Lievens et al. J Environ Expo Assess 2024;3:5 H
DOI: 10.20517/jeea.2023.46 JOUErnal Of EnXIronmenta:
Xposure Assessmen

Research Article Open Access

'.’ Check for updates

Bioaccumulation and biotransformation of
plasticisers diisononyl phthalate and di(2-ethylhexyl)
terephthalate in black soldier fly larvae reared on
(micro)plastic-contaminated food waste

Siebe Lievens'?, Shanshan Yin?, Lidia Belova?®, Yukiko Fujii**, Jasper Bombeke?, Jeroen De Smet', Mik Van
Der Borght', Adrian Covaci’, Giulia Poma®

'Department of Microbial and Molecular Systems (M?S), Research Group for Insect Production and Processing, KU Leuven -
Campus Geel, Geel 2440, Belgium.

’Department of Pharmaceutical Sciences, Toxicological Centre, University of Antwerp - Campus Drie Eiken, Wilrijk 2610,
Belgium.

*Daiichi University of Pharmacy, Fukuoka 85-8511, Japan.

Correspondence to: Dr. Giulia Poma, Department of Pharmaceutical Sciences, Toxicological Centre, University of Antwerp -
Campus Drie Eiken, Universiteitsplein 1, Wilrijk 2610, Belgium. E-mail: Giulia.poma@uantwerpen.be

How to cite this article: Lievens S, Yin S, Belova L, Fujii Y, Bombeke J, De Smet J, Van Der Borght M, Covaci A, Poma G.
Bioaccumulation and biotransformation of plasticisers diisononyl phthalate and di(2-ethylhexyl) terephthalate in black soldier fly
larvae reared on (micro)plastic-contaminated food waste. J Environ Expo Assess 2024,3:4. https://dx.doi.org/10.20517/jeea.
2023.46

Received: 23 Nov 2023 First Decision: 8 Jan 2024 Revised: 18 Jan 2024 Accepted: 23 Jan 2024 Published: 26 Jan 2024

Academic Editor: Jianliang Zhao Copy Editor: Yanbing Bai Production Editor: Yanbing Bai

Abstract

Food waste is currently used for the production of biogas. However, a reusage of waste is preferred to follow the
principles of the circular economy and consider the waste management hierarchy, which can be achieved by
rearing black soldier fly (BSF) larvae on such organic waste. Nonetheless, the presence of (micro)plastics and
related additive plasticisers might induce chemical safety hazards to the larval applications as feed. Therefore, the
bioaccumulation and biotransformation of two plasticisers (diisononyl phthalate (DINP) and di(2-ethylhexyl)
terephthalate (DEHT)) in BSF larvae reared on food waste streams contaminated with polyvinyl chloride (PVC)
(micro)plastics were investigated. Results showed that BSF larvae appeared to have a moderate intake of DINP
during its rearing phase of 10 days (82 - 273 ng/g), while being able to biotransform it into the primary
biotransformation product monoisononyl phthalate (MINP) within 24 h. For DEHT, an uptake of 67 - 137 ng/g was
measured in the BSF larvae; however, no clear biotransformation pattern was observed. In addition, while no
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secondary oxidative biotransformation products were found in the larvae, these were measured in the frass, leading
to the hypothesis that microorganism-mediated biotransformation of plasticisers occurred. In conclusion, based on
the results of this study, BSF larvae could potentially be used safely in the frame of circular economy, when reared
on organic substrates contaminated with the same PVC microplastic content and sizes used.

Keywords: Insects, chemical safety, feed safety, microplastics, plasticisers

INTRODUCTION

The global population recently surpassed the 8 billion mark and is expected to rise to 10 billion people by
2050"". Following the increasing world population, the food demand will also rise”, including a
corresponding surge in meat production. This meat production is projected to almost double, from 275
million tonnes in 2007 to 455 million tonnes by 2050, As a result, there is currently an increased demand
for feed protein sources, such as soybeans and fishmeal, which in turn leads to more deforestation,
intensification of land and water use, and overfishing**. Therefore, an alternative, more sustainable feed
source is strongly required.

A viable option to address such increasing feed demand without causing a severe environmental impact is
currently represented by using insects'. Certain species of insects are, in fact, increasingly praised as
promising alternative protein sources for human food and animal feed®”, with the black soldier fly (BSF,
Hermetia illucens L.) being considered one of the most suitable insect species for feed production. This is
mostly due to its relatively short holometabolous life cycle (approx. 40-45 days, depending on the substrate
used)™", and the suitable nutritional profile of their larvae when used as feedstock". Additionally, BSF
larvae are also considered to be beneficial insects, as they can be reared on a wide plethora of organic
substrates, from classic animal feed (e.g., chicken feed) to waste streams (e.g., food waste, manure, etc.)!".
However, rearing BSF larvae on such waste streams can lead to potential chemical, physical, and
microbiological hazards™**'*.

