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Trophic transfer of polylactic acid microplastics
induces multisystemic dysfunction in Tenebrio
molitor and challenges the perceived safety of
biodegradable plastics

Bruna de Oliveira Mendes,?® Wesley Rodrigues Soares,” Rafaela Ribeiro de Brito,”®
Aline Sueli de Lima Rodrigues,”® Ariane Guimarées,” Boscolli Barbosa Pereira,®
Thiarlen Marinho da Luz®® and Guilnerme Malafaia (2 *°<4

The trophic transfer of microplastics (MPs) in terrestrial food webs, particularly involving biodegradable
polymers such as polylactic acid (PLA), remains poorly understood. In this study, we simulated
a detritivore-based experimental food chain to investigate the transfer of PLA-MPs from Musca
domestica to Tenebrio molitor and the resulting ecotoxicological effects. M. domestica larvae were
exposed to PLA-MPs incorporated into the rearing substrate (4.2 mg kg™?), and the presence of MPs was
confirmed in newly emerged adults. These adults were then offered as prey to T. molitor larvae for five
days, with subsequent confirmation of trophic transfer of PLA-MPs. Indirect exposure led to pronounced
behavioral alterations, including locomotor rigidity, exploratory hesitation, and heightened phototactic
response, with metrics such as immobility time, direction reversals, and spatial recurrence emerging as
key discriminators in multivariate analysis. Growth and developmental impairments were also evident,
characterized by ontogenetic delay, reduced biomass gain, and shifts in metabolic conversion. At the
biochemical level, exposure induced marked disruptions in energy reserves (reduced protein and
carbohydrate levels and elevated triglycerides), intensified digestive enzyme activity, and a pronounced
redox imbalance — evidenced by increased reactive oxygen species, malondialdehyde, and nitrite, along
with decreased superoxide dismutase and catalase activity. Neurochemical dysfunctions were also
observed, including alterations in dopamine and serotonin levels and changes in acetylcholinesterase
activity. Furthermore, functional network analysis revealed connectivity losses, reduced topological
resilience, and a reconfiguration of biochemical co-activity patterns in response to PLA-MP exposure.
Finally, integrative modeling via sparse partial least squares discriminant analysis demonstrated clear
segregation between experimental groups, consolidating the evidence for multisystemic effects induced
by trophic PLA-MP transfer. Collectively, these findings expand our understanding of the
ecotoxicological risks posed by biodegradable polymers in terrestrial ecosystems, challenging the
perceived environmental safety of materials labeled as biodegradable.

This study demonstrates that microplastics derived from polylactic acid, a material widely promoted as biodegradable and environmentally safe, can be
transferred across a terrestrial food chain and induce coordinated multisystem dysfunction in a secondary consumer following indirect exposure. By integrating
behavioral, biochemical, and network-level responses, the findings reveal that even a single trophic step is sufficient to disrupt energy metabolism, redox

balance, neurochemistry, and functional system organization in Tenebrio molitor. These results challenge the assumption that biodegradable plastics pose
minimal ecological risk under natural conditions and highlight the need to incorporate trophic pathways and sublethal systemic effects into environmental risk
assessment frameworks for emerging materials.
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1. Introduction

In recent decades, microplastics (MPs) have emerged as
a pervasive and insidious threat to the integrity of global
ecosystems, disrupting essential ecological functions and trig-
gering adverse effects across multiple levels of biological
organization.”” Although initially associated with marine
pollution, growing evidence indicates that MPs are also widely
distributed in terrestrial environments, urban areas, and agro-
ecosystems, where they can accumulate in soils, groundwater,
and biota.*” This ubiquity is particularly alarming, given that
MPs have already been detected in remote locations, including
high-altitude regions, isolated islands, and glaciers, revealing
the diffuse and transboundary nature of this pollution.*®
Defined as plastic particles ranging from 1 um to 5 mm in
diameter," MPs originate either from the fragmentation of
larger plastic debris (secondary MPs) or from the intentional
production and release of microscale plastic particles (primary
MPs), such as those used in cosmetics, industrial abrasives, and
synthetic fibers." Their physicochemical properties — including
low density, high resistance to degradation, and strong
adsorption capacity for organic and inorganic contaminants —
promote environmental persistence and mobility across
ecological compartments, increasing their bioavailability and
potential for bioaccumulation.”> While a substantial body of
literature has focused on the impacts of MPs on marine**** and
freshwater organisms,'>*¢ the effects of this pollutant class in
terrestrial ecosystems, particularly in the context of trophic
transfer, remain poorly understood and frequently overlooked
in risk assessments.

Among the polymers that constitute microplastics (MPs),
polylactic acid (PLA) has emerged as a supposedly sustainable
alternative to conventional petroleum-derived plastics.’”
Produced from renewable sources such as corn starch and
possessing potential biodegradability, PLA has been widely
incorporated into packaging, disposable utensils, and
biomedical products.* However, its labeling as “biodegradable”
has been increasingly questioned by the scientific community,
as its efficient degradation requires specific conditions of
temperature, humidity, pH, and the presence of thermophilic
microorganisms - conditions typically found only in industrial
composting systems.*** In natural environments, such condi-
tions are rarely met, rendering PLA environmentally persistent
in many contexts. Previous studies have warned that PLA, when
fragmented at the microscale, can generate environmentally
active MPs> capable of disrupting soil microbiota,” altering
physical and physicochemical properties of soils,*® modulating
physiological processes such as seed germination, plant growth,
and nutrient translocation,””*® and being ingested by soil
fauna.”*?' Nevertheless, investigations into the ecological
behavior and toxicological effects of PLA-MPs in terrestrial food
webs remain scarce, particularly regarding their indirect
transfer through the consumption of contaminated prey by
invertebrate or vertebrate predators.

Saprophagous insects, such as fly larvae, play a critical
ecological role in the decomposition of organic matter,
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facilitating nutrient cycling, contributing to humus formation,
and acting as agents of bioremediation.*” Moreover, these larvae
are a key component of terrestrial trophic networks, serving as
a food source for a wide range of organisms, including birds,
reptiles, mammals, amphibians, and predatory arthropods.****
Previous studies have shown that larvae reared on substrates
contaminated with MPs are capable of ingesting and accumu-
lating these particles in their tissues, as demonstrated in Syn-
thesiomyia nudiseta,®® Hermetia illucens,*® and Drosophila
melanogaster.*”** Additionally, evidence suggests that MPs can
persist across developmental transitions, with newly emerged
adults retaining detectable particles after larval exposure,
indicating carry-over retention during metamorphosis and
potential mobilization across ecological contexts.** Despite
such findings, the ultimate fate of MPs when predators
consume contaminated insects remains unclear, and the
potential ecotoxicological consequences of this indirect expo-
sure have yet to be thoroughly explored.

Although the body of literature on the trophic transfer of
MPs has expanded in recent years, most studies remain focused
on aquatic ecosystems, particularly planktonic interactions and
predator-prey relationships involving invertebrates and
fish.**** Terrestrial trophic interactions - especially those
involving detritivore-based food chains;* from soil to chicken
gizzards via earthworms in the backyard garden, and Chae &
Naj;*® from soils to Vigna radiata and then to Achatina fulica -
remain underexplored, representing a critical knowledge gap in
understanding exposure pathways and the systemic impacts
associated with MP contamination in continental environ-
ments. The possibility that MPs, including those labeled as
biodegradable, may be efficiently transferred across terrestrial
trophic levels, accumulate in higher trophic organisms, or
induce sublethal effects after a single predation event chal-
lenges the prevailing assumption of their environmental safety.

