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ABSTRACT

Fossil-based materials have formed the basis of an almost endless range of technical products.
Through variable chemical composition and several additives, especially polymers can have a
wide range of properties, which form the basis for the diversity of plastic-based products. While
this variability enables many sustainability strategies, such as lightweighting, it is also
impeding a fully circular economy. A promising class of materials are composites based on
fungal mycelium. However, the step to engineering materials requires production processes to
be controllable within technical tolerances. At the same time, production processes must be
scalable to ensure the necessary volumes can be produced on an industrial scale to replace
fossil-based plastics on a broad scale. Before inoculation, it is crucial to inactivate, diminish
or remove competing microorganisms and other contaminants present in the substrate or on
mycelium contact surfaces. Otherwise, the product quality could be compromised, or the
mycelium growth entirely retarded. This article analyses the state of the art in the production
of mycelium-based composites and the associated cleaning and disinfection processes. It
discusses how cleaning and disinfection processes can be adopted from food production in
order to realize automatic production processes for fungal substrates. In addition, the
environmental impact of different cleaning and disinfection processes of mycelium-based
products are basically analyzed. Existing gaps are identified and approaches for closing them
are discussed.

INTRODUCTION

Fossil-based plastics have been the foundation of an almost overwhelming number of technical
products for decades. Due to their variable chemical composition and the addition of additives,
plastics can be adjusted to offer a wide range of mechanical, chemical, and functional
properties, which is the basis for the diversity of plastic-based products. Although this
variability enables many sustainability strategies, such as lightweight construction, it
simultaneously hinders a complete circular economy. For this reason, it is essential to reduce
the use of fossil plastics and substitute them with bio-based and fully recyclable materials.



Consequently, in recent years, a variety of new raw materials, such as those based on lignin,
have been developed, which, as of today, can only very limitedly cover the broad spectrum of
properties of fossil-based plastics. While penicillin, derived from fungi, revolutionized medical
treatment in the last century, mycelium, another fungal product, is now emerging as a promising
sustainable material for engineering applications. Now, it is time to take the next disruptive step
by developing, cultivating, and producing sustainable technical materials — mycelium-based
composite materials — based on mycelium, a part of the fungus, to replace fossil-based plastics.

The "fungus" system has been intensively studied for many years, including the fundamental
suitability of various mycelia for use in composite materials. Mycelium is the part of the fungus
that is not visible to the human eye; it is the totality of all hyphae that grow into the nutrient
substrate (e.g., wood, soil, etc.) and thus automatically forms a composite material. The
substrate itself, as well as the different networks formed by the hyphae within the substrate —
depending on the strain of fungus and environmental conditions — affect the later properties of
the composite material. The cost-effective availability and demand for sustainable materials
have led to a range of mycelium products already being commercially available. However, these
are largely restricted to the consumer sector (e.g., vegan leather, packaging materials), where
there are only relative low demands regarding durability, functionality or mechanical
properties. In contrast, there is great potential to utilise mycelium-based materials for a much
wider range of applications according to their properties. In a review paper by Aiduang et al.
(2022), the fundamental status of mycelium-based composite materials is well summarized.
The authors indicate that over twenty different mycelium species have been studied regarding
their suitability as composite materials in various scientific works over the past few years. The
statistical analysis of the publication landscape reveals that the three strains, Pleurotus,
Ganoderma, and Trametes, account for over 60% of the studies. Furthermore, the authors
highlight that various properties of mycelium-based composites have been adjusted in different
works. For instance, the density distribution ranges from 25 kg/m? to 954 kg/m?. The substrate
material used ranges from coconut powder to wood chips, flax, and cotton stalks. The hyphae
colonize this substrate, forming various networks that significantly determine the resulting
properties (e.g. Bayer et al. (2015)). Growth is primarily influenced by factors such as light
intensity, humidity, pH, and so on. This leads to challenges in controlling growth and ensuring
desired properties, see Tecer-Caba et al. (2020). After the growth phase, the resulting
mycelium-substrate composite is either dried or pressed (cold or hot) to halt growth and
potentially increase density. Subsequently, the mycelium can be used, but depending on the
application, it may require further treatment to adjust technical properties such as flame
resistance, water absorption, or susceptibility to decay. Jones et al. (2020) provide an overview
of the resulting technical properties in their paper and compare these with synthetic foams and
wood products.

Overall, mycelium-based materials have reached a level of maturity that basically enables them
to replace fossil-based plastics. However, they must be manufactured scalable and in such a
reproducible way that the technical properties of the manufactured products are within standard
tolerances. Thlenfeldt et al. (2024) provide a basic description of what such production systems
could look like. However, such a production system requires a corresponding cleaning and
disinfection strategy due to the handling of bio-based materials and the volatility of the mycelia
in relation to the boundary conditions. This paper therefore addresses key challenges in the
context of the hygienic processing of mycelial materials and the necessary cleaning and
disinfection requirements. Section 2 therefore takes a fundamental look at the individual
production stages, while section 3 focusses on the cleaning and disinfection strategy. Section 4
also looks at the aspect of life cycle assessment in regard to the corresponding cleaning



processes. In this context, Friichtl. et al. (2023) were able to show that mycelium materials are
not necessarily superior to fossil-based plastics in environmental terms. Therefore, energy-
intensive cleaning processes must be included in the balance.

POSSIBLE FUTURE PRODUCTION SYSTEMS

As with other materials, there will not only be one possible process route for the production of
components out of mycelium-based composites, but a number of possible sequential process
steps depending on the intended geometry and technical properties. The production of
mycelium-based components can be fundamentally divided into three steps (see Figure 1):

e Preparation and cultivation

e Processing and growth

e Inactivation and post-processing
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Figure 1. The production of mycelium-based components based on Ihlenfeldt et al. (2024)

In the first process step, the required mycelium strain is cultivated biotechnologically and the
substrate and any necessary reinforcements in the form of fibres or rods are prepared. As the
substrate is usually of natural origin, it must be prepared in such a way as to exclude any foreign
contamination, e.g. with moulds. Appropriate preparation processes must be developed for the
large-scale production of mycelium-based components.

Before shaping, the substrate and mycelium stem can be mixed and the first growth phase can
take place. This is followed by the actual shaping process. In analogy to the shaping processes
in metalworking, this can basically take place in three variants: biological casting, 3D-printing
and as a flat semi-finished product similar to sheet metal.

In biological casting, the pre-cultivated mixture of mycelium and substrate is placed in a mold
in which the final growth of the mycelium then takes place. It must be ensured that the growth
conditions within the mold are so homogeneous that uniform growth is possible. This makes
the corresponding construction of the mold more complicated, as a supply of light, water and,
if necessary, nutrients must be ensured. Consequently, this also results in increased
requirements for cleaning the individual molds between two production steps.

For 3D-printing, the substrate is processed with the mycelium stem, water and further additives
to form an extrudable paste. This paste can then be extruded into a 3D mold and must
subsequently grow under controlled conditions. In their studies, Elsner ez al. (2024) have shown
that contamination by fungal spores via the air can also be a critical influencing factor.



In the third variant, the mixture of mycelium stem and substrate is applied to an “endless”
fleece, where it grows to form a mat. Due to the space required, this method places additional
demands on cleanliness.

At the end of the growth phase, the mycelia must be inactivated; this can be done thermally, for
example, but this has a significant impact on the environmental footprint (Friichtl ez al. (2023)).
This can be followed by further functionalization, which, however, does not place any special
demands on cleaning and disinfection, as no further growth takes place at this point.

HYGIENIC DESIGN, CLEANING AND PASTEURISATION, DISINFECTION METHODS

Before spawning it is essential to inactivate, diminish or remove competing microorganisms
and other contaminants present in the fungal mycelium substrate. Additives for hybridization,
reinforcing materials or other mycelium contact surfaces must also be free from any adverse
contamination. This can be achieved through effective cleaning and pasteurization or
disinfection processes. Single-use components would be another way of dealing with microbial
contamination and preventing cross-contamination. However, they are considered unsuitable
for this application. The persistence of microorganisms in production environments poses a
particular challenge for the management of microbial hazards. This is understood to mean that
one and the same microorganism strain is detected in the production environment over a longer
period despite cleaning and disinfection. Therefore, special requirements for the machine
design and the effectiveness of cleaning, pasteurization and disinfection processes must be
considered. Hygienic design of machinery and production environment is a prerequisite to
effectiveness and efficiency of these processes and the prevention of persistence’s (EFSA
2024).

Hygienic Design

Inadequate hygienic design favours the accumulation of product residues and moisture, thus
creating favourable conditions for the survival and growth of microorganisms. The term
‘hygienic design’ refers to the design of machines, systems and components that are suitable
for cleaning (EHEDG 2018). Essentially, the aim is to avoid hygienic flaws or hygiene-related
hazards during design by taking appropriate design measures. Hygienic design facilitates
cleaning, and effective cleaning is a prerequisite for efficient pasteurisation or disinfection
processes.

The functional hygiene requirements for machines and factories are 1) ease of cleaning, i1)
prevention of the penetration of physical, chemical and biological/microbiological hazards, iii)
prevention of growth of microorganisms and iv) prevention of the accumulation of product,
dust, dirt or condensate.

Aseptic systems must also be sterilisable and prevent the penetration of microorganisms into
the product area.

The functional requirements are met by taking the following design criteria into account when
designing machinery and production environments: 1) cleanable surfaces and geometries, i)
adequate materials of construction, iii) drainability, iv) accessibility for cleaning and inspection,
and v) separation of area with different hygienic requirements (Mauermann et al. (2024a)).

Cleaning methods

Before pasteurising or disinfecting solid surfaces, it is crucial to clean them thoroughly to
remove matrices and embedded microorganisms respectively (Diirr & Wildbtrett, (2006)). The
cleaning of product contact surfaces can be achieved by dry and wet cleaning processes, both
manually and automatically (Cleaning in Place-CIP). Whereby CIP processes are more



reproducible and efficient than manual cleaning and therefore preferable. If there is a risk to
product quality or safety due to microbial contamination and the moisture of the product high
enough to favour microbial growth, wet cleaning processes are used, e.g. in the food or
pharmaceutical industry. Cleaning protocols are usually time-dependent, with fixed sequences
of water rinsing, caustic, and acid cleaning steps and relate to the types of contamination to be
removed as well as cleanliness requirements. However, most of the CIP systems are designed
semi-empirically and could be optimised (Mauermann ef al., 2024b).

Pasteurization and Disinfection

Steam or chemical sterilisation are suitable methods for disinfection of substrates. Gonzales et
al. 2022 points out, though, that sterilisation is not the ideal treatment, since both competitive
and beneficial microorganisms are eliminated. Where the rather mild pasteurisation eliminates
most competitive microorganisms only.

Hot water pasteurisation, steam pasteurisation, calcium hydroxide pasteurisation and hot air
pasteurisation are mentioned by Grimm et al. (2024) as methods commonly used for reduction
of microorganisms. The potential use of ozone, microwave, ultraviolet radiation or irradiation
for the inactivation of microbial contaminants has also been discussed (Macias Gonzalez ef al.,
2022; Uyeh et al., 2017; Kume et al., 1993; Jaramillo Mejia et al., 2024). However, thermal
pasteurisation seems to be the preferred option for cultivation of mushrooms. Kurtzmann (2010)
notes that, depending on the substrate, pasteurization is not only to reduce the microbial load
but also to soak the substrate. The later may improve the growth or make microorganisms more
susceptible to heat.

When selecting pasteurisation methods, the process-related requirements of component
production must be considered and ultimately also whether production is to take place in
continuous or batch mode. Most likely immersion in hot water is suitable for batch production,
while steam pasteurisation can be applied to open and continues processes. In addition to the
pasteurisation of the substrate, the mycelium contact surfaces must also be treated during the
production process of mycelium-based composites (Dygico et al., 2020).

The environmental impact in terms of energy and water consumption during the pasteurization
and sterilization of fungal substrates can be considerably high (Dorr ef al. 2021; Kurtzmann,
2010). According to Grimm et al. (2024), the difference in water consumption between the
common pasteurization methods is six times and in energy consumption 15 times. In the life
cycle assessment of a circular mushroom farm published in Dorr et al., 2021, the substrate
transformation process is the major contributor to climate change impacts, accounting for 44%
of the greenhouse gas emissions. Furthermore, according to this assessment, only the
disinfection process is responsible for 43% of the climate change impacts during the entire life
cycle. This underlines, that improving pasteurisation or disinfection measures would greatly
reduce environmental impacts (Grimm et al., 2024). However, without this treatment efficient
and stable production of fungi or mycelium is not possible, since product quality may suffer, or
the mycelium growth may collapse completely (Grimm ef al. 2024).

LIFE CYCLE ASSESSMENT

As previously mentioned, biobased products and processes are often regarded as an alternative
to reduce environmental impacts of conventional products and processes. However, when
quantified, they do not always demonstrate a lower environmental impact compared to their
conventional counterparts. In practice, a method for the quantification of environmental impacts
is Life Cycle Assessment (LCA). In general, LCA is a tool for quantifying environmental



impacts of a product, process, or service throughout certain life cycle stages or its entire life
cycle. According to DIN EN ISO 14040, LCAs are performed in four stages: i) goal and scope
definition, ii) life cycle inventory (LCI), i1ii) life cycle impact assessment (LCIA) and iv)
interpretation. In previous studies, LCAs have already successfully been used to assess the
environmental impact of biobased alternatives, proving the necessity of conducting LCAs
specifically in the context of biobased processes and products. For example, Kohn et al. (2024)
showed a poorer environmental performance of a biomachining process compared to chemical
etching, while Guiton et al. (2022) proved that microalgae-based oil had a higher environmental
impact than both the vegetable-based and even petroleum-based counterparts.

The studies exemplarily show the importance of assessing the environmental impact when
using bio-based products and related processes. In this context, cleaning and disinfection must
be considered regarding their environmental impact, as these processes can influence overall
sustainability. Specifically, when producing mycelium-based composites, cleaning and
disinfection are necessary and therefore non-negligible stages of the life cycle and can therefore
have a considerable impact on the overall environmental performance of the products. The need
for a proper cleaning, including required chemicals and water, contributes to resource and
energy consumption and thus to a higher environmental impact. If not carefully assessed,
potential environmental benefits of using the biobased materials could be offset by inefficient
or resource-intensive cleaning methods. Examples of LCAs being conducted for cleaning
processes are for example provided by Ruhland et al. (2000) for metal cleaning or Peng ef al.
(2016) for cleaning in remanufacturing processes, outlining the importance of quantifying
cleaning processes.

CONCLUSIONS

Mycelium-based composites have the technological potential to replace some of the traditional
fossil-based plastics. From a manufacturing perspective, the use of a biological material that is
still growing during the production process raises a number of new issues, such as process
control, and scalability. Therefore, mycelium-based composites can only be established as a
technologically at least equivalent and environmentally superior material if all systems interact
sufficiently well.

Additionally, the functional requirements for the production system of mycelium-based
composites include several key aspects in regard to cleaning and disinfection strategies. Firstly,
the design of contact surfaces must be hygienic to ensure the safety and quality of the products.
Additionally, while at least hygienic processing conditions are required, it is essential to verify
the need for aseptic conditions. Effective cleaning processes are a prerequisite for achieving
efficient pasteurization; therefore, automated cleaning processes may be suitable for operations
with higher output.

Additionally, the functional requirements for the production system of mycelium-based
composites include several key aspects in regard to cleaning and disinfection strategies. Lastly,
optimizing the pasteurization process is necessary to reduce resource consumption, contributing
to CO2 neutrality and addressing climate change concerns.
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