduced from their initial concentration in
all variants, and the reduction percentages with respect to the initial
variants (+EW) were: CAF (25-66%), DCF (94-97%), IBF (83-100%),
MIRT (42-61%), SPD (61-84%), and TCS (58-90%), and in variants
(-EW) were: CAF (25-62%), DCF (92-97%), IBF (79-89%), MIRT
(29-49%), SPD (55-78%), and TCS (17-51%). However, BPA (53%),
CBZ (14%), CETI (38%), CITA (12%), and VEN (7%) showed reductions
only in the 100% SS variant (+EW) and increased in the remaining
variants (BPA: 1-4%, CBZ: 29-144%, CETIL: 17-46%, CITA: 17-68%,
and VEN: 33-46%). In the 100% SS variant (-EW), BPA (45%), CBZ
(1%), CETI (42%), CITA (25%), and VEN (20%) showed reductions and
increased in the other variants (BPA: 17-23%, CBZ: 45-183%, CETI:
9-48%, CITA: 55-93%, and VEN: 9-241%). Additionally, the 50% SS +
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Fig. 1. PPCP and EDC concentrations of different variants at initial input, in final products with earthworms (+EW), and without earthworms (-EW). The bars
indicate the standard error of the mean (n = 3).
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50% SP variant (+EW) showed a 16% reduction in BPA (Table 3). The
decrease in PPCP and EDC concentrations was thought to be caused by
bioaccumulation in earthworm tissue during vermicomposting, in their
intestine, or by skin absorption. However, a decrease in vermicompost’s
weight and volume may increase in PPCP and EDC concentration
(Mazzeo et al., 2023). According to a report by Hammer and Palmowski
(2021), the efficiency of micropollutant removal can differ based on the
particular substances and research conducted. The range of removal can
fall anywhere between nearly complete to no or insignificant removal.
To categorize this range, Hammer and Palmowski (2021) have divided it
into five groups: insignificant removal (0-20%), low removal (20-40%),
medium removal (40-60%), high removal (60-80%), and very high
removal (80%). A medium (53%) removal efficiency of BPA was ach-
ieved in 100% SS variant (+EW); however, insignificant to medium
(16-45%) removal efficiency was achieved in variant (-EW). From
(25-66%), removal efficiency of CAF was achieved in the variant (+EW)
and (-EW) (25-62%). The maximum removal efficiency for CBZ in the
100% SS variant (+EW) was 14%, and 1% in the variant (-EW), which is
in the range of insignificant removal. A low (38%) removal efficiency of
CETI was achieved in 100% SS variant (+EW); however, a medium
(42%) removal efficiency was achieved in 100% SS variant (-EW)
variant, and an insignificant (12%) and low (25%) of CITA was achieved
respectively in variants (+EW) and (-EW). Very high removal efficiency
(>80%) for DCF (94-96%) in the variants (+EW); however, (92-97%) in
the variants (-EW), and IBP (83-100%) in the variants (+EW); however,
(79-89%) in variants (-EW) was achieved. A medium (42-61%) removal
efficiency of MIRT was achieved in variants (+EW); however, low to
medium (29-49%) removal efficiency was achieved the variants (-EW).
High to very high (61-84%) of SPD in variants (+EW) and medium to
high (55-78%) in the variants (-EW) were achieved. 100% SS variants
(+EW) (19%) and (-EW) (10%) achieved insignificant removal effi-
ciency of TE, and VEN also achieved insignificant removal efficiency in
these variants (+EW) (7%) and (-EW) (20%). Medium to high (58-90%)
of TCS in variants (+EW); however, insignificant to medium (17-51%)
in variants (-EW) removal efficiency was recorded (Table 3). These
present findings, show some inconsistency regarding the removal effi-
ciency of certain PPCPs and EDCs during vermicomposting of SS. It is
important to note that the removal efficiency of PPCPs and EDCs could
also be influenced by factors such as the type and amount of microor-
ganisms present, the organic loading rate, the retention time, and the
system’s temperature (Shi et al., 2020). Therefore, it is necessary to
conduct more studies under different experimental conditions to un-
derstand better the fate and behaviour of organic micropollutants during
vermicomposting of SS. No clear and sufficient similar studies that have
been published to date. However, Innemanova et al. (2022) conducted a
study on the removal efficiency of PPCP and EDC during

Table 3
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vermicomposting of dewatered SS under outdoor conditions for one
year. Nevertheless, the behaviour of these compounds was not exten-
sively elaborated upon. Moreover, the experiment was conducted out-
doors, which could have been impacted by various external factors such
as temperature and humidity. According to findings reported by
Hammer and Palmowski (2021), CBZ removal efficiency was insignifi-
cant during anaerobic sludge digestion. Furthermore, Taboada-Santos
et al. (2019) reported a high removal during anaerobic digestion of SS
for 115 days. In contrast, other studies (Samaras et al., 2014) achieved
very high removal (>80%) for DCF and IBF during anaerobic digestion
of SS for 113 days. Phan et al. (2018) reported that TCS removal effi-
ciencies varied from no removal to high removal during anaerobic
digestion. Currently, no environmental legislation limits exist for CAF,
CETI, CITA, MIRT, SPD, TE, and VEN. However, the EU has established a
legislation limit in SS for CBZ (100 ng g~ 1), DCF (1,000 ng g~ 1), IBF (10,
000 ng g~ 1), TCS (1,000 ng g~1), and (20,000 ng g~1) dw (European
Union, 2019). It should be noted that these restrictions are subject to
change and may differ based on the regulatory body and country in
issue. It is also crucial to remember that some organic micropollutants
may not have legal limitations but may still have negatively impact on
human health and the environment.

As shown in Table 3, some PPCP and EDC concentrations were
reduced in the final products of particular variants. The average nega-
tive reduction percentages (R%) of CBZ, CETI, CITA, TE, and VEN
showed that the concentrations of PPCP and EDC had increased in both
variants (+EW) and (-EW). The increase in some concentrations of PPCP
during vermicomposting/composting could be due to the trans-
formation of these compounds into other forms that were not measured
in the study. Additionally, some compounds could have been released
from the sewage sludge due to the breakdown of organic matter during
the processes. Furthermore, the presence of earthworms during vermi-
composting could have also contributed to the increased concentration
of some compounds by altering the microbial activity and organic
matter decomposition rate (Mazzeo et al., 2023), resulting in the for-
mation of new compounds or the release of previously bound com-
pounds (Innemanova et al., 2022). The total average concentrations of
BPA, CAF, DCF, IBF, MIRT, SPD, and TCS were reduced by an average of
10, 52, 96, 90, 53, 72, and 76%, respectively and the reduction per-
centage (R%) value ranged from 10% for BPA to 96% for DCF in variants
(+EW); however, 5, 51, 95, 86, 39, 65, and 39%, respectively and the
average (R%) value ranged from 5% for BPA to 95% for DCF in variants
(-EW). BPA, CAF, DCF, IBF, MIRT, SPD, and TCS reductions were higher
in variants (+EW) than in variants (-EW) by 5, 2, 1, 4, 14, 7, and 37%,
respectively (Table 3). In general, the reduction in PPCPs and EDCs
revealed that their absorption/accumulation in earthworms outweighed
the volume reduction effect during processes, and the additive materials

PPCP and EDCs reduction percentage in the final products after 120 days of processing (n = 3).

Variants (+EW) Reduction percentage (R %)

BPA CAF CBZ CETI CITA DCF IBF MIRT SPD TE TCS VEN
100%SS 53 66 14 38 12 96 100 54 84 19 58 7
75%SS+-25%SP -1 58 -29 -17 -17 97 86 42 74 -6 71 -33
50%SS+-50%SP -8 57 —66 —34 —46 96 83 53 69 -32 86 -33
25%8S+-75%SP —4 25 —144 —46 —68 94 91 61 61 —1150 90 —46
Average 10 52 -56 -15 -30 96 90 53 72 —292 76 -26
Variants (-EW) BPA CAF CBZ CETI CITA DCF IBF MIRT SPD TE TCS VEN
100%SS 45 62 1 42 25 96 89 49 78 10 17 20
75%SS+-25%SP -23 58 —45 -9 -55 97 85 37 63 —28 36 -9
50%SS+-50%SP 16 59 -99 —47 -74 95 89 29 65 —46 51 —241
25%SS+-75%SP -17 25 —183 —48 -93 92 79 41 55 —888 50 —63
Average 5 51 -82 -16 -49 95 86 39 65 —238 39 -73

BPA = bisphenol A, CAF = caffeine, CBZ = carbamazepine, CETI = cetirizine, CITA = citalopram, DCF = diclofenac, IBF = ibuprofen, MIRT = mirtazapine, SPD =
sulfapyridine, TE = telmisartan, TCS = triclosan, VEN = venlafaxine, (+EW) = variants with earthworms, (- EW) = variants without earthworms, SS = sewage sludge,

SP = straw pellet.
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enhanced the PPCP and EDC removal efficiency even further (Zeb et al.,
2020), and also due to microbial degradations and adsorption of these
chemical substances onto organic matter of compost (Dubey et al.,
2022).

3.3. PPCP and EDC concentrations in earthworm tissues

Earthworm tissues initially contained only 6.05 ng g~! of CAF and
2.24 ng ¢! of TE. However, at the end of vermicomposting, the
following seven PPCPs were detected at higher concentrations in the
final earthworm tissues: CBZ, CETI, DCF, CAF, CITA, TCS, and TE
(Fig. 2). CAF concentration at the end vermicomposting was not
detected in the variant of 100% SS, while it increased from 6.05 ng g~
to 23.58 ng g’1 (74%) for the 75% SS + 25% SP variant, from 6.05 ng
g 1 t011.33 ng g ! (47%) for the 50% SS + 50% SP variant, and from
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6.05ng g ' to 17.78 ng g~ (66%) for the 25% SS + 75% SP variant. The
variants with 100% SS, 75% SS + 25% SP, 50% SS + 50% SP, and 25%
SS + 75% SP showed a significant increase in TE concentration, ranging
from 2.24 to 373.9 ng g} (99%), 2.24-104.7 ng g~ (98%), 2.24-266.3
ng g~ ! (99%), and 2.24-116.8 ng g~ ' (98%), respectively. Other PPCPs
that increased were CBZ (5.5-15.9 ng g 1), CETI (6.3-10.9 ng g 1), DCF
(5.5-15.5ng g~ 1), CITA (16.9-38.2ng g 1), TCS (8.4-42ng g 1), and TE
(104.7-373.9 ng g’l) (Table S2). The maximum reductions in PPCPs
were observed in the 100% SS variant. The highest concentration of
PPCP in earthworm tissue was TE; however, BPA, IBF, MIRT, SPD, and
VEN were not found in earthworm tissues for all variants. It is therefore
concluded that the earthworms had reached the excretion period during
vermicomposting, which saw the egestion of accumulated PPCPs and
EDCs from their bodies (Zeb et al., 2020). Additionally, the results of
PPCPs and EDCs pointed to the possibility of PPCPs and EDCs, essential
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Fig. 2. Concentrations of PPCP found in earthworm tissues. The bars indicate the standard error of the mean (n = 3). A high standard error of the mean indicates that
there was some amount of variability in the data.
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components of bio-fertilizers, being detoxified by earthworms through
metabolisation (Table S2); however, and further histological analysis is
needed to validate this hypothesis (Zeb et al., 2020). Because of the
reasonably consistent relationships between the concentrations of
certain pollutants in earthworms, earthworms accumulate a significant
amount of PPCPs and EDCs in their tissues and may be a useful biological
indicator of contamination. The earthworm’s interaction with local
edaphic factors such as pH, organic matter content, enzyme activities
and are mainly responsible for the accumulating PPCPs and EDCs (Zeb
et al., 2020). TC reduction also results in the formation of intermediate
metabolites and acids (humic acids), which lower the pH of the sludge
mixtures (Zziwa et al., 2021).

3.4. The influence of earthworms on degradation of PPCPs and EDCs

Vermidegradation is the process by which various pollutants in
earthworms are degraded using enzymes such as CYP450 and peroxi-
dase or by gut microbes, also known as ‘vermin-endophytes’ which are
microbes, bacteria, or fungi that live within earthworm tissues without
causing any disease. It is one of the pathways of vermicomposting (Zeb
et al., 2020). Vermidegradation is primarily concerns removing of
organic micro-pollutant compounds such as PPCPs and EDCs (Bhat et al.,
2018). Fig. 3 indicates the vermidegradation of some PPCP and EDC.
The 100% SS variant had the most earthworms influence (efficiency of
degradation) for TCS, with (43%). BPA was second, at (15%), followed
by CBZ (14%), TE (8.7%), SPD (6.4%), IBF (5.4%), CAF (4.2%), MIRT
(4.3%), and DCF (0.5%). Conversely, three PPCPs (CITA, CETI, and
VEN) had negative vermidegradation percentages, with (—13%),
(—4%), and (—12%), respectively. CITA (37%) had the most earthworms
influence (efficiency of degradation) in the 75% SS + 25% SP variant,
followed by TCS (36%), TE (22%), CBZ (16%), SPD (12%), MIRT (4%),
IBF (2%), and DCF (0.3%). However, CETI (—8%), VEN (—21%), BPA
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(—3%), and TE (—262%) had negative vermidegradation percentages,
indicating that these PPCPs and EDCs are resistant to vermidegradation
(Haiba et al., 2018). Overall, the negative vermidegradation of PPCPs
and EDCs highlights the complexity of the environmental fate and
impact of these emerging pollutants. Further research is needed to fully
understand the factors that influence the effectiveness of earthworms in
degrading PPCPs and EDCs and to develop effective strategies for their
removal and degradation in the environment.

