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Biodegradation of commercial expanded polystyrene foam (EPS) and pure EPS foams was investigated by
Tahroudi et al. (2025) with a single source of mealworms (larvae of Tenebrio molitor) from Australia. They
claimed that EPS is not chemically degraded by yellow mealworms because degradation of the additive was
solely responsible for the molecular weight reduction of commercial EPS, and pure EPS was essentially
unaffected by passage through the digestive tract. They found that both pure and commercial EPS diets
failed to sustain mealworm growth, and survival rates decreased, which has been documented by other
researchers. Our comments are that the conclusions of Tahroudi et al. i.e. "expanded polystyrene is not
chemically degraded by mealworms” were not fully supported by their data and key evidence was
overlooked due to methodological limitations and other weaknesses, including an incomplete mass
balance, misinterpretation of GPC and FTIR data, and underutilization of analytical tools established for
assessment of plastic degradation. Published results, including our own, demonstrated polystyrene
biodegradation of both commercial foams and high-purity PS products by mealworms from various
sources. Degradation capabilities varied by mealworm strain, larval age, physical and chemical properties
of PS products, nutrients, and environmental factors, making broad generalizations problematic. We also
call for microbiome, transcriptome and metabolome analyses to better understand enzymatic
contributions to plastic biodegradation. Given the growing body of evidence supporting mealworm-
mediated plastic degradation, we highly recommend a more comprehensive approach to assessing
plastic biodegradation, incorporating long-term studies, CO, release, advanced analytical techniques (*H
NMR, GC-MS, py-GC/MS, 3%C, XPS etc.) with mass balance calculations associated with gut
microbiome, transcriptome and metabolome. Comparison of mealworms from different sources,
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Sustainability spotlight

Biodegradation of plastics by insects, especially mealworms (Tenebrio molitor larvae), has been confirmed widely. Tahroudi et al. (2025) published their paper
and concluded that mealworms do not chemically degrade expanded polystyrene (EPS). We argue their conclusions are not fully supported by the data and
overlook key evidence, and highlight methodological limitations and weaknesses, including incomplete mass balance analysis, the negative impacts of indi-
vidual housing, and the underutilization of analytical tools for assessing degradation. We urge a more comprehensive approach to assessing plastic biodeg-
radation. Our work emphasizes the importance of the following UN sustainable development goals: clean water and sanitation (SDG 6), industry, innovation,
and infrastructure (SDG 9), ensure sustainable consumption and production (SDG 12).

Introduction et al. (2015) confirmed PS biodegradation by yellow mealworms
from a source in Beijing, China by feeding both commercial EPS
Biodegradation of polystyrene (PS) by yellow mealworms (larvae ~ and a-">C and B-'°C labeled PS powders.! Tahroudi et al. (2025)
of Tenebrio molitor Linnaeus 1758) as well as other insects has  recently published a study in RSC Sustainability concluding that
been investigated around the world for a decade' ™ since Yang expanded polystyrene is not chemically degraded by meal-
worms using the larvae from a source in Australia because
. ) . » ) molecular weight reduction of commercial EPS was solely due to
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provides clear chemical evidence that neither mealworms nor
their gut microbiota possess enzymes capable of breaking down
EPS for energy." Their investigation included feeding of pure
polystyrene (PEPS) foam (M,, 280 kDa) and commercial EPS
(CEPS) foam (M,, 227 kDa, M,, 106 kDa, and M, 390 kDa) con-
taining 4489 ppm (or 0.45%, w/w) additives by switching diet
from wheat bran to PS only at intervals of 10 days, over 200 days
to compare average larval weight and survival rates. In this
comment article, we discuss whether their conclusions are
generally correct based on solid evidence/or are not fully sup-
ported due methodological weakness using only one mealworm
source.

The authors tested the ingestion of commercial EPS versus
pure EPS to examine EPS degradation. This is technically sound.
We believe that a pure, additive-free version of the same poly-
mer should be used to characterize biodegradation of specific
plastics.”" To date, however, many researchers have used
commercial plastic products to conduct biodegradation tests in
order to address feasibility of solutions to environmental
pollutants. The same approaches have been widely used for PS
biodegradation by T. molitor larvae from various sources around
world, e.g, China, Hong Kong, India, Indonesia, Japan,
Republic of Korea, Poland, Singapore, Spain, and the USA, and
other insects."”"**® More than 160 000 chemicals are reported
in plastics with more than 4200 chemicals of concern, which are
persistent, bioaccumulative, mobile or toxic. PS products
contain 823 chemicals that have been detected with 307 of these
chemicals of concern.'”*® The investigation of degradation and
toxicity of the additives during insect biodegradation has been
proposed’ but rarely investigated, e.g., Brandon et al. (2020)
investigated the effect and fate of HBCD in EPS foam after
ingestion by mealworms.*® Tahroudi et al. (2025) addressed the
impact of additives on PS biodegradation, which was rarely
emphasized previously. and provided valuable insights into the
effects of feeding PS alone for larval growth and rate of survival,
confirming that both pure and commercial EPS diets failed to
sustain mealworm growth and decreased rates of survival.*
However, their conclusions, that mealworms do not chemically
degrade PS, challenge prior studies that have presented strong
evidence for PS biodegradation by yellow mealworms, mainly
based on the so-called “unaffected” M, and M,, of residual
polymers extracted from frass fed pure PS foam and FTIR
spectra of frass sample fed on pure EPS. Based on Fig. 5 of ref.
11, both molecular weights and FTIR spectra are less changed
but not unaffected. The study of Tahroudi et al (2025)
contributes to the ongoing discussion regarding plastic degra-
dation, but their conclusions are not fully supported by the data
presented.