A particularly environmentally relevant type of chemical hazard derives from the potential presence of
(micro)plastics in the substrate, and their related additive plasticisers (including legacy phthalates and
alternative plasticisers). Such contaminants are typically present in residual waste streams deriving from,
e.g., the food industry, supermarkets, and catering services"?. Currently, these residual food waste streams
are used to produce biogas, while the remaining residue is used in agriculture as organic fertiliser, possibly
introducing more (micro)plastics into the environment"*"¥. According to the waste hierarchy management
and the principles of circular economy, using such food waste streams as a substrate to rear insects for feed,
rather than for energy generation, would be both more profitable and environmentally sustainable!**.
However, the potential presence and effects of (micro)plastics and related additive compounds on the used
insects as feed for livestock animals require thorough investigations.

Polyvinyl chloride (PVC) is used in non-food and food-related applications, including food packaging, such
as bottles and foils”'. This is due to its ease of thermoforming and its flexibility originating from the
addition of additives, such as plasticisers, which can go up to 60% of its mass”**) and might thus be present
in the organic rearing substrate. Previous studies showed that related additive plasticisers (e.g., diisononyl
phthalate, DINP, and di(2-ethylhexyl) terephthalate, DEHT) can potentially induce adverse health effects as
these substances can be carcinogenic, endocrine disruptors, and/or exhibit anti-androgenic effects in
humans and wildlife®". Although recent studies documented that BSF larvae are not affected by the
ingestion of microplastics in terms of growth performance, survival rate, and bioconversion, even when
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ingestion was proven””*, their chemical safety when reared on such contaminated substrates has, to the
best of our knowledge, not been explored yet. As a result, the potential impact of additive plasticisers on the
chemical safety of BSF larvae is still unknown, impeding the full exploitation of the BSF larvae.

To fill this gap, we report in this study a general screening of the additive composition in different plastic
food contact materials in order to select a model plastic (i.e., PVC). Following the screening, BSF larvae
were reared on artificially prepared food waste containing different sizes of PVC plastics,
i.e., macro- (> 25 mm), meso- (5 - 25 mm), and microplastics (1 pm - 5 mm)""**, during which ingestion,
bioaccumulation, biotransformation and excretion of selected relevant additive plasticisers in the BSF larvae
were explored.

MATERIALS AND METHODS

Chemicals, reagents, and materials

A list of chemicals and materials used in this study is reported in Supplementary Table 1 of the
Supplementary Section 1.

Identification of additive compounds in plastic food contact materials

A variety of plastics commonly used as food contact materials [i.e., expanded polystyrene (EPS, # = 3), high-
density polyethylene (HDPE, n = 1), low-density polyethylene (LDPE, n = 4), polylactic acid (PLA, n = 5),
and polyvinyl chloride (PVC, n = 3)] were purchased from local retailers (i.e., Colruyt Group, Delhaize,
Carrefour, and AVA) and B2B companies (i.e., Flexfilm, Euralpack, and Sidaplax) in 2019. To select the
most suitable plastic material to perform exposure experiments with BSF larvae, the presence and
concentrations of additive compounds (including legacy phthalates - LPs, alternative plasticizers - APs, and
organophosphorus flame retardants - PFRs) were investigated via a suspect screening analysis (SSA)
followed by a targeted analysis, as detailed described in Supplementary Section 2.

Extraction procedure

The plastic materials used in this study were cut into pieces of approximately 1 cm” using pre-cleaned
stainless-steel scissors. An aliquot of 100 mg was extracted in duplicate using 5 mL
hexane:ethyl acetate (1:1, v/v) and ultrasonicated for 30 min, as reported by Malarvannan et al.*”. More
details about the extraction procedure can be found in the Supplementary Section 2.1.

Instrumental analysis

For the suspect screening, the samples were analysed using an Agilent 1290 Infinity ultra-high performance
liquid chromatography coupled to an Agilent 6530 quadrupole time-of-flight high-resolution mass
spectrometer (QToF-MS) equipped with an electrospray ionisation source (ESI) and a Grace Alltima HP
C18-EPS column (100 mm 2.1 mm; 3 um particle size), according to Christia et al.** as documented in
detail in Supplementary Section 2.2.