In light of this scenario, this study aimed to evaluate whether
PLA-MPs can be transferred through a prey-mediated terrestrial
trophic route and whether this indirect exposure induces eco-
toxicological effects in the secondary consumer Tenebrio moli-
tor. Specifically, we tested the hypothesis that PLA-MPs retained
in newly emerged Musca domestica adults can be transferred to
T. molitor larvae via contaminated prey ingestion, eliciting
coordinated behavioral, biometric, biochemical, and functional
disturbances in the predator. The selection of M. domestica is
supported by its broad geographic distribution, high adapt-
ability to diverse organic substrates, and well-documented
sanitary, ecological, and forensic relevance,**® while T. moli-
tor serves as a widely adopted model organism for direct MP
exposure studies,** given its omnivorous habits, ease of
laboratory maintenance, and increasing significance in both
human and animal food chains.***® Ecotoxicological effects
were assessed using a multisystemic panel of behavioral,
biometric, and biochemical biomarkers, encompassing loco-
motor impairments, larval growth alterations, and biochemical
responses related to oxidative stress, energy metabolism, and
enzymatic integrity. Furthermore, we applied a combination of
inferential and multivariate statistical approaches to investigate
integrated response patterns and test the hypothesis that PLA-
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MPs are effectively transferred through a single trophic step,
eliciting coordinated disruptions across multiple physiological
systems. We believe that this study represents a conceptual and
methodological advancement in the ecotoxicology of biode-
gradable MPs by integrating trophic transfer and biological
functionality within a terrestrial detritivore model.

2. Material and methods

2.1. Polylactic acid microplastics

The PLA-MPs used in this study were previously prepared from
commercial PLA pellets (Sigma-Aldrich, product no.
GF45989881), following the procedures described previously.*
Briefly, the production process involved mechanical grinding of
the pellets, followed by oil-in-water emulsification, solvent
evaporation, centrifugation, and drying, yielding spherical
particles with smooth surfaces. The emulsification step was
performed by adding the organic phase dropwise to a 1%
poly(vinyl alcohol) aqueous phase under continuous stirring at
1700 rpm, followed by solvent evaporation under magnetic
stirring at 900 rpm for 80 min at room temperature (23-24 °C).
After brief homogenization in an ultrasonic bath for 40 s, the
particles were collected by centrifugation at 12000 rpm for
1 min and dried at 35 °C. To enable tracking in later analyses,
the MPs were stained with the fluorescent dye Nile Red, as
described previously.*® Prior physicochemical characterizations
revealed a mean diameter of 15.18 + 0.40 um and Raman
spectra with well-defined peaks (874.35 cm™', 1133 cm ™,
1457.7 em™ ', and 1769.9 cm™ '), consistent with the intact
molecular structure of the polymer. Additionally, morpholog-
ical analysis by scanning electron microscopy (SEM) confirmed
the regularity of the particles obtained.*

2.2. Animals and experimental design

The assessment of potential trophic transfer began with the
induction of oviposition and subsequent collection of Musca
domestica larvae, followed by their exposure to a substrate
contaminated with PLA-MPs. For this purpose, moistened
wheat bran (60% moisture; 8 kg), free of PLA-MPs, was used as
a feeding and oviposition attractant. The material was distrib-
uted in three rectangular containers (40 x 30 x 15 cm) and kept
in shaded conditions within the experimental area of the
Laboratory of Environmental Toxicology (LabTox) at the Federal
Institute of Education, Science, and Technology of Goias (IF
Goiano) - Urutai Campus, Brazil. The moisture of the
containers was monitored and maintained by daily replenish-
ment of evaporated water. After confirming visitation and active
oviposition by M. domestica, the containers were kept undis-
turbed for three days to allow early larval development. They
were then transferred to the laboratory, where taxonomic
identification was performed based on previous morphological
descriptions,®®®* confirming the species as M. domestica
(Diptera: Muscidae). Subsequently, third-instar larvae were
collected, and 1800 individuals were allocated into six glass
beakers containing 1 kg of wheat bran each (300 larvae per
beaker). Three beakers were filled with PLA-free substrate,
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forming the Control-larvae-M. domestica group, while the other
three received PLA-MPs incorporated into the substrate at
a concentration of 4.2 mg kg~ ', comprising the PLA-larvae-M.
domestica group. This concentration was selected as a conser-
vative low-level exposure scenario, given previous reports
showing that visible plastic items in organic composts can
occur at levels of 2.38-180 mg kg™ compost, with additional
evidence for smaller plastic particles.®> Thus, the concentration
used here lies near the lower end of values reported for organic
matrices capable of introducing plastic particles into terrestrial
systems and was considered environmentally realistic and
ecologically plausible. All beakers were incubated in a climate-
controlled chamber at 28 °C + 0.5 °C, with a relative humidity
of 50% =+ 5.5%, and a 12 hour light-dark photoperiod. Organ-
isms were monitored until adult emergence. To enable efficient
collection of newly emerged individuals, each beaker was fitted
with a structure that directed adult flight into a separate
compartment isolated from the substrate zone. This physical
separation enabled the effective collection of adult flies, which
was performed daily until the sixth day after emergence, at
which point the insects were immediately euthanized by expo-
sure to —20 °C.

Subsequently, two experimental groups were established
using T. molitor larvae derived from breeding stocks maintained
in the Terrestrial Organisms Bioterium of LabTox (IF Goiano -
Urutai Campus, Brazil). The groups were standardized con-
cerning initial body mass (150.5 & 0.003 mg; mean + SD; CV =
2.2%) and developmental stage (15.38 £ 0.25 instar; mean + SD;
CV = 4.6%) to minimize the effects of ontogenetic variation on
subsequent experimental responses. The Control group was fed
exclusively with newly emerged adult flies from the Control-
larvae-M. domestica group, while the PLA group received adults
from the PLA-larvae-M. domestica group. Food provisioning was
standardized across groups (unpaired t-test, t = 1.613, p =
0.1453), with each experimental unit, rather than each larva,
receiving an average of 118.5 £ 1.76 mg of adult flies per day for
five consecutive days. Each group consisted of five experimental
units, each containing 10 larvae, for a total of 50 larvae per
group. Therefore, the amount of food offered corresponded to
approximately 11.85 mg of flies per larva per day, assuming
equal access among larvae.

2.3. Accumulation and interspecies transfer of PLA-MPs

To confirm the ingestion of PLA-MPs by M. domestica larvae,
their retention in newly emerged adults, and subsequent
transfer to T. molitor larvae, individuals of both species were
analyzed for the presence of microplastics. Quantification of
PLA-MPs was performed following previously described
protocols,***  with methodological adaptations. For M.
domestica adults, eight biological pools were formed per
experimental group (Control-larvae-M. domestica and PLA-
larvae-M. domestica), each consisting of five individuals (n = 40
adults/group). For T. molitor, eight larvae per group (Control or
PLA) were randomly selected from the experimental replicates.
All specimens were initially rinsed with 70% ethanol, then
macerated and homogenized in conical microtubes using
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a bead mill homogenizer with stainless steel beads (4350 rpm;
seven 60 second cycles with 60 second intervals), containing
1 mL of 10% KOH solution. The contents of each tube were
transferred to glass vials containing 20 mL of the same KOH
solution, hermetically sealed, and incubated in a water bath at
60 °C for 5 days to digest the biological tissues. After digestion,
the residues were filtered through cellulose nitrate membranes
(0.45 um pore size) under negative pressure, dried in an oven at
37 °C for 12 hours, and analyzed under an epifluorescence
microscope. Only particles exhibiting yellow fluorescence,
consistent with prior Nile Red staining, were counted as PLA-
MPs. Results were expressed as the number of particles per
milligram of fresh biomass (particles per milligram of fresh
biomass, MPs per mg).