Discussion
Evidence of PS biodegradation

Tahroudi et al. (2025) reported significant depolymerization of
commercial EPS by mealworms but attributed this change to
additive degradation alone.'* We concur that plastics free of
additives or pure plastics need to be used to verify biodegra-
dation of specific plastic polymers' because degradation of
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additives could result in changes in the molecular weight
distribution of polymers. The first report on PS biodegradation
by mealworms was investigated by using both a-">C and B-'*C
PS and commercial EPS foam by Yang et al. (2015).»* During the
past ten years, researchers have conducted PS biodegradation
studies using not only commercial PS foams but also various
high purity PS products and other high purity plastics including
PE,**** PP,** PVC,**** and PET.** All of these tests demonstrated
that yellow mealworms from sources in China, the USA and UK
can biodegrade high purity PS and other plastics.” A number of
studies using both commercial PS foams and high-purity PS
powders demonstrated that mealworms from various sources
can depolymerize and reduce PS mass significantly, by more
than 50%, not only for commercial PS foams but also for high
purity PS without additives. Table 1 shows the results reported
by our research team and collaborators. As is well known, EPS
foams contain blowing agents, flame retardants, stabilizers,
etc., and these additives constitute a relatively small percentage
of the EPS product’s weight, e.g. only 0.45%, w/w including
monoglycerides, alkyl amine N-oxides, and siloxanes in
commercial EPS foams as Tahroudi et al. (2025) reported.'* For
flame retardant HBCD, only ~0.25% (w/w) was detected in
commercial insulation EPS foam while ~8.0 x 10 °% (w/w) in
commercial packing EPS foam by Brandon et al. (2020).>° In
Table 1, the PS foam mass reduced by >50% could not be
attributed to the removal of additives.

Because Tahroudi et al. (2025) tested EPS degradation using
the mealworms from only one source, it is not sound to draw
a general conclusion that EPS is not chemically degraded by
mealworms even if their evidence were strong.

Absence of mass balance analysis

A crucial aspect of evaluating biodegradation is tracking the
complete fate of ingested EPS, including mass balance analysis
of polymer loss, metabolic intermediates, and residual PS in
excretion. The primary weakness of Tahroudi et al.’s work is that
the authors only reported PS consumption rate, i.e., the mass of
PS ingested by the mealworms but did not provide a full mass
balance assessment for both commercial and pure EPS after
passage through the mealworm digestive tract, making it diffi-
cult to confirm no EPS degradation. In contrast, most prior
studies reported significant mass reduction calculated based on
the mass of PS ingested by mealworms, residual PS in the
incubator and PS extracted from frass (Table 1) and/or specific
PS removal rates, i.e., the mass of PS removed per 100 larva per
day,>***° reinforcing evidence of biodegradation. Even under
antibiotic suppression, Wang et al. (2024) observed that anti-
biotics negatively impacted reduction of M,, M, and M, of
commercial PS foam, yet significant PS mass removal (>45%)
still occurred (Table 1).2®

Alternatively, Tahroudi et al. (2025) could have also deter-
mined CO, production from mealworms fed with pure EPS,
commercial EPS versus unfed controls. Yang et al. (2015)
assessed CO, generation from mealworm metabolism and
carbon balance, indicating that the carbon of ingested PS con-
verted to CO, increased from 20.7% on day 4 to 47.7% on
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Table1 Changes in molecular weights after biodegradation of PS plastics and mass reduction of ingested polymers by Tenebrio molitor larvae
(mealworms) reported in the literature (detention time in intestinal tract 12 to 20 h)¢

Pristine GPC results

Residual GPC results

Plastic mass

Type M,, (kDa) M, (kDa) Co-diet/additive M,, (kDa) M, (kDa) reduction % Reference
PS foam 124.2 40.43 None 98.33 32.26 50.8 Yang et al., 2015 (ref. 1)
MPs, HP 6.7 6.47 None 6.01 4.23 74.1 Peng et al., 2022 (ref. 24)
29.17 27.81 None 26.57 24.43 64.1
88.63 84.32 None 80.49 68.13 64.4
192.9 182.4 None 155.6 124.8 73.5
612.2 561.4 None 566.3 427.11 60.6
1346 1268 None 1870 1637 39.7
MPs, HP 240.8 93.7 Agar 225.5 79.6 48.7 Ding et al., 2024 (ref. 21)
MPs, HP, UV 236.1 92.2 Agar 212.9 63.8 49.6
MPs, HP 194.7 78.8 None 125.2 40.5 67.7 Peng et al., 2023 (ref. 25)
PS foam 338.5 106.3 None 234.9 58.14 78.2 Peng et al., 2023 (ref. 26)
PS foam 193.06 74.62 None 174.6 81.2 Nd Wang et al., 2024 (ref. 27)
PS foam aged 208.18 78.24 None 197.0 109.98 Nd
PS foam 181.176 86.381 None 124.29 76.03 57.6 Wang et al., 2024 (ref. 28)
181.176 86.381 GMS 161.69 59.42 57.8
181.176 86.381 AMP 173.43 65.15 45.8
181.176 86.381 NS 170.26 79.88 56.7

¢ Agar = Agar added as adhesive for plastic powders to feed mealworms; AMP = ampicillin suppression; GMS = gentamicin suppression; HP = high
purity; NS = nystatin suppression; UV = UV treated prior to biodegradation. All data of molecular weights determined using GPC analyses.

day 16.* Shahzad et al. (2025) mealsured oxygen consumption by
mealworms fed expanded PS foam (M,, 204.1 kDa, M,, 77.1 kDa)
and polypropylene (PP) (M,, 484.4 kDa, M, 87.2 kDa) using
sealed biological respirometers linked to an oxygen cylinder
and estimated respective degradation efficiencies of 86.28%
and 84.61% on the basis of CO, released over 28 days.* But they
did not show this activity.