The variant of 50% SS +50% SP exhibited the most significant per-
centage of vermidegradation of VEN (193%), followed TCS (35%), CBZ
(34%), CITA (28%), MIRT (24%), TE (13%), CETI (13%), SPD (4.5%),
and DCF (1.2%), whereas, BPA (—23%), CAF (—2.4%), and IBF (—1.6%)
showed negative values (Table S4). The variant with 25% SS +75% SP
had percentage of vermidegradation of TCS (40%), CBZ (38%), CITA
(25%), VEN (20%), MIRT (19%), BPA (16%), IBF (11%), SPD (6%), CETI
(3%), and DCF (2%) (Fig. 3). The negative percentage of vermide-
gradation for some PPCPs and EDCs implies that the final concentrations
of PPCPs and EDCs found in vermicompost were more significant than
the initial input materials, which implied that the earthworms did not
influence on the degradation of PPCPs and EDCs during vermi-
composting and this difference might be due to the extremely high
concentration in the variant without earthworms (Shi et al., 2020).
Table 4 summarizes the sum of PPCP and EDC concentrations in the
initial variant, as well as the sum of these concentrations in the variant at
the end of processing for both the (+EW) and (-EW) variants.

The summarised data shows how the concentrations of all deter-
mined substances changed during the experiment. The variants with
75% SS + 25% SP had the most earthworm influence on the degradation
of targeted organic micropollutants (20.3%), followed by the variant
with 50% SS + 50% SP (14.2%) (Table 4). These findings suggest that
more research is needed to assess the influence of earthworms on
organic micropollutants including PPCPs and EDCs.
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Fig. 3. Influence of earthworms on the degradation of PPCPs and EDCs in different variants. The bars indicate the standard error of the mean (n = 3). A high standard
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Table 4
A summary of the degradation efficiencies of PPCPs and EDCs.

Variants Concentration [ng g~ dw] Efficiency of degradation [%]
z z Z(-EW) (+EW) (-EW) Influence of
Initial (+EW) earthworms
(%)
100% SS 11977 9119 10179 24 15 8.9
75% SS + 7817 7839 9423 —0.28 21 20.3
25% SP
50% SS + 4617 5637 6293 -22 -36 14.2
50% SP
25% SS + 651 4333 3512 —566 -439  -126.1
75% SP

¥ Initial = summation of all PPCP concentrations in the initial input materials, £
(+EW) = summation of all PPCP concentrations in the final vermicompost (with
earthworms), ¥ (-EW) = summation of all PPCP concentrations in the final
product (without earthworms), SS = sewage sludge, SP = straw pellet. dw = dry
weight.

3.5. Vermiaccumulation of PPCP and EDC

Shi et al. (2020) explain that vermiaccumulation is the process by
which earthworms absorb and retain pollutants, leading to a decrease in
the concentration of substances like PPCPs and EDCs in SS. To quantify
this assimilation of PPCPs and EDCs into earthworm tissues, the
bio-concentration factor (BCF) can be used. The concentrations of PPCPs
and EDCs in earthworm tissues were recorded by examining earthworm
samples before and after vermicomposting. The vermiaccumulation
percentage varied for all PPCPs among the variants; however, maximum
vermiaccumulation of caffeine was CAF (72%), CBZ (65%), CETI (32%),
CITA (16%), DCF (183%), TE (5%), and TCS (118%) (Fig. 4).

The presence of organic micropollutants in SS is proportional to the
level of organic micropollutants in wastewater. The BCF was indicated
in the following manner: DCF > TCS > CAF > CBZ > CETI > CITA > TE
(Table S3). Eisenia andrei, a species of earthworm, has the ability to
ingest and process pollutants during vermicomposting. This includes the
process of grinding and digestion, allowing for the absorption of these
pollutants through the intestinal tract into the worm tissues. This pro-
cess is known as nutrient uptake and is further facilitated by epidermal
uptake, both of which allow for earthworms to acquire organic micro-
pollutants. Vermicomposting has been found to be effective in reducing
the concentration of organic micropollutants in SS, thus addressing the
issue. However, a new question arises about how to handle the earth-
worms that have accumulated organic micropollutants in their bodies,
as highlighted by Shi et al. (2020). This is troubling for two reasons.
Separation of vermicomposting earthworms is not difficult; this is often
accomplished simply by adding fresh material where earthworms
naturally crawl. However, earthworms can still be found in vermicom-
post or other materials; they are simply separated from the final product.
When careful separation of earthworms from impurities and matrixes
becomes economically viable, a problem arises because these methods
are typically time-consuming. This represents the second issue in dealing
with earthworms. The spectrum of use for uncontaminated earthworms
is broad; however, there is currently no use for earthworms with high
PPCP and EDC bioaccumulation. One option is not to separate the
earthworms but to leave the earthworm population in vermicompost.
However, this option has limitations in terms of earthworm bio-
accumulation limits. These organisms will vermiaccumulate PPCP and
EDC to a certain level, after which the concentration of pollutants inside
the organism will either stop increasing or the organism will die. In both
cases, this means that earthworms’ ability to degrade PPCP and EDC is
reduced. Earthworms’ ability to degrade PPCP and EDC is reduced in
both cases. Measurable influence earthworms may be possible only if
new earthworms are used in each situation (Zeb et al., 2020).
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3.6. Worm reproduction and growth

Growth rate, earthworm number (E. andrei), and cocoons in the
vermicompost process in different variants are shown in Table S5.
E. andrei exhibited significant (p < 0.05) variations in the number of
earthworm pieces/kg in the vermicomposted material and also the
number of cocoons/kg in the vermicomposted material (Table S5). The
initial weight and amount of earthworms were 0.2 g/piece and 125
pieces/kg of vermicomposted material, respectively. The initial earth-
worms weighed 25 g per kilogram of vermicomposted material. After
120 days, the variant with 25% SS + 75% SP contained the maximum
number of cocoons (178 pieces/kg), and the 50% SS + 50% SP variant
contained the minimum (59 pieces/kg). The results indicate that,
despite some mortality, there was an increase in the number of earth-
worms in some variants. This increase was more significant in the
variant with 50% SS + 50% SP than in the other variants, and worm
mass was also more significant in this variant. This could be due to the
presence of nutrients for worm growth in the additive material, which
makes this variant (50% SS + 50% SP) a favourite feed for earthworms
(Pérez-Godinez et al., 2017). E. andrei produced more cocoons in the
variant with 25% SS + 75% SP than in the other variants. The additive
material is a carbon source, a vital determinant of earthworm produc-
tion initiation, and might explain differences in cocoon production
levels among the variants. A higher carbon content additive material
promotes growth and reproduction by providing earthworms with an
adequate amount of organic matter. Higher carbon source of additive
material appears to a significant impact cocoon production (Sonmezdag
et al., 2017).

3.7. Principal component analysis (PCA)

Fig. 5 shows the principal component analysis of 12 organic micro-
pollutants and the correlation between organic micropollutants and
select chemical parameters. Principal component analysis (PCA) was
used to evaluate the relationships between the PPCP and EDC (BPA,
CAF, CBZ, CETI, CITA, DCF, IBF, MIRT, SPD, TE, TCS, and VEN) and
selected chemical parameters (pH, EC, TC, TN, and C/N ratio), and
plotted PC1 with PC2. The PCA analysis was designed to compare all of
the investigated parameters, focusing on exciting relationships. The
relationship between the variables was determined by analysing their
eigenvalues, variance (%), and cumulative (%) criteria. The principal
component (PC) accounted for 60.11% of the variance, 7.98 of the
eigenvalue and was dominant for the variables pH, TC, and C/N ratio.
All 12 PPCP and EDC were negatively correlated with pH, TC, and C/N
ratios and positively correlated with EC and TN. PC2 accounted for
14.07% of the variance and 2.8 of the eigenvalue. All PPCPs and EDCs
dominated this component and were positively correlated with TN,
apart from IBF, which was negatively correlated with TN. VEN also had
a significantly positive correlation with EC (r = 0.4177, p < 0.05) except
for SPD, IBF, DCF and TCS, which negatively correlated with EC. TE was
significantly correlated with EC (r = 0.4696, p < 0.05) and TN (r =
0.7057, p < 0.001), whereas CITA was significantly correlated with EC
(r=0.5751, p < 0.01), and TN (r = 0.6514, p < 0.01); however, CITA (r
=—0.4115, p < 0.05) and TE (r = —0.5228, p < 0.01) had a significantly
negative correlation with pH (Table S6).

As a result of TC reduction, the formation of intermediate metabo-
lites and acids (humic acids) reduces the pH of the sludge mixtures.
PPCP and EDC accumulation in tissues is a distinct phenomenon. Each
PPCP and EDC exhibits a distinct physiological mechanism of assimila-
tion and excretion during its metabolism in the earthworm’s gut. As a
result, higher TC and C/N values result in better PPCP and EDC degra-
dation. The degradation of PPCP and EDC is not affected by pH. Ac-
cording to Dubey et al. (2022), the degradation of PPCP and EDC is not
influenced by pH. Bacteria tend to favour high carbon and C/N ratios for
breaking down PPCPs and EDCs, whereas fungi prefer environments
with high pH and nitrogen levels.
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Fig. 4. Vermiaccumulation of some PPCPs during SS vermicomposting in different variants. The bars indicate the standard error of the mean (n = 3). A high standard

error of the mean indicates that there was some amount of variability in the data.

3.8. Current research challenges and future perspectives

Although earthworms are known to contribute to the degradation of
PPCPs and EDCs in SS, the specific enzymes and metabolic pathways
involved in this process are not fully understood (Shi et al., 2020).
Identifying these mechanisms is crucial for optimising earthworm-based
treatment and developing more effective methods for removing PPCP
and EDC levels in SS. Identifying these pathways to optimize
earthworm-based treatment systems and developing more effective
strategies for lowering PPCP and EDC levels in SS is critical. Tempera-
ture, moisture content, and other organic matter can all impact activity
and the rate of PPCP and EDC degradation (Zeb et al., 2020). Under-
standing these impacts is critical for optimising earthworm-based
treatment systems and forecasting their efficacy in various environ-
mental situations. Although earthworm-based treatment systems have
shown promise in the laboratory, assessing their viability at an industrial
or municipal scale is critical. This includes determining the economic
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viability of large-scale earthworm culture and the possibility of
combining earthworm-based treatment systems with existing waste-
water treatment infrastructure. Therefore, the following concerns must
be addressed.

1. Earthworms employed for SS vermicomposting may accumulate
specific organic micropollutants from the SS, such as PPCPs and
EDCs. If these earthworms are utilized in soil or other applications,
these micropollutants may be transferred to the new environment. As
a result, it is critical to appropriately manage or treat earthworms to
remove toxins before employing them in other applications. One
method is to submit the earthworms to a procedure known as
"phytoremediation," in which they are fed plants capable of
absorbing and breaking down toxins in their bodies (Zheng et al.,
2022).

. Developing earthworm-based treatment systems for wider usage:
While earthworm-based treatment systems have shown promise in
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Fig. 5. Principal components (PC) of PPCP and EDC and along with their
correlation with selected chemical parameters (pH, EC, TC, TN, and C/N ratio).
BPA = bisphenol A, CAF = caffeine, CBZ = carbamazepine, CETI = cetirizine,
CITA = citalopram, DCF = diclofenac, IBF = ibuprofen, MIRT = mirtazapine,
SPD = sulfapyridine, TE = telmisartan, TCS = triclosan, VEN = venlafaxine, TC
= total carbon; TN = total nitrogen, C/N = carbon to nitrogen ratio.

lowering PPCP and EDC levels in SS, more effective and scalable
methods are needed for general application. Optimising the condi-
tions for earthworm activity, developing new strains of earthworms
that are more efficient at degrading pollutants, and integrating
earthworm-based treatment systems with existing wastewater
treatment infrastructure could all be part of this.

3. Developing new analytical methods for monitoring pollutant
degradation in SS: This can help to make monitoring more efficient
and cost-effective. Future studies could focus on developing new
real-time methods for monitoring pollution levels, such as employing
nanoparticles or sophisticated imaging techniques.

4. Evaluating the long-term viability of earthworm-based treatment
systems: While earthworms can effectively reduce pollutant levels in
SS, it is critical to evaluate the long-term viability of these systems.
This involves comprehending the effects of repeated cycles of
earthworm digestion and the potential accumulation of pollutants in
earthworm tissues.