Rearing black soldier fly larvae

BSF larvae were obtained from the rearing colony of Centre of Expertise: Sustainable Biomass and
Chemistry (Thomas More University of Applied Sciences, Belgium), hatched, and reared for the first eight
days, according to Broeckx et al."”. Eight days after hatching, approximately 15,000 larvae were transferred
to their rearing container (HDPE polymer, not containing the compounds of interest, L = 60 cm, W = 40
cm, H = 20 cm, Engels Logistics NV) containing 10 kg artificial food waste substrate prepared according to
Lievens et al.". To this substrate (except for the control), different sizes (macroplastics: 5 cm x 5 cm,
mesoplastics: 5 mm x 5 mm, and microplastics: Dv(50) = 279 pm, being the median size) and contents (w =
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5.0% for macroplastics and w = 1.0% for meso- and microplastics) of PVC plastics (Flexfilm, selected based
on the results and discussion section “Selection of the plastic material and associated additive compounds”)
were separately added as performed in a previous study according to Lievens et al.*”. The used macro- and
mesoplastics were cut in the appropriate size using pre-cleaned stainless-steel scissors, while the
microplastics were produced using a Spex Freezer/Mill according to Lievens et al.””. The rearing
experiments lasted for 10 days, starting 8 days after hatching and ending at 17 days after hatching.
Afterwards, the larvae were individually collected, washed, and transferred to a clean rearing container
(without substrate) to starve them for 2 days. During both the rearing and starvation phases, the larvae were
kept at their optimal environmental conditions, being 27 °C with a relative humidity of 60%.

Sampling procedure

During the rearing and starvation phases (i.e., 10 and 2 days long, respectively), approximately 3 g larvae
and substrate/residue were collected daily from each rearing container and stored in the freezer (-18 °C)
pending further processing. Since BSF larvae live in their substrate, the substrate is continuously mixed with
their frass (i.e., the residue). Therefore, it is not possible to distinguish between the two. The substrate/
residue samples were lyophilised using a Biichi Lyovapor L-200 for 24 h under 0.200 mbar vacuum and
-55 °C, while the larvae were first pulverised using a Spex Freezer/Mill prior to lyophilisation. Grinding the
larvae was done by half-filling small grinding vials with BSF larvae and pulverising them under cryogenic
circumstances (-196 °C) for 2 min at a grinding rate of 12 cycles per second.

Quantification of DINP and DEHTP and their biotransformation products in black soldier fly larvae
and respective substrate/residue mixtures

Extraction procedure

The quantification of selected plasticisers (i.e., DINP and DEHT, based on the results and discussion section
“Selection of the plastic material and associated additive compounds”) and corresponding
biotransformation products (MINP, cx-MINP, OH-MINP, MEHTP, cx-MEHTP, and 5-OH-MEHTP) in
the exposed BSF larvae and related substrates, was based on the protocols described by Christia et al,
Poma et al. and Bastiaensen et al., respectively” . The protocols were optimised for insects and their
related substrates, and in-house validated according to the EMA (European Medicines Agency)
guidelines"”. The brief details of the optimised protocol can be found in Supplementary Section 3.1.

Gas chromatographic analysis of parent compounds
The parent compounds were analysed following the procedure published by Christia et al.”” after slight
adjustments. More details are reported in Supplementary Section 3.2 and Supplementary Table 2.

Liquid chromatographic analysis of biotransformation products

To quantify the biotransformation products, a modified method using an Agilent 1200 Infinity liquid
chromatography coupled to an Agilent 6460 Triple Quadrupole mass spectrometer was applied, according
to Bastiaensen et al.””. More information is provided in Supplementary Section 3.3 and Supplementary
Table 2.

In-house method validation

The in-house validation was performed as described by Christia ef al.”” according to the EMA guidelines, as
discussed in Supplementary Section 3.4. The accuracy, recovery, and precision within and between
experiments can be found in Supplementary Tables 3 and 4.
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Quality control and quality assurance

During sample preparation, two procedural blanks and two QC samples (containing both parent
compounds and biotransformation products at 250 ng and 30 ng, respectively) were analysed with each
batch of samples (n = 20) to monitor potential background contamination, stability of the instrumental
system, and accuracy during sample preparation. If targeted compounds were present in the procedural
blanks, their value was subtracted from the actual samples. To determine the limit of quantification (LOQ)
of the parent compounds, the standard deviation (SD) of the compound detected in the blank was
multiplied by 3 (LOQ = 3 x SD), while for the biotransformation products, the lowest calibration
concentration exceeding the mean + 2 x SD was applied. The recoveries of IS, accuracy, and repeatability of
the QC samples and the method LOQs for the targeted compounds are reported in Supplementary Table 5.
During the instrumental analysis, a quality control (QC) sample containing a mixture of targeted
compounds (DINP: 860 ng and DEHT: 100 ng) was injected (after every 20 injections) into the GC-EIL to
assess the instrument’s accuracy and precision during the run.