2.4. Toxicity biomarkers

2.4.1. Behavioral assessment. To investigate potential
behavioral effects associated with the trophic transfer of PLA-
MPs, T. molitor larvae were evaluated for locomotor activity
and phototactic responses at the end of the experimental
period. Sixteen individuals per experimental group (n = 16
larvae/group) were randomly selected from the five replicates.
Behavioral assessments were divided into two distinct sections:
(i) evaluation of exploratory activity in a dark environment and
(ii) evaluation of the negative phototactic response, adapted
from previously established protocols.®** All tests were con-
ducted in a climate-controlled experimental room (28 + 1 °C;
60% relative humidity) with acoustic insulation and controlled
lighting conditions. Each larva was individually placed in the
center of a Petri dish (13.5 cm diameter; 1.5 cm rim) and
recorded for 5 minutes in complete darkness (dark phase). A
100-lumen LED light source was then positioned directly above
the dish, and larval behavior was recorded for an additional 5
minutes (light phase). Petri dishes were cleaned with 70%
ethanol between trials to eliminate chemical residues or pher-
omones that could interfere with subsequent tests. While the
first section (dark phase) was designed to quantify spontaneous
exploratory patterns associated with baseline locomotor moti-
vation and neutral-environment activity, the second section
(light phase) aimed to assess negative phototactic behavior,
a characteristic of T. molitor, by measuring changes in move-
ment patterns in response to sudden light exposure.

Behavioral analysis was based on trajectory tracking.®® One
hundred frames were extracted from each video (5 minutes per
animal), and the images were processed using Fiji software
(version 2.14.0). The manual tracking plugin (plugins > tracking
> manual tracking) was used to obtain two-dimensional posi-
tion data (X and Y coordinates) for each individual over time.
Coordinates, initially in pixels, were converted to centimeters,
and the data were processed in R (version 4.3.2) using the
tidyverse, readxl, and writex] packages. Various primary and
derived behavioral metrics were calculated for each individual
and each experimental phase (dark and light), accounting for
both spatial and temporal aspects of movement. A detailed
description of the metrics analyzed in this study is provided in
Table S1 (see “SI”).
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2.4.2. Biometric assessment. At the end of the behavioral
tests, fifteen T. molitor larvae from each experimental group
were randomly selected across the five replicates for biometric
evaluation. Each individual was weighed (fresh mass, in mg)
and photographed under a stereomicroscope to obtain
morphometric measurements of total body length (mm) and
head capsule width (mm), which were used both to determine
larval instar®” and to calculate various morphometric indices.
The following parameters were estimated: (i) cephalo-corporeal
ratio (head capsule width/total body length), used to infer the
proportional development of the cephalic region relative to
body length; (ii) length-to-mass ratio (total body length/body
mass), indicative of structural elongation relative to accumu-
lated biomass; (iii) body density (body mass/total body length),
reflecting the degree of somatic compactness; (iv) cephalic
allometry index (CAI) (head capsule width/total body length),
which expresses cephalic allometry relative to body dimensions;
and (v) mass conversion index (MCI) (body mass/(head capsule
width)?), used as a volumetric proxy for somatic growth effi-
ciency based on the estimated cephalic volume. Additionally, we
calculated A body biomass (mg) as the difference between the
initial and final body mass of the larvae to assess net biomass
variation throughout the experimental period, serving as an
integrated indicator of physiological condition and resource
assimilation efficiency.

2.4.3. Biochemical assessment. To evaluate biochemical
effects associated with the trophic transfer of PLA-MPs, twelve
T. molitor larvae were randomly selected, weighed, and
homogenized in PBS (pH 7.2) using a tissue disruptor, following
procedures similar to those previously described.** The
homogenates were centrifuged (15000 rpm, 10 min, 4 °C),
filtered (0.45 um), and stored at —80 °C until analysis. The
biomarkers assessed included digestive, redox/detoxification,
neurochemical, and bioenergetic reserve parameters, as
summarized in Table S2 (see “SI”).

2.5. Statistical analyses

2.5.1. Pairwise comparisons and factorial model with
repeated measures. To compare biometric and biochemical
biomarkers between the experimental groups (Control and
PLA), each variable was analyzed individually using pairwise
statistical tests. Data normality was assessed using the Shapiro-
Wilk test, and homogeneity of variances was evaluated with
Levene's test. When both assumptions were met, an unpaired ¢-
test was applied; otherwise, the non-parametric Mann-Whitney
test was used. For each analysis, the corresponding ¢ or U values
and associated p-values were reported. Results were graphically
represented using estimation plots, which highlighted the
mean (or median) differences, 95% confidence intervals, and
the distribution of individual observations. Parametric data
were expressed as mean =+ standard deviation (SD), while non-
parametric data were presented as median and interquartile
range (IQR).

For the behavioral variables, which were repeatedly recorded
during the dark and light phases of the test, a two-way repeated
measures ANOVA was performed using a stacked matching data

© 2026 The Author(s). Published by the Royal Society of Chemistry
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structure and assuming sphericity. This approach enabled
testing the main effects of treatment (PLA x Control) and the
experimental phase (light x dark), along with their interaction,
while accounting for the dependency of successive measures
within the same individual. Before the analysis, residuals were
also tested for normality (Shapiro-Wilk test) and for homoge-
neity of variances (Mauchly's test for sphericity, complemented
by graphical inspection). In cases of moderate violation of
parametric assumptions, ANOVA was retained due to its relative
robustness, particularly given the balanced sample sizes across
groups. When necessary, corrections for sphericity violations
(e.g., Greenhouse-Geisser) were considered, though none were
applied in this study because no critical violations were
observed. All tests were conducted with a significance level of
a = 0.05, and F values and p-values were reported. All analyses
were performed using GraphPad Prism software (v.10.2).

2.5.2. Multivariate analyses

2.5.2.1. Partial least squares discriminant analysis (PLS-DA)
and principal component analysis (PCA). To identify multivar-
iate patterns associated with PLA-MPs, behavioral (Section
2.4.1), biometric (Section 2.4.2), and biochemical (Section 2.4.3)
biomarkers were submitted to partial least squares discrimi-
nant analysis (PLS-DA). Analyses were conducted in R software
(version 4.4.3) using the mixOmics package, with biomarker
sets from each axis used as predictors (in separate models) and
the experimental group (Control x PLA) as the response vari-
able. To identify the most influential variables in group sepa-
ration, Variable Importance in Projection (VIP) scores were
calculated from the latent component loadings of the PLS-DA
models; variables with VIP scores greater than 1.0 were
considered highly discriminative. Interpretation was supported
by biplots, in which biomarker vectors were projected into the
discriminant space defined by group centroids, facilitating
visualization of individual variable contributions to multivar-
iate separation.