PS depolymerization/degradation using GPC analysis

Tahroudi et al. used GPC analysis as a tool to characterize PS
degradation. GPC is a powerful tool but is not the sole approach
to verify PS biodegradation. Previous studies have provided
strong evidences of depolymerization and mass reduction of
high purity PS by mealworms from various sources using GPC
analyses as shown in Table 1. For instance, Peng et al. (2022)
evaluated six high purity PS powders across a range of molec-
ular weights (6.7, 29.17, 88.63, 192.9, 612.2 and 1346 kDa),
observing significant mass removal or degradation in the
groups fed PS with lower molecular weights, while the higher
molecular weight PS (1346 kDa) group showed increased M,, and
M,, with relatively lower mass reduction (Table 1).>* In general,
significant decreases or increases in molecular weight (M,, and
M,, as well M,) ie., changes in molecular weights during
biodegradation indicate a change in the molecular weight
distribution (MWD) of plastic polymers.>***”?® In these studies,
counterintuitive outcomes may occur due to smaller chain
degradation and small variations.'” An increase in M,, and M,, of
residual PS foam was also reported during biodegradation of
aged and commercial EPS foams by yellow mealworms.>
Similar trends ie., increases and decreases in molecular
weights during plastic degradation have been reported for
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polyurethane degradation by landfill microbes** and UV
degradation of low-density polyethylene (LDPE) gauze,* sug-
gesting an intermediate degradation phase or apparent
unchanged molecular weights could occur under conditions
that Tahroudi et al. (2025) did not consider.

Gel permeation chromatography (GPC) data revealed
significant differences in residual PS before and after intestinal
passage for commercial EPS (Fig. 5a, p < 0.05), whereas purified
EPS showed insignificant differences (Fig. 5b)."* GPC accuracy
depends on calibration standards, detector precision, and
instrument conditions. Typically, relative accuracy within the
same system is around 2%, while absolute accuracy across
different systems or methods varies by 5% or more due to
calibration, solvent effects, and column performance. Notably,
Fig. 5b does show changes in M,,, M,, and M,, though with p >
0.05, raising the question of whether these changes fall within
GPC measurement error margins. In Fig. 5b of Tahroudi et al.
(2025),"* a minor increase in M,, and minor decrease in M,, and
M, do not necessarily indicate an absence of degradation, as
initial oxidation or crosslinking can maintain or even increase
M,, before further breakdown. The fact that the molecular
weight of pure EPS did change but was not unaffected as the
authors described, even slightly, means that the microbes in the
mealworm gut did, in fact, have some effect on the pure polymer
backbone. In this case of insignificant change in GPC results,
more analytical methods must be performed to verify whether
degradation of polymers occurs or does not.

Critique of FTIR analysis

Tahroudi et al. (2025) claimed that in the absence of plasti-
cizers, the chemical structure of pure EPS is unaffected by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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passage through the mealworm. In general, comparison of
spectra of pristine PS versus residual PS in frass can provide
chemical evidence whether PS is oxidized or degraded. In
Fig. 5¢,'* the FTIR spectra presented show only one marked as
“polystyrene” but it is not explained whether the spectrum is
pure EPS or pristine commercial EPS foam. They should have
presented the spectra of both pure- and commercial-EPS foams
for comparison. The spectra of both commercial-EPS frass and
pure PS frass show a C=0 peak at 1735 cm™ ' although the
former is more pronounced (Fig. 5¢). The strong C=O0 peak in
the commercial EPS suggests significant oxidative degradation,
likely catalyzed or initiated by the additives. The weak C=0
peak in the pure EPS confirms that some oxidative degradation
of the polymer backbone also occurred, albeit to a lesser extent.
This reinforces the conclusion that the mealworms are capable
of degrading the pure polymer, but the process is much slower
or less efficient without the help of additives. This contradicts
the claim that the mealworms cannot degrade PS, as changes in
functional groups provide qualitative evidence of polymer
oxidation.

In addition, no analysis was performed for the carbonyl
index (CI), a critical parameter for detecting oxidative degra-
dation,* which can be calculated using the spectra with wave-
number ranging from 4000 cm ™" to 400 cm™". Tahroudi et al.
should also have calculated the CI of pure and commercial EPS
before and after biotreatment to determine whether pure EPS is
oxidized or not.

Summarizing the above two sections, based on GPC data and
FTIR spectra (Fig. 5)," the results of pure EPS (or PEPS) should
be “less changed” but not “unaffected”. This distinction is
crucial. “Unaffected” would mean zero change, which would
confirm that the mealworms only consume additives. “Less
changed” means that the presence of additives likely accelerates
the degradation process. The presence of additives might make
the polymer more accessible to enzymes, or the degradation of
the additives might produce byproducts (like free radicals) that
help initiate the breakdown of the polymer backbone.

