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In response to the increasing demand for sustainable waste management and circular economy strategies,
this study explores the bioremediation of cosmetic waste—specifically permanent oxidative hair dyes—
using white-rot fungi and the subsequent valorisation into fungal-based biocomposite materials. Three
fungal species (Trametes versicolor, Pleurotus ostreatus, and Ganoderma lucidum) were evaluated for
their ability to degrade two model dye systems, each composed of a primary dye and a coupler. For the
first time, a mixture design of experiments was applied to optimize fungal growth on substrates made
from industrial cardboard waste and dye formulations, achieving 60% incorporation of waste-derived
components. A quick, easy, cheap, effective, rugged, and safe extraction method coupled with ultra-high
performance liquid chromatography-diode array detection enabled accurate quantification of dye
degradation. Method validation confirmed low detection limits (2.2-5.6 mg kg™, high extraction
recoveries (=83%), and negligible matrix effect. Under optimized conditions, over 99% degradation of
most dyes was achieved within 7 days. The environmental sustainability of the entire process was
evaluated through Life Cycle Assessment (LCA) using the Environmental Footprint 3.1 method. Among 16
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Sustainability spotlight

This study addresses sustainable solutions in waste management and circular economy investigating the degradation of cosmetic waste using white-rot fungi. A
novel aspect of this study is the use of a mixture design of experiments to optimize fungal growth on substrates made from industrial cardboard and dye
residues, increasing waste-derived content from 37% to 60%. This was confirmed via eco-friendly QUEChERS extraction and UHPLC-DAD analysis. A gate-to-gate
LCA revealed machinery energy use as the main environmental hotspot. The resulting biodegradable fungal-based biocomposites are intended for future use as
compostable secondary packaging. Aligned with the UN Sustainable Development Goal Responsible Consumption and Production, this work promotes circular
economy and green chemistry by turning industrial waste into valuable, low-impact materials.

manufacturing model to a more circular, sustainable

approach.” In this context, the development of effective strate-

1 Introduction

In recent years, the circular economy has emerged as a funda-
mental principle in both industrial and environmental policy
on a global scale, prompting a shift from the traditional linear
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gies and sustainable approaches to waste management and low-
carbon footprint processes is demanded.

The ingredients in cosmetic formulations, including hair
dyes, are classified as Personal Care Products>* and are recog-
nized as emerging contaminants. Permanent oxidative hair
dyes, the most widely used on the market, lack inherent
pigmentation and through chemical reactions form colored
compounds that absorb light in the 380-780 nm range.
Depending on their role in the chemical reaction, the molecules
involved in the formation of such colored compounds can be
classified into two groups: primary dyes and couplers. Primary
dyes, typically aniline derivatives, are susceptible to oxidation,
which converts them into reactive intermediates. Subsequently,
the coupling dyes react with the reactive intermediates to form
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the final dye molecules.** Due to their hazardous nature, many
of these compounds have been banned® or are subjected to
restricted use.” Consequently, improper disposal of hair dye
residues represents a significant environmental concern, as
these substances have the potential to act as hazardous
pollutants.

White-rot fungi (WRFs) are renowned for their ability to
entirely degrade lignin through the secretion of a pool of highly
specialized exoenzymes.*® In this context, laccases are of
particular interest, due to their wide range of potential
biotechnological applications, including the degradation of
pollutants.'®** Evidence suggests the effectiveness of fungal and
bacterial laccases in degrading organic dyes through oxidative
reactions, establishing the basis for the utilization of laccase-
producing organisms in waste bioremediation."””** Finally,
mycelium-based composites can offer a cost-effective, renew-
able, recyclable and biodegradable alternative to traditional
packaging.'>*®

To assess the effectiveness of dye degradation, proper
sample clean-up and extraction protocols are required.
According to the principles of green analytical chemistry, quick,
easy, cheap, effective, robust (QUEChERS)-based methods have
been proposed as green and user-friendly alternatives to tradi-
tional extraction techniques."”*® This extraction technique
relies on a low-cost two-step sample preparation approach
consisting of a salting-out extraction, followed by a clean-up
step based on dispersive solid-phase extraction.

The aim of the study was to evaluate the degradation capa-
bility of three fungal species against permanent oxidative dyes,
with the goal of providing a sustainable approach for waste
management. A mycelium-based material deriving from dye
degradation that could be used as secondary packaging was also
forecasted. This strategy enables the integration of bioremedi-
ation and biocomposite production in a unique approach. For
the first time, a chemometric approach based on a mixture
design of experiments was proposed as a valuable tool to opti-
mize the culture conditions for in vitro fungal growth. Then,
a QuEChERS-ultra-high performance liquid chromatography-
diode array detection (UHPLC-DAD) method was developed
and validated to evaluate the degradation efficiency toward both
primary dyes and their couplers. Finally, a gate-to-gate Life
Cycle Assessment (LCA) conducted at laboratory scale was
carried out to evaluate the environmental sustainability of the
entire process.

2 Experimental
2.1 Optimization of fungal growth conditions

The effect of culture medium composition on fungal growth was
investigated using dye formulations without pigments as blank
matrix. A mixture design of experiments was applied to study
the effect of three factors: the amount of cardboard, dye, and
mycelium. The experiments were designed in the pseudo-
component domain (X;, X,, and X;) as described in SI and
Table S1. For each fungal species, a total of N = 15 experiments
were carried out in random order (Table S2), including ny, = 3
experiments at the center of the experimental domain to
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estimate the pure experimental variance. The wavelengths used
are reported in Table S3.

Three response variables were defined as follows: (i) germi-
nation time (¢g), i.e. the amount in time (in hours) elapsed until
visible growth was observed; (ii) shape factor (Sg), a qualitative
measure reflecting the ease of mixing and the ability of the
culture to retain its shape upon removal of the capsules after
thermal treatment (the evaluation was performed using a six-
point scale 1-6); (iii) the mixture factor, corresponding to the
amount of dye (mg, expressed in g) used in the formulation of
the growth medium. The model regression is reported in SI.

Cultures were prepared under the optimized fungal growth
conditions, namely 2.96 g of cardboard, 3.81 g of mycelium,
2.73 g of dye and 10 mL of a 2.05% v/v aqueous lactic acid
solution. Two pigment combinations were tested as model
compounds, ie., toluene-2,5-diamine sulfate (PTD) + 2-methyl-
resorcinol (2MR), and p-aminophenol (PAP) + 4-amino-2-
hydroxytoluene (PAOC). The experiments were planned
according to a two-way analysis of variance (ANOVA) without
replicates as described in SI.

2.2 QuEChERS extraction

The QUEChERS extraction procedure was carried out by select-
ing the most suitable extraction salts (factor A, see SI) for
salting-out partitioning and evaluating the most effective dSPE
sorbent (factor B, see SI) for sample clean-up, with the aim of
maximizing the recovery of the organic dyes from the culture
medium.

2.3 Degradation experiments

Cultures were prepared according to the optimized fungal
growth conditions evaluating 3 different incubation times: 0, 4
and 7 days. Three replicate measurements were obtained for
each incubation time. Control samples, prepared in the absence
of mycelium, were also included. Details are reported in SI.

2.4 Method validation

The UHPLC-DAD method was validated under the optimised
conditions according to the EURACHEM guidelines.'® Limits of
detection (LODs) and limits of quantitation (LOQs), linearity,
precision, trueness and selectivity were assessed. A detailed
description is provided in SI.

2.5 Life cycle assessment

To analyze the environmental impact of the substrate produc-
tion process, the Life Cycle Assessment approach was used. In
the analysis of the laboratory-scale process, a “gate to gate”
approach was considered, according to the ISO 14040 (Envi-
ronmental management, Life cycle assessment, Principles and
framework) and ISO 14044 (Life Cycle Assessment, Require-
ments and Guidelines) standard guidelines.?*** The analysis
followed the LCA structure suggested by the ISO: (1) goal and
scope definition, (2) life cycle inventory (LCI), (3) life cycle
impact assessment (LCIA) and (4) interpretation of the results.
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The software SimaPro 10.1 including the Ecoinvent version 3.10
database was used. Details of each LCA step are reported in SI.

2.6 Development and characterization of bio-composite
materials

After seven days of incubation, the cultures were heat-treated at
120 °C for nine hours. The material was subsequently ground
several times using a planetary mill to reduce the powder
granulometry down to 50 pm. Mixtures of polybutylene adipate
terephthalate (PBAT) as polymer matrix and the fungal
substrate as filler were prepared at different concentrations (10-
20-30% w/w). Pure PBAT was used as reference. After extrusion
and injection molding, the dumbbell specimens were used for
the mechanical characterization of the various composite
formulations. The Young's modulus, the yield stress, and the
ultimate tensile stress were obtained from the stress-strain
curves. More precisely, Young's modulus, which is calculated as
the slope of the straight section of the curve, defines the stiff-
ness of the material, ie. its tendency to plastic deformation
when subjected to a load; the maximum of the curve following
the straight section corresponds to the irreversible plastic
behavior of the material, otherwise known as the yield stress
and the maximum stress, also defined as ultimate tensile stress,
is the stress required to break the specimen.

3 Results and discussion

3.1 Mixture design for the optimization of fungal growth
conditions

A mixture design of experiments is proposed as a valuable
strategy to enhance the growth of various fungal species for the
bioremediation of cosmetic wastes. White-rot fungi (WRF) were
selected due to their excellent adaptability to environmental
challenges. Furthermore, they have shown promising results in
the decolorization of dyes and bioremediation of organic
pollutants.?>** Among WRF, Trametes versicolor (TV), Pleurotus
ostreatus (PO) and Ganoderma lucidum (GL) were selected since
they are known to produce highly effective ligninolytic enzyme
systems able to promote the breakdown of diverse synthetic
dyes. These enzymes mainly belong to laccases, manganese
peroxidase, dye-decolorizing peroxidases, and lignin peroxi-
dase. Laccases catalyze the reduction of oxygen to water while
simultaneously oxidizing a broad range of substrates, primarily
phenolic compounds.” Manganese peroxidases are heme-
containing glycoproteins belonging to the oxidoreductase
group that can catalyze the degradation of toxic dye pollutants,
phenolic compounds, antibiotics, and other hazardous envi-
ronmental contaminants.”® Dye-decolorizing peroxidase
enzymes are present in both fungi and bacterial, playing a key
role the degradation of lignin and anthraquinones.*® Finally,
lignin peroxidase was applied for the decolorization of synthetic
textile dyes.>” TV is one of the most studied species, owing to its
ability to tolerate non-sterile conditions, which makes it easier
to handle and cultivate even for non-specialists. It produces
high levels of extracellular oxidative enzymes, including high-
redox-potential laccases, manganese peroxidase, and lignin
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peroxidase.”® In addition, it has been widely suggested for the
decolorization of dyes.”® PO is characterized by the absence of
lignin peroxidases and the presence of three versatile peroxi-
dases and six manganese peroxidases: genomic analysis
revealed that versatile peroxides exert the role typical of lignin
peroxides.” In addition, the production of dye decolorizing
peroxidases has been recently investigated.** PO has been also
applied for bioremediation purposes.*>** Finally, GL produces
several highly stable laccase isoenzymes, frequently tolerant to
fluctuations in pH and temperature,® which is advantageous
for the bioremediation of dyes.**

After performing the experiments, multiple linear regression
was carried out to calculate the models.*® All the models were
validated in terms of goodness-of-fit (ANOVA, p > 0.01), indi-
cating that the approximation error could be explained in terms
of experimental variance. Regarding germination time, the
models (Table 1) demonstrated good performance in terms of
both explained variance and predictive capability in cross-
validation, with R*> = 0.98 and Q> = 0.86, respectively - the
latter being exceptionally good considering the biological
nature of the process. Fig. S1 and S2 depict the ternary contour
plots.

All fungal species exhibited similar behavior. The terms
related to pseudo-components X; and X, as well as the inter-
action term between X, and X; resulted to be significant in all
models. By contrast, the term related to pseudo-component X;
appeared only in the model related to TV. The effect associated
with pseudo-component X, showed the highest magnitude
among all terms, as the largest variation in response was
observed when comparing ¢; at 100% X, to that at 50% X; and
50% X;. Conversely, the effect related to X; was the weakest.

For all species, visible growth was observed only after pro-
longed incubation when higher proportions of pseudo-
component X, (rich in hair dye) were present in the medium.
By contrast, faster growth occurred with higher contents of
pseudo-component X; (rich in cardboard). Although these
findings seem to contradict the commonly observed positive
correlation between high nitrogen content and biomass
production,® the observed behavior may be explained by the
texture of the culture medium. In fact, higher proportions of X,

Table 1 Regression models calculated for each species with respect
to germination time, shape factor and amount of dye

Models®
t
TV ¥ = 19(£3)X, + 68(£3)X, + 20(£3)X; - 70(£20)X,X;
PO Y = 40(+10)X; + 160(£10)X, ~ 190(+60)X,X;
GL Y = 50(£20)X; + 180(£20)X, - 200(£80)X,X;
St
Y% y =5(£1)X,
PO y = 6(£1)X; + 17(£7)X,X;
GL y=4(£1)X,
my’ Y = 0.9X; +4.7X, + 0.9X;

¢ The coefficients are reported as coefficient (+ standard error) rounded
at one significant digit. ® The response corresponds to one of the
mixture factors, the equation of the model is known.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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led to a more liquid and compact consistency, whereas higher
contents of X; led to a drier and more porous structure. The
latter condition allows for better air circulation compared to the
more liquid texture, which could create an anoxic environment
incompatible with fungal proliferation. As a general remark, TV
was more tolerant than PO and GL with respect to the compo-
sition of the culture medium, as it showed visible growth in
shorter times.

Conversely, GL exhibited the longest germination times
across a wider portion of the pseudo-component domain. PO
was characterized by an intermediate behavior (Fig. S1A).

As for the shape factor, the models (Table 1) showed good
performance in terms of explained variance, while the predic-
tive capability in cross-validation was acceptable, with R* = 0.93
and Q> = 0.51. The ternary contour plots are depicted in
Fig. S1B: the three species exhibited different behaviors
regarding the ease of culture preparation and the texture of the
resulting material after thermal treatment. The observed
differences were most likely ascribable to the distinct textures of
the mycelia themselves, both at the time of inoculation and
after growth.

From the contour plots, it can be observed that the zones
corresponding to the highest predicted values for Sy were
located at low contents of pseudo-components X, and X;.
Although cultures with higher proportions of pseudo-
component X, (rich in hair dye) were easier to homogenize,
they lacked cohesion after thermal treatment. This behavior can
be attributed to the limited fungal growth observed under these
conditions, and from a full circularity perspective, hindered the
recovery of the produced material for alternative uses, such as
secondary packaging production. In contrast, cultures prepared
with higher proportions of pseudo-component X; (rich in
cardboard) appeared drier and were difficult to homogenize.
This could result in weak points in the final material and
a deterioration of its mechanical properties. The best perfor-
mance was observed at higher proportions of pseudo-
component X; (rich in mycelium), which consistently showed
statistically significant effects. Combinations that promoted
rapid fungal growth yielded samples that did not crumble after
thermal treatment and can be ascribed to the binding effect of
the mycelium, as previously reported in the literature.®

As for the amount of dye used for culture preparation, since
this variable corresponded to one of the mixture components,
the model equation did not need to be postulated (Table 1). As
expected, in Fig. S2, the amount of hair dye increases linearly
with higher proportions of pseudo-component X, (i.e., the
component richest in hair dye).

Finally, Derringer's method was applied to identify the
growth conditions that ensured the best compromise among
the investigated responses. A global desirability D = 0.79 was
obtained, which was considered satisfactory, especially
considering that some of the optimization criteria had opposite
directions. Single desirability values close to 1 were achieved for
the ¢; of all investigated species, while d; values higher than 0.42
and equal to 0.47 were calculated for the S¢and mq4 parameters,
respectively (Table S4). Globally, satisfactory optimal conditions
were identified and considered valid, as the lack-of-fit was not
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statistically significant (p > 0.01). As a final remark, it should be
noted that the use of an experimental design approach led to
a significant improvement in waste management. Specifically,
the initial composition included 37% of materials deriving from
waste, whereas the newly identified composition reached 60%
(Table 2).

3.2 QuEChERS optimization

Due to the high complexity of the matrix under investigation,
a sample preparation step was necessary. For this purpose, the
QuEChERS extraction technique was investigated and its
performance was assessed by varying the composition of the
extraction salt mixtures and the adsorbent used for the dSPE
clean-up.

Three validated variants were tested: an unbuffered (UB)*”
and two buffered methods, one with acetic buffer (AOAC
method)*® and one with citrate buffer (EN method).* Since
higher backgrounds in the UV-vis spectra were observed when
the EN and AOAC methods were used, the UB method was
selected as the most promising extraction strategy. Different
dSPE sorbents were tested to determine their efficiency in
removing interfering compounds. More precisely, PSA can aid
the removal of acidic interferences, C18 can enhance the
removal of fats and nonpolar interferences, graphitized carbon
black can exert a positive effect on the removal of planar
pigments, whereas Z-Sep can play a pivotal role in removing
polar interferences. Preliminary evaluations were carried out via
UV-vis spectroscopy planning the experiments according to an
unreplicated two-ways ANOVA, meaning that all the possible
combinations salts/sorbents were explored. As shown in Fig. S3,
both factors had a negligible effect on the extraction of the
investigated dyes (p > 0.05). Although no statistically significant
differences were obtained among the dSPE sorbents tested,
visual inspection of the blank samples indicated that the PSA/
C18+MgSO, combination produced the least pigmented and
opalescent extracts. Consequently, this combination was
chosen as sorbent phase for dSPE clean-up.

3.3 Chromatographic separation and method validation

Considering that commercial hair dye formulations usually
contain more than one precursor and coupling agent, a UHPLC-
DAD method was developed and validated to evaluate the
degradation capability of the fungal species towards the inves-
tigated dyes. Different stationary phases were tested to provide
an effective separation of the precursors, the coupling agents,

Table 2 Composition (as weight fractions) related to the optimal
conditions, expressed in the pseudo-component domain. Columns 3—
5 and the last row show the back-conversion into the explicit mixture
factors

Pseudo-component  Optimum Cardboard Dye Mycelium
X1 0.00 0.00 0.00 0.00
X, 0.47 0.05 0.23 0.19
X; 0.53 0.26 0.05 0.21
) 1.00 0.31 0.28 0.40

RSC Sustainability, 2026, 4, 896-905 | 899


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00770d

Open Access Article. Published on 18 December 2025. Downloaded on 2/13/2026 9:34:17 AM.

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

(cc)

RSC Sustainability

and the corresponding coupling products. A hydrophobic phase
with pentafluorophenyl-propyl modification provided a higher
selectivity compared to classical C18 functionalization due to
a separation principle based on four retention mechanisms,
namely polar interactions (H bonds), dipole-dipole interac-
tions, - interactions and hydrophobic interactions.

LOD and LOQ values were obtained in the 2.2-19 mg kg ™"
range (Table S5). A good linearity over two orders of magnitude
was assessed for all pigments: no lack-of-fit was observed. RR%
in the 83(+1) - 111(+5) % range (n = 10) were obtained by
analyzing blank matrices spiked with the investigated pigments
at three different concentration levels: LOQ, 160 mg kg™ " and
2500 mg kg~ '. These results demonstrated the good efficiency
of the developed method in terms of extraction recovery
(Fig. S4). Method precision was evaluated at three concentration
levels, namely LOQ, 160 mg kg " and 2500 mg kg " for each
analyte: good results were obtained both in terms of intra-day
repeatability and intermediate precision with RSD <3 and
<10% at the highest and lowest concentration levels, respec-
tively. Finally, the slopes of the calibration curves obtained from
standard solutions and matrix-matched samples were not
significantly different. Regarding the ME values, matrix effect
factors of 36, 33, and 20% were observed for 2MR, PAP, and
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Fig. 1 Degradation of: (A) PAP; (B) PAOC; (C) coupling product.
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PTD, respectively, while a much lower value (1.7%) was calcu-
lated for PAOC, confirming the presence of a negligible matrix
effect.*’

3.4 Pigment degradation over time

The validated UHPLC-DAD method was applied to study the
degradation of pigments over time using each fungus alone and
their combination. Day 0 was selected as the reference point,
representing the initial condition in which 100% of each
pigment was present in the culture. As previously stated, day 4
corresponded to the optimal germination time, while day 7
allowed for further fungal growth.

As for the binary PAP/PAOC, when PAP was considered
(Fig. 1A), no significant difference was observed between treated
and control samples on day 0 (ANOVA, p > 0.05). On day 4,
significant differences appeared with TVPO, GL and PO being
the most effective treatments. After 7 days, TVPO allowed for an
almost complete degradation of both pigments, with
a percentage of 99.1(+0.9) %. A similar behavior was observed
for PAOC (Fig. 1B). Regarding the coupling product (Fig. S5), on
day 0 no significant differences were observed between the
fungal species and the control sample except for the mix
(Fig. 1C). On day 4, a general increase in the responses related to
both the fungal-treated cultures and the control was observed.
This effect was particularly marked for control samples, while
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Fig. 2 Degradation of: (A) PTD; (B) 2 MR; (C) coupling product.
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a reduced effect was evidenced for the fungal treatment. This
behavior could be explained by considering the simultaneous
combination of two effects: the formation of the coupling
product and the degradation due to the enzymatic activity of the
fungal species. The results obtained on day 7 were similar to
those observed on day 4, with the exception of control and GL
samples that showed a reduction in the observed responses.
Regarding the binary mixture PTD/2MR, for PTD (Fig. 2A) on
day 0, no significant difference was observed among the
responses. After four days, a strong decrease in the responses
was observed for all samples, TV, PO and TVPO showing the
highest degradation performance (>99%). A similar behavior
was observed on day 7. 2MR (Fig. 2B) behaved similarly to PTD
showing a significant decrease along the time, with a degrada-
tion in the 81-99.5% range for the fungal treatments. As for the
coupling product (Fig. S5), a decrease in the responses was
obtained between day 0 and day 4; no significant effect was
observed for fungal treatments except for TVPO, which
demonstrated the highest degradation capability (Fig. 2C).

3.5 Life cycle assessment

LCA was applied to quantify the environmental impacts asso-
ciated with the laboratory-scale production of the innovative
mycelium-based substrate and to identify the most challenging
steps in the process. A gate-to-gate approach was adopted,
encompassing substrate preparation, inoculation, and drying
within the defined system boundaries. The results were then
interpreted and discussed through Life Cycle Impact Assess-
ment (LCIA). Fig. 3 shows the environmental impact profile of
the mycelium-based substrate. The life cycle analyzed was
divided into four main phases: (i) transport phases (transport of
mycelium, lactic acid, cardboard, and hair dye); (ii) laboratory
equipment (plastic tray, steel prop and spatula, ceramic capsule
and pestle, parafilm, glass jar, tin cap deionized water and
sterilizing agent); (iii) laboratory energy consumption (scale,
autoclave, incubation, and heater); (iv) substrate material
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Fig. 3 Environmental impact of mycelium-based substrate produc-
tion. Acidification (AC), climate change (GWP), ecotoxicity freshwater
(ECF), particulate matter (PM), eutrophication marine (EUm), eutro-
phication freshwater (EUf), eutrophication terrestrial (EUt), human
toxicity cancer (HTc), human toxicity non-cancer (HTnc), ionising
radiation (IR), land use (LU), ozone depletion (OD), photchemical
ozone formation (POF), resource use fossils (RUf), resource use
minerals and metals (RUm) and water use (WU).
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Sensitivity analysis on laboratory energy consumption
m S1: Italian energy mix low voltage m S2: Photovoltaic panels

100%

80%

60%

40%

Luldl |
o 11 I

> & S RN \\ \
& & @ PO NG &
& ° v\ NN S DY N O K 0
o\\z\ o Cf<\0 Qp”o %90 &ﬁr &o\ /\0\0 O 0‘1'}’ v ((C;\ \'\40 N @:’ ,bbe'
NI RS SRS SRS & S &
O & I & & & & S
S Q N &S

Fig. 4 Sensitivity analysis of the

consumption.

laboratory phase energy

composition (mycelium, cardboard, hair dye and lactic acid).
The details are reported in SI, Table S6 and Fig. S6.

As shown in Fig. 3, the most impactful phase was the energy
consumption of the machinery used during laboratory process.
In particular, the incubation process was the most significant
contributor in 14 out of 16 impact categories, with the exception
of ECF (the harmful effects of toxic substances on biodiversity of
freshwater ecosystems) and EUm (the excessive availability of
a limiting nutrient that leads to the extent of the primary
production in the ecosystem).” The incubation process is
highly energy-consuming, as the equipment operates continu-
ously for four days, resulting in a total energy consumption of
7.371 kWh per FU. The default Italian electricity mix from the
Ecoinvent dataset “Electricity, low voltage {IT}| market for
electricity, low voltage | Cut-off, S” was used to model all energy
consumption. These findings are consistent with the results
previously reported in the literature, where the equipment used
on a laboratory scale is highly energy-intensive.*> Within the
same group, the second most impactful process was the heater
used for final sample drying, operating for 2 hours and
consuming 1.08 kWh per FU. These results are consistent with
laboratory-scale production processes, particularly when small
amounts of material are processed over extended periods. The
contribution of hair dye was especially relevant for the impact
categories ECF and EUm followed by HTc and OD. In addition,
lactic acid production emerged as a significant contributor
among the substrate materials, affecting the ECF, PM, EUm and
POF categories.

Regarding the materials, the contribution of mycelium was
notable in the EUm, LU and WU categories. In contrast, the
transport ad materials equipment phases showed negligible
impacts compared to the previously discussed contributions.
The results of the life cycle impact assessment to produce the
mycelium-based substrate are summarized in Table 3.

3.5.1 Sensitivity analysis and industrial scale-up. Since
energy consumption for the processing stages has a significant
impact, a sensitivity analysis was carried out, hypothesizing the
use of a different energy source to assess the accuracy of the
results. Sensitivity analysis consists of verifying how much the
results change based on variations in the model or input data,
in order to assess the robustness of the results (output data).**
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Table 3 Impact results of the mycelium-based substrate production according to the 16 E.F. 3.1 impacts categories

Laboratory energy Substrate material
Impact category Transport phases Laboratory equipment consumption composition Total
AC [mol H + eq] 1.87 x 107° 6.98 x 107° 1.26 x 107> 3.74 x 107° 1.65 x 1072
GWP [kg CO, eq] 8.97 x 10 1.80 x 1072 3.01 8.97 x 10" 3.94
ECF [CTUe] 3.43 x 1072 2.13 x 107" 9.36 1.28 x 10" 2.24 x 10"
PM [disease inc.] 6.60 x 107° 1.05 x 1078 6.24 x 107° 3.47 x 1078 1.08 x 1077
EUm [kg N eq] 4.48 x 10°° 1.47 x 107° 1.89 x 10 2.61 x 107° 4.52 x 107°
EUf [kg P eq] 6.07 x 107 4.72 x 10°° 6.70 x 10~* 1.98 x 10* 8.73 x 107*
EUt [mol N eq] 4.84 x 107° 1.58 x 10°* 2.06 x 1072 7.51 x 10 2.83 x 102
HTc [CTUh] 6.36 x 107" 4.82 x 1070 7.75 x 107° 4.34 x 107° 1.26 x 1078
HTnc [CTUh] 7.92 x 10! 1.79 x 10 ° 3.74 x 10°® 8.95 x 10~° 4.66 x 10°°
IR [kBq U-235 eq] 1.64 x 107* 7.90 x 107* 3.58 x 107" 5.57 x 102 415 x 107"
LU [Pt] 7.62 x 107> 6.53 x 107> 1.76 x 10" 5.71 2.34 x 10"
OD [kg CFC11 eq] 1.78 x 107° 3.01 x 1070 6.92 x 107° 4.08 x 1078 1.11 x 1077
POF [kg NMVOC eq] 3.10 x 107° 6.14 x 107° 8.82 x 107 3.92 x 107° 1.28 x 1072
RUf [M]] 1.26 x 10" 2.98 x 107" 4.82 x 10 1.53 x 10" 6.39 x 10"
RUm [kg Sb eq] 2.92 x 10°° 5.10 x 107 3.76 x 10° 6.14 x 10°° 4.42 x 10°7°
WU [m® depriv.] 5.23 x 107* 1.96 x 1072 2.18 5.79 x 107" 2.78

The analysis covered energy sources for autoclave, heater,
incubation, and scale consumption. The previously modelled
Italian energy mix was replaced with energy from renewable
sources, specifically from photovoltaic panels, modelled with
the Ecoinvent dataset ‘Electricity, low voltage {IT}| electricity
production, photovoltaic, 3kWp slanted-roof installation, multi-
Si, panel, mounted | Cut-off, S’. The baseline scenario described
above is referred to as S1 (Scenario 1), while the new scenario
involving the use of photovoltaic panels is referred to as S2
(Scenario 2). Fig. 4 shows a comparison between the two
scenarios, focusing on the contribution of energy consumption.

In fifteen of the sixteen impact categories considered, the use
of energy from photovoltaic panels resulted in a lower impact,
with reductions ranging from a maximum of 85% in categories
such as IR, LU, and Ruf, to a minimum of 17% for the HTnc
category. The only category showing an increase in impact is
RUm: photovoltaic panels have a higher impact in terms of
minerals and metals resource consumption, as their production
requires specific raw materials, some of which are critical or
rare earths elements. This impact is mainly attributable to the
extraction and processing of these materials. The numerical
data on the impacts are reported in SI, Table S8.

The LCA described above provides an initial overview of the
potential impacts of the laboratory-scale process; however,
when considering its application at an industrial scale, several
significant complexities arise that may affect its overall
sustainability. One key aspect is electricity consumption, which
represents the largest contribution to environmental impact. If
highly energy-intensive phases, such as incubation are scaled-
up to industrial level, the transition could amplify the envi-
ronmental footprint disproportionately compared to the
increase in production capacity, as analyzed by Alaux et al.,*
due to a non-linear rise in energy demand. Another critical
factor to consider is the use of disposable equipment, whose
volumes would become unsustainable at an industrial scale.
This equipment should therefore be replaced with reusable
alternatives, as without such a transition, the impacts

902 | RSC Sustainability, 2026, 4, 896-905

associated with plastic waste and its production would render
the process difficult to sustain. In addition, it is essential to
consider the availability and homogeneity of the materials
composing the substrate, which must be ensured throughout
the entire supply chain. Finally, when scaling to an industrial
level, higher energy requirements and additional machinery
may become necessary to replace laboratory operations that are
performed manually with automated procedures, such as
sample dosing and filling.** Scaling up does not necessarily
imply an improvement in the sustainability of the process:
while increased productivity and process optimization must
certainly be considered, so too must the new environmental
impacts arising from the energy consumption of additional
processing stages, from transportation, from infrastructure,
and from the management of equipment and laboratory
materials.

3.6 Development of biocomposite prototypes

After confirming the effective degradation of the investigated
compounds, each resulting material was thermally treated to
deactivate fungal residues and subsequently assessed for its
mechanical properties. All samples exhibited noticeable tactile
brittleness: for this reason, they were deemed unsuitable for
direct application. To enhance hardness, they were incorpo-
rated as fillers into a polymeric matrix. In accordance with
sustainability goals and the principles of green chemistry,
biodegradable and compostable materials, specifically poly-
lactic acid and polyhydroxyalkanoates were selected. However,
preliminary tests showed that these polymers were not suitable
for encapsulating fungal substrates, as they became excessively
brittle or demonstrated insufficient mechanical stability. PBAT
was then tested as alternative polymeric matrix. Although PBAT
has a fossil origin, it is fully biodegradable and compostable.*>*¢
Using compounds containing a maximum 30% (w/w) of fungal
substrate in PBAT matrix, previously mixed appropriately, hel-
ped avoid segregation issues that could compromise the
extrusion of a uniform and continuous material. This

© 2026 The Author(s). Published by the Royal Society of Chemistry
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improvement can be explained by the different chemical and
physical properties of PBAT and the fungal substrate: the lighter
and cotton-like fungal powder tend to segregate if not properly
broken down and dispersed, leading to inhomogeneous
filaments.

The behavior of the produced specimens under tensile
testing showed clear differences. ANOVA followed by a Bonfer-
roni post hoc test confirmed statistically significant variations
among samples (p < 0.05). More specifically: (i) the Young's
modulus (stiffness) increased significantly with higher fungal
substrate content when compared to pure PBAT, indicating
a stiffer material.*” The fungal substrate acted as a structural
filler, reinforcing the polymer matrix; (ii) yield stress (plasticity):
no significant differences were observed among the formula-
tions, indicating that incorporation of the fungal substrate did
not substantially influence the transition from elastic to plastic
deformation; (iii) maximum stress (stress at break): significant
differences were observed between pure PBAT and all composite
formulations, whereas no significant differences were found
among the PBAT-fungal substrate mixtures. Pure PBAT
exhibited the highest toughness. The reduced ability of the
composites to withstand high stress before failure was likely
due to weak interfacial adhesion, resulting in non-effective
stress transfer between the filler and the polymer matrix.
Therefore, these composites may be suitable for applications
where enhanced rigidity is desired and high mechanical
stresses are not expected, such as rigid secondary packaging or
lightweight structural objects including combs or hairdressing
bowls.

4 Conclusions

This study demonstrates the successful application of mixture
design of experiments as an innovative and effective strategy to
optimize fungal growth conditions for the bioremediation of
cosmetic waste leveraging the properties of three WRF species.
Reliable analytical method based on the green QuEChERS
extraction technique and UHPLC-DAD enabled an accurate
quantitation of dye degradation. The mixture design approach
which exhibited high goodness of fit and predictive capability,
demonstrating the crucial role of the substrate composition in
influencing both fungal growth and final biocomposite
consistency.

The optimization process produced an optimal mixture
capable of increasing the waste-derived content from 37% to
60%, representing a substantial advancement in circular waste
management practices. This work not only confirms the high
potential of WRF in degrading complex cosmetic waste but also
establishes a scalable, data-driven methodology for optimizing
fungal-based bioprocesses.

The gate-to-gate LCA of the production process, conducted at
a laboratory scale, revealed that energy consumption by the
machinery, particularly during the incubation phase, was the
step with the greatest environmental impact for 14 out of the 16
impact categories considered. Future work will focus on scaling
up the process to an industrial level, allowing for a more

© 2026 The Author(s). Published by the Royal Society of Chemistry
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accurate assessment of the impacts associated with energy
consumption.

The results achieved in this study are particularly noteworthy
in the context of the circular economy, as they highlight the
potential of sustainable practices not only to reduce waste, but
also to add value through resource recovery and reuse. In the
next future, the resulting fungal-based material will be used in
the production of biodegradable and compostable secondary
packaging material to close the circular loop and offer an
environmentally friendly alternative to conventional plastic-
based packaging solutions.
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