Statistical analysis

The concentrations of targeted compounds were reported in ng/g ww (wet weight). Values below LOQ were
replaced by multiplying the detection frequency with the LOQ of the analyte (DF% LOQ). Statistical
differences were tested with JMP Pro 16.0.0 (SAS) using a 5% significance level. A one-way ANOVA with a
Tukey HSD post hoc test in case of equal variances was performed. If the variances were not equal
(determined by an O’Brien test), the Welch’s ANOVA was executed. Lastly, a non-parametric Van der
Woaerden test with Steel-Dwass All Pairs as post hoc test was performed if the data were not normally
distributed. The latter was evaluated by the Shapiro-Wilk test.

RESULTS AND DISCUSSION

Selection of the plastic material and associated additive compounds

A suspect screening workflow was performed to select an appropriate plastic material for the exposure
study. In the 16 analysed plastic samples [EPS (n = 3), HDPE (n = 1), LDPE (n = 4), PLA, (n = 5),
and PVC (n = 3); extracted and injected in duplicate], numerous mass features were extracted based on
different criteria (mass tolerance of the parent ions of 10 ppm, mass tolerance of the product ions of 25
ppm, retention time tolerance of 0.5 min, and selected matching score > 75%). All extracted peaks were
manually assessed for the mass accuracy (< 10 ppm) of the precursor ion and the match of their isotopic
pattern (MS), while their fragments (MS/MS) were identified. The compounds matching the suspect list
were then assigned with a confidence level (1-5), according to Schymanski et al.!"'.

For several compounds that matched between the suspect list and the extracted features, reference standards
were available. This resulted in 31 prioritised compounds (6 phthalates, 10 alternative plasticisers, and 15
PFRs; Supplementary Table 6) which were, subsequently, analysed using a targeted approach to confirm the
assigned compounds and to obtain quantitative data to create more evidence in the selection of the plastic
material for the following exposure experiment. Therefore, the same samples (n = 16, extracted and injected
in duplicate) were quantitatively analysed for 37 compounds including phthalates (n = 9), alternative
plasticisers (n = 11), and PFRs (n = 17) [Figure 1].

The quantitative analysis revealed a low detection frequency and concentration of PFRs in most samples,
except for the PVC materials [Figure 1A]. Nevertheless, in these PVC materials, the overall average
concentration of PFRs was relatively low (240 ng/g) compared to the values observed for plasticizers. For
the latter group of compounds, the concentrations were notably higher, particularly in the PVC samples,
reaching an average plasticiser concentration of 4.4 mg/g. In comparison to PVC, the other plastic types
showed an average plasticiser concentration of 845 ng/g. The observed high concentration (> 1 mg/g) of
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Figure 1. Plasticiser and PFR concentrations in plastic food contact materials, extracted and measured in duplicate (n = 2). (A)
Concentrations of all targeted compounds (ng/g logarithmic scale) and (B) concentrations of selected plasticisers in the PVC samples
(mg/g).

plasticisers in the PVC materials was mainly attributed to acetyl tributyl citrate (ATBC), di(2-ethylhexyl)
adipate (DEHA), di(2-ethylhexyl) terephthalate (DEHT), and diisononyl phthalate (DINP) [Figure 1B].

The outcome of these analyses, which identified PVC as the plastic food contact material having the highest
concentrations of additives, was confirmed in the literature. PVC plastics are reported as heavily plasticised,
particularly with phthalates or adipates”**!. Furthermore, as shown in Figure 1B, each selected PVC
material was characterised by the presence of two main plasticisers, of which at least one exhibited a
concentration exceeding 40 mg/g (or w = 4%). As a result, the overall additive content was assumed to be
between 15% - 60%, which is in line with the typical PVC formulation"”.

Two of the three investigated PVC materials (PVC-1 and PVC-2) contained DEHT as their primary
additive plasticiser. This alternative plasticiser is not found to be toxic or mutagenic. Moreover, it is
classified as category IV in the hazard classification system, indicating that it is currently considered
chemically safe*>**). Consequently, this alternative plasticiser is considered the main replacement for the
well-known phthalate plasticiser DEHP, generally known for its toxic behaviour, like being carcinogenic
and endocrine disruptor®*, Further, DINP was found to be the primary plasticiser in sample PVC-3,
which is a commonly used phthalate compound employed for plasticising PVC materials“>**’. Hence,
owing to the presence of the phthalate moiety, DINP is more prone to induce adverse health effects
compared to DEHT, as it is recognised for its toxicity being carcinogenic, an endocrine disruptor, and anti-
androgenic™***, To simultaneously investigate the fate of representative phthalates and alternative
plasticisers in the BSF larvae reared on a plastic-contaminated substrate, the sample PVC-3, characterised by
relatively high concentrations of both DINP (76.3 mg/g) and DEHT (12.5 mg/g), was selected as the most
suitable plastic food contact material for the following exposure experiment.