For behavioral biomarkers, two independent PLS-DA models
were constructed: one using only data from the dark phase and
another using data from both the light and dark phases. This
approach enabled the identification of the behavioral variables
most responsible for group differentiation under distinct light
conditions. Additionally, to assess which group exhibited
greater light-induced behavioral shifts, a Principal Component
Analysis (PCA) was applied to the combined behavioral dataset
(encompassing both phases and groups). PCA was chosen due
to its unsupervised nature, avoiding forced separation bias
while enabling the evaluation of natural shifts in multivariate
behavioral profiles. Group centroids for the dark and light
phases were calculated in PCA space, and Euclidean distances
between these centroids were estimated as a measure of light-
induced behavioral change magnitude. Results were visual-
ized via trajectory plots, and the proportion of variance
explained by the first two principal components (PC1 and PC2)
was computed and reported to support the interpretation of
emerging patterns.

2.5.2.2. Network topology and structural robustness analysis
of biochemical biomarkers. To evaluate systemic interactions
among biochemical biomarkers and estimate changes in global
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functional organization between experimental groups (Control
and PLA), a network-based topological analysis was performed
using correlation matrices. Initially, data were standardized
using z-scores, and Spearman correlations were calculated for
all biomarker pairs using the rcorr() function from the Hmisc
package (R version 4.4.3), yielding both correlation coefficients
and p-values. Network construction was performed using the
igraph package, considering only correlations with absolute
magnitudes =0.3 (|r] = 0.3), regardless of statistical signifi-
cance, to capture biologically relevant interactions. For each
network (Control and PLA), structural metrics were calculated,
including the number of nodes, the number of edges, the
average degree, the density, the global transitivity, and the
modularity (via the cluster_fast_greedy() function). A Systemic
Complexity Index (SCI) was then computed, assigning differ-
entiated weights to network metrics based on their functional
relevance (density = 0.3; transitivity = 0.2; average degree = 0.4;
modularity with negative weight = 0.1). Degree and between-
ness centralities of individual biomarkers were also calculated
and compared across groups to identify highly connected nodes
(hubs) or those playing strategic roles in inter-module
communication.

Additionally, the functional resilience of biochemical
networks was assessed through a structural robustness analysis
based on degree-directed attacks, using undirected weighted
graphs to quantify network vulnerability to the systematic
removal of the most connected vertices, thereby simulating
perturbations in highly central biomarkers. At each iteration,
the node with the highest degree was removed, and the size of
the largest connected component (i.e., the largest subgraph in
which all vertices remain interconnected) was recalculated as
a measure of functional network integrity. Co-occurrence
networks were preconstructed using Spearman correlations,
considering only statistically significant interactions (p < 0.05),
and were generated using the igraph, tidygraph, and ggraph
packages in the R environment (version 4.4.3). Resilience was
expressed as a percolation curve, with the X-axis representing
the cumulative proportion of removed biomarkers and the Y-
axis representing the remaining size of the largest connected
component.

2.5.2.3. Multivariate discrimination of functional biomarkers
via sparse PLS-DA modeling. Finally, to discriminate T. molitor
larvae fed with M. domestica adults previously exposed or not to
PLA microplastics, we performed a sparse Partial Least Squares
Discriminant Analysis (SPLS-DA) using the mixOmics package
(version 6.24.0) in the R environment. Initially, all numerical
variables (n = 59 biomarkers) were standardized using z-score
transformation via the scale() function. A collinearity filter was
then applied using the findCorrelation() function from the caret
package with a cutoff of r > 0.90, resulting in the exclusion of 11
redundant variables and the retention of 48 independent
biomarkers. The sPLS-DA model was fitted with two latent
components (ncomp = 2), imposing sparsity through the keep X =
¢(10, 10) parameter to select the 10 most discriminative variables
per component, thereby avoiding overfitting and maximizing
model interpretability. The proportion of variance explained by
each component was obtained using the explained_variance()
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function, based on the variance of the scores extracted from the
fitted model. Model adequacy was further assessed by inspecting
individual score distributions, the distance between group
centroids, and the orientation of selected biomarker vectors in the
discriminant space. Additionally, Variable Importance in Projec-
tion (VIP) scores were calculated using the vip() function to identify
and rank the most relevant biomarkers in each component for
distinguishing between groups. A hierarchical clustering analysis
was then conducted on the VIP scores of both components using
the pheatmap() function with Euclidean distance and complete
linkage method, aiming to detect potential patterns of functional
modularity and co-activation among the discriminant biomarkers.

3. Results

The ingestion and retention of PLA-MPs by M. domestica were
initially confirmed by detecting fluorescent particles in newly
emerged adults originating from the contaminated substrate,
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demonstrating not only larval ingestion but also stage-to-stage
transfer of these particles into adulthood (Fig. 1A, C and D).
Quantitatively, contaminated adult flies contained 125.6 =+
76.01 PLA particles per mg body biomass, whereas no fluores-
cent PLA-MPs were detected in control individuals. When these
flies were used as food for T. molitor, they mediated the trophic
transfer of PLA-MPs, as the particles were likewise detected in
the predatory larvae — without any observed lethality during the
experimental period - although at substantially lower concen-
trations than in the prey. Specifically, T. molitor larvae showed
a mean recovered burden of 11.92 + 4.78 PLA particles per mg
body biomass, with a median value of 12.24 + 1.69 PLA particles
per mg body biomass (Fig. 1A). In addition to this lower particle
burden, PLA-MPs recovered from 7. molitor larvae exhibited
reduced diameters compared with those detected in M. domes-
tica adults (Fig. 1B, E and F). Conversely, behavioral analyses
revealed significant functional alterations. The two-way
repeated measures ANOVA indicated significant effects of
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Fig. 1 Detection and quantification of polylactic acid microplastics (PLA-MPs) in an experimental prey-mediated transfer model [Musca
domestica (Md) — Tenebrio molitor (Tm)] using Nile Red fluorescence. (A) Number of PLA-MP particles and (B) mean particle diameter (um)
detected in M. domestica adults and T. molitor larvae. Bars represent median =+ interquartile range (non-parametric data), and the estimation
plots display the difference between group medians with 95% confidence intervals. Mann—Whitney test results are shown at the top of each
graph. (C—F) Representative epifluorescence micrographs showing PLA-MPs (in yellow) in (C and D) M. domestica adults and (E and F) T. molitor
larvae. Scale bars: 50 um. MP: microplastic; PLA-MP: polylactic acid microplastic.
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both the interaction between experimental phase (dark and
light) and treatment (Control vs. PLA), as well as of each factor
independently, depending on the behavioral metric analyzed
(Fig. S1 and S2, see “SI”). These findings were further supported
by PLS-DA, which revealed a clear separation between the
groups in both test phases, dark (Fig. 2A) and light (Fig. 2B),
highlighting consistent alterations in locomotor activity
patterns induced by indirect exposure to PLA-MPs.