4. Conclusion

It was hypothesised that earthworms could remove the PPCPs and
EDCs due to bioaccumulation of these chemicals in earthworm tissue
during vermicomposting. According to this assumption, variants with
earthworms reduced some PPCPs and EDCs such as BPA, CAF, DCF, IBF,
MIRT, SPD, and TCS more effectively than variants without earthworms.
However, the concentrations of CBZ, CETI, CITA, TE, and VEN increased
in both variants with and without earthworms. Furthermore, the
reduction in the weight and volume of end product (vermicompost/
compost) may result in an increase in the concentration of these selected
organic micropollutants. In all variants with and without earthworms, a
very high removal efficiency of DCF and IBF was achieved. Therefore,
from this finding, earthworms have shown great promise in removing
selected PPCP and EDC from sewage sludge. Simultaneously, it is
strongly suggested to perform further research oriented to the devel-
opment of more effective and sustainable methods for removing organic
micropollutants from sewage sludge.
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Table S1: Composition of vermicomposting materials in different proportions

Total weight  Earthworm
Variants  SS (%)  SS(kg) SP (%) SP (kg) Mixing ratio Material (kg) substrate (L)
T1 100 9 0 0 4:0 9 3
T2 100 9 0 0 4:0 9 0
T3 75 6.75 25 2.25 3:1 9 3
T4 75 6.75 25 2.25 3:1 9 0
TS5 50 4.5 50 4.5 2:2 9 3
T6 50 4.5 50 4.5 2:2 9 0
T7 25 2.25 75 6.75 1:3 9 3
T8 25 2.25 75 6.75 1:3 9 0
SS = sewage sludge, SP = straw pellets
Table S2: PPCP and EDC concentration at initial and after 120 days of processing in all variants
BPA (ng g'}) CAF (ng g'h)
Variants Initial (+tEW) (-EW) EWs Initial (tEW) (-EW) EWs
100%SS 89+18 42+13% 48+10.5% nd 142+12.5 48+7.8° 53+£2.02 0+0.0°
75%SS+25%SP 58+12 59+252 71+10.0% nd 96+8.9 40+1.82% 40+1.3b 23.6£15%
50%SS+50%SP 34+7.0 37+4.9° 29+1.6° nd 61+6.6 26+1.3b 25+0.0° 11.341.7%
25%SS+75%SP 15+£3.2 16£1.15°¢ 184 0.43° nd 33+4.2 25+0.0P 25+0.0° 17.849.420
CBZ (ng g'h) CETI(ng g1
Variants Initial (+tEW) (-EW) EWs Initial (tEW) (-EW) EWs
100% SS 39+0.73 33+£2.5% 38+3.5° 11.4+0° 79+0.69 494112 46+5.1° 10.9+£0?
75%SS+ %SP 25+0.48 32+1.5% 36+0.25% 9.86:+6° 51+0.45 60+5.9° 56+7.6° 6.39+2.72
50%SS+50%SP  15+0.28 25+1.5° 29+0.83° 1591172 30+0.25 41£2.7% 45+1.1° 9.44+0.18*
25%SS+75%SP  6.6+0.13 16+1.4° 19+0.10° 5.540.2b 14+0.12 20+3.0° 20+£3.0° 6.3+£0.76*
CITA(ng g DCF(ng g'h
Variants Initial (+tEW) (-EW) EWs Initial (tEW) (-EW) EWs
100%SS 440+2.84  388+62.3? 3324702 38.2+0° 284+9.8 11+2.292 12+2.5% 15.5+0%
75%SS+25%SP  287+1.85  337+129° 444+97% 13.9+9° 185+6.4 5.0+0.1° 5.6+0.3° 5.67+1.5°
50%SS+50%SP  169+1.09 247+45b 294421 35.8+1° 109+3.4 4.3+0.3b 5.6+0.5° 7.74+0.78>
25%SS+75%SP  76+0.49 127+37°¢ 146+10P 16.9+2° 49+1.7 3.0+0.1° 3.9+0.5° 5.5+0.63°
IBF(ng g’V MIRT(ng g!)
Variants Initial (+tEW) (-EW) EWs Initial (tEW) (-EW) EWs
100%SS 87+6.68 0.0+0.0° 3.3+£3.26% nd 63+2.83 29+3.36% 32+7.12 nd
75%SS+25%SP  57+4.36 7.8+1.50% 8.8+0.322 nd 42+1.83 2444 4% 26+2.1° nd
50%SS+50%SP  34+2.57  3.8+2.04%® 2.4+2.39% nd 25+1.05 12+1.01° 18+0.12 nd
25%SS+75%SP  15+£1.15 1.4+1.36% 2.0+£2.0* nd 12+0.44 4.8+1.0° 7.3£0.1° nd
SPD(ng g'') TE(ng g')
Variants Initial (+tEW) (-EW) EWs Initial (tEW) (-EW) EWs
100%SS 15+1.03 2.540.60°  3.4+0.47% nd 10162+£226  8257+1510* 9130+£762° 373.9+0?
75%SS+25%SP  11+0.66 2.7+0.22% 3.9+0.11% nd 6628+147  7138+2884>  8477+1050%°  104.7+66°
50%SS+50%SP  6.9+0.38 2.1+0.112 2.4+0.13% nd 3910+87 5191+370° 5692+475° 266.3+28°
25%SS+75%SP  4.0+0.16 1.6+0.07% 1.8+0.04° nd 325+7.2 4099+14344 3211+17° 116.84+8.3¢
TCS(ng g") VEN(ng g)
Variants Initial (+tEW) (-EW) EWs Initial (tEW) (-EW) EWs
100%SS 543436 227+9.1% 454+125% 42402 34+3.74% 32+5.65% 27+6.83% nd
75%SS+25%SP 354423 103+6.6° 228+25% 9.9+5.6° 23+2.44° 30+6.45% 25+3.06% nd
50%SS+50%SP  209+14 30+10.7°¢ 102+1.66° 15.2+1b 14+1.43% 19+al.52° 48+13.8* nd
25%SS+75%SP 94+6.2 9.6+2.02° 47+1.68° 8.4+4° 7.2+0.64°¢ 11£2.37° 12+0.43° nd

BPA = bisphenol A, CAF = caffeine, CBZ = carbamazepine, CETI = cetirizine, CITA = citalopram, DCF =

diclofenac, IBF = ibuprofen, MIRT = mirtazapine, SPD = sulfapyridine, TE = telmisartan, TCS = triclosan, VEN

= venlafaxine. Mean value followed by different letters is statistically different at (p < 0.05). Values indicate mean

+ standard error (n = 3). (+EW) = vermicompost with earthworms, (-EW) = compost without earthworms, SS=

sewage sludge, SP = straw pellet. EWs = earthworms, ns = not detected.
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Table S3: Bio-concentration factors (BCF) for PPCPs after 120 days of vermicomposting

Bio-Concentration Factors (BCF) for PPCPs

Variants CAF CBZ CETI CITA DCF TE TCS

100% SS 0 0.35 0.26 0.10 1.60 0.05 0.19
75% SS 0.56 0.29 0.10 0.04 1.13 0.01 0.09
50% SS 0.43 0.65 0.23 0.16 1.83 0.05 0.70
25% SS 0.72 0.35 0.32 0.16 1.81 0.03 1.18

CAF = caffeine, CBZ = carbamazepine, CETI = cetirizine, CITA = citalopram, DCF = diclofenac, TE
= telmisartan, TCS = triclosan

Table S4: Vermidradation (%) of PPCPs and ED in given variants of sewage sludge

Vermidegradation (%)
Variants BPA CAF CBZ CETI CITA DCF IBF MIRT SPD TE TCS VEN
100%SS 15 42 14 -4 -13 05 54 43 6.4 8.7 43 -12

75%SS+25%SP -3 0 16 -8 37 0.3 2 4 12 22 36 -21
50%SS+50%SP  -23 24 34 13 28 1.2 -1.6 24 4.5 13 35 193
25%SP+75%SP 16 0 38 3 25 2 11 19 6 -262 40 20

BPA = bisphenol A, CAF = caffeine, CBZ = carbamazepine, CETI = cetirizine, CITA = citalopram,
DCF = diclofenac, IBF = ibuprofen, MIRT = mirtazapine, SPD = sulfapyridine, TE = telmisartan, TCS
= triclosan, VEN = venlafaxine.

Table S5: Number, weight of FEisenia andrei and number of cocoons after 120 days of

vermicomposting
Variants No. of earthworms pieces /kg Weight of earthworms g/kg ~ No. of cocoons/kg
100% SS 32+30° 11.4 £10.9° 64+38°
75% SS +25% SP 59:+14a° 1442.9% 62+23°
50% SS +50% SP 120+8.7° 29447 59+3.3°
25% SS + 75% SP 734+2.9% 1541.1° 178+118?

Mean value followed by different letters is statistically different at (p < 0.05). Values indicate

mean =+ standard error (n = 3), SS= sewage sludge.
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Table S6: Pearson correlation coefficients(r) between PPCPs and selected chemical parameters

Variables pH EC TN TC C/N

SPD -.0057 -.2187 0173 -.7595%** -.5425%%
VEN -.2655 A177* A4341%* -.4400%* -.5344%%*
CBZ -.1960 1730 4965* -.8918*** -.8621***
CETI -.2546 3104 A4325% -.6618*** -.6814%**
MIRT -.2329 3445 .6238%* -.8538*** -.9007***
CAF 0522 .0983 4702%* -.8702%** -.8232% %%
BPA 0368 .0385 1549 -.4825% -.4337*

IBF .0490 -.1950 -.1943 -.2679 -.1036
DCF 2550 -.1166 2126 - T6TTHEE -.6394%**
TCS 1135 -.1297 2304 -.8257HHx -.6898***
TE -4115%* 4696* JOSTH** - T21 7 -.8706%**
CITA -.5228%* ST51%* 6514+ - 5731%* - 7499+

Correlation coefficients indicated with *, ** and *** were statistically significant (p<0.05,

p<0.01, and p<0.001, respectively).
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ARTICLE INFO ABSTRACT

Keywords:

Vermicomposting

Per/polyfluoroalkyl substances
Pharmaceuticals and personal care products

Vermicomposting represents an environmentally friendly method for the treatment of various types of biowastes,
including sewage sludge (SS), as documented in numerous studies. However, there are few papers providing
insights into the mechanisms and toxicity effects involved in SS vermicomposting to present a comprehensive
overview of the process. In this work, the vermiremediation of SS containing various micropollutants, including

Bioaccumulation . . . .
Vermiremediation pharmaceuticals, personal care products, endocrine disruptors, and per/polyfluoroalkyl substances, was studied.
Cytotoxicity Two SSs originating from different wastewater treatment plants (WWTP1 and WWTP2) were mixed with a

bulking agent, moistened straw, at ratios of 0, 25, 50, and 75% SS. Eisenia andrei earthworms were introduced
into the mixtures, and after six weeks, the resulting materials were subjected to various types of chemical and
toxicological analyses, including conventional assays (mortality, weight) as well as tissue- and cell-level assays,
such as malondialdehyde production, cytotoxicity tests and gene expression assays. Through the vermir-
emediation process significant removal of diclofenac (90%), metoprolol (88%), telmisartan (62%), and triclosan
(81%) was achieved. Although the concentrations of micropollutants were substantially different in the original
SS samples, the micropollutants vermiaccumulated to a similar extent over the incubation period. The earth-
worms substantially eliminated the present bacterial populations, especially in the 75% SS treatments, in which
the average declines were 90 and 79% for WWTP1 and WWTP2, respectively. To the best of our knowledge, this
is the first study to investigate the vermiremediation of such a large group of micropollutants in real SS samples
and provide a thorough evaluation of the effect of SS on earthworms at tissue and cellular level.

1. Introduction of the 196 577 t dry weight (dw) SS produced in the Czech Republic was

directly utilized in agriculture, making land application of sludge the

Sewage sludge (SS), the end product of wastewater treatment plants
(WWTPs), often contains potentially toxic substances, such as heavy
metals (Carbonell and Pro, 2009), organopollutants (pharmaceuticals
and personal care products (PPCPs), endocrine disruptors (EDs), halo-
genated substances, per/polyfluoroalkyl substances (PFASs; Semerad
et al., 2020a)) or pathogens (Singh and Agrawal, 2008). However, SS
also represents a valuable material containing large quantities of carbon,
nitrogen, phosphorous and micronutrients, and is often used as a fer-
tilizer on agricultural lands (Singh and Agrawal, 2008). In 2021, 33.6%

* Corresponding author.
E-mail address: cajthaml@biomed.cas.cz (T. Cajthaml).

https://doi.org/10.1016/j.wasman.2023.12.016

second most common method of SS disposal following composting
(Hudcova et al., 2019). Prior to application to agricultural land, SS must
meet the European Union legislation limits, which cover only heavy
metals; limits for other pollutants are established on a country-wide
basis or might be lacking altogether. As a result, risks related to the
transfer of non-regulated toxic pollutants to soil, surface water, and
groundwater remain, and these contaminants can subsequently be taken
up by plants (Passuello et al., 2010) and organisms (da Silva Souza et al.,
2020), contaminating the food chain. Although micropollutants (as well
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as many new emerging pollutants) are detected at very low concentra-
tions due to their constant introduction into the environment and their
persistence, they can be found across the globe (Luo et al., 2014). Their
presence has often been associated with adverse effects, such as endo-
crine disruption, short- and long-term toxicities, and antibiotic resis-
tance in microbes (Bhatt et al., 2022).