Ingestion and bioaccumulation of DINP and DEHT in black soldier fly larvae

Following the screening of the plastic materials, BSF larvae were reared on an artificial food waste substrate,
each spiked with one of three different sizes (micro-, meso-, and macroplastics) and different contents
(w = 5.0% for the macroplastics and w = 1.0% for the meso- and microplastics) of the selected PVC material
to investigate the ingestion and bioaccumulation of DINP and DEHT. To achieve this, the concentrations of
these compounds in both the larvae and substrate/residue mixtures were determined daily.
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In a recent study by Lievens et al., it was observed that BSF larvae can only ingest plastic particles smaller
than their mouth opening size. Consequently, the plastic particles need to be smaller than approximately
110 pm to be ingested™. Since the plastics used in this experiment were generally larger than 110 pm, the
results of the exposure study indicate that the BSF larvae were unable to ingest the added (micro)plastics.
This is confirmed by the fact that the smallest fraction (i.e., microplastics) in this study exhibited Dv(10),
Dv(50), and Dv(90) values of 111, 279, and 703 pm, respectively, meaning that 10, 50, and 90% of the
particles are smaller than the respective given size. The uptake of the additive plasticisers could thus solely
happen through the migration of the additive plasticisers from the plastics to the substrate/residue mixtures
and the ingestion of the substrate by the larvae. Therefore, the migration of the additive plasticisers from the
PVC plastics to the substrate was investigated [Figure 2].

Based on the obtained results, no significant differences (P = 0.647) were found regarding the median DINP
concentrations for any of the substrate/residue mixtures [control (a substrate not containing PVC plastics):
59 ng/g, macroplastics: < LOQ, mesoplastics: 54 ng/g and microplastics: < LOQ]. It can be hypothesised that
no significant migration of DINP from the PVC plastics into the substrate occurred, likely due to the low fat
content of the substrate (approximately 1%, based on wet weight). This can be confirmed by the high
octanol-water partition coefficient of DINP (Log K,,, = 9.37), indicating that the compound is highly
hydrophobic. Consequently, DINP is expected to be more prevalent in nonpolar (fat-rich) rather than
aqueous environments like the substrate used in this study, which had a water content of approximately
75%°),

In contrast to DINP, a significant difference (P < 0.0001) in DEHT concentrations was observed across the
different exposure scenarios [Figure 2]. The median concentration of DEHT in the substrate/residue
mixture containing macro plastics (54 ng/g) was significantly higher compared to the control (< LOQ) and
microplastic (< LOQ) exposure scenarios. Additionally, the median concentration of DEHT in the
substrate/residue mixture containing mesoplastics (33 ng/g) was also significantly higher than in the
substrates containing microplastics. Given the particle size and the corresponding surface volume ratio, a
more pronounced leaching behaviour could be presumed for the microplastics. However, this trend was not
noted in the data, partly due to an unforeseen external contamination, which introduced challenges in the
data interpretation.

Additionally, based on the lower octanol-water partition coefficient of DEHT (Log K, = 8.39) compared to
DINP, a more pronounced migration of DEHT into a water-rich matrix can be expected”. However, the
higher potential migration of DEHT is less relevant due to the lower concentrations of DEHT compared to
DINP in the PVC plastic. As a result, the overall concentration of DEHT in the substrate remained lower
than DINP. Moreover, the migration of these compounds can be considered limited, since the
concentrations of both DINP and DEHT found in the substrates were lower than estimated based on the
concentration of plasticisers present in the plastic materials and the amount of plastics added to the
substrates (i.e., 3.81 mg/g for DINP and 0.62 mg/g for DEHT).

Despite these observations, the concentrations of the same compounds were also determined in the BSF
larvae exposed to the different fractions of PVC plastic particles [Figure 3]. The obtained results indicated
that the median concentration of DEHT in the BSF larvae reared on a substrate containing mesoplastics
(< LOQ) was significantly lower (P < 0.0323) compared to control (60 ng/g) and macroplastics (73 ng/g)
exposed larval groups, while no significant difference was observed for the microplastics exposed larval
group (21 ng/g). Further, no significant differences were observed among the different exposure scenarios.
However, the overall DEHT concentrations in the BSF larvae were generally lower than DINP, due to its
lower concentration in the substrate and in the PVC material added to the substrate.