Among the behavioral metrics, number of direction reversals
(NDR), time spent immobile (TSI), and spatial recurrence index
(SRI) stood out, all exhibiting VIP scores greater than 1.0 in both
phases of the test, indicating high discriminative power (Fig. 2C
and D). Exposed larvae showed a lower frequency of directional
changes (NDR; Fig. S2C), increased immobility time (TSI
Fig. S1D), and higher spatial recurrence (SRI; Fig. S2A), sug-
gesting a more rigid, hesitant, and less exploratory locomotor
pattern. Still in the dark phase, exposed larvae also displayed
significantly reduced spatial entropy (SE) and fractal complexity
(FC) compared to controls (Fig. S2D and E), with VIP values
exceeding 1.0, indicating more constrained, less complex
movement trajectories. When exposed to light stimulation, PLA
group larvae exhibited a 66.27% reduction in distance traveled
(DT) compared to the control group (Fig. S1A), accompanied by
a 52.6% increase in the Locomotor Irregularity Index (LII)
(Fig. S2F), characterizing a more erratic, disorganized, and
energetically inefficient locomotor pattern. Additionally, PCA,
which integrated data from both the dark and light phases (with
PC1 and PC2 explaining 45.32% and 22.82% of the total vari-
ance, respectively), revealed that both groups altered their
behavior in response to light exposure, as evidenced by the
displacement of behavioral centroids in multivariate space
(Fig. 2E). However, while the control group exhibited only
a modest shift between phases, the PLA group showed
a substantial trajectory, with centroid displacement more than
three times greater than that of the Control group.

In addition to behavioral disturbances, indirect exposure to
PLA-MPs impaired key growth and developmental parameters
in T. molitor, with pronounced alterations in morphometric
biomarkers. Larvae fed with contaminated M. domestica
exhibited a lower mean instar compared to the control group,
whose individuals showed ontogenetic progression during the
experiment (initial value: 15.38 £ 0.25; final: 16.08 + 0.13)
(Fig. S3A - see “SI”). This developmental delay was accompanied
by reduced body biomass gain, reflected in the decrease of A
body biomass (Fig. S3D) and, interestingly, by an approximate
17% increase in the Mass Conversion Index (MCI) relative to the
control group (Fig. S3E), indicating a greater metabolic invest-
ment required to convert cephalic volume into body mass -
possibly associated with imbalances in somatic growth. These
three indicators-instar, biomass, and MCI-emerged as the main
discriminative descriptors in the PLS-DA (Fig. S3] and K),
playing a decisive role in the multivariate segregation between
groups and reinforcing the hypothesis that the trophic transfer
of PLA-MPs compromises fundamental aspects of ontogenetic
performance. In contrast, we did not observe significant
differences between groups for body density (BD), length-to-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mass ratio (LTMR), cephalo-corporeal ratio (CCR), or cephalic
allometry index (CAI) (Fig. S3F-I).

Exposed larvae exhibited reductions in total protein (TP)
(Fig. S4A, see “SI”) and total soluble carbohydrates (TSC)
(Fig. S4C), indicating impairment of protein structure and
readily mobilizable energy reserves. Conversely, triglyceride
(TAG) levels were significantly elevated in the PLA group
(Fig. S4B), which, together with reductions in the relative allo-
cation of energy to proteins (RAETP; Fig. S4D) and carbohy-
drates (RAETSC; Fig. S4F), and an increase in lipid allocation
(RAETAG; Fig. S4E), suggests a metabolic shift favoring lipid
accumulation. This trend is corroborated by increases in the
Lipid-to-Protein Index (LPI) (Fig. S4H) and decreases in the
Rapid Energy Allocation Index (REAI) (Fig. S4G), indicating
lower metabolic readiness for immediate energy use and greater
emphasis on long-term energy storage. Although the Protein-to-
Carbohydrate Index (PCI) (Fig. S4I) and the Bioenergetic
Condition Index (BCI) (Fig. S4]) did not differ significantly
between groups, the PLS-DA revealed a clear separation of
bioenergetic profiles in multivariate space (Fig. S4K and L),
indicating that the changes were sufficiently coordinated to
discriminate the groups based on their metabolic signature.

Additionally, we observed distinct biochemical alterations
between experimental groups, encompassing multiple func-
tional axes. In the digestive axis, T. molitor larvae from the PLA
group showed a significant increase in the activities of trypsin,
chymotrypsin, lipase, and alkaline phosphatase (Fig. SSA-D, see
“SI”), suggesting an upregulation of digestive enzyme activity
and a possible adaptive response to stress. Within the redox
axis, a pronounced oxidative imbalance was detected, marked
by elevated levels of reactive oxygen species (ROS) and
malondialdehyde (MDA) (Fig. S5E and F), along with a reduc-
tion in superoxide dismutase (SOD; —12.15%) and catalase
activity (—45.94%) (Fig. S5G and H). Although no differences
were found between groups for glutathione S-transferase (GST)
activity (Fig. S6A, see “SI”), cytochrome P450-type oxidase
activity was significantly higher in PLA-exposed larvae
(Fig. S6B), indicating the induction of xenobiotic-metabolizing
enzymes. Additionally, nitrosative stress was inferred from the
increased levels of nitrite (NO, ™) in the PLA group (Fig. S6C). In
the neurochemical axis, there was a marked reduction in
dopamine and 5-HT levels (Fig. S6D and E), contrasting with an
approximate 60% increase in acetylcholinesterase (AChE)
activity in the same individuals (Fig. S6F), suggesting potential
cholinergic dysfunction.

A reorganization in the functional topology of correlation
networks among the evaluated biomarkers further supported
these systematized biochemical alterations. As shown in Fig. 3A
and B, both networks (Control and PLA) contained 17 nodes,
but differed in the total number of edges (84 vs. 77, respectively),
indicating a loss of connectivity under PLA exposure. This
difference was reflected in structural metrics, with reductions in
density (0.618 — 0.566), average degree (9.88 — 9.06), and
modularity (0.105 — 0.087), alongside a slight increase in
transitivity (0.689 — 0.705), potentially indicating localized
rearrangements in functional connectivity. Degree centrality
analysis revealed a loss of connectivity in key biomarkers such

Environ. Sci.: Adv.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6va00175k

Open Access Article. Published on 26 May 2026. Downloaded on 5/27/2026 11:13:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Environmental Science: Advances Paper
0.4 0.6
© Control group PLA group
] o]
= o 02 .
g 8 0.3 & .E;
g E & o}
Eu g 0.0 R 2
S SRI 0.0 %, g
< & oo TSI g
a5 X
N A 4]
E = o4 PLA group © 03 8§ a
NDR
8 @ ) Control group BE
-1 0 1 -0.5 0.0 0.5 1.0
PLS-DA Component 1 (70.23% of variance) PLS-DA Component 1 (66.44% of variance)
~or - [ ~or [
s [ srr [
s I s
rc I oT [
se1 [ Lo
orl [ rc I
vso [ s [
el [ o
Mean VIP Mean VIP
prsv TSC
1.50
u 12 prl [ 1.25
1.00
w1 - [ 08 g | 075
sc os u
© or D) vsp
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Mean VIP Score (Comp 1 and 2) Mean VIP Score (Comp 1 and 2)
15 : @ Control group (phase: light) @
E? :
S Control group (phase: dark) )
® PLA group (phase: light) O
(<]
a5 O
a4
(o]
=
[*}
<
5
=%
g
8 1
=
R
¥
B8
a8}
PLA group (phase: dark) O
-2

-1.0 0.5 -0.0 0.5 1.0 1.5
Principal component 1 (45.32% of variance)