Vermicomposting takes advantage of earthworm and microorganism
activities to decompose organic matter (Samal et al., 2019) and to
biodegrade organic substances (Grasserova et al., 2020). This process
represents one of the vast variety of techniques used to eliminate toxic
substances from SS and is called vermiremediation (Shi et al., 2020).
Vermiremediation has been previously employed for eliminating heavy
metals (He et al., 2016), petroleum oil (Chachina et al., 2016) or other
organic compounds (Rodriguez-Campos et al., 2014) from soil or SS. In
contrast, the number of studies investigating the vermiremediation of
micropollutants/emerging pollutants from SS is scarce. Kinney et al.
(2008) observed an accumulation of pharmaceuticals and other
anthropogenic waste indicators (AWIs) in field-collected earthworms
from an agricultural soil previously amended with biosolids or swine
manure. The same authors evaluated the bioaccumulation of AWIs in
Eisenia andrei upon exposure to soil amended with fresh or aged bio-
solids (Kinney et al., 2012). Rivier et al. (2019) studied the transfer of six
organic pollutants to the earthworm Aporrectodea caliginosa.
Innemanova et al. (2022) investigated the ability of Eisenia andrei to
reduce the concentration of PPCPs in SS under field conditions. Dume
et al. (2023) observed vermiremediation of selected PPCPs and EDs after
introducing Eisenia andrei to SS mixed with straw. The abovementioned
studies provide an insight into micropollutant vermiremediation.
However, more comprehensive research is needed not only to assess the
extent of micropollutant elimination that occurs during this process but
also to clarify the processes underlying the elimination and ecotoxicity
of SS to ensure optimal conditions are established for micropollutant
vermiremediation.

As earthworms constitute the greatest proportion of the total soil
biomass and are essential for maintaining soil structure and function,
they are often used as soil health indicators/model organisms in soil
studies (Babic et al., 2016). Researchers mostly monitor conventional
endpoints such as mortality, weight loss, reproduction rate or avoidance
behavior. Recently, scientists have started examining earthworm eco-
toxicity at the tissue/cellular level using variety of biomarkers. In these
studies, enzymatic activity (Garcia-Gomez et al., 2014), specific protein
inhibition and lipid peroxidation (Babic et al., 2016) or the quantity of
coelomocytes (earthworm immune cells) and the riboflavin content
(Suleiman et al., 2017) are monitored. Earthworms have three types of
coelomocytes: eleocytes, granular amoebocytes (GA), and hyaline
amoebocytes (HA), which float freely in the coelomic cavity (Bilej et al.,
2010). Amoebocytes are involved in a broad range of defense mecha-
nisms, such as phagocytosis (Homa et al., 2016), and can therefore be
used as another toxicity indicator at the cellular level (Semerad et al.,
2020b).

In the present study, we investigated the vermiremediation of 88
micropollutants (namely, 37 pharmaceuticals and personal care prod-
ucts, and 14 endocrine disruptors — collectively referred to as PPCPs in
the text and 37 per/polyfluoroalkyl substances — referred to as PFASs) in
two SSs originating from different WWTPs. The SS was mixed with a
bulking agent, moistened straw, at four different ratios, and the mixture
was treated with Eisenia andrei earthworms for six weeks. At the end of
the experiment, the substrate mixture and the earthworms were
analyzed to investigate the fate of the selected micropollutants. More-
over, microbial phospholipid fatty acid (PLFA) analysis was performed
to monitor bacterial and fungal biomass. In addition, a battery of toxicity
tests was performed to investigate the influence of SS exposure on
earthworms. These tests encompassed conventional (mortality, weight)
as well as tissue- and cell-level methods, such as malondialdehyde
determination, cytotoxicity tests (viability, apoptosis, necrosis, reactive
oxygen species (ROS) production, and phagocytosis) and gene
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expression assays. To the best of our knowledge, this is the first study in
which the vermiremediation of such a broad group of micropollutants
(including PFASs) from real SS samples was examined and the influence
of SS on earthworms was assessed in-depth on a cellular level using
hyaline and granular amoebocytes to evaluate the overall process from
multiple perspectives.

2. Materials and methods
2.1. Earthworms and in vivo exposure

Clitellated E. andrei earthworms from our laboratory were used for
the experiment. The species was previously confirmed by analyzing
species-specific primers (Dvordak et al., 2013). All earthworms weighed
approximately 200-300 mg. The substrate for the experiment consisted
of SS mixed with moistened straw in four different proportions: 0, 25,
50, and 75% SS, each in triplicate. Stabilized SS was obtained from two
different WWTPs (WWTP1 and WWTP2) located in the Czech Republic.
WWTP1 has a population equivalent of 6 thousand and employs aerobic
stabilization, and WWTP2 has a population equivalent of 33 thousand
and utilizes anaerobic stabilization. Previously autoclaved straw pellets
(Granofyt, Czech Republic) were soaked in Milli-Q water to 65% water
holding capacity and used as a bulking agent to achieve the desired ratio
of SS — 0% SS (0SS), 25% SS (25SS), 50% SS (50SS), and 75% SS (75SS).
Characterization of these materials can be found in Table S1. The sta-
bilized SS was mixed with moistened straw in polypropylene buckets
using an overhead shaker GFL 3040 (11 RPM, 1 h; Germany). The ho-
mogenized mixture was placed in mesh textile sacks, and adult E. andrei
earthworms of known weight were added (20 earthworms per 200 g of
the mixture). In addition, control sacks without earthworms were
established. To maintain suitable conditions for vermicomposting (i.e.,
humidity, temperature), the experiment was conducted in an isolated
box.

The experiment lasted six weeks. Thereafter, the animals were
collected, counted, washed with distilled water, gently dried with a
clean paper towel, and weighed. The pH of the control and vermicom-
post substrate mixture was measured with an SI400 pH meter equipped
with a LanceFET probe (Sentron, Netherlands). The substrate was
frozen, lyophilized, and stored for subsequent xenobiotic and PLFA an-
alyses. To clean their intestines, the earthworms for xenobiotic analyses
were left on moistened filter paper for two days. Then, the earthworms
were washed with distilled water, sacrificed by deep-freezing, and
lyophilized.

Coelomocyte extraction of cleaned earthworms for cell analyses was
carried out directly after the experiment. Malondialdehyde and mRNA
levels (samples stored in DNA/RNA Shield (Zymo Research)) were
determined in samples stored at —80 °C.

2.2. Chemical analysis

Metals were extracted using microwave-assisted acid digestion ac-
cording to a previously published protocol (Pacheco et al., 2022). The
analyzed metals were Ag, As, Cd, Co, Cr, Cu, Ni, Pb, Se, Sr, and Zn. Pb
was used as an internal standard for micropollutant concentration
correction to compensate for the loss of the substrate in the control and
vermicomposted SS mixtures at the end of the experiment (Covino et al.,
2016).

PPCPs (Innemanova et al., 2022), as well as PFASs (Semerad et al.,
2020a), were analyzed using liquid chromatography-mass spectrometry
(LC-MS). Previously published methods were followed with only slight
modifications for PPCPs analysis. Briefly, the ASE 200 (Dionex)
extraction cell was filled with 2 g of the sample (in the case of an
earthworm sample less, approximately 0.6 g) and extracted with
methanol. The mobile phase for PPCPs analysis consisted of phase A: 0.5
mM ammonium fluoride (LC-MS grade; Honeywell, USA) in Milli-Q +
0.01% formic acid (LC-MS grade; Honeywell, USA) and phase B: 100%
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methanol (LC-MS grade; Honeywell, USA). The gradient elution pro-
gram was as follows (time [min]/% phase B): 0/5; 0.5/5; 3.17/50; 4.5/
50; 12.5/100; 14.5/100; 15.17/5; 15.83/5. The mobile phase flow rate
was 0.6 mL-min ™", the run time was 17.50 min, and the injection volume
was 2 pL. The ion source temperature was set to 180 °C. To suppress
matrix effects, the samples were analyzed with standards additions of 1,
5, and 25 or 5, 25, and 125 ng-mL’l. The parameters for the mass
spectrometer were optimized using MassHunter Workstation Optimizer
and Source Optimizer (both Version 10.0, SR1; Agilent Technologies,
USA), and the list of analyzed compounds can be found in Table S2. The
bioaccumulation factor (BAF) for the accumulation of an individual
micropollutant in earthworms was calculated according to the following
equation: BAF = concentration (earthworm tissue; ng-g’l dw)/concentra-
tion (substrate mixture; ng-g~' dw). The values of the n-octanol/water
partition coefficient (usually expressed as log K,y) were obtained from
pubchem.ncbi.nlm.nih.gov and were calculated according to the equa-
tion K, = concentration (compound in n-octanol)/concentration (com-
pound in water).

Estimation of the microbial biomass was performed according to a
previously published protocol (Snajdr et al., 2008).

2.3. Toxicological assays

Cytotoxicity assays on earthworm coelomocytes were performed
according to previously published methods with slight changes (Navarro
Pacheco et al., 2021a). A 60% RPMI 1640 medium (3:2 with PBS 3:2; v:
v) and PBS (3:2; v:v) were prepared according to Navarro Pacheco et al.
(2021a).

For the ROS assay, the plate was centrifuged (150 g, 10 min, 4 °C),
the RPMI 1640 medium was removed carefully, and the cells were
washed with 100 pL of PBS. Thereafter, 100 pL of 2'7-dichloro-
fluorescein diacetate (DCF-DA; 1:1000 (v:v) in PBS 3:2; Sigma-Aldrich,
Germany) was applied to the cells, and the plate was kept in the dark
for 15 min. The cells were washed twice with PBS and analyzed.

For the apoptosis and necrosis assay, the plate was centrifuged (150
g, 10 min, 4 °C), the RPMI 1640 medium was removed, and the cells
were washed twice with 100 pL of annexin binding buffer (5x concen-
trate diluted 1:4 with Milli-Q (v:v); Thermo Fisher Scientific, Czech
Republic). Then, 30 pL of Annexin V (Alexa Fluor 647; Thermo Fisher
Scientific, Czech Republic) was applied to the cells, and the plate was
kept in the dark for 15 min. Afterward, 100 pL of annexin binding buffer
was added, and the cells were analyzed.

For the phagocytosis assay, the plate was centrifuged (150 g, 10 min,
4 °C), the RPMI 1640 medium was removed, and 100 pL of medium was
added. Thereafter, Fluoresbrite fluorescent microbeads (1 um diameter;
Polysciencies, Inc., United Kingdom) were added at a quantity of 100
beads per 1 cell. The plate was then incubated for 18 h in the dark at
17 °C. After incubation, the cells were washed twice with PBS and
analyzed.

Prior to flow cytometry analysis, the cells were transferred to
microtubes (Alpha Laboratories Ltd, United Kingdom). All cells except
the non-propidium iodide controls were stained with 10 pL of propidium
iodide (PL; 1 mg-L'}; Sigma-Aldrich, Germany). The PI control without
the fluorescent probe was also analyzed. The cells were analyzed with an
LSR II flow cytometer (BD Biosciences, USA). The flow cytometer set-
tings (forward and side scatter) were adjusted to measure each coelo-
mocyte subtype as well as the fluorescent probe. The data obtained were
analyzed in FlowJo software (version 9.9.4; BD Biosciences, USA).

The levels of malondialdehyde (MDA), a marker of oxidative stress,
were determined according to a previously published protocol (Semerad
et al., 2018) with slight changes for the extraction of MDA from the
earthworm tissue (Pacheco et al., 2022).

Quantification of the mRNA levels of manganese superoxide dis-
mutase (MnSOD), copper-zinc superoxide dismutase (CuZnSOD), lum-
bricin, and fetidin-lysenin genes was performed according to a
previously published method (Roubalova et al., 2018). The selected
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primer sequences can be found in the work of Navarro Pacheco et al.
(2021b). Gene expression values were calculated according to the Livak
method (Taylor et al., 2019). RPL17 and RPL13 (reference genes) were
used as internal controls for gene expression normalization. Non-
template controls were included in the gene expression analyses. The
reported value is the mean of three experiments (+ standard deviation),
each performed in duplicate.

2.4. Statistical analyses

All statistical analyses (P < 0.05) were performed using OriginPro
2019b software (9.6.5.169; USA). The data were tested for normality
prior to each analysis using the Shapiro-Wilk test, and non-parametric
Kruskal-Wallis ANOVA or one-way ANOVA with means comparison
was performed using Tukey’s test.

3. Results and discussion
3.1. Earthworm weight and mortality

After six weeks of incubation, the individual earthworm weight in-
crease was proportional to the increase in the ratio of SS in the mixture.
This trend was observed for both WWTPs. In the case of WWTP1 SS
mixture, the average wet weight of the earthworms increased by 57,
106, and 129% for 25SS, 50SS, and 75SS, respectively, as shown in
Figure S1. Similarly, the earthworm weight increased by 13 and 34% for
50SS and 75SS, respectively, in the WWTP2 SS mixture. Earthworm
growth indicated that a sufficient content of nutrients was available in
the SS used. In contrast, the earthworms in the 0SS (moistened straw
material) and 25SS WWTP2 treatments lost weight, which indicates a
depletion of nutrients during the six-week experimental period. All
changes were statistically significant (P < 0.05). While some authors
observed an increase in earthworm weight after exposure to SS, sup-
porting our results, e.g., Courtois et al. (2021) found increases between
34 and 176%, and Havranek et al. (2017) noted a 40% increase; others
detected a decrease, e.g., Urionabarrenetxea et al. (2022) found an up to
47% decrease and Wen et al. (2015) reported an up to 40% decrease.
These discrepancies are most likely due to the composition of the SS
used, which can include nutrients as well as harmful substances, and due
to the earthworm species used and other experimental conditions (Vafa
et al., 2016).