Page 8 of 15 Lievens et al. J Environ Expo Assess 2024;3:5 | https://dx.doi.org/10.20517/jeea.2023.46

1600 2 - *
. § : # DEHT

1400+ ,7 # DINP

—_ —

0 =4 13

[=3 =4 (=3

(=] =} (=]
I n

Concentration [ng/g,

——y  —

600 . .

400 .

] i : . i
oL —— . A

Control Macroplastics Mesoplastics Microplastics
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10 days. The data is based on all samples generated within one treatment (n = 30 per treatment). The control substrate/residue
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The boxes represent the lower and upper quartiles. The whiskers represent the maximum values, while the dots depict the outliers of
the dataset.
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Figure 3. Boxplot of DEHT (blue) and DINP (red) in all BSF larvae (ng/g wet weight) during the rearing experiments of 10 days. The
data are based on all larval samples generated (n = 30 per treatment). The control BSF larvae were not exposed to plastics, while the
other BSF larvae were exposed to macroplastics (w = 5%), or meso- or microplastics (w = 1%). The horizontal white lines represent the
median concentration, while statistical differences (P < 0.05) are depicted with an asterisk (*) for DINP and two asterisks (**) for
DEHT. The boxes represent the lower and upper quartiles. The whiskers represent the maximum values, while the dots depict the
outliers of the dataset.

BSF larvae reared on a substrate containing mesoplastics exhibited a significantly higher (P = 0.035) median
concentration of DINP (284 ng/g) compared to the control larval group (< LOQ). Larvae exposed to macro-
and microplastics had DINP concentrations that were respectively < LOQ and 98 ng/g, which were not
statistically significant (P > 0.121). As a result, it appears that BSF larvae have the potential to take up
additive plasticisers derived from PVC (micro)plastics present in their substrate. However, the uptake was
rather limited, caused by the limited migration of the compounds from the plastic materials present in the
substrate. Furthermore, it should be noted that based on the results obtained, safety conclusions are difficult
to draw, since the current EU feed legislation does not contain maximum limits for these compounds. The
only limits present in the EU legislation are migration limits of DINP from packaging materials into food
(9 mg/kg or 9,000 ng/g)"*?, which are higher than the concentrations observed in the BSF larvae. Thus,
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although some statically significant results were found, they appeared to be generally small and rather
meaningless.

To the best of our knowledge, no previous studies exposed BSF larvae to DINP and/or DEHT, which limits
the ability to make comparisons to literature. Nonetheless, the mean concentration ranges of DINP
(174 - 572 ng/g) and DEHT (58 - 103 ng/g) detected in the BSF larvae reared on plastic-contaminated
substrates in our study were generally higher than the average concentration measured for the same
compounds (DINP < 40 ng/g and DEHT < 60 ng/g) in commercially available edible insects.

In addition, the BSF larvae in this study were exposed to PVC containing DINP and DEHT and not directly
to DINP and/or DEHT itself. In contrast, Zhang et al. conducted a study in which fruit flies (Drosophila
melanogaster) were directly exposed to DINP. They assessed the impact of DINP on several parameters
(e.g., hatching rate, survival, metamorphosis, etc.) of D. melanogaster, and observed that they were
negatively affected, showing a reduced growth and a higher mortality rate at exposure concentrations from
0.2% to 0.5%"**. These results were different from the results obtained for the BSF larvae, where no
difference in growth or survival was observed between the larvae exposed to PVC containing DINP and the
control®”. However, it has to be noted that in the current study, exposure to DINP and DEHT resulted from
migration from PVC plastics. This resulted in a calculated exposure level of 0.076% - 0.38% for DINP, and
0.012% - 0.062% for DEHT, based on the additive content present in the PVC plastics combined with the
amount of plastics added to the related substrates. Although the calculated exposure level of DINP was
similar, the approach applied in this study led to much lower effective exposure levels (< 0.42 x 10%), as the
additive compounds are not directly (bio)available to the larvae through the substrate, making it more
difficult to induce any effects. These low actual concentrations present for the larvae also explain the lack of
a clear difference in accumulation between the different exposure scenarios, confirming that the larvae were
not able to ingest the added microplastics.