Fig. 2 Multivariate discrimination and behavioral feature importance in Tenebrio molitor larvae following trophic exposure to polylactic acid
microplastics (PLA-MPs). (A and B) Discriminant maps generated by Partial Least Squares-Discriminant Analysis (PLS-DA) based on locomotor
parameters recorded during the (A) baseline dark phase and (B) aversive light phase of the open field test. (C and D) Variable Importance in
Projection (VIP) scores for each behavioral trait under the same respective phases, indicating their relative contribution to group discrimination.
(E) Principal Component Analysis (PCA) score plot showing centroid trajectories between phases, evidencing a greater behavioral shift in the
PLA-MP group. Abbreviations: DT, distance traveled; TSC, time spent in center; PTSP, percentage of time spent in the periphery; TSI, time spent
immobile; VSD, velocity standard deviation; LI, linearity index; SRI, spatial recurrence index; DPI, directional persistence index; NDR, number of
direction reversals; SE, spatial entropy; FC, fractal complexity; LIl, locomotor irregularity index; EEI, efficient exploration index.
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Fig.3 Functional connectivity analysis of systemic biochemical networks in Tenebrio molitor larvae following trophic exposure to polylactic acid
microplastics (PLA-MPs). (A and B) Biochemical networks for the control group (A) and PLA-MP-exposed group (B), constructed based on
Spearman’s correlations between multiple biomarkers. Strong positive correlations (p > 0.7, p < 0.05) are highlighted in red. (C) Network
robustness analysis comparing the cumulative node removal impact on connectivity loss for each group. (D) Differential network showing the
biochemical interaction shifts between control and PLA-MP groups. Orange edges represent correlations that emerged or were strengthened
after PLA-MP exposure (i.e., gained connections). In contrast, blue edges indicate correlations that were lost or weakened (i.e., disappeared from
the control network). Each node represents a biochemical biomarker, with abbreviations detailed in the main text. C: control group; PLA: PLA-
MP-exposed group. Node labels correspond to biomarkers assessed in Fig. S5 and S6, see “SI”. Abbreviations: TP: total protein; TAG: triglycerides;
TSC: total soluble carbohydrates; DA: dopamine; 5-HT: serotonin; NO: nitrite; AChE: acetylcholinesterase; CYP450: cytochrome P450-type
oxidase; GST: glutathione S-transferase; SOD: superoxide dismutase; CAT: catalase; ROS: reactive oxygen species; MDA: malondialdehyde; TRY:
trypsin; CHY: chymotrypsin; LIP: lipase; ALP: alkaline phosphatase.

as 5-HT (degree: 12 — 2), triglycerides (8 — 5), and SOD (6 —
3), while MDA, catalase, and ALP increased their topological
influence in the network (Table S3 - see “SI”). In parallel,
betweenness centrality analysis highlighted the drastic loss of
functional prominence of 5-HT (0.025 — 0.001), suggesting that
information flow mediated by this neurotransmitter was
severely compromised.

Furthermore, the assessment of network functional resil-
ience revealed striking differences in structural stability
between experimental groups. As illustrated in Fig. 3C, the
control group's network exhibited greater robustness under the
sequential removal of highly connected biomarkers, maintain-
ing a substantially larger connected component throughout the
functional collapse curve. In contrast, the PLA group's network

© 2026 The Author(s). Published by the Royal Society of Chemistry

showed an abrupt reduction in the size of the largest connected
component after approximately 50% of the biomarkers were
removed, indicating lower topological resilience and greater
functional vulnerability to targeted perturbations. This struc-
tural fragility was further corroborated by the differential
network analysis (Fig. 3D), which revealed significant changes
in biochemical interactions induced by PLA exposure.
Connections that disappeared or weakened in the PLA group
(shown in orange) represent losses of functional co-activity
previously present in control animals. In contrast, interac-
tions that emerged or were intensified in response to PLA
(shown in teal blue) suggest compensatory adaptations and
a functional reconfiguration of the biochemical system.
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Integrative multivariate analysis of biochemical, morphometric, and behavioral traits in Tenebrio molitor larvae following trophic exposure

to polylactic acid microplastics (PLA-MPs). (A) Score plot of the sparse Partial Least Squares-Discriminant Analysis (sPLS-DA), showing clear
separation between PLA-exposed and control groups based on the integrated biomarker profile. (B and C) Top 10 variables with the highest
discriminative power contributing to the separation along components 1 and 2, respectively. (D) Hierarchical clustering heatmap of z-scored
values across all traits, illustrating group-specific patterns of response. Color gradients represent relative expression levels (z-scores), with yellow
indicating higher and purple indicating lower values. The abbreviations used for each variable are explained in Tables S1 and S2.

Finally, to integrate and refine the multivariate discrimina-
tion of T. molitor larvae fed with PLA-MP-exposed or unexposed
flies, we used a supervised modeling approach, sparse Partial
Least Squares Discriminant Analysis (SPLS-DA). From a set of 48
independent biomarkers - previously selected through collin-
earity filtering - the model was fitted with two latent compo-
nents, which together explained 84.73% of the total variance
(73.65% in component 1 and 11.08% in component 2). The clear
separation between groups in the projected space (Fig. 4A),
combined with the strong vector contribution of biomarkers
directed toward the PLA group, confirms the multisystemic
effects previously identified in the univariate and discriminant
analyses. Evaluation of VIP scores for both components (Fig. 4B
and C) revealed that the main discriminants in component 1
(which accounted for the largest variance proportion) were
biomarkers associated with bioenergetic reserve -capacity
[triglyceride levels (TAG) and the Relative Allocation of Energy to
Triglycerides index (RAETAG)], digestive enzyme activity
[chymotrypsin (CHY) and alkaline phosphatase (ALP)], oxidative
stress (ROS and MDA levels, and catalase activity), cholinergic
neuroactivity (AChE activity), biophysical body condition
[inferred from the Mass Conversion Index (MCI)], and motor
and exploratory behavior [represented by the number of direc-
tion reversals (NDR) and time spent immobile (TSI), both

Environ. Sci.. Adv.

measured during the dark phase of the behavioral test] (Fig. 4B).
Additionally, the subsequent hierarchical clustering of VIPs
(Fig. 4D) revealed two major functional clusters with contrast-
ing signatures, suggesting distinct mechanisms of coactivation
and functional modularity.

4. Discussion

As recently highlighted by Thompson et al,' research on
microplastics (MPs) has advanced significantly over recent
decades, encompassing analytical, toxicological, ecological, and
even socioeconomic dimensions. Nevertheless, despite this
progress, critical knowledge gaps persist, particularly in
terrestrial ecotoxicology, where information on trophic
dynamics involving biodegradable polymers remains scarce.
Most studies continue to focus on petroleum-derived MPs in
aquatic environments,*>** while terrestrial ecosystems and the
potential effects of biopolymers such as PLA have been largely
overlooked. In this context, the present study offers a novel
contribution by investigating the trophic transfer of PLA-MPs
between two terrestrial invertebrates - M. domestica and T.
molitor — through an integrated analysis of behavioral,
morphometric, biochemical, and functional endpoints. The
findings enhance our understanding of the fate, retention

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mechanisms, and effects of PLA-MPs across terrestrial trophic
chains, providing a foundation for broader discussions on the
true ecotoxicological potential of these materials in natural
systems.