Variability in mealworm biodegradation capabilities

Another critical weakness of Tahroudi et al’s conclusions is
that they use the results of the mealworms from one source to
draw a general conclusion. Since Yang et al. (2015) reported that
mealworms from a source in Beijing, China biodegraded PS
foam with mass reduction up to 50%,“” significant mass
reduction of plastics by mealworms have been reported around
the world.*>”*** The plastic-degrading ability of mealworms
varies by geographical source,>** larval age,* physical proper-
ties of polymers tested,”** and incubation conditions such as
temperature,” water or moisture® etc. It is well known that
mealworms from different sources behavior differently in their
physiological characteristics e.g., digestive ability, growth rates,
tolerance or response to temperature, life cycle span etc. Previ-
ously studies indicated that yellow mealworms from different
sources showed different specific PS consumption rates and
depolymerization extents, e.g., Yang et al. (2018) reported that
the mealworms from 12 sources (USA, China, UK) exhibited

© 2026 The Author(s). Published by the Royal Society of Chemistry
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different PS consumption rates (mg per 100 larvae per day) and
various depolymerization extents based on the reduction in M,
and M,,.* Tahroudi et al. (2025) tested only a single Australian
yellow mealworm strain from a Petbarn shop in Perth, Australia
and generalized their findings to all mealworms. This overlooks
substantial evidence that different mealworm populations
exhibit varying plastic consumption and degradation abilities,
and their study should not be used to dismiss PS biodegrada-
tion in other mealworm populations.

Impact of incubation method

Tahroudi et al. used individual housing (i.e., one larva per
house) to eliminate cannibalism-related survival artifacts. This
method has been used by investigators, farmers, and students
to prevent cannibalism of superworms (Zophobas atratus) and
dark mealworms (Tenebrio obscurus), both species having
higher cannibal rates than yellow mealworms prior to pupar-
iation.>**” It was proper to use this method to eliminate
cannibalism. However, it is well known that growth density
significantly affects mealworm growth rate, individual size, and
survival rate. Mealworms are social insects, and an appropriate
density promotes mutual stimulation, increasing feeding
activity and movement. Most investigators use a group rearing
method to test biodegradation of PS and other plastics by yellow
mealworms because low cannibalism is observed during short
to middle term (4-6 weeks). We usually use 150-250 larvae per
incubator with 2 larvae per cm® because the lack of group
interaction could negatively impact PS consumption and
degradation.>*** The authors should discuss the impact of the
individual housing method on PS ingestion and degradation
compared to a group rearing. Comparison of these two methods
should be considered in future studies.

Density of EPS foam diets

Mealworms prefer chewing and ingesting PS foam with lower
density. In this study, pure EPS had a density of 0.034 +
0.004 g cm ™2, which was much higher than commercial EPS at
0.021 + 0.003 g cm > by 61%, contradicting the authors’ claim
that the two foams had similar densities. Density differences
affect the PS consumption rate, as reported by Yang et al. (2018)
that the PS removal rate decreased by 56.6% when foam density
increased from 0.021 g ecm > to 0.042 g cm ™ >.% The authors di-
scussed that the lower density of commercial EPS could make it
easier for mealworms to mechanically process and ingest. We
should also indicate that the commercial EPS is much less
dense than the pure EPS, which means it has a much higher
surface area-to-volume ratio. Biodegradation, especially in solid
materials, is a surface phenomenon. A less dense foam has
a more open, porous structure with a greater internal and
external surface area. This makes the polymer chains much
more accessible to microbes, enzymes, and water. Thus, the
difference in degradation rates and the magnitude of the
observed changes in M,,, M,,, M,, and the FTIR spectra could
also be a direct result of the difference in physical structure and
accessibility, not necessarily the presence of additives alone.
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The pure EPS, being a denser material, would simply be harder
for the mealworms and their gut microbes to degrade.

To isolate the effect of additives from the effect of physical
structure, the authors should have attempted to prepare the
pure EPS and commercial EPS to have the same density and
surface area (e.g., by re-preparing EPS foam using the
commercial EPS as raw material as pure EPS foam).

PS as sole diet and toxicity

The authors report that mealworms fed solely on PS exhibited
reduced growth and survival, using this as evidence against
biodegradation. We basically agree with the statement of the
authors that “compared to starvation, both pure and commer-
cial expanded polystyrene (EPS) diets failed to sustain meal-
worm growth, and survival rates decreased, indicating that EPS
consumption is toxic to mealworms.” According to the results of
the authors over 200 days and our previous studies e.g., by Yang
et al. (2018),>* mealworms cannot develop and grow on either
pure EPS or commercial EPS without added co-diet e.g., bran
over the long term. It is well documented that PS alone lacks
essential nutrients,>*** In reports by Bozek et al. (2017)* and
Urbanek et al. (2020),*® the larvae fed with PS foams lost weight
even more than the starvation control. Matyja et al. (2020)
doubted about the use of mealworms as an effective technology
for utilizing PS in plastic waste management based on labora-
tory data of mealworm incubation and dynamic energy budget
(DEB) model analysis.*

During PS degradation, the elevation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) is a known
response to plastic ingestion and potential toxicity.>>** Tah-
roudi et al. should further monitor ROS and RNS levels to show
if ROS and RNS elevated to imbalanced level (which causes
toxicity) due to breaking down PS, lacking of nutrients, or toxic
additives in comparison with bran-fed larvae in which ROS and
RNS remain at a balanced level.*’

Need for comparative transcriptome and microbiome analysis

To better assess whether biodegradation occurs, future studies
should compare the transcriptome and microbiome of gut
microbes and host mealworms before and after feeding on pure
and commercial EPS foams as other researchers did during
investigation of plastic degradation previously.'***3#%-%7 The
rearing methods, i.e., group rearing and individual housing,
should be compared. Additionally, mealworms from different
sources should be analyzed to determine variability in their
plastic degradation capabilities. These analyses would provide
molecular-level insights into enzymatic and microbial contri-
butions to PS breakdown.