After measuring the DINP and DEHT concentrations in the BSF larvae and in substrate/residue mixtures,
the bioaccumulation factor or BAF (the ratio between the concentrations of DINP and DEHT in the larvae
and in their substrate) was determined. The BAFs of both compounds remained < 1 (i.e., < 0.001),
indicating that no significant (bio)accumulation occurred. This finding supports the hypothesis that if the
compounds were taken up by the BSF larvae, they were biotransformed and/or eliminated shortly after
ingestion. However, the mode of potential storage of these lipophilic compounds, such as in the fat body,
exuviae, or gut, requires further investigation. The latter could be of crucial importance since BSF larvae
seem to be able to excrete compounds such as metals (e.g., cadmium and chromium) by moulting™>*”, but
this is not yet known for plasticisers or other organic compounds. Based on the limited accumulation and
low concentrations observed in the larvae, it can be cautiously assumed that the chemical safety of BSF
larvae was not compromised for use as a feed compound when reared on substrates contaminated with the
sizes and fractions of PVC (micro)plastics used in this study. This may be because the plastic particles were
too large to be ingested.

Biotransformation and excretion of DINP and DEHTP by black soldier fly larvae

To further elucidate the potential biotransformation and excretion capabilities of DINP and DEHT in BSF
larvae, daily sub-samples of BSF larvae and substrate/residue mixtures were analysed for primary (MINP for
DINP and MEHTP for DEHT) and secondary (OH-MINP, cx-MINP for DINP and OH-MEHTP, cx-
MEHTP for DEHT) biotransformation products. The measured concentrations of DINP and related
primary and secondary biotransformation products over the rearing time in all exposure scenarios are
shown in Figures 4A-D (substrate/residue mixtures) and Figures 4E-H (BSF larvae).
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Figure 4. Variation in the concentrations (ng/g ww) of DINP, primary biotransformation product (MINP), and secondary
biotransformation products (OH-MINP and cx-MINP, dashed lines) over time in the substrate/residue mixtures and BSF larvae. Figure
A, B, C, and D depict the contents of these compounds in the control and substrate containing macro-, meso-, and microplastics. Figure
E, F, G, and H depict the contents of the compounds in BSF larvae reared on the control and substrates containing macro-, meso-, and
microplastics, respectively. Vertical dotted lines represent the start of the starvation. The concentration of DINP can be found on the
left y-axis, while the concentration of the biotransformation products can be found on the right y-axis. The data (n = 3) are based on
wet weight, while no standard deviations are shown to avoid ambiguities.

No clear temporal pattern across the various sizes of PVC plastics emerged for either substrates or larvae.
This suggests that the plastic particle sizes did not exert a considerable effect on the uptake and/or
biotransformation of DINP present in the used PVC material. On the other hand, the observed uptake of
the parent compounds (DINP and DEHT) was limited, as discussed in the previous section, challenging the
occurrence of biotransformation products at sufficient concentrations.

For all substrate/residue mixtures [Figure 4A-D], the initial concentration of DINP exhibited a decreasing
trend during the first two days of the experiments. In contrast, the concentrations of DINP slightly
increased in the BSF larvae [Figure 4E-H]. Additionally, the larvae-initiated biotransformation converts
DINP into its primary biotransformation product (MINP), which is shown to occur rapidly in the
gastrointestinal tract of humans and rodents"*>**?. It is, therefore, assumed that similar hydrolysis also took
place in the gut of the BSF larvae, as they started to excrete MINP into the substrate. This excretion
happened swiftly, due to a transit time through their gut of approximately 3 h®, which also resulted in
limited time for accumulation in BSF larval biomass.
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At 10 and 12 days after hatching (DAH), an unforeseen external contamination with DINP occurred in the
macroplastic, and control and mesoplastic exposure scenarios, respectively. This contamination could have
been caused by plasticisers present in indoor dust that may have accidentally entered the rearing

containers/®**

, or during the handling of the samples during/after harvesting. Nonetheless, this external
contamination resulted in an elevated DINP concentration in the substrate, facilitating the uptake of DINP
by the larvae and subsequent hydrolysis into MINP. The evidence of this hydrolysis is visible through the
increased level of MINP observed in the larvae one day after the contamination event (11 DAH, Figure 4F
and 13 DAH, Figure 4E and G). These findings further support the hypothesis that the uptake of DINP is
linked to its presence in the substrate, rather than originating from the plastic materials itself, due to the

limited probability of the used plastic being ingested by the BSF larvae.

Despite the fact that DINP was hydrolysed into MINP, the secondary oxidative biotransformation products
(i.e., OH-MINP and cx-MINP), enzymatically mediated by oxidative reactions of, for instance, Cytochrome
P450 enzymes, were generally not detected in the larvae!™*. A previous study has, however, demonstrated
that BSF larvae possess the capability to metabolise mycotoxins, such as aflatoxin B1, into aflatoxin P1
through the involvement of Cytochrome P450 enzymes””. Hence, it can be cautiously assumed that the
larvae have the inherent ability to convert DINP into secondary oxidative biotransformation products.
However, the absence of these biotransformation products is likely due to low concentrations of the parent
compounds together with the short transit time of the larvae, which possibly resulted in concentrations of
secondary biotransformation products below the limit of quantification. Consequently, further research
with exposure levels at higher concentrations of parent compounds is required to elucidate the extent to
which BSF larvae are capable of biotransforming these compounds.