Initially, the detection of PLA-MPs in newly emerged M.
domestica adults (Fig. 1A, C and D) confirms their ingestion and
retention throughout larval development, as well as their
subsequent transfer into the adult stage. This finding suggests
that PLA-MPs resist digestion and the intense morphophysio-
logical restructuring that occurs during metamorphosis,
a phenomenon also reported in other invertebrates exposed to
PLA-MPs [e.g., Chrysomya megacephala®] or petroleum-derived
MPs (e.g., Aedes aegypti,*® Culex quinquefasciatus,*® and Anoph-
eles sp.”®). Furthermore, when offered as food, the contami-
nated flies mediated the trophic transfer of MPs to T. molitor
larvae, in which particle accumulation was also observed. The
lower concentration and reduced particle diameter in these
larvae (Fig. 1A and B) suggest active modification of the poly-
meric material, possibly partial biodegradation mediated by gut
microbiota interactions, consistent with the previously
demonstrated capacity of 7. molitor larvae to degrade various
petroleum-based polymers.”*””” Importantly, the number of
particles detected in 7. molitor larvae should be interpreted as
the retained/recovered fraction at the end of the exposure
period, rather than as the cumulative number of particles
ingested during the five-day feeding period. Therefore, the
lower recovered particle burden relative to the estimated
particle load available in contaminated flies may indicate that
a substantial fraction of PLA-MPs was eliminated through feces,
fragmented during gut passage, partially degraded or bi-
otransformed by digestive processes and gut microbiota, or
became less detectable after intestinal processing. Additionally,
the reduced concentration of PLA-MPs in larvae relative to the
initial load observed in flies further supports this hypothesis,
aligning with the findings of Peng et al.,”® who showed that PLA
can be biodegraded and used as a source of energy and carbon
by T. molitor larvae. However, because frass, gut contents, and
tissues were not analyzed separately, the present study cannot
determine the relative contribution of egestion, fragmentation,
and partial degradation to the lower recovery of PLA-MPs in T.
molitor larvae.

On the other hand, this biodegradative ability appears to be
accompanied by adverse systemic effects, reflected in multi-
variate alterations indicative of neurobehavioral dysfunction
and disruption of the organism's functional organization. In
the behavioral domain, we observed changes in locomotor
activity dynamics under both basal conditions (dark section)
and aversive stimulation (light section), indicating dysregula-
tion of motor responsiveness. In the open field test, reductions
in the number of direction reversals (Fig. S2C), increases in total
immobility time (Fig. S1D), and elevated spatial recurrence
index (Fig. S2A) suggest decreased locomotor flexibility and
exploratory variability. These patterns are consistent with
behavioral apathy, lethargy, and possible impairment of atten-
tional motor regulation induced by PLA-MP ingestion. This is
similar to behavioral dysfunctions described in other terrestrial
macroinvertebrate models exposed to petroleum-based plastic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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particles, such as Apis mellifera,” Drosophila melanogaster,***
Bombyx mori,** and Tribolium castaneum.** Specifically, during
the dark phase, the significant reductions in spatial entropy
(Fig. S2D) and fractal complexity (Fig. S2E) suggest a more
predictable, rigid, and stereotyped exploratory pattern, possibly
related to limitations in adaptive strategies under low sensory
stimulation. Under intense illumination, the decrease in total
distance traveled (Fig. S1A) and in the efficient exploration
index (Fig. S2G) observed in PLA-exposed larvae further
supports the hypothesis of hyporeactivity to aversive stimuli
and impairments in efficient, adaptive environmental
exploration.

However, these results contrast with those reported by Silva
et al.,*® who observed increased locomotor activity in Chirono-
mus riparius larvae exposed to polyurethane MPs, attributing
this effect to reduced body mass, which would facilitate move-
ment, and increased AChE activity, interpreted as a reflection of
intensified peristaltic movements to expel MPs. In our study,
although T. molitor larvae exposed to PLA-MPs also showed
lower biomass gain (Fig. S3D) and elevated AChE activity
(Fig. S6F), the concurrent reduction in dopamine and 5-HT
levels (Fig. S6D and E), alongside increased ROS, MDA, and NO
levels (Fig. S7E, F and S8C), points to an adverse neurophysio-
logical environment that compromises not only motricity but
also motivation and environmental responsiveness. The
reduction of these neurotransmitters has been widely associ-
ated with motor coordination deficits, apathy, and lethargy, as
demonstrated in Drosophila melanogaster®”®® exposed to MPs.
Meanwhile, the redox imbalance observed may be linked to
multiple mechanisms triggered during PLA biodegradation.

The hyperactivation of digestive enzymes, especially prote-
ases (trypsin and chymotrypsin) and lipase (Fig. S7A-D), may
have increased energy expenditure and intensified mitochon-
drial activity for enzyme synthesis and function, resulting in
higher ROS generation as metabolic by-products, exacerbated
by the concurrent reduction in antioxidant defenses (SOD and
catalase; Fig. S7G and H). As highlighted by Shalem et al.,*
these enzymes may have acted not only on dietary proteins and
lipids (from contaminated flies) but also on the ingested PLA
itself, given its ester bonds. Previous studies suggest that alka-
line serine proteases (such as those found in insects) can
hydrolyze PLA, particularly the poly-L-lactic acid and poly-p,r-
lactic acid forms,*>*° which may also apply to lipases adapted to
polyester degradation. Moreover, enzymatic action on PLA-
protein or PLA-lipid complexes could have generated diges-
tively active hybrids, further intensifying intestinal enzymatic
activity. This functional overload likely led to intracellular ROS
accumulation, contributing to increased lipid peroxidation, as
reflected by elevated MDA levels (Fig. S5F). Additionally, the
activation of phase I enzymes, such as CYP450-type oxidases
(Fig. S6B), without compensatory GST upregulation (Fig. S6A),
suggests an imbalance in detoxification pathways, potentially
leading to the accumulation of reactive intermediates. It is also
plausible that redox imbalance was amplified by genomic
mechanisms, such as the induction of degradative genes
involved in plastic metabolism, as suggested by Peng et al.** in
T. molitor larvae exposed to PVC, PS, and PLA.
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Furthermore, our data indicate a decisive metabolic contri-
bution to the behavioral dysfunctions observed, suggesting that
bioenergetic alterations underpin the neurobehavioral
responses induced by PLA-MPs. Evidence of energy depletion —
such as the significant reduction in total protein and soluble
carbohydrate levels (Fig. S4A and S6C) - points to limited
structural reserves and rapidly mobilizable energy resources,
which are essential for sustaining locomotor activity and
immediate adaptive responses. In parallel, the increase in
triglyceride levels (Fig. S4B) and in the Relative Allocation of
Energy to Triglycerides index (RAETAG; Fig. S4E) reveals
a metabolic reorientation favoring long-term energy storage at
the expense of metabolic readiness, as indicated by the reduc-
tion in the Rapid Energy Allocation Index (REAL; Fig. S4G). This
pattern contrasts with that observed by Silva et al.,* where the
increase in energy allocated to locomotion in C. riparius larvae
occurred at the expense of somatic growth. In contrast, our
study found that metabolic prioritization appeared to favor
passive energy retention, thereby impairing behavioral respon-
siveness. This redistribution, combined with the reduced allo-
cation to proteins (RAETP; Fig. S4D), reflects an unfavorable
physiological state that prioritizes energy accumulation over
structural and behavioral functions, directly impacting loco-
motor flexibility and responsiveness to environmental stimuli.
This interpretation is further supported by biometric data,
which reveal ontogenetic delay (larval instar; Fig. S3A), lower
biomass gain (Fig. S3D), and an increase in the Mass Conver-
sion Index (MCI; Fig. S3E), the latter indicating higher energetic
cost for converting cephalic volume into functional biomass,
characterizing an inefficient growth profile under metabolic
stress.