At the end of the experiment, some earthworms were missing: they
either escaped or died and subsequently decomposed. The mortality
data are shown in Table S3. There was not significant difference in the
number of earthworms at the beginning and at the end of the experi-
ment. Likewise, in terms of mortality, the treatments with the highest
level of SS added from both WWTPs did not show significant differences
(P < 0.05) from those with 0% SS added.

3.2. Substrate pH

The addition of SS to moistened straw caused a shift in pH from
slightly acidic to neutral for 0SS and 25SS, while the acidity increased in
50SS and 75SS for treatments containing SS from both WWTPs
(Table S3). During vermicomposting, the pH of the mixture dropped
from the initial value of 6.9 4+ 0.2 t0 5.6 & 0.6 in 755S WWTP1 as well as
from 6.9 + 0.1 to 6.0 + 0.6 and 5.1 + 0.5 in 50SS WWTP2 and 75SS
WWTP2, respectively (statistically significant changes, P < 0.05). The
same trend was observed in the case of control samples (no earthworm
activity). The pH drop observed during the process of vermicomposting
is in accordance with other published data. Contreras-Ramos et al.
(2005) observed a shift in pH from 8.4 to 7.9; Georgi et al. (2022)
recorded a shift from 6.1 to 5.7, and Ludibeth et al. (2012) reported a
shift from 6.02 to 5.65-5.82. The shift to more acidic pH probably
occurred because microbial activity produced compounds such as CO,
organic acids, NO3, and NOxa.
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3.3. Heavy metals

In the case of both WWTP SS mixtures, the total concentration of
heavy metals increased after six weeks of vermicomposting as well as in
the controls, which probably occurred due to a loss in substrate weight
and volume. Nevertheless, the concentrations were low and were below
the legislation limits (data not shown). An increase in the concentration
of heavy metals after vermicomposting was observed in earlier pub-
lished works. Bhat et al. (2013) observed an increase in Zn, Cu, Fe, and
Mn concentrations after the vermicomposting of dyeing sludge from
textile mills. Georgi et al. (2022) reported an increase in Cu, Cr, Ni, and
Fe and a decrease in Zn content after the vermicomposting of municipal
SS. Vig et al. (2011) detected an increase in Cu, Fe, Mn, and Zn when
tannery sludge was vermicomposted with cattle dung.

Interestingly, there was almost no difference in the heavy metal
concentration in earthworm bodies in the 0SS, 25SS, 50SS, and 75SS
treatments after vermicomposting (data not shown). However, as stated
by Innemanova et al. (2022), the monitoring of heavy metals during the
process is not completely relevant. Since earthworm population turn-
over occurs, heavy metals are released into the substrate during earth-
worm decomposition. Therefore, it is important to analyze heavy metals
in the starting material and to compare the values with the legislation
requirements. In our case, in the treatments with the highest amount of
SS (75SS), the concentration of all analyzed metals would comply with
the Czech legislation limit for the agricultural land application of treated
SS (Ministry of the environment of the Czech Republic., 2021).

3.4. Micropollutant vermiremediation

3.4.1. Pharmaceuticals and personal care products (PPCPs)

Out of the 51 PPCPs analyzed, 22 were found in WWTP1 SS
(Figure S2a). The sums of PPCPs in the initial mixture were 2509 + 117,
4542 + 115, and 6925 + 402 ng-g~* dw for 25SS, 50SS, and 75SS,
respectively. Telmisartan was detected at the highest concentrations by
far, followed by triclosan, citalopram, azithromycin, and cetirizine. A
significant decrease in the PPCPs sum was observed both in the vermi-
composted and control substrates after six weeks (P < 0.05). The total
concentrations of PPCPs in the vermicompost were 1298 + 256, 2353 +
443, and 4451 + 472 ng-g~! dw for 25SS, 50SS, and 75SS, respectively.
In the WWTP2 SS mixture, 24 PPCPs were found (Fig. S2b). Overall, the
PPCPs concentrations in the initial mixtures were 1646 £ 108, 3485 +
133, and 5197 + 371 ng-g’1 dw for 25SS, 50SS, and 75SS, respectively.
Similarly, telmisartan was the most abundant PPCP, followed by tri-
closan, bisphenol A, citalopram, and cetirizine. A significant decrease in
the PPCPs sums was observed after six weeks of vermicomposting (P <
0.05); the concentrations decreased to 528 &+ 40, 1769 + 123 and 2741
+ 65 for 25SS, 50SS, and 75SS, respectively. However, a similar
decrease was noted in control without earthworms except in the 50SS
mixture, in which the concentration was significantly higher than that in
the vermicompost (P < 0.05). The concentration of most of the detected
PPCPs decreased during the vermicomposting process. The decline in
PPCPs amounts was more distinct in vermicompost than in the control
SS mixture that did not contain earthworms. However, the differences
were not significant in most cases, as shown in Fig. 1 (P < 0.05), which
presents the concentration of the individual compounds in 25SS sam-
ples. Statistically significant differences relative to the control with no
earthworms were observed for four compounds, diclofenac, metoprolol,
telmisartan, and triclosan with average decreases of 90, 88, 62, and
81%, respectively. These PPCPs (except metoprolol), together with
others, were also found in the earthworm bodies; thus, the decrease can
partially be attributed to vermiaccumulation. In contrast, hydrochloro-
thiazide was significantly eliminated in the control without earthworms.
A list of vermiaccumulated PPCPs, together with their application, log
Kow, and calculated BAF, can be found in Table 1 and Table S4. BAFs
decreased when the SS amount added was increased, which is in
accordance with other studies (Rivier et al., 2019). The most
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vermiaccumulated PPCPs were caffeine and diclofenac, with BAFs of
1.93 and 1.61 for 25SS WWTP1 and 2.13 and 1.21 for 25SS WWTP2,
respectively. The log K,y of PPCPs detected in earthworms ranged from
—0.1 (caffeine) to 7.7 (telmisartan), and 7 out of 10 vermiaccumulated
compounds had log K, values greater than 3. Spearman’s correlation
test showed no correlation between BAF and log Ko, values (Table S5; P
> 0.34), which is in accordance with the work of Kinney et al. (2008).

Despite the significantly different content of PPCPs in 75SS WWTP1
and 75SS WWTP2 at the start of the experiment, there were no signifi-
cant differences in the amount of accumulated PPCPs in the earthworm
bodies (Fig. 2a), suggesting that this process is determined by the ability
of earthworms to take up pollutants rather than by the concentration of
PPCPs in the surrounding environment. Triclosan was found to accu-
mulate in earthworms in many studies, and documented BAF values
range from 0.5 to 1334. Chen et al. (2020) reported BAFs reaching 11 in
Eisenia fetida and 0.6 in Metaphire guillelmi; Chevillot et al. (2018) re-
ported a value of 2 in Eisenia andrei; Havranek et al. (2017) found a value
of 10.9 in Dendrobaena veneta; Kinney et al. (2008) observed a value of
27 in unspecified field-collected earthworms; Pannu et al. (2012) noted
a value of 10 in unspecified earthworm species and; Rivier et al. (2019)
found a value of 1334 in Aporrectodea caliginosa. The concentration of
diclofenac in the substrate decreased after vermicomposting in a study
by Carter et al. (2016), and the biota-sediment accumulation factor
(BSAF) in earthworms ranged from 1.01 to 12.36, based on soil type.
Innemanova et al. (2022) observed a significant decrease in the con-
centrations of caffeine, metoprolol, and telmisartan (P < 0.01) in a pilot-
scale vermicomposting experiment with SS.

3.4.2. Perfluoroalkyl and polyfluoroalkyl substances (PFASs)

Out of the 37 analyzed PFASs, 12 were found in the WWTP1 SS
mixture (Fig. S3a). Their total sum concentrations were 21 + 2, 45 + 2,
and 67 + 5 ng-g~! dw for 25SS, 50SS, and 75SS, respectively. The PFASs
present in the highest concentration were perfluorooctane sulfonic acid
(PFOS), followed by perfluoro-n-decanoic acid (PFDA), and n-ethyl-
perfluoro-1-octanesulfonamidoacetate (nEtFOSAA). No clear trend was
observed in the PFASs sum concentration between the beginning and
end of the experiment. The total concentrations were 16 + 5, 30 + 5,
and 59 + 33 ng~g’1 dw for 25SS, 50SS, and 75SS, respectively. The
WWTP2 SS mixture contained 12 out of 37 analyzed PFASs (Fig. S3b).
The initial sums of their concentrations were 11 + 2,19 + 2, and 26 + 3
ng-g~! dw for 258S, 50SS, and 7588, respectively. Once again, the most
abundant compound was PFOS, followed by 7:3 fluorotelomer acid (73
FTA), PFDA, and perfluoro-n-dodecanoic acid (PFDoDA). The total
concentration of PFASs decreased during the vermicomposting process.
At the end, the sum concentrations were 3 + 0,9 4+ 0,and 11 + 1 ng-g~}
dw for 25SS, 50SS, and 75SS, respectively. The decrease in the total
concentrations in the control sacks without earthworms showed a
similar trend. PFASs are very persistent compounds and cannot be fully
decomposed by biological processes. However, they can be transformed
or taken up by organisms, accumulating in the organisms’ bodies. This
might be a probable reason for the drop in the concentrations of PFASs in
our study. For instance, 73 FTA was significantly transformed in both
vermicompost and control SS mixtures (P < 0.05), and its possible
biotransformation was demonstrated in other studies (Butt et al., 2014).
The average earthworm:substrate weight ratio of the PFASs sum at the
end of the experiment was 1:7, 1:12, and 1:47 in 25SS, 50SS, and 75SS
WWTP1 and 1:7, 1:10, and 1:6 in 25SS, 50SS, and 75SS WWTP2,
respectively. A list of vermiaccumulated PFASs, their log K, values, and
their calculated BAFs can be found in Table 2. The PFASs with BAF > 3
in either of the vermicomposted WWTP SS mixtures were perfluoro-n-
heptanoic acid (PFHpA), PFDA, perfluoro-n-undecanoic acid
(PFUnDA), PFDoDA, perfluoro-n-tridecanoic acid (PFTrDA) and PFOS.
The PFASs with the highest BAFs were PFTrDA, PFOS and PFDoDA,
which were found to have the highest BAFs in previously published
studies: Navarro et al. (2016) reported a BAF for PFDoDA of 198; Zhao
et al. (2014) reported BAFs reaching 5.19; and Zhao et al. (2013)
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Fig. 1. Concentrations of the individual PPCPs in the 25SS vermicompost and the 25SS control (no earthworms) for WWTP1 (a) and WWTP2 (b) after six weeks of
vermicomposting expressed as % of the initial concentration. The asterisks represent significant differences (P < 0.05). The columns represent the averages and the
error bars represent standard deviations (n = 3). PPCPs = pharmaceuticals and personal care products; 25SS = substrate containing 25% sewage sludge and 75%
straw; WWTP1 = wastewater treatment plant 1; WWTP2 = wastewater treatment plant 2.
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Table 1
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PPCPs found in the SS mixtures and their BAFs. The BAF values were calculated according to the following equation: BAF = concentration (earthworm tissue; ng-g~* dw)/

concentration (substrate mixture; ng~g’1 dw).