In addition, the concentration of the biotransformation products in the residue generally increased from the
start of the starvation (i.e., 17 DAH, Figure 4A-D), across all substrate scenarios. Since the larvae were
transferred to clean and empty rearing containers at that time point, only frass was present alongside the
larvae. As such, there were no substrate residues, unlike those found in the rearing residue. Interestingly,
secondary biotransformation products were detected in the frass during the starvation period, whereas their
presence was generally not observed during the rearing phase. This is probably due to a high dilution factor
induced by the large amount of present substrate. Hence, it is plausible to assume that the appearance of the
secondary biotransformation products in the residue was facilitated by the presence of specific micro-
organisms in the frass eventually originated from the BSF larvae.

It has been established that a consortium of saline soil bacteria, including Achromobacter sp., Pseudomonas
sp., Brevundimonas sp., etc., among others, can degrade DINP into primary metabolites, such as MINP and
MNP (methyl nonyl phthalate), via de-esterifications and -oxidations, respectively'*. However, the targeted
secondary biotransformation products were not detected. Further, based on our in-house database, the
same bacterial genera have been sporadically identified in BSF larvae. Consequently, future research is
highly recommended to explore the presence of bacterial strains capable of additive degradation in BSF
larvae.

In contrast to DINP, the temporal patterns of DEHT did not display a distinct trend, while an unforeseen
contamination event occurred likewise for DINP [Supplementary Figure 1]. The larvae exhibited limited
uptake of the parent compound, likely attributed to the relatively low concentrations of DEHT present in
the PVC materials used. Nonetheless, evidence of the hydrolysis of DEHT was observed, as indicated by the
presence of the primary biotransformation product (MEHTP), as displayed in Supplementary Figure 1H
(12 DAH and 15-16 DAH). Furthermore, during the starvation period, a slight increase of the secondary
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biotransformation product concentrations (i.e., OH-MEHTP and cx-MEPTP) was observed for the larvae
reared in the control, macro- and mesoplastic exposure scenario (Supplementary Figure 1E, F and G). On
the other hand, the latter trend was not apparent for the corresponding substrates, suggesting that the larvae
are able to biotransform plasticisers to a limited extent. As a result, the concentrations were too low to be
detected in the substrate after excretion.

As this study represents the first investigation of DINP and DEHT in BSF larvae using (micro)plastics as
exposure vectors, future exposure studies involving higher concentrations of the analytes in a more
bioavailable form are required to ascertain the extent to which BSF larvae can perform such
biotransformation processes.

Limitations of this study

Despite the valuable insights obtained in this study, several limitations were encountered during its
execution and analysis. Firstly, a decision had to be made regarding whether to focus on the temporal
monitoring of the targeted compounds or to examine the end of the rearing phase in detail. In this study,
the former approach was applied, resulting in the generation of numerous samples (approximately 300).
However, due to the limited number of replicates (i.e., three pooled samples at each time point), the data
showed considerable biological variation. Moreover, while the use of plastic materials as the exposure vector
for additive plasticisers represented a realistic scenario, it also introduced limited migration of the
compounds to the substrate, causing the actual exposure concentration of the plastic additives to be lower
than intended. Lastly, the particle size used in this experiment was apparently too large to be ingested by the
BSF larvae™. By combining all these limitations, the interpretation of the results was challenging, making it
difficult to draw firm conclusions.

CONCLUSIONS

This study showed for the first time the uptake dynamics of DINP and DEHT in BSF larvae reared on an
organic substrate (food waste) contaminated with PVC macro-, meso-, and microplastics. Our results
showed that BSF larvae possess the ability to take up these additive plasticisers, and to a certain extent,
biotransform and excrete them, thereby limiting their accumulation in the larval biomass (BAF < 0.001).
Furthermore, the presence of secondary DINP biotransformation products (OH-MINP and cx-MINP) in
the frass suggests the potential involvement of micro-organisms capable of degrading/oxidising these
plastics/additives. To elucidate the responsible micro-organisms and the specific pathways involved in this
biotransformation, further research is required.

Although this study can be considered a preliminary investigation, it highlights the promising potential of
rearing BSF larvae on plastic-contaminated food waste. Nonetheless, additional research is still necessary to
assess the chemical safety of BSF larvae when other additives are present in the rearing substrate.
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