From an integrative perspective, our results indicate that
exposure to PLA-MPs significantly disrupted the functional
architecture of the systemic biochemical network, inducing
a structural reorganization marked by the loss of functional
connections (degree) among key biomarkers such as SOD and
AChE activity, and levels of 5-HT and triglycerides [Fig. 3 and
Table S3 (see “SI”)]. This breakdown in connectivity suggests
a progressive collapse in the functional integration of the
serotonergic, antioxidant, lipidic, and neurochemical axes. In
contrast, biomarkers such as catalase, GST, trypsin, MDA, and
nitrite assumed more central functional positions, indicating
a redirection of systemic interactions toward pathways associ-
ated with oxidative stress, inflammation, and terminal metab-
olism. Notably, MDA emerged as a node with high betweenness,
despite its peripheral role in the control network, highlighting
its increased functional relevance in larvae fed contaminated
flies and reflecting the dominance of degenerative processes
mediated by lipid peroxidation. Similarly, the increase in
betweenness for catalase and GST suggests the activation of
compensatory mechanisms in response to oxidative stress,
although these appear insufficient to restore redox homeo-
stasis. These findings, combined with results from supervised
multivariate modeling (sPLS-DA), support the hypothesis that
exposure to PLA-MPs promotes a coordinated, multisystemic
phenotypic reorganization capable of discriminating between
experimental groups based on complex functional signatures
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(Fig. 4). Such evidence advances the field beyond most micro-
plastic ecotoxicity studies, which often rely on isolated
biomarker analysis. By integrating multiple variables through
co-occurrence networks and discriminant modeling, our data
reveal emergent alterations in interdependent functional rela-
tionships that conventional univariate approaches would not
detect. Although the scarcity of studies focused on the inte-
grative ecotoxicology of PLA-MPs limits direct comparisons, our
findings converge with those of Liao et al,” who reported
reduced structural robustness in the gut microbial networks of
Oryzias melastigma exposed to polystyrene MPs and tetracycline,
and with Guimaraes et al.,*® who observed functional disorga-
nization in C. megacephala exposed to PS-MPs, evidenced by
negative correlations and disconnected patterns among oxida-
tive and neurochemical biomarkers.

In this context, the findings presented here demonstrate that
PLA-MPs, despite their “biodegradable” labeling, can trigger
adverse multisystemic effects even after a single trophic transfer
step, impairing behavioral performance, ontogenetic develop-
ment, and bioenergetic metabolism in T. molitor larvae.
Considering the crucial ecological role of T. molitor as a detri-
tivore with broad dietary capacity - including the consumption
of both plant- and animal-derived materials®*** - such
dysfunctions may directly impact organic matter decomposi-
tion efficiency, nutrient cycling, and the structure of soil food
webs. In natural environments and agroecosystems, where T.
molitor or functionally analogous species serve as a link between
detrital resources and higher-order consumers, the disruption
of these processes could promote broad ecological imbalances,
affecting everything from soil renewal to energy availability at
higher trophic levels. Furthermore, the data reinforce previous
studies warning that the mere classification of a polymer as
“biodegradable” does not ensure environmental safety, partic-
ularly when introduced into biological systems that do not
replicate the ideal conditions for its safe degradation.®**® Taken
together, our findings underscore the urgency of incorporating
the ecotoxicological and trophic implications of biodegradable
plastics into environmental/ecological risk assessments, espe-
cially in scenarios where indirect exposure via predation
constitutes a plausible route of contamination and
bioaccumulation.

5. Limitations and future perspectives

Although our study represents a methodological and concep-
tual advance in evaluating the trophic transfer of biodegradable
MPs in terrestrial ecosystems, several limitations should be
acknowledged to guide future research. Among its main inno-
vations, the study realistically simulated a detritivore food chain
using ecologically relevant species and applied a multisystemic
biomarker panel capable of detecting behavioral, biometric,
and biochemical alterations induced by a single predation step.
Still, our experimental design included only one PLA-MP
concentration, which had been previously classified as envi-
ronmentally plausible. While this choice ensures ecological
relevance, the lack of an exposure gradient limits the ability to
characterize dose-response relationships and determine

© 2026 The Author(s). Published by the Royal Society of Chemistry
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potential effect thresholds. Additionally, although the use of
Nile Red-stained fluorescent particles and their detection via
epifluorescence microscopy strengthened the identification of
PLA-MPs at both trophic levels, future assessments that
distinguish anatomical compartments (e.g., digestive tract vs.
tissues) and investigate secondary fragmentation along the
digestive tract may provide more robust insights into systemic
bioavailability and particle metabolism.

Another limitation lies in the choice of a single prey-pred-
ator interaction (M. domestica — T. molitor), which, although
ecologically grounded, restricts the extrapolation of findings to
more complex trophic chains or organisms from different
trophic guilds. Moreover, ecotoxicological effects were evalu-
ated only after a short exposure period (five days), which may
underestimate cumulative impacts, compensatory alterations,
or delayed effects. At the biochemical level, despite the appli-
cation of a comprehensive set of functional biomarkers,
including digestive activity, redox parameters, neurotransmit-
ters, and energy reserves, future studies incorporating molec-
ular analyses (e.g., gene expression) or reproductive markers
will enhance our understanding of causal mechanisms and
potential population-level consequences.

Thus, future perspectives include incorporating multiple
trophic levels and functionally distinct species, testing different
concentrations and types of biodegradable polymers [e.g,
poly(succinic acid) (PSA), poly(butylene adipate-co-tere-
phthalate) (PBAT), polyhydroxybutyrate (PHB), and poly(-
caprolactone) (PCL)], and expanding endpoints to include
potential histopathological damage, stress-related gene
expression, reproduction, and immunocompetence. The appli-
cation of advanced imaging tools (e.g., confocal microscopy,
Raman mapping, or micro-CT) could contribute to more precise
particle  tracking in tissues and elucidation of
biodistribution.®”* Finally, studies in microcosms or under
controlled edaphic conditions that integrate multiple environ-
mental factors (pH, temperature, microbiota, and organic
matter) may provide greater ecological realism and aid in the
external validation of our laboratory findings, ultimately
contributing to the refinement of predictive environmental risk
models associated with biopolymers.

6. Conclusion

In conclusion, our study demonstrated that PLA-MPs can be
effectively transferred along the evaluated terrestrial food chain
(M. domestica — T. molitor), even in the absence of direct
environmental exposure, and that this transfer is capable of
inducing locomotor disorganization, ontogenetic impairment,
and functional collapse across multiple physiological systems
in the predator organism (7. molitor larvae). The central
hypothesis - that PLA-MPs, despite being labeled as biode-
gradable, hold significant ecotoxicological potential when
conveyed through contaminated prey — was confirmed through
multiple lines of evidence, including fluorescence-detected
indirect bioaccumulation, vector-based behavioral alterations,
and functional network complexity loss. By applying an
analytical framework that integrates supervised learning (PLS-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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DA and sPLS-DA), unsupervised dimensionality reduction
(PCA), and functional connectivity inference (complex network
analysis) within an ecologically valid trophic model, our study
enabled the characterization of integrated ecotoxicological
disturbance signatures in multicompartment biological
systems. More than raising concerns about the use of biode-
gradable plastics, the findings presented here underscore the
need for critical revisions to regulatory assumptions and envi-
ronmental risk assessment methodologies for emerging mate-
rials. From this point forward, new questions arise: which
classes of biopolymers share this potential for indirect toxicity?
How do these dysfunctions manifest in more complex ecolog-
ical interactions over time? And what are the implications for
organic matter decomposition and soil ecosystem functioning?
By addressing these questions, the ecotoxicology of biopolymers
can move toward more holistic, ecologically grounded, and
functionally integrated approaches.
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