WWTP1 WWTP2

PPCPs log Kow Bioaccumulated BAF 25SS BAF 50SS BAF 7588 Bioaccumulated BAF 25SS BAF 50SS BAF 75SS
acesulfame? -1.3 X - - - X - _ _
amitriptyline 4.9 X - - - X - - —
atorvastatin 6.4 X - - - X — _ _
azithromycin 4.0 v 0.00 0.00 0.03 X - - -
bisphenol A2 3.3 X - - - v NC 0.00 0.43
bisphenol F? 2.9 X - - - X _ _ _
caffeine -0.1 v 1.93 0.67 0.48 v 2.13 0.75 0.39
carbamazepine 2.5 v 0.00 0.06 0.13 v 0.14 0.02 0.05
cetirizine 1.7 v 0.09 0.06 0.05 v 0.18 0.05 0.07
citalopram 3.7 v 0.12 0.10 0.09 v 0.05 0.07 0.07
clarithromycin 3.2 X - - - X _ _ _
daidzein 2.6 X - - - X _ _ _
diclofenac 4.5 v 1.61 1.52 0.74 v 1.21 0.39 0.19
equol2 3.2 X - - - X — _ _
genistein 2.8 X - - - X - _ _
hydrochlorothiazide® -0.1 X - - - X - _ _
ibuproferl1 4.0 v - - NC X — — _
lamotrigine 2.6 X - - - X _ _ _
metoprolol 1.9 X - - - X _ _ _
mirtazapine 2.9 X - - - X _ _ _
sulfapyridine 0.4 X - - - X - _ _
telmisartan 7.7 v 0.03 0.03 0.02 v 0.05 0.03 0.02
tramadol 1.4 X - - - X _ _ _
triclosan 4.8 v 0.25 0.16 0.10 v 0.28 0.11 0.10
trimethoprim 0.9 X - - - X _ _ _
venlafaxine 3.2 X - - - X _ _ _

WWTP1 = wastewater treatment plant 1; WWTP2 = wastewater treatment plant 2; PPCPs = pharmaceuticals and personal care products; K., = octanol-water
partition coefficient; BAF = bioaccumulation factor; SS = sewage sludge; 25SS = substrate containing 25% sewage sludge and 75% straw; 50SS = substrate containing
50% sewage sludge and 50% straw; 75SS = substrate containing 75% sewage sludge and 25% straw; 1 - PPCP found only in the SS mixture of WWTP1; 2 - PPCP found
only in the SS mixture of WWTP2; NC = not calculated (was found in the earthworms but the concentration was below the quantification limit of the substrate

mixture); v - vermiaccumulated; X — not vermiaccumulated.
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Fig. 2. Concentrations of PPCPs (a) and PFASs (b) in the 75SS starting mixture with WWTP1 and WWTP2 SS (capital letters represent significant differences; P <
0.05) and concentrations in earthworms after six weeks of vermicomposting (lowercase letters represent significant differences; P < 0.05). The columns represent the
averages, and the error bars represent standard deviations (n = 3). PPCPs = pharmaceuticals and personal care products; PFASs = per/polyfluoroalkyl substances;
WWTP1 = wastewater treatment plant 1; WWTP2 = wastewater treatment plant 2; SS = sewage sludge; 75SS = substrate containing 75% sewage sludge and

25% straw.

reported BAFs reaching 0.5 (as BSAF). The BAF values for PFOS were
3.72 and 8.16 in the WWTP1 and WWTP2 25SS mixtures, respectively.
These values match those published previously by Navarro et al. (2017):
3.89 and 6.09; Wen et al. (2015): 1.54 to 4.12; and Zhao et al. (2014):
2.945 to 4.709 (as BSAF). For perfluoro-n-octanoic acid (PFOA), a lower
BAF (2.75) was observed than that of PFOS with an identical carbon
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chain length. This outcome supports the trend previously mentioned by
Zhao et al. (2013, 2014), that the BAFs of perfluorosulfonate acids are
generally greater than those of perflurocarboxylic acids of equal per-
fluorinated chain length. Navarro et al. (2016) and Wen et al. (2015)
also observed higher BAFs for PFOS (21 and 1.54-4.12, respectively)
than for PFOA (2.2 and 0.52-1.34, respectively). The log K, of PFASs
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Fig. 3. PLFA concentrations of the total bacterial (a) and fungal (b) biomass. The letters above the columns represent significant differences (P < 0.05) in the groups
for the three values: start (week 0), end vermi (vermicompost; week 6), and control (no earthworms; week 6). The columns represent the averages, and the error bars
represent standard deviations (n = 3). PLFAs = phospholipid fatty acids; WWTP1 = wastewater treatment plant 1; WWTP2 = wastewater treatment plant 2; SS =
sewage sludge; 0SS = substrate containing 0% sewage sludge and 100% straw; 25SS = substrate containing 25% sewage sludge and 75% straw; 50SS = substrate
containing 50% sewage sludge and 50% straw; 75SS = substrate containing 75% sewage sludge and 25% straw.
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Table 2
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PFASs found in the SS mixtures and their BAFs. The BAF values were calculated according to the following equation: BAF = concentration (earthworm tissue; ng-g~* dw)/

concentration (substrate mixture; ng'g’l dw).

WWTP1 WWTP2

PFASs Formula log Per Bioaccumulated BAF BAF BAF Bioaccumulated BAF BAF BAF

Kow F-C 25SS 50SS 75SS 25SS 50SS 75SS
PFPeA? CsHF40, 2.7 4 X - - - X - - -
PFHxA CgHF;,0, 3.5 5 X - - - X - - -
PFHpA C7HF1302 4.4 6 X - - - v 3.51 3.14 3.94
PFOA CgHF150, 5.2 7 4 2.75 1.83 0.16 X - - -
PENA CoHF170, 6.0 8 v 2.68 1.89 1.21 X - - -
PFDA C10HF1904 6.8 9 v 1.84 1.17 0.86 v 3.26 1.10 0.98
PFUnDA C11HF2,0, 7.6 10 4 5.57 2.30 1.62 v 3.09 0.00 0.00
PFDoDA C12HF330, 8.4 11 v 5.95 3.95 2.81 v 6.01 2.60 1.95
PFTrDA C13HF3504 9.2 12 v 4.99 9.51 5.36 v NC 4.60 4.15
PFTeDA? C14HF,0, 10.0 13 X - - - v NC NC NC
PFOS CgHF1,03S 4.0 8 v 3.72 1.83 1.46 v 8.16 4.42 5.04
PFOSA CgH,F17NO2S 4.8 8 v - NC NC v - NC NC
53 FTA? CgHsF110, 4.2 5 X - - - v - NC NC
73 FTA® C10HsF1502 6.0 7 X - - - v - NC NC
nMetFOSAA!  C;1HgF17NO,S 8.8 8 X - - - X - - -
nEtFOSAA! C1,HgF1,NO,S 9.3 8 v 0.00 0.00 0.51 X - - -

WWTP1 = wastewater treatment plant 1; WWTP2 = wastewater treatment plant 2; PFASs = per/polyfluoroalkyl substances; K,,, = octanol-water partition coefficient;
Per F-C = number of perfluorinated carbons; BAF = bioaccumulation factor; SS = sewage sludge; 25SS = substrate containing 25% sewage sludge and 75% straw; 50SS
= substrate containing 50% sewage sludge and 50% straw; 75SS = substrate containing 75% sewage sludge and 25% straw; PFPeA = perfluoro-n-pentanoic acid;
PFHXA = perfluoro-n-hexanoic acid; PFHpA = perfluoro-n-heptanoic acid; PFOA = perfluoro-n-octanoic acid; PFNA = perfluoro-n-nonanoic acid; PFDA = perfluoro-n-
decanoic acid; PFUnDA = perfluoro-n-undecanoic acid; PFDoDA = perfluoro-n-dodecanoic acid; PFTrDA = perfluoro-n-tridecanoic acid; PFTeDA = perfluoro-n-
tetradecanoic acid; PFOS = perfluorooctane sulfonic acid; PFOSA = perfluorooctane sulfonamide; 53 FTA = 5:3 fluorotelomer acid; 73 FTA = 7:3 fluorotelomer acid;
nMetFOSAA = n-methyl-perfluoro-1-octanesulfonamidoacetate; nEtFOSAA = n-ethyl-perfluoro-1-octanesulfonamidoacetate; 1 - PFAS found only in the SS mixture of
WWTP1; 2 - PFAS found only in the SS mixture of WWTP2; NC = not calculated (was found in the earthworms but the concentration was below the quantification limit

of the substrate mixture); v - vermiaccumulated; X - not vermiaccumulated.

detected in earthworms ranged from 4.0 (PFOS) to 10.0 (perfluoro-n-
tetradecanoic acid; PFTeDA). Spearman’s correlation test did not
demonstrate any significant correlations between BAF and log K,y
values (Table S5; P > 0.23). This is in contradiction to reports by Zhao
et al. (2013) and Navarro et al. (2016), who stated that PFASs uptake by
earthworms can be predicted by the log Ko, values of the compounds.
However, there was a moderate to strong positive correlation found
between the individual BAFs and the number of fluorinated carbons in
the molecule for PFASs in the WWTP1 SS mixture (Table S5; r = 0.55,
0.59, 0.65 and P = 0.03, 0.02, 0.01 for 25SS, 50SS, 75SS, respectively)
and WWTP2 SS mixture (Table S5; r = 0.50, 0.44, 0.40 and P = 0.07,
0.15, 0.20 for 25SS, 50SS, 758SS, respectively). Chain-length-dependent
uptake of PFASs by earthworms was previously described by other re-
searchers (Rich et al., 2015). Some compounds were found only in
earthworm bodies and not in the vermicomposted substrate. Their
concentrations increased with an increase in the proportion of SS in the
mixture. These compounds were perfluorooctane sulfonamide (PFOSA),
PFTeDA, 5:3 fluorotelomer acid (53 FTA), and 73 FTA. This indicates
that earthworms can act as living passive samplers that extract com-
pounds from a surrounding material. The highest BAF levels for most of
the substances were observed in the 25SS treatment for both WWTP1
and WWTP2. Thus, bioaccumulation of PFASs is not completely
concentration-dependent, and the BAFs decrease with increasing PFASs
concentration in a substrate, as has been noted by Wen et al. (2015) and
Zhao et al. (2013, 2014). These authors stated that the reason probably
involved the saturation of PFAS-binding proteins, which disabled
further absorption of PFASs into the earthworm bodies. However, we
observed the same trend for a diverse group of PPCPs. These findings
suggest that the absorption capacity of earthworms for micropollutants
is not specific and might be driven by general mechanisms, e.g., the
surface area of the earthworm bodies and their gut. The data in Fig. 2b
support this theory. It illustrates that while the WWTP1 and WWTP2
75SS mixture contained significantly different amounts of PFASs at
week 0, there was no significant difference between the amounts of
PFASs accumulated by the earthworms after six weeks of vermi-
composting (P < 0.05).
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3.5. Phospholipid fatty acid (PLFA) analysis

To monitor the microbial biomass at the beginning and end of the
vermicomposting process, an analysis of the characteristic cell mem-
brane PLFAs was performed. The increase in the total bacterial biomass
(represented by PLFAs) of the initial SS mixture was proportional to the
SS amount added (Fig. 3a). During the vermicomposting experiment,
bacterial PLFAs decreased, especially in the 75SS mixture, in which the
average decline was 90 and 79% for WWTP1 and WWTP2, respectively.
The corresponding controls without earthworms showed average de-
creases of 37 and 41%, respectively. All changes were statistically sig-
nificant (P < 0.05). In the case of WWTP1, the increase in fungal biomass
was proportional to the amount of SS added and in the case of WWTP2,
the opposite trend was observed (Fig. 3b). For WWTP1, the fungal
biomass in 75SS was significantly reduced by 67% and by 24% in the
vermicompost and the control, respectively (P < 0.05). Vermicompost-
ing of the WWTP2 25SS, 50SS, and 75SS mixtures did not lead to
changes in fungal PLFAs; however, there was a significant increase
observed in all controls (P < 0.05).

The reduction in microbial biomass during vermicomposting is
consistent with previously published works stating that the presence of
epigeic earthworms has a negative effect on microbial biomass growth.
Gomez-Brandon et al. (2011a) observed a decrease in bacterial biomass
after the vermicomposting of pig slurry with Eisenia fetida. Gomez-
Brandon et al. (2011b) reported a large decrease in bacterial biomass
after the vermicomposting of cow, pig, and horse manure with Eisenia
andrei. Villar et al. (2016) observed a reduction in the biomass of all
microbes after SS was vermicomposted with Eisenia andrei. Fungi are less
affected by the action of earthworms since they constitute a smaller
fraction of microbes (Gomez-Brandon et al., 2011b) and are mostly
present in the form of spores (Dominguez et al., 2010). In a previous
study, researchers noted that microbial biomass decrease is proportional
to the increase in earthworm quantity and biomass (Aira et al., 2011).
This is in accordance with our findings, which show that the earthworms
in 0SS lost weight during the vermicomposting process, while the overall
microbial biomass increased. Additionally, in the control treatments
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without earthworms, the microbial biomass amounts were generally
greater than those in the vermicomposted treatments. The same
outcome was observed when SS from a malt house was vermicomposted
(Hanc et al., 2020). In contrast, the earthworms in the 75SS mixture
increased in weight by up to 129% (WWTP1), which resulted in a major
decrease in microbial biomass. There can be multiple explanations for
the depletion of microbial biomass when earthworms are present.
Earthworms can digest bacteria and fungi and use them as sources of
energy and/or they can also act as food competitors consuming re-
sources essential for microbes (Dominguez et al., 2010). Additionally,
the use of SS as a vermicomposting substrate could be a key reason; the
SS could have undergone biological degradation in the WWTP and easily
utilized food sources for microorganisms could have been exhausted,
leading to their depletion (Villar et al., 2016). However, although the
abundance of the microbial population was greatly reduced, the bacte-
rial population that remained was more active due to processes
enhanced by earthworms (Gomez-Brandon et al., 2011a). Aira et al.
(2011) reported microbial activity was maintained despite the decrease
in microbial biomass after the vermicomposting process. Zhao et al.
(2018) observed a decline in bacterial biomass in vermicomposted SS
containing Eisenia fetida. Earthworms also enhanced the growth of fungi
and protozoa, resulting in a modification of the microbial community
and optimization of sludge stabilization. Nevertheless, further research
is needed to ascertain the specific microbial species present in the ver-
micomposted SS and corresponding control containing no earthworms
to estimate possible mechanisms of micropollutant degradation.