Additional analytical tools for residual PS

Comprehensive polymer degradation assessments require
robust analytical techniques.®'***"” To date, analytical methods
for the characterization of plastic polymers and additives have
been well established.”'®***” The authors relied primarily on
GPC to compare PS before and after passage through the
intestine, but complementary methods such as 'H NMR, X-ray
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photoelectron spectroscopy (XPS), X-ray diffraction (XRD),
thermogravimetric analysis (TGA), elemental analysis (EA), and
pyrolysis-GC/MS (py-GC/MS) could provide more definitive
evidence of PS degradation patterns. GC-MS analysis can be
used to identify intermediates generated during PS degradation
test as Tsochatzis et al. (2020) reported.® The authors used 'H
NMR to analyze the extracted materials from commercial EPS
but they did not use "H NMR to characterize the oxidation of
both CEPS versus PEPS in order to verify whether pure and
commercial EPS are oxidized or not.

To verify biodegradation by mealworms, 3'*C isotopic anal-
ysis of the residual polymer in frass versus pristine polymer can
provide a powerful tool.® Because organisms often preferentially
metabolize the lighter isotope (*>C) over the heavier isotope
(*3C), this selective degradation can lead to residual plastic
becoming enriched in '*C. This method has been successfully
used to confirm biodegradation of PS, LDPE, PVC, PLA and PET
by mealworms,*?**** Measurement of 3'C shift in the
commercial EPS compared to the pure EPS would further eval-
uate the biodegradation process in the presence and absence of
additives, while a measurable shift in the pure EPS would
provide independent evidence of backbone cleavage.

Evidence from other high purity polymer biodegradation
studies

Additional studies have reported biodegradation of high-purity
plastic polymers by yellow mealworms from various sources e.g.,
polyethylene (LLDPE, LDPE, and HDPE)," polypropylene (PP),>*
polyvinyl chloride (PVC),>** and polyethylene terephthalate
(PET).** These studies examined the degradation of polymers
with different molecular weights and branching patterns, and
found depolymerization trends similar to those reported for PS
by Peng et al. (2020).** This supports the argument that the
yellow mealworms studied can indeed degrade synthetic poly-
mers, contradicting the conclusions of Tahroudi et al. (2025)."*

Conclusion

Tahroudi et al. (2025)" claim that yellow mealworms do not
degrade polystyrene chemically and raise important consider-
ations in plastic biodegradation research. They determined
additives in commercial EPS and provided strong evidence that
both pure and commercial EPS diets fail to sustain mealworm
growth and result in decreased survival rates but their conclu-
sions, i.e., EPS is not chemically degraded by mealworms,
overgeneralize findings from a single source of mealworms and
dismiss substantial prior evidence strongly supporting PS
biodegradation. Based on their data, the degradation of pure
EPS by mealworms cannot be ruled out, and the observed
differences in degradation rates between commercial and pure
EPS could be due to a combination of factors, including the
presence of additives and the significant difference in physical
structure (density/surface area), with more analytical evidence
(especially mass balance of ingested EPS) needed to disentangle
these effects. We recommend future studies incorporating mass
balance analysis, multiple mealworm strains, and multiple

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00247h

Open Access Article. Published on 21 November 2025. Downloaded on 3/2/2026 3:22:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Comment

analyses, not only GPC and FTIR but also additional "H NMR,
XPS, 8"°C isotope, GC-MS, py-GC/MS, CO, release etc. to char-
acterize PS consumption and degradation. A more compre-
hensive understanding of microbial contributions and impact
of PS ingestion on larval transcriptome and physiology is also
essential for accurate assessment of plastic degradation by
yellow mealworms.

Conflicts of interest

There are no conflicts to declare.

Data availability

All data used for this study is available upon reasonable request.

Acknowledgements

The authors appreciate the support to the research on biodeg-
radation of plastics by insects by the Woods Institute for Envi-
ronment at Stanford University (Award 1197667-10 WTAZB),
and help and suggestions by Dr Bo-Yu Peng, City University of
Hong Kong, Dr Lei He, China University of Science and Tech-
nology, Professor Shanshan Yang, and Ms Mengqi Ding, Harbin
Institute of Technology.

References

1 Y. Yang, J. Yang, W.-M. Wu, ]. Zhao, Y. Song, L. Gao, R. Yang
and L. Jiang, Biodegradation and mineralization of
polystyrene by plastic-eating mealworms: Part 1. Chemical
and physical characterization and isotopic tests, Environ.
Sci. Technol., 2015, 49, 12080-12086.

2 Y. Yang, J. Yang, W.-M. Wu, J. Zhao, Y. Song, L. Gao, R. Yang
and L. Jiang, Biodegradation and mineralization of
polystyrene by plastic-eating mealworms: Part 2. Role of
gut microorganisms, Environ. Sci. Technol., 2015, 49,
12087-12093.

3 M. Bozek, B. Hanus-Lorenz and ]J. Rybak, The studies on
waste biodegradation by Tenebrio molitor, E3S Web Conf.,
2017, 17, 00011.

4 K. Leluk, B. Hanus-Lorenz, J. Rybak and M. M. Bozek, The
effectiveness of the biodegradation of raw and processed
polystyrene by mealworms, E3S Web Conf., 2017, 22, 00103.

