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ABSTRACT: Expanded polystyrene (EPS) remains a popular packaging material
despite environmental concerns such as pollution, difficulty to recycle, and toxicity to
wildlife. The goal of this study is to evaluate the potential of an ecofriendly alternative
to traditional EPS composed of a mycelium biocomposite grown from agricultural
waste. In this material, the mycelium spores are incorporated into cellulosic waste,
resulting in a structurally sound biocomposite completely enveloped by mycelium
fibers. One of the main criteria for shipping applications is the ability of a material to
withstand extreme weather conditions. Accordingly, this study focused on evaluating
a commercially available mycelium material before and after exposure to various
weathering conditions, including high and low temperatures at different humidity
levels. Fourier transform infrared spectroscopy (FTIR) was performed to examine any
transformations in the mycelium structure and composition, whereas scanning
electron microscopy (SEM) was used to reveal any changes in the morphology.
Similarly, thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) analyses were conducted to evaluate the
thermal behavior, whereas mechanical properties were measured by using shore hardness and Izod Impact testing. Although some
irreversible changes were observed due to the exposure to high temperatures, the material exhibited good thermal stability and
impact resistance. FTIR analysis demonstrated small changes in the biocomposite structure and protein rearrangement as a result of
weathering, whereas SEM revealed some cracking in the cellulose substrate. A combination of low temperatures and humidity
resulted in significant moisture absorption, as indicated by TGA and DSC. This in turn decreased the hardness of the fibers by nearly
2-fold; however, the impact strength of the entire biocomposite remained unchanged. Overall, these results provide important
insight into the structure—property relationships of mycelium-based materials.
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Bl INTRODUCTION versatile nature of polystyrene, novel materials are necessary to
address the aforementioned environmental concerns.

In recent years, research efforts have focused on mycelium-
based materials due to their unique mechanical properties and
biodegradability. Mycelium is the root system of fungi and
composed of natural polymers including cellulose, protein,
lignin, and chitin.'""* Mycelium typically grows on a substrate
made of agricultural waste products or dead organic
materials.'” The life cycle of the fungi is shown in Figure 1.
The cycle begins with the germination of the fungi’s
reproductive cells, known as spores.'”'> Subsequently, hypha
or fungal filaments begin to branch out from those spores,
creating a dense mycelium network. After some time, the

The need for sustainable materials remains pressing as our
society struggles to find solutions for waste management.
Packaging waste accounts for approximately 30% of the total
waste in the United States.' Despite the proliferation of single-
use plastics in packaging and other applications, no significant
changes have been made to recycling processes. Of the 34.5
million tons of plastic waste generated each year, only 9% is
recycled.” Among these materials, expanded polystyrene
(EPS), commonly known as Styrofoam, has been utilized for
various packaging and shipping applications, despite being
notoriously difficult to recycle.”” Furthermore, Styrofoam
contributes to the spread of microplastics in the ecosystem.’
Plastic waste that cannot be recycled is disposed of in landfills,
which can then leach into the surrounding environment.” Received: ~ August 21, 2024
Major sources of microplastics entering groundwater include Revised:  October 9, 2024
surface runoff, effluent, open dumping, and open burning.’ Accepted:  November 6, 2024
Risks posed by microplastics to marine ecosystems and human Published: November 26, 2024
health are a consequence of decades of production without

alignment on the proper disposal methods.'’ Despite the
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Figure 1. Life cycle of a mature mushroom occurs during five distinct
stages.

mycelium roots colonize and ultimately cover the entire
surface area of the substrate.'® Following certain environ-
mental cues, such as changes in temperature and/or humidity,
the mycelium matures by focusing its energy into fruiting a
mushroom. At the end of the mushroom maturation phase, the
gills or underside of the mushroom cap produce spores,
completing the cycle and allowing for the cultivation of more
fungi.

Mycelium biocomposites generated during the third stage in
the life cycle have attracted much attention as a replacement
for synthetic plastics."” Under ideal temperature and humidity
conditions, the mycelium will expand to fit any volume within
approximately S days, creating a solid structure with the
mycelium fibers interwoven throughout the substrate."*™*° To
halt the maturation and fruition processes, the fully colonized
substrate is typically exposed to heat and allowed to dry out.”’
The resulting material is a biocomposite with a unique
combination of a cellulosic substrate that is completely
enveloped by a network of mycelium fibers. The physical
properties of this biocomposite are similar to those of EPS. In
particular, this material is lightweight, porous, and shows
reasonable mechanical strength. In addition, the mechanical
properties can be modified by varying the nature of the
substrate and the mycelia strain.””** In contrast to EPS, the

mycelium biocomposite is fully biodegradable. Studies have
shown it can take only 2 days for the material to begin to break
down and 45 days to completely decompose.””> Given its
sustainability and functional properties, mycelium has the
potential to replace EPS and mitigate plastic pollution.

Recent advancements in the development of mycelium-
based composites for packaging applications have focused
predominantly on mechanical properties.”®™** Yang et al
examined the relationship between the various strains of
mycelia, revealing that the Ganoderma lucidum strain
exhibited the best performance for making a flexible and
strong material.” Similarly, Joseph et al. created more than 23
fungal strains to understand how biology and processing affect
the mechanical response.”” In one of the few studies that
examined chemical and thermal properties of mycelium, Jose et
al. explored various mycelium manufacturing methods for
packaging applications and compared them with EPS.*"
Differential scanning calorimetry (DSC) and thermogravimet-
ric analysis (TGA) demonstrated that mycelium biocomposites
showed better thermal stability and lower density than did
EPS.

To replace EPS, biocomposites must be robust to extreme
weather conditions. As mentioned earlier, mycelium bio-
composites are known to be affected by environmental
conditions, such as temperature and humidity. Much research
on mycelium has focused on optimizing the composition of the
biocomposite and its degradation, but few studies have
examined commercially available mycelium under different
weather conditions. Chan et al. evaluated the effect of both
humidity and temperature on lab-grown mycelium biocompo-
sites over the course of 35 days.” After weathering, a decrease
in the mechanical strength was observed due to moisture
absorption of the wood component. Analysis of its thermal
degradation has shown a process of delignification and
dehydration when exposed to higher temperatures.””*" Despite
efforts in understanding the effect of environmental changes on
mechanical properties, to the best of our knowledge, no studies
have attempted to correlate mechanical characteristics with
chemical, morphological, and thermal changes.

The purpose of this study is to evaluate the effect of various
real-world environmental conditions on the properties of
commercially available mycelium biocomposite. Extreme
conditions such as freezing temperatures, high heat, and high
humidity were examined. Unlike previous studies, we focus on
both the mechanical properties, as determined by hardness and
impact testing, as well as chemical, thermal, and morphological
characteristics to provide a more complete picture of the
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Figure 2. Process flowchart for weathering and characterization of mycelium samples.
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Table 1. Physical Characteristics of Mycelium Samples Exposed to Different Conditions

imprint more faded
compared to
controlled

Digital Image Cross- Digital Image
Sample ID | Physical appearance Texture section Surface
(2x Magnification) | (2x Magnification)
Off-white, mycelium [Stiff, styrofoam-
layer fully intact and [like texture,
Control (1) fully coating sample [both smooth and
brick rough all around
Off-white with yellow
hue, irregular and
i rigid texture, Stiff, rubbery
Hot-dry (2) mycelium layer fully |texture
intact and fully
coating sample brick
Tan, very thin Stiff, styrofoam- |
P mycelium layer all like texture, one
Hot-humid (3) around, inconsistent |side smooth, one
surface coating side rough
Off-white, mycelium
layer thinner more
sheer, the mold .
Cold-dry (4) imprint is more Stiff, bumpy
pronounced compared
to controlled
Off-white, mycelium
layer thicker foam
Cold-humid (5) consistency, mold Soft, velvety

transformation in the biocomposite. Past research has shown
mycelium to be biodegradable; thus, the capability of this
material to withstand extreme conditions is the central focus of
this study. These results can help further our understanding of
mycelium-based materials with a broad range of applications.

B MATERIALS AND METHODS

The experimental method is divided into three main components
consisting of sample preparation, weathering, and analytical testing, as
shown in Figure 2.

Materials. Mycelium-based packaging was acquired from Paradise
Packaging Co. and was stored in the dark at room temperature
throughout the experiment. The dimensions of the mycelium samples
are 16.25 X 15.9 X 5.1 cm. The samples attained were consistent in
shape and had a thickness of 1 mm in the mycelium coating. Eight
mycelium bricks from the same lot were purchased and exposed to
weathering conditions. According to the supplier, the substrate is
composed of hemp hurds.*> The specific mycelium strain is

8410

undisclosed, possibly due to its proprietary nature. Potassium chloride
was used as received.

Weathering Simulation. Mycelium samples were exposed to
various weathering conditions to simulate real-world shipping
environments. As noted by the distributor Mushroom Packaging,
mycelium packaging can remain shelf-stable for upward of 30 years
under the right conditions.”> Accordingly, ultraviolet light exposure
was not included with the weathering parameters as the material is not
meant for applications with direct exposure to sunlight.”

A control (1) was tested before weathering on Day 0. The
weathering conditions include the following: hot-dry (2), hot-humid
(3), cold-dry (4), and cold-humid (S). An incubator (Thermolyne
Type 142300) was used to create hot (2) conditions wherein the
samples were heated to 50 °C for 7 days. To induce humidity (3), a
salt bath was created using 12.3 g of potassium chloride and 200 mL
of water in a sealed aluminum vessel. The samples were equilibrated
in a sealed aluminum vessel, suspended in the vessel, and then placed
in the oven at 50 °C for 7 days.”® For the cold-dry (4) condition, the
samples were placed in an ice-free freezer with a temperature of —19
°C for 7 days. The humid (5) version of the cold conditions was

https://doi.org/10.1021/acsabm.4c01192
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achieved by wrapping the samples in plastic wrap and then sealing
them in aluminum foil to seal residual moisture before placing them in
the same freezer for 7 days.>*

The four weathering conditions were chosen to emulate extreme,
real-world environments. For example, condition (2) simulates arid
locations like Saudi Arabia, whereas condition (3) is representative of
hot and humid locations such as Thailand. Likewise, extremely low
temperatures —19 °C without humidity (4) are observed in places like
Peru, whereas cold-humid conditions are prevalent (5) in Northeast
China.

Density. Density (p), as determined using eq 1 by measuring the
mass (m) of the mycelium sample using a triple beam balance.
Volume (V) was determined by measuring the dimensions of the
sample using a caliper.”®

p=—

% (1)

FTIR Spectroscopy. The surface of each sample was examined in
the attenuated total reflection mode by using a Thermo-Nicolet iS50
Fourier transform infrared (FTIR) spectrometer equipped with a
Continuum microscope. A diamond crystal was used with a typical
depth of penetration on the order of 2 ym. The analytical spot size
was approximately 100 X 100 gm. OMNIC 9.12 software was used to
perform the data analysis.

X-ray Fluorescence Spectroscopy. Elemental compositions
were determined using X-ray fluorescence (XRF) using a Rigaku
Primus II wavelength dispersive spectrometer (WDXRF), which
detects elements with a range from atomic number (Z) 4 (beryllium)
through atomic number 92 (uranium) at concentrations from the low
parts per million (ppm) range up to 100% by weight. The primary X-
ray source comes from a rhodium X-ray tube. The sample analysis is
tested using a 20 mm diameter sample holder under a vacuum.
Fundamental parameters Standardless quantification software was
used for element quantification. ZSX software was used for data
processing.

Scanning Electron Microscopy. Scanning electron microscopy
(SEM) images are produced by rastering a finely focused electron
beam over a sample’s surface and using the resulting secondary
electrons to modulate the intensity of a display. The samples were
examined at 10 kV using SEM with an FEI Quanta 600 SEM
equipped with an Oxford EDS system.

Thermogravimetric Analysis. TGA was performed using a TGA
TA Instruments TGASS00 for the analysis of thermal degradation of
the samples. Measurements were performed using 5—10 mg samples
in platinum pans under a nitrogen atmosphere with a temperature
range from room temperature to 700 °C and a heating rate of 10 °C/
min. The gas was switched to air at 600 °C to burn off any organics.

Differential Scanning Calorimetry. DSC was performed using a
TA Instruments Q20 DSC for examining the thermal transitions
present in the samples. The specimens were weighed on an electronic
balance and then hermetically sealed in aluminum pans. The pan was
punctured to release any moisture evaporated during the run. Samples
were heated in a temperature range from 20 to 250 °C using a ramp
rate of 10.00 °C/min. The change in enthalpy was recorded as a
function of heat flow/temperature.

Shore Hardness. Shore hardness was evaluated using a PTC
Instruments Shore D Scale Durometer for examining the surface
hardness using the ASTM D2240—75 standard.*® The test was
performed by placing the needle tip of the durometer at various
locations of the mycelium surface, followed by the application of slight
pressure. The resulting hardness reading was recorded. Three
replicate tests were conducted for each sample. The test was
performed only on the white component of the sample.

IZOD Impact. The IZOD impact test was performed using a
Baldwin Southwark Division Impact Tester. The test determines how
much kinetic energy is absorbed by the materials until plastic
deformation occurs. The ASTM D4812 standard was consulted in the
experimental design.”” A sample with dimensions 2 X 1 X 1/2 in. was
cut with a ceramic knife, taking care to ensure the sample did not
crumble. The IZOD impact test involves the swinging of a pendulum

8411

with a determined weight at the end of its arm, which strikes the
specimen that is held securely in a vertical position. The sample was
set to face away from the impact, meaning the outer white part was
struck. Typically, the sample specimen will have a notch in order to
help the sample break when it is struck. In this case, the material was
not notch-sensitive, meaning it did not need this component to break.
Three replicate tests were conducted for each sample.

B RESULTS

Physical Characteristics. Table 1 provides optical images
and physical observations of mycelium biocomposites before
and after exposure to four weathering conditions. The control
sample exhibited an off-white mycelium-rich layer with
complete coverage of the substrate. The hot-dry (2) sample
had a slight yellow hue and an irregular, rigid texture. Akin to
control (1), the mycelium layer was fully intact and completely
coated the sample. In contrast, under hot-humid (3)
conditions, a dramatic difference in the appearance was
observed. The mycelium layer exhibited a darker tan color
and was much thinner with an inconsistent surface coating.
The mycelium layer of the cold-dry (4) condition appeared to
be significantly thinner and more translucent than that of
control (1). This is evidenced by the stronger appearance of
the mold imprint in these samples compared to that of control
(1). In contrast, the mycelium layer of the cold-humid (5)
sample had a thicker, foamy consistency, and the mold imprint
was less pronounced when compared to the control (1)
sample. These results suggest that humidity causes consid-
erable differences in physical appearance.

Chemical Characterization. As shown in Figure 3, the
mycelium biocomposite contained two distinct regions: (1)

Figure 3. Optical image of mycelium biocomposite revealing the
white and brown components.

the mycelium-rich coating identified as the white (W)
component and (2) the brownish substrate identified as the
brown (B) component. Figure 4 provides a comparison of the
FTIR results obtained for the two components, whereas
Figures S and 6 compare each component with the reference
spectra. The white mycelium is primarily composed of a
mixture of polyamide or protein (3390, 1647, 1544, 1458,
1406, 1317, and 1250 cm™') and cellulosic (3290, 1167, and
1075 cm™) components as shown in Figure S. In contrast, the

https://doi.org/10.1021/acsabm.4c01192
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Figure 4. FTIR comparison of white (W1) and brown (B1) components of the control sample. The results suggest that W1 is a mixture of

polyamide and cellulose, whereas B1 only contains cellulose.
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Figure S. Overlay of the FTIR spectra of the white mycelium component (W1) with reference spectra of a protein (bovine albumin) and cellulose,
demonstrating the presence of both polyamide and cellulose species in the white mycelium fibers.

brown component is primarily composed of a cellulosic
material similar to wood (Figure 6). These results are
consistent with the manufacturer’s claim that the substrate is
composed of hemp herds, which is a cellulosic material. The
peak positions of all vibrations in the white component are
provided in Table 2 and found to match literature values.**~*°

XRF was used to determine the carbon, nitrogen, and
oxygen ratios of two different batches of mycelium
biocomposites. As shown in Table 3, some variability is
observed in the nitrogen and oxygen contents between the two
batches. Nevertheless, the white component showed a higher
concentration of nitrogen (5.1—5.3 wt %) compared to the
that of the brown component (1.9—3.6 wt %), whereas the
brown component had a slightly higher oxygen content (51—
53 wt %) compared to that of the white component (48—49 wt

8412

%). These results are consistent with FTIR findings of higher
concentrations of N-rich protein in the white component.

Next, we examined the effects of all weathering conditions
on the composition of the white component, and the results
are shown in Figure 7. The main differences among the various
spectra are related to changes in the intensity of amide I (1638
cm™'), amide II (1543 cm™'), and cellulose (1043 cm™)
peaks. Note that the amide I band is related to the carbonyl
functional group, whereas the amide II band is related to the
amino functional group in the polyamide component. Changes
in the ratio of amide I to amide II peaks represent changes in
the protein structure. Moreover, the amount of cellulose versus
polyamide on the surface is represented by the amide I to
cellulose ratio.

https://doi.org/10.1021/acsabm.4c01192
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Figure 6. Comparison of the FTIR spectra of brown mycelium component (B1) and a reference spectrum of wood, demonstrating that the B1 can

be identified as a cellulosic material similar to wood.

Table 2. FTIR Vibrations Detected in Control White
Mycelium (W1) from Figure §

observed peak mycelium
(em™ peak assignment component
3290 OH stretching polysaccharide
2963-2850 CH, stretching lipid
1647 C=0 stretching amide I protein
1544 C—N stretching Amide II protein
1455 CH, bending lipid
1406 C—0-0" of amino acids and lipid and protein
lipids
1317 In plane bending CO—H polysaccharide
1250 C—C, C—0 and C=0 stretching lignin and
polysaccharide
1167 C—0 and C—C nonsymmetric polysaccharide
stretching
1075 C—0-C symmetric stretching polysaccharide
1044 C—O stretching polysaccharide

Table 3. XRF Results for Both Components of Control
Mycelium Biocomposite (1)

component batch 1 white batch 1 brown batch 2 white batch 2 brown
C 39.7 38.8 42.8 40.8
N 5.30 1.90 5.08 3.62
(0] 48.9 53.0 479 50.7

Four separate measurements were performed on each
mycelium sample, and the intensities of the three aforemen-
tioned peaks were measured. Figure 8 provides a graphical
representation of changes in the mycelium structure due to
weathering conditions. For the control (W1) sample, the white
component showed an amide I/II ratio of 1.7 + 0.1 and an
amide I/cellulose ratio of 0.9 + 0.1. Under hot conditions
(W2) and (W3), the amide I/II ratio increased to roughly 1.9
+ 0.1. This result suggests that the protein component
undergoes a rearrangement due to heat, causing the nitrogen-
containing functionality to become more prominent on the
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surface. Different trends are observed with respect to the amide
1/cellulose ratio. While the ratio remained the same under hot-
dry (W2) conditions at 0.9 + 0.1, the humidity (W3) caused a
marked decrease to 0.6 =+ 0.1. This indicates that the
combination of humidity and heat results in a change in the
amount of cellulose on the surface.

Under cold conditions, the degree of protein rearrangement
is lower than that under heated conditions, showing a slightly
higher amide I/II ratio of 1.8 + 0.1. This indicates that the
protein configuration is not as affected by the cold temper-
atures as it is by hot temperatures. That said, humidity shows a
strong effect on the amide I/cellulose ratio of the cold samples,
with a decrease to 0.7 + 0.1 under cold-dry conditions (W4)
and a slight increase to 1.0 + 0.2 under cold-humid (WS)
conditions. This suggests that the amount of cellulose on the
surface is strongly affected by the humidity level.

B MORPHOLOGICAL CHARACTERIZATION

Scanning Electron Microscopy. The morphology of
mycelium samples was examined by using SEM before and
after exposure to weathering. Figure 9 provides SEM images of
control (1) mycelium biocomposites. Mycelium fibers with a
diameter of approximately 1 ym were detected throughout the
cellulose substrate. The fibers are shown in greater detail at a
magnification of 4000X in Figure 9c, revealing some variability
in the fiber diameter. The effects of various treatments are
shown in Figure 10. All conditions except (S) exhibited
cracking and other forms of damage to the cellulose substrate,
as indicated by orange arrows. In contrast, the cold-humid
condition (S) did not show damage to the substrate. Higher
magnification images are provided in the Supporting
Information in Figures S1 and S2. In addition, the mycelium
fiber diameter was measured, and the results of 10 measure-
ments are shown in Figure 11. Fiber diameter slightly increased
for all weathering conditions, with W3 showing the greatest
increase but also the most variance in the measurements.
These results indicate that there were no significant changes in
the fiber diameter due to weathering. Altogether, it appears
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Figure 8. Changes in amide I (1638 cm™), amide II (1543 cm™),
and cellulose peak (1043 cm™") ratios of the mycelium biocomposites
after various weathering conditions. A minimum of 4 measurements
were evaluated for each condition. The results suggest that a
combination of extreme weather and humidity exhibits an effect on
the amide-to-cellulose ratio, but a less pronounced effect on the amide
I-to-amide II ratio.

that the substrate is more affected by the various conditions
than the fibers.

B THERMAL ANALYSIS

Thermogravimetric Analysis. TGA was used to
determine the thermal properties of the biocomposite using
a method similar to literature procedures.'®*"** Tests were
performed on both the white and brown components, and the
results are summarized in Figures 12—14. Derivative plots of
the biocomposite are included in the Supporting Information
in Figures S3 and S4. Biocomposites are expected to absorb a
considerable amount of moisture (volatiles), and indeed, 4.3—
5.6 wt % moisture was detected in all samples. Likewise, the
cellulose substrate may contain inorganic components, which
should produce a solid residue after exposure to air above 600
°C.* Our samples averaged approximately 20—30 wt % solid
residue, although the sample subjected to hot-humid
conditions (B3) contained only 17.8 w % solids. Figures 12
and 13 provide the TGA profiles of the biocomposites,
demonstrating one main transition at ~324—359 °C with
another minor transition at ~482—501 °C, which is in line
with the two-step decomposition observed in the litera-
ture, "' 7%

The TGA results in Figure 14 represent the relationship
between humidity, temperature, and thermal properties of
mycelium biocomposites. Exposure to dry conditions (2) and

Figure 9. SEM images of control mycelium biocomposite (1) obtained at (a) 700X, (b) 1000X, and (c) 4000X.
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Figure 10. SEM images of the mycelium biocomposite at 700X magnification: (a) control (1), (b) hot-dry (2), (c) hot-humid (3), (d) cold-dry
(4), and (e) cold-humid (S). Orange arrows represent cracking and other forms of damage to the cellulose substrate.

(4) resulted in a slight decrease in the volatile content of both
components. In contrast, when the brown component was
exposed to moisture under cold conditions (BS), the volatiles
increased from 4.8 to 5.6%. Interestingly, the white fibers did
not exhibit significant changes in the volatile species under the
same conditions.

Thermal stability of biocomposites was assessed by
comparing the Tys, (5 wt % mass loss), Ty (onset of
degradation), and T, (maximum degradation as determined
from the derivative plot). The white component of the
weathered samples exhibited higher Ty and T, under all
conditions compared to the control (W1), suggesting higher
thermal stability despite the weathering process. Only at peak
degradation did the dry conditions (W2) and (W4) show a
decrease in the T, suggesting a slight change in the fiber

8415

structure. Unlike the white fibers, the brown substrate showed
similar or slightly decreased thermal stability. Namely, the
onset of degradation for condition (B2) decreased by nearly 20
°C while remaining unchanged for other conditions. This
result suggests that high heat has a deleterious effect on the
cellulose substrate. Likewise, Ty, was reduced by 2.7 °C under
hot-humid conditions (B3). No major changes were observed
in the cellulose component due to cold exposure. These results
indicate that the brown component was more affected by high
temperatures but generally remained stable. These results are
also consistent with the SEM observation that the substrate
was more affected by weathering than the fibers. Note that
T4 50 remained the same for all conditions except conditions
(BS) and (W3), wherein significant moisture absorption is
convoluted with polymer degradation. The additional moisture
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Figure 11. Effect of weathering on mycelium fiber diameter. Fiber diameter slightly increases for hot humid conditions and decreases for cold
conditions. The average and standard deviation of 10 measurements are provided. No major changes were observed in the fiber diameter due to
weathering.
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Figure 12. TGA thermogram overlay of the mycelium coating: control (W1), hot-dry (W2), hot-humid (W3), cold-dry (W4), and cold-humid
(Ws).

gained in the hot-humid condition (W3) must have allowed Differential Scanning Calorimetry. A DSC method was
for better water retention, as it displayed a 78% increase before used to evaluate thermal transitions in mycelium biocompo-
releasing 5% mass loss. sites. The results are provided in Figures 15—17 and Table 4.
Interestingly, the residues remained unchanged for all All samples exhibit two endothermic transitions related to
samples except the hot-humid condition (B3), wherein the water evaporation at (80—100 °C) and lignin softening (140—
substrate displayed a sharp 30% decrease. This may indicate 160 °C).*”** For the control sample (1), the white component
that high heat and humidity enhanced the decomposition of absorbed more moisture than the substrate, as indicated by H;
the solid organic species that are present in the residues. Heat values of 131.6 and 113.1 J/g for the white and brown
and humidity can further break down cell structures and lead components, respectively. Similarly, lignin softening was 10-
to quicker decomposition. The exact mechanism of this fold lower for the brown component compared to the white

degradation pathway should be explored in subsequent studies. due to a lower amount of lignin in the biocomposite.
Overall, changes in the thermal properties of the biocomposite DSC results in Figure 17a,b represent the relationship
do not appear to significantly deteriorate (in some cases, between the temperature and enthalpy of water absorption.
improving), suggesting that this commercial product is viable Under hot conditions (B2) and (B4), the brown component
for shipping applications. showed an increase in the temperature of water absorption
8416 https://doi.org/10.1021/acsabm.4c01192
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Figure 14. Comparison of TGA results of the hemp substrate (brown) and the mycelium coating (beige): control (1), hot-dry (2), hot-humid (3),
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degradation (T,y.) (c), and maximum degradation temperature (T,,,,) reveal changes in thermal stability of mycelium as a result of weathering

().

compared to the control (Bl), whereas all other conditions
remained the same. These results indicate that the nature of
hydration of the cellulose is affected by exposure to heat.
Moreover, the amount of water absorbed (H;) increased by
18% for condition (BS) compared to the control (B1). These
results are in line with the TGA findings, which showed that
sample BS had the highest water retention of all samples. In
hotter temperatures, lignin begins to soften and deteriorate;

8417

the amount of hydroxyl groups able to be bound to water
declines, causing less water absorption.48 Unlike the brown
component, the white component showed a higher temper-
ature of water absorption under both conditions (W2) and
(WS). In fact, condition WS showed the highest temperature
and H; of all samples, suggesting that cold and humidity
significantly altered the hydration behavior of the fibers.
Interestingly, the amount of water absorbed under hot-humid
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Figure 15. Comparison of DSC results of the white component: control (W1), hot-dry (W2), hot-humid (W3), cold-dry (W4), and cold-humid

(Ws).

2