3.6. Toxicity bioassays: Malondialdehyde production, cytotoxicity
assays, and gene expression

Lipid peroxidation induced by SS exposure was monitored as MDA
production in the earthworms. Surprisingly, the MDA levels were
significantly higher in 0SS earthworms than in 75SS earthworms for
both WWTP SSs used in the experiment (Fig. 4, P < 0.05). The con-
centrations of MDA in 0SS earthworms were 442 + 98 and 415 + 172
nM-g_1 of wet tissue (wt), while in the 75SS mixture, they were 198 +
77 and 102 + 40 nM-g~! wt for WWTP1 and WWTP2, respectively.
These outcomes indicate a deterioration in the health of the earthworms
that were grown in moistened straw pellets containing no SS or other
sources of nutrients. Combined with the observation that the earth-
worms had lower weights, the results indicate that the earthworms did
not thrive and that straw might not be a suitable bulking agent for
vermicomposting since it does not provide the nutrients needed for
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earthworms. In previously published works, SS (Kaur et al., 2020) and
wastewater (Mkhinini et al., 2020, 2019) exposure caused higher pro-
duction of MDA in Eisenia spp. earthworms. However, in some studies
with continuous monitoring of MDA, a decreasing trend was observed in
its production, probably due to the antioxidant effect of enzymes that
scavenge ROS, which reduced MDA production (Zhang et al., 2013).

Generally, HAs evinced lower viability and were more prone to
apoptosis, necrosis, and phagocytosis, indicating their higher sensitivity.
The cell viability of earthworms in SS-enriched treatments remained at
the same level as in the WWTP1 0SS (Fig. 5a, P < 0.05). There was a
significant increase in cell viability in 75SS GA and HA compared to
WWTP2 0SS. Contrary to the MDA outcomes, the ROS measured in cells
did not show any significant changes except in 0SS and 25SS GA for
WWTP1 (Fig. 5b, 75SS WWTP1 was not analyzed due to the low number
of earthworms found in the samples). The addition of WWTP1 SS had no
significant effect on apoptosis and necrosis, except in early apoptosis,
which was significantly increased in 75SS compared to 25SS HA (Fig. 5c,
d, e). For WWTP2, fewer cells underwent early and late apoptosis in
75SS than in 0SS (Fig. 5c, d), but more cells underwent necrosis
(Fig. 5e). Phagocytosis was not affected by the addition of SS in any of
the cell populations (Fig. 5f).

Changes in the mRNA levels of selected molecules were analyzed
using the bottom part of the earthworms containing gut tissue (Table 3).
The MnSOD and CuZnSOD proteins that protect cells against oxidative
stress were not up- or downregulated in SS treatments compared to 0SS,
which is in accordance with the outcomes of the ROS assay (Fig. 5b). The
antimicrobial protein lumbricin was not affected, while fetidin-lysenin
genes were significantly upregulated in all WWTP1 SS treatments,
indicating the involvement of defense mechanisms against pathogens
(Roubalova et al., 2020). The expression of fetidin-lysenin genes in
E. andrei is generally higher than that in E. fetida, probably due to
evolutionary selection (Dvorak et al., 2013).

Various toxicity assays have been employed to monitor the fate of
earthworms after exposure to SS; however, the results are ambiguous.
Generally, the results are based on conventional endpoints such as
mortality and reproduction rather than tissue/cellular level markers
(Babic et al., 2016). Additionally, the so-called toxic cocktail effect must
be examined in earthworms at environmentally relevant micropollutant
concentrations without any additional spikes of pollutants into SS (Zhao
et al., 2022). SS toxicity to earthworms can be caused by various pol-
lutants. Generally, earthworms are very sensitive to elevated concen-
trations of ammonia (Dominguez, 2004), heavy metals (Natal-da-Luz
et al., 2009), and pathogens (Ghosh, 2018); however, SS can contain
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Fig. 4. MDA concentrations in earthworm tissue. The letters above the columns represent significant differences for each WWTP (P < 0.05). The columns represent
the averages, and the error bars represent standard deviations (n = 3). MDA = malondialdehyde; WWTP1 = wastewater treatment plant 1; WWTP2 = wastewater
treatment plant 2; SS = sewage sludge; 0SS = substrate containing 0% sewage sludge and 100% straw; 25SS = substrate containing 25% sewage sludge and 75%
straw; 50SS = substrate containing 50% sewage sludge and 50% straw; 75SS = substrate containing 75% sewage sludge and 25% straw.
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Fig. 5. Cytotoxicity assays: viability (a), ROS (b), early apoptosis (c), late apoptosis (d), necrosis (e), and phagocytosis (f). The letters above the columns represent
significant differences for each cell subtype — granular amoebocytes (GA) and hyaline amoebocytes (HA) in WWTP1 and WWTP2 (P < 0.05). The columns represent
the averages, and the error bars represent standard deviations (n = 5-6). WWTP1 = wastewater treatment plant 1; WWTP2 = wastewater treatment plant 2; SS =
sewage sludge; 0SS = substrate containing 0% sewage sludge and 100% straw; 25SS = substrate containing 25% sewage sludge and 75% straw; 50SS = substrate
containing 50% sewage sludge and 50% straw; 75SS = substrate containing 75% sewage sludge and 25% straw; ROS = reactive oxygen species; DCF-DA = 2'7'-
dichlorofluorescein diacetate.
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Table 3

Normalized expression of selected molecule-encoding genes in E. andrei after
exposure to SS. The asterisks represent significant differences among the aver-
ages that are followed by standard deviations (n = 6) of SS mixtures for each
WWTP (P < 0.05). The gene expression values were calculated according to the
Livak method. RPL17 and RPL13 (reference genes) were used as internal controls
for gene expression normalization.

Molecule lumbricin fetidin- CuZnSOD MnSOD
lysenin
Function immunity immunity oxidative oxidative
stress stress
WWTP1 0SS 1.10 + 1.44 +£1.11 1.03 + 0.27 1.09 + 0.50
0.54
25SS 1.93 + 6.52 + 1.31 + 0.34 1.38 £ 0.70
0.67 3.36*
50SS 1.92 + 5.07 + 0.92 + 0.18 1.71 + 0.68
0.35 1.38*
75SS 1.49 + 5.34 + 1.03 + 0.60 1.05 + 0.63
0.70 1.99*
WWTP2 0SS 1.02 + 1.08 + 0.45 1.00 + 0.08 1.07 + 0.47
0.19
25SS 0.66 + 0.94 +0.21 0.95 + 0.29 0.69 + 0.15
0.18
50SS 1.06 + 1.40 + 0.40 1.33 £ 0.55 1.18 + 0.44
0.54
75SS 0.76 + 1.13 + 0.58 1.00 £+ 0.36 1.15 + 0.47
0.48

WWTP = wastewater treatment plant; WWTP1 = wastewater treatment plant 1;
WWTP2 = wastewater treatment plant 2; SS = sewage sludge; 0SS = substrate
containing 0% sewage sludge and 100% straw; 25SS = substrate containing 25%
sewage sludge and 75% straw; 50SS = substrate containing 50% sewage sludge
and 50% straw; 75SS = substrate containing 75% sewage sludge and 25% straw;
CuZnSOD = copper-zinc superoxide dismutase; MnSOD = manganese super-
oxide dismutase.

many other pollutants causing toxic effects (Fijalkowski et al., 2017).
Natal-da-Luz et al. (2009) emphasized that the toxicity of SS highly
depends on its origin. In their study, SS from the electroplating industry
induced an avoidance response in E. andrei after one week, whereas
urban and olive-processing SS did not. Suleiman et al. (2017) reported
no mortality of E. andrei, E. fetida, and D. veneta after exposure to three
different SSs for 45 days. Although no statistically significant differences
were observed between the earthworm coelomocyte number in controls
and after vermicomposting, the number of cells per worm in E. fetida and
D. veneta increased along with increasing SS proportion. In the case of
E. andrei, the cell populations were not affected, demonstrating the
strong detoxification mechanisms of this species. On the other hand,
Urionabarrenetxea et al. (2022) reported a decrease in the coelomocyte
number and calcein retention, suggesting cell damage in E. fetida in
landfill soil after three days. Babic et al. (2016) observed increased
levels of lipid peroxidation in E. fetida on the fourth day of exposure to
diluted SS. Subsequently, the levels started decreasing, indicating an
activation of compensatory defense mechanisms, which is in agreement
with the results in our study. The body wall of the earthworms was
disrupted and started thinning after 14 days. The damage was propor-
tional to SS concentration and duration of exposure. In the present
study, the authors did not observe any disruption of the body walls of
earthworms in 75% SS. There were no significant changes in the ribo-
flavin content of D. veneta after 56 days of exposure to municipal SS
(Rorat et al., 2013). The coelomocyte number of the earthworms kept in
soil with 25% SS addition increased gradually, and reproduction was not
disrupted, unlike in 50% SS and 0% SS (only soil). The authors therefore
suggest that a moderate amount of SS provided a good source of food
and nutrients for the earthworms, which is in agreement with our
findings.

4. Conclusion

Earthworms facilitated the composting process by considerably
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changing SS properties, including its microbial biomass proportion. A
wide range of micropollutants was vermiaccumulated with the highest
BAFs observed in the 25% SS treatments. Vermicomposted material had
significantly lower contents of diclofenac, metoprolol, telmisartan, and
triclosan than the control containing no earthworms. As expected, we
did not detect any substantial removal of PFASs, except for the trans-
formation of compounds that are not fully fluorinated (e.g., fluorotelo-
meric acids); moderate bioaccumulation was also observed in the
earthworms. An interesting trend was noted for the overall bio-
accumulation of the detected micropollutants. Although the original SS
samples contained substantially different concentrations of micro-
pollutants, both groups of compounds (PPCPs and PFASs) vermiaccu-
mulated to a similar extent. Considering the very different properties of
the micropollutants, these findings indicate that organic micropollutants
are absorbed via some very general mechanisms controlled by earth-
worm physiology rather than by specific transporters, as previously
suggested for PFASs in the literature. The results of toxicity testing using
isolated earthworm cells and selected gene expression were ambiguous.
Macroscopic tests for the toxicity of the sludge on earthworm biomass
showed positive effects. Based on the results of this study, it is not
possible to infer any direct effects of the micropollutants present in the
sludge on earthworm physiology. However, it is obvious that the use of
immune earthworm cells is a much more sensitive tool to evaluate
toxicity effects on organisms, and the appropriateness of this approach is
emphasized for further studies.
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Supplementary Table 1 Characterization of the initial materials — sewage sludge and straw.
Values are expressed as average followed by standard deviation (n = 3).

Electrical Total Total
Material pH conductivity carbon [%]  nitrogen [%] C/N ratio
[mS-cm™] ° 9 °
WWTP1 SS 6.9+0.1 0.6+0.1 329+0.3 54+0.1 6.1+0.1
WWTP2 SS 7.0+0.2 0.5+0.1 31.2+0.2 75+0.3 45+0.3

Straw pellets 6.1+£0.1 0.7+01 42604 0.8+01 53.7+7.6
WWTP1 = wastewater treatment plant 1; WWTP2 = wastewater treatment plant 2; SS = sewage
sludge.

Supplementary Table 2 List of analyzed PPCPs and EDs (in the main text collectively referred to
as PPCPs).

- - Collision Cell Analytical
PPCPs th:ralgittlifcl::‘r/quallfler Ioor:arit energy Frag[;n\;a]ntor accelerator standard
P y [eV] voltage [V] manufacturer
acesulfame 162.0 — 82.0 negative 12 65 4 Sigma-Aldrich
162.0 —» 78.0 negative 36 65 4
acetaminophen 152.1 — 65.0 positive 32 100 3 Sigma-Aldrich
(paracetamol) 152.1 — 110.1 positive 18 100 3
amitriptyline 278.2 — 2331 positive 16 120 4 Carl Roth GmbH
278.2 — 105.1 positive 28 120 4
atenolol 267.2 — 1451 positive 28 120 3 Sigma
267.2 — 56.0 positive 32 120 3
atorvastatin 559.3 — 440.2 positive 24 165 3 Sigma-Aldrich
559.3 — 250.1 positive 48 165 3
azithromycin 749.5 — 591.3 positive 32 210 4 Sigma-Aldrich
749.5 — 573.3 positive 40 210 4
caffeine 195.1 — 138.0 positive 20 105 4 Sigma-Aldrich
195.1 — 110.0 positive 26 105 4
carbamazepine 2371 — 1941 positive 20 120 4 Sigma
237.1 - 179.1 positive 40 120 4
carbamazepine- 253.1 — 210.1 positive 12 65 4 Sigma-Aldrich
10,11-epoxide 253.1 — 236.1 positive 8 65 4
cetirizine 389.2 — 201.0 positive 20 110 3 Alfa Aesar
389.2 — 165.1 positive 48 110 3
citalopram 325.2 — 109.1 positive 28 95 4 European
325.2 — 234 .1 positive 32 95 4 Pharmacopoeia
clarithromycin 748.5 — 158.0 positive 32 100 4 Sigma-Aldrich
748.5 — 590.3 positive 20 100 4
diclofenac 296.0 — 213.9 positive 40 85 4 Sigma
296.0 — 179.0 positive 60 85 4
erythromycin 734.5 — 158.1 positive 32 105 4 Sigma-Aldrich
734.5 - 576.4 positive 20 105 4
fluconazole 307.2 — 238.0 positive 16 95 4 Alfa Aesar
307.2 — 220.0 positive 20 95 4
furosemide 329.0 — 285.0 negative 12 75 4 European
329.0 — 205.0 negative 24 75 4 Pharmacopoeia
gabapentin 172.1 — 154.1 positive 14 95 3 Sigma-Aldrich
172.1 — 55.0 positive 28 95 3
hydrochlorothiazide 296.0 — 268.9 negative 18 80 3 Alfa Aesar
296.0 — 205.0 negative 18 80 3
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ibuprofen 205.1 — 161.1 negative 4 65 4 Sigma
iomeprol 777.9 — 405.0 positive 48 150 4 Ehrenstorfer
777.9 — 686.8 positive 20 150 4
ketoprofen 2551 —-77.0 positive 48 110 3 Sigma
255.1 — 105.0 positive 28 110 3
lamotrigine 256.0 —» 43.2 positive 44 145 4 Sigma
256.0 —» 211.0 positive 28 145 4
metoprolol 268.2 —» 741 positive 24 125 3 Alfa Aesar
268.2 — 56.0 positive 32 125 3
mirtazapine 266.2 — 195.1 positive 32 95 4 European
266.2 — 72.2 positive 20 95 4 Pharmacopoeia
naproxen 231.1 — 185.1 positive 14 100 3 Sigma-Aldrich
231.1 - 1701 positive 28 100 3
omeprazole 346.1 — 198.1 positive 10 95 3 Acros Organics
346.1 — 136.1 positive 44 95 3
paraxanthine 181.1 - 1241 positive 20 90 4 Sigma
181.1 - 42.0 positive 48 90 4
saccharine 182.0 — 42.0 negative 20 105 4 Alfa Aesar
182.0 — 106.0 negative 36 105 4
sulfamethazine 279.0 - 186.0 positive 15 100 3 Sigma
279.0 - 124.0 positive 15 100 3
sulfamethoxazole 254.1 — 65.0 positive 48 100 3 Fluka
254.1 — 156.0 positive 14 100 3
sulfanilamide 173.0 - 92.0 positive 20 70 3 Sigma-Aldrich
173.0 — 156.0 positive 2 70 3
sulfapyridine 250.1 — 92.0 positive 28 110 3 Fluka
250.1 — 156.0 positive 18 110 3
telmisartan 515.2 — 276.1 positive 56 210 4 European
515.2 — 497.2 positive 40 210 4 Pharmacopoeia
tramadol 264.2 — 58.2 positive 20 95 4 Sigma
264.2 — 42.2 positive 84 95 4
triclosan 289.0 —» 35.0 negative 8 70 3 Sigma-Aldrich
289.0 —» 37.0 negative 8 70 3
trimethoprim 291.1 — 2301 positive 24 140 3 Sigma
291.1 — 2611 positive 28 140 3
venlafaxine 278.2 — 58.2 positive 20 70 4 European
278.2 — 260.2 positive 12 70 4 Pharmacopoeia
- - Collision Cell Analytical
EDs th:ralgittlifcl::‘r/quallfler ::?or:arity energy Frag[;n\;a]ntor accelerator Standard
[eV] voltage [V] Manufacturer
17alfa-estradiol 271.2 — 1451 negative 44 160 3 Toronto
271.2 — 183.1 negative 48 160 3 Research
Chemicals, Inc.
17beta-estradiol 271.2 - 1451 negative 44 160 3 Sigma-Aldrich
271.2 — 183.1 negative 48 160 3
bisphenol A (BPA) 227.1 — 212.1 negative 20 115 4 Sigma-Aldrich
227.1 — 133.0 negative 28 115 4
bisphenol F (BPF) 199.1 — 105.0 negative 24 125 4 Sigma-Aldrich
199.1 — 93.0 negative 24 125 4
daidzein 253.1 — 223.0 negative 40 145 4 Toronto
253.1 - 208.0 negative 36 145 4 Research
emicals, Inc.
equilin 267.1 — 265.1 negative 24 145 4 Sigma-Aldrich
267.1 — 143.0 negative 36 145 4
equol 2411 —-119.0 negative 20 110 4
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Toronto

2411 —-5121.0 negative 12 110 4 Research
Chemicals, Inc.

estriol 287.2 —-145.0 negative 60 95 4 Sigma-Aldrich
287.2 — 2551 negative 60 95 4

estrone 269.2 — 159.0 negative 32 125 4 Sigma-Aldrich
269.2 — 1431 negative 60 125 4

ethinylestradiol 295.2 - 145.0 negative 48 200 3 Sigma-Aldrich
295.2 — 159.0 negative 36 200 3

genistein 269.0 - 133.0 negative 32 140 4 Alfa Aesar
269.0 - 63.0 negative 28 140 4

norethindrone 299.2 — 109.1 positive 32 130 4 Sigma-Aldrich
299.2 - 91.0 positive 56 130 4

norgestrel 313.2 — 109.1 positive 32 130 3 Supelco
313.2 - 911 positive 48 130 3

zearalenol 319.2 — 275.2 negative 20 160 3 Toronto
319.2 — 301.2 negative 24 160 3  Research

Chemicals, Inc.

Purity of all analytical standards was = 97 % (except iomeprol with stated purity 94.89 %).

PPCPs = pharmaceuticals and personal care products; EDs = endocrine disruptors.

Supplementary Table 3 Substrate pH at the beginning of the experiment (week 0) and at the end
(week 6) for control and vermicompost; Earthworm mortality. Values are expressed as average
followed by standard deviation (n = 3). The lowercase letters represent significant differences
between week 0, week 6 vermicompost, and week 6 control (without earthworms) for pH value of
each SS mixture (P < 0.05). The uppercase letters following the values represent significant
differences between week 0 and week 6 vermicompost for earthworm number (P < 0.05).

H number number
m:ﬁl re (F‘): e(salt(a(r;t) vermigompost p(I:IN :g:té;)l earthworms earthworms
(week 6) (week 0) (week 6)
0SS 6.1+0.1a 7.8+0.2b 7.2+0.2c 20 £ 0A 20+ 0A
WWTP1 25S8S 6.6 +0.1a 7.2+0.2b 6.9 + 0.3ab 20+ 0A 19+ 2A
50SS 6.7 £ 0.2a 6.0+0.7a 6.1+£0.7a 20+ 0A 19+1A
75SS 6.9+0.2a 5.6 +0.6b 6.2+0.1b 20 £ 0A 16 £ 7A
0SS 6.5+0.1a 74+0.2b 7.1 +0.5ab 20 £ 0A 18 £ 3A
WWTP2 25S8S 6.8+0.1a 6.8 £ 0.5a 6.7 +£0.1a 20+ 0A 19+1A
50SS 6.9+0.1a 6.0+ 0.6b 5.6 +£0.4b 20 £ 0A 20+ 1A
75SS 6.9+0.1a 51+0.5b 54+0.5b 20 £ 0A 18 £ 2A

WWTP1 = wastewater treatment plant 1, WWTP2 = wastewater treatment plant 2; SS = sewage
sludge; 0SS = substrate containing 0% sewage sludge and 100% straw; 25SS = substrate
containing 25% sewage sludge and 75% straw; 50SS = substrate containing 50% sewage sludge
and 50% straw; 75SS = substrate containing 75% sewage sludge and 25% straw.

Supplementary Table 4 Application description of the detected PPCPs and EDs (in the main text
collectively referred to as PPCPs).

PPCPs
acesulfame

Application
artificial sweetener
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amitriptyline
atorvastatin
azithromycin
bisphenol A
bisphenol F
caffeine
carbamazepine
cetirizine
citalopram
clarithromycin
daidzein
diclofenac
equol
genistein
hydrochlorothiazide
ibuprofen
lamotrigine
metoprolol
mirtazapine
sulfapyridine
telmisartan
tramadol
triclosan
trimethoprim
venlafaxine

tricyclic antidepressant

beta blocker - antihypertensive

macrolide antibiotic

polycarbonate monomer, thermal printing etc.
polycarbonate monomer, thermal printing etc.
central nervous system stimulant
anticonvulsant

antihistamine

antidepressant

macrolide antibiotic

natural isoflavonoid

nonsteroidal anti-inflammatory drug
isoflavandiol estrogen, metabolite of daidzein
natural isoflavonoid

diuretic

nonsteroidal anti-inflammatory drug
antiepileptic

beta blocker - antihypertensive
antidepressant

sulfonamide antibiotic

angiotensin |l receptor blocker - antihypertensive

opioid analgesic

antibacterial and antifungal agent
antibiotic

antidepressant

PPCPs = pharmaceuticals and personal care products; EDs = endocrine disruptors.

Supplementary Table 5 Correlation analyses coefficients.

SS PPCPs log Kow - BAF PFASs log Kow - BAF PFASs Per F-C - BAF
mixture Spearman corr. P-value Spearman corr. P-value Spearman corr. P-value

25S8S 0.19 0.35 0.21 0.43 0.55 0.03

WWTP1 50SS 0.15 0.46 0.22 0.43 0.59 0.02
75S8S 0.20 0.34 0.33 0.23 0.65 0.01

25S8S 0.12 0.57 0.05 0.85 0.50 0.07

WWTP2 50SS 0.15 0.47 0.09 0.79 0.44 0.15
75S8S 0.18 0.38 0.02 0.94 0.40 0.20

WWTP1 = wastewater treatment plant 1, WWTP2 = wastewater treatment plant 2; PPCPs
pharmaceuticals and personal care products; PFASs
octanol-water partition coefficient; BAF = bioaccumulation factor; Per F-C = number of perfluorinated
carbons; Spearman corr. = Spearman correlation coefficient; SS = sewage sludge; 25SS = substrate
containing 25% sewage sludge and 75% straw; 50SS = substrate containing 50% sewage sludge
and 50% straw; 75SS = substrate containing 75% sewage sludge and 25% straw.

per/polyfluoroalkyl substances; Kow

Supplementary Figure 1 Weight of earthworms at the beginning of the experiment (week 0) and at
the end (week 6). The letters above the columns represent significant differences between week 0
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and week 6 for each WWTP SS mixture (P < 0.05). The columns stand for the averages and the
error bars represent standard deviations (n = 49-60).
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WWTP1 WWTP2

WWTP1 = wastewater treatment plant 1, WWTP2 = wastewater treatment plant 2; SS = sewage
sludge; 0SS = substrate containing 0% sewage sludge and 100% straw; 25SS = substrate
containing 25% sewage sludge and 75% straw; 50SS = substrate containing 50% sewage sludge
and 50% straw; 75SS = substrate containing 75% sewage sludge and 25% straw.

Supplementary Figure 2 PPCPs sum for start, end vermicompost (vermi), and end control (without
earthworms) in 25, 50, and 75SS mixture for WWTP1 (a) and WWTP2 (b). The letters above the
columns represent significant differences of the three values: start, end vermicompost (vermi), and
end control (no earthworms; P < 0.05). The columns stand for the sum averages (n = 3).
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PPCPs = pharmaceuticals and personal care products; WWTP1 = wastewater treatment plant 1;
WWTP2 = wastewater treatment plant 2; SS = sewage sludge; 25SS = substrate containing 25%
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sewage sludge and 75% straw; 50SS = substrate containing 50% sewage sludge and 50% straw;
75SS = substrate containing 75% sewage sludge and 25% straw.

Supplementary Figure 3 PFASs sum for start, end vermicompost (vermi), and end control (without
earthworms) in 25, 50, and 75SS mixture for WWTP1 (a) and WWTP2 (b). The letters above the
columns represent significant differences of the three values: start, end vermicompost (vermi), and
end control (no earthworms; P < 0.05). The columns stand for the sum averages (n = 3).
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PFASs = per/polyfluoroalkyl substances; WWTP1 = wastewater treatment plant 1; WWTP2 =
wastewater treatment plant 2; SS = sewage sludge; 25SS = substrate containing 25% sewage
sludge and 75% straw; 50SS = substrate containing 50% sewage sludge and 50% straw; 75SS =
substrate containing 75% sewage sludge and 25% straw; PFPeA = perfluoro-n-pentanoic acid;
PFHxA = perfluoro-n-hexanoic acid; PFHpA = perfluoro-n-heptanoic acid; PFOA = perfluoro-n-
octanoic acid; PFNA = perfluoro-n-nonanoic acid; PFDA = perfluoro-n-decanoic acid; PFUnDA =
perfluoro-n-undecanoic acid; PFDoDA = perfluoro-n-dodecanoic acid; PFTrDA = perfluoro-n-
tridecanoic acid; PFTeDA = perfluoro-n-tetradecanoic acid; PFOS = perfluorooctane sulfonic acid;
PFOSA = perfluorooctane sulfonamide; 73 FTA = 7:3 fluorotelomer acid; nMetFOSAA = n-methyl-
perfluoro-1-octanesulfonamidoacetate; nEtFOSAA = n-ethyl-perfluoro-1-
octanesulfonamidoacetate.
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