5 S.-S. Yang, A. M. Brandon, J. C. Andrew Flanagan, J. Yang,
D. Ning, S. Y. Cai, H. Q. Fan, Z. Y. Wang, J. Ren,
E. Benbow, N. Q. Ren, R. M. Waymouth, J. Zhou,
C. S. Criddle and W. M. Wu, Biodegradation of polystyrene
wastes in yellow mealworms (larvae of Tenebrio molitor
Linnaeus): Factors affecting biodegradation rates and the
ability of polystyrene-fed larvae to complete their life cycle,
Chemosphere, 2018, 191, 979-989.

6S. S. Yang, W. M. Wu, A. M. Brandon, H. Q. Fan,
J. P. Receveur, Y. Li, Z. Y. Wang, R. Fan, R. L. McClellan,
S. H. Gao, D. Ning, D. H. Phillips, B. Y. Peng, H. Wang,
S. Y. Cai, P. Li, W. W. Cai, L. Y. Ding, J. Yang, M. Zheng,
J. Ren, Y. L. Zhang, J. Gao, D. Xing, N. Q. Ren,

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

10

11

12

13

14

15

16

17

View Article Online

RSC Sustainability

R. M. Waymouth, J. Zhou, H. C. Tao, C. J. Picard,
M. E. Benbow and C. S. Criddle, Ubiquity of polystyrene
digestion and biodegradation within yellow mealworms,
larvae of Tenebrio molitor Linnaeus (Coleoptera:
Tenebrionidae), Chemosphere, 2018, 212, 262-271.

N. Nukmal, S. Umar, S. P. Amanda and M. Kanedi, Effects of
styrofoam waste feeds on the growth, development and
fecundity of mealworms (tenebrio molitor), J. Biol Sci.,
2018, 18(1), 24-28.

E. Tsochatzis, J. A. Lopes, H. Gika and G. Theodoridis,
Polystyrene biodegradation by Tenebrio molitor larvae:
identification of generated substances using GC-MS
untargeted screening method, Polymers, 2020, 13(1), 17.

S. S. Yang, W. M. Wu, F. Bertocchini, M. E. Benbow,
S. P. Devipriya, H. J. Cha, B. Y. Peng, M. Q. Ding, L. He,
M. X. Li, C. H. Cui, S. N. Shi, H. J. Sun, J. W. Pang,
D. F. He, Y. L. Zhang, J. Yang, D. Y. Hou, D. F. Xing,
N. Q. Ren, J. Ding and C. S. Criddle, Radical innovation
breakthroughs of biodegradation of plastics by insects:
history, present and future perspectives, Front. Environ. Sci.
Eng., 2024, 18, 78.

W. M. Wu and C. S. Criddle,
biodegradation of plastics in insect larvae,
Enzymol., 2021, 648, 95-120.

Z. M. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin,
Expanded polystyrene is not chemically degraded by
mealworms, RSC Sustainability, 2025, 3, 383-394.

T. Obrador-Viel, V. Zadjelovic, B. Nogales, R. Bosch and
J. A. Christie-Oleza, Assessing plastic degradation requires
robust methods, Microb. Biotechnol., 2024, 17, e14457.

A. M. Brandon, S. H. Gao, R. M. Tian, D. L. Ning, S. S. Yang,
J. Z. Zhong, W. M. Wu and C. S. Criddle, Biodegradation of
polyethylene and plastic mixtures in mealworms (larvae of
Tenebrio molitor) and effects on the gut microbiome,
Environ. Sci. Technol., 2018, 52, 6526—6533.

S.K. E. Gan, S. X. Phua, J. Y. Yeo, Z. S. L. Heng and Z. X. Xing,
Method for zero-waste circular economy using worms for
plastic agriculture: Augmenting polystyrene consumption
and plant growth, Methods Protoc., 2021, 4, 43.

S. S. Yang, M. Q. Ding, X. R. Ren, Z. R. Zhang, M. X. Li,
L. L. Zhang, J. W. Pang, C. X. Chen, L. Zhao, D. F. Xing,
N. Q. Ren, ]J. Ding and W. M. Wu, Impacts of physical-
chemical  property of  polyethylene (PE) on
depolymerization and biodegradation in insects yellow
(Tenebrio molitor) and dark mealworms
(Tenebrio obscurus) with high purity microplastics, Sci.
Total Environ., 2022, 828, 154458.

S. Shahzad, F. Hussain, A. Sharma, S. E. H Mehdi, S. Pandey,
W. Kang, H. Yoon, Y. Yang and S. E. Oh, Plastic-to-CO;,:
measuring mealworm-induced plastics degradation via
aerobic respiration rates, Biodegradation, 2025, 36, 85, DOLI:
10.1007/s10532-025-10179-5.

A. A. Cuthbertson, C. Lincoln, J. Miscall, L. M. Stanley,
A. K. Maurya, A. S. Asundi, C. J. Tassone, N. A. Rorrer and
G. T. Beckham, Characterization of polymer properties and
identification of additives in commercially available
research plastics, Green Chem., 2024, 26, 7067-7090.

Characterization of
Methods

mealworms

RSC Sustainability, 2026, 4, 592-599 | 597


https://doi.org/10.1007/s10532-025-10179-5
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00247h

Open Access Article. Published on 21 November 2025. Downloaded on 3/2/2026 3:22:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

18 L. Monclas, H. P. H. Arp, K. J. Groh, A. Faltynkova,
M. E. Leseth, J. Muncke, Z. Wang, R. Wolf,
L. Zimmermann and M. Wagner, Mapping the chemical
complexity of plastics, Nature, 2025, 643, 349-355.

19 J. C. Sanchez-Hernandez, A toxicological perspective of
plastic biodegradation by insect larvae, Comp. Biochem.
Physiol., Part C, 2021, 248, 109117.

20 A. M. Brandon, S. H. E. Abbadi, U. A. Ibekwe, Y. M. Cho,
W. M. Wu and C. S. Criddle, Fate of
hexabromocyclododecane (HBCD), a common flame
retardant, in polystyrene-degrading mealworms: elevated
HBCD levels in egested polymer but no bioaccumulation,
Environ. Sci. Technol., 2020, 54, 364-371.

21 L. He, J. Ding, S. S. Yang, Y. N. Zhang, J. W. Pang, D. F. Xing,
Y. L. Zhang, N. Q. Ren and W. M. Wu, Molecular-weight-
dependent degradation of plastics: Deciphering host-
microbiome synergy biodegradation of high-purity
polypropylene microplastics by mealworms, Environ. Sci.
Technol., 2024, 58, 6647-6658.

22 B. Y. Peng, Z. B. Chen, J. B. Chen, H. R. Yu, X. F. Zhou,
C. S. Criddle, W. M. Wu and Y. Zhang, Biodegradation of
polyvinyl chloride (PVC) in Tenebrio molitor (Coleoptera:
Tenebrionidae) larvae, Environ. Int., 2020, 145, 106106.

23 L. Jin, P. Feng, Z. Cheng and D. Wang, Effect of biodegrading
polyethylene, polystyrene, and polyvinyl chloride on the
growth and development of yellow mealworm (Tenebrio
molitor) larvae, Environ. Sci. Pollut. Res., 2023, 30, 37118-
37126.

24 B. Y. Peng, Y. Sun, S. Xiao, J. Chen, X. Zhou, W.-M. Wu and
Y. Zhang, Influence of polymer size on polystyrene
biodegradation in mealworms (Tenebrio  molitor):
Responses of depolymerizationpattern, gut microbiome,
and metabolome to polymers with low to ultrahigh
molecular weight, Environ. Sci. Technol., 2022, 56, 17310-
17320.

25 B. Y. Peng, Y. Sun, P. Li, S. R. Yu, Y. H. Xu, J. B. Chen,
X. F. Zhou, W.-M. Wu and Y. L. Zhang, Biodegradation of
polyvinyl chloride, polystyrene, and polylactic acid
microplastics in Tenebrio molitor larvae: Physiological
responses, J. Environ. Manage., 2023, 345, 118818.

26 B. Y. Peng, S. Xiao, Y. Sun, Y. Liu, J. B. Chen, X. F. Zhou,
W.-M. Wu and Y. L. Zhang, Unveiling fragmentation of
plastic particles during biodegradation of polystyrene and
polyethylene foams Highly sensitive
detection and digestive modeling prediction, Environ. Sci.
Technol., 2023, 57, 15099-15111.

27 Q. J. Wang, H. J. Chen, W. Q. Gu, S. R. Wang and Y. H. Li,
Biodegradation of aged polystyrene (PE) and polystyrene
(PS) microplastics by yellow mealworms (Tenebrio molitor
larvae), Sci. Total Environ., 2024, 927, 172243.

28 Y. J. Wang, H. Y. Sun, Z. Wang, Y. Wang, X. Li, X. Y. Han,
X. Zhao, A. F. Zhou and W. M. Wu, Contribution of gut
microbiota to biodegradation of polystyrene in Tenebrio
molitor larvae: microbiome under antibiotic suppression of
Gram-positive, Gram negative and fungal microbes, Chem.
Eng. J., 2024, 497, 154841,

in mealworms:

598 | RSC Sustainability, 2026, 4, 592-599

View Article Online

Comment

29 M. Q. Ding, J. Ding, S. S. Yang, X. R. Ren, S. N. Shi,
L. Y. Zhang, D. F. Xing, N. Q. Ren and W. M. Wu, Effects
of plastic aging on biodegradation of polystyrene by
Tenebrio molitor larvae: Insights into gut microbiome and
bacterial metabolism, Sci. Total Environ., 2024, 953, 176130.

30 L. Gaytan, A. Sanchez-Reyes, M. Brurelo, M. Vargas-Suarez,
I. Liachko, M. Press, S. Sullivan, M. J. Cruz-Gomez and
H. Loza-Tavera, Degradation of recalcitrant polyurethane
and xenobiotic additives by a selected landfill microbial
community and its biodegradative potential revealed by
proximity ligation-based metagenomics analysis, Front.
Microbiol., 2020, 10, 2986.

31J. Gao, L. W. Wang, W. M. Wu, J. Luo and D. Y. Hou,
Microplastic generation from field-collected plastic gauze:
Unveiling the aging processes, J. Hazard. Mater., 2024, 467,
133615.

32 R. S. Gomes, A. N. Fernandes and W. R. Waldman, How to
measure polymer degradation? An analysis of authors’
choices when calculating the carbonyl index, Environ. Sci.
Technol., 2024, 58, 7609-7616.

33 T. Q. Pham, S. Longing and M. G. Siebebecker, Consumption
and degradation of different consumer plastics by
mealworms (Tenebrio molitor): Effects of plastic type, time,
and mealworm origin, J. Cleaner Prod., 2023, 403, 136842.

34 Z. Zhong, X. Zhou, Y. C. Xie and L. M. Chu, The interplay of
larval age and particle size regulates micro-polystyrene
biodegradation and development of Tenebrio molitor L, Sci.
Total Environ., 2023, 857, 159335.

35 X. B. Wang, R. X. Du, F. N. Henriquez, H. M. Liu, S. Y. Chan,
C. M. Leong and M. Y. Lui, Enhancing plastic decomposition
in mealworms (Tenebrio molitor): The role of nutritional
amino acids and water, Adv. Energy Sustainability Res.,
2025, 6, 2400378.

36 B. Y. Peng, Y. R. Li, R. Fan, Z. B. Chen, J. B. Chen,
A. M. Brandon, C. S. Criddle, Y. L. Zhang and W. M. Wu,
Biodegradation of low-density polyethylene and polystyrene
in superworms, larvae of Zophobas atratus (Coleoptera:
Tenebrionidae): Broad and limited extent
depolymerization, Environ. Pollut., 2020, 266, 115206.

37 B.-Y. Peng, Y. M. Su, Z. B. Chen, J. B. Chen, X. F. Zhou,
M. K. Benbow, C. S. Criddle, W. M. Wu and Y. Zhang,
Biodegradation of polystyrene by dark (Tenebrio obscurus)
and yellow (Tenebrio molitor) mealworms (Coleoptera:
Tenebrionidae), Environ. Sci. Technol., 2019, 53, 5256-5265.

38 A. K. Urbanek, J. Rybak, M. Wrobel, K. Leluk and
A. M. Mironczuk, A comprehensive assessment of
microbiome diversity in Tenebrio molitor fed with
polystyrene waste, Environ. Pollut., 2020, 262, 114281.

39 K. Matyja, J. Rybak, B. Hanus-Lorenz, M. Wrobel and
R. Rutkowski, Effects of polystyrene diet on Tenebrio
molitor larval growth, development and survival: Dynamic
energy budget (DEB) model analysis, Environ. Pollut., 2020,
264, 114740.

40 Y. Z. Xu, S. Z. Xiao, Q. F. Xu, B. Y. Peng, L. B. Yang, J. Chen,
X. F. Zhou, W. M. Wu and Y. L. Zhang, Responses of 3"*C and
reactive oxygen and nitrogen species to microplastics

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00247h

Open Access Article. Published on 21 November 2025. Downloaded on 3/2/2026 3:22:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Comment

biodegradation in plastivore mealworms (Tenebrio molitor),

Chem. Eng. J., 2025, 524, 168859.

41 B. Matyakubov and T.J. Lee, Optimizing polystyrene
degradation, microbial community and metabolite analysis
of intestinal flora of yellow mealworms, Tenebrio molitor,

Bioresour. Technol., 2024, 403, 130895.

42 A. S. Navlekar, E. Osuji and D. L. Carr, Gut microbial
communities in mealworms and Indianmeal moth larvae
respond differently to plastic degradation, J. Polym.

Environ., 2023, 31, 2434-2447.

43 M. Q. Ding, S. S. Yang, J. Ding, Z. R. Zhang, Y. L. Zhao,
W. Dai, H. J. Sun, L. Zhao, D. Xing, N. Ren and W.-M. Wu,
Gut microbiome associating with carbon and nitrogen

metabolism during biodegradation of polyethene

Tenebrio larvae with crop residues as co-diets, Environ. Sci.

Technol., 2023, 57, 3031-3041.

44 A. K. Urbanek, J. Rybak, B. Hanus-Lorenz, D. A. Komisarczyk
and A. M. Mironczuk, Zophobas morio versus Tenebrio
molitor: Diversity in gut microbiota of larvae fed with

polymers, Sci. Total Environ., 2024, 952, 176005.

45 H. Nakatani, Y. Yamaura, Y. Mizuno, S. Motokucho,
A. T. N. Dao and H. Nakahara, Biodegradation mechanism

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

View Article Online

RSC Sustainability

of polystyrene by mealworms (Tenebrio molitor) and
nutrients influencing their growth, Polymers, 2024, 16,
1632, DOI: 10.3390/polym16121632.

46 L. He, S.-S. Yang, J. Ding, Z.-L. He, J.-W. Pang, D.-F. Xing,

L. Zhao, H.-S. Zheng, N.-Q. Ren and W.-M. Wu, Responses
of gut microbiomes to commercial polyester polymer
biodegradation in Tenebrio molitor Larvae, J. Hazard.
Mater., 2023, 457, 131759.

47 S.-S. Yang, M. Q. Ding, L. He, C. H. Zhang, Q. X. Li,

D. F. Xing, G. L. Cao, L. Zhao, J. Ding, N. Q. Ren and
W.-M. Wu, Biodegradation of polypropylene by yellow
mealworms (Tenebrio molitor) and superworms (Zophobas
atratus) via gut-microbe-dependent depolymerization, Sci.
Total Environ., 2020, 756, 144087.

48 L. He, S. S. Yang, J. Ding, C. X. Chen, F. Yang, Z. L. He,

J. W. Pang, B. Y. Peng, Y. L. Zhang, D. F. Xing, N. Q. Ren
and W. M. Wu, Biodegradation of polyethylene
terephthalate by Tenebrio molitor: Insights for polymer
chain size, gut metabolome and host genes, J. Hazard.
Mater., 2024, 465, 33446.

RSC Sustainability, 2026, 4, 592-599 | 599


https://doi.org/10.3390/polym16121632
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00247h

	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383

	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383
	Comment on tnqh_x201CExpanded polystyrene is not chemically degraded by mealwormstnqh_x201D by Z.nbspM. Tahroudi, G. Flematti, J. Joshi, G. Fritz and R. Atkin, RSC Sustainability, 2025, 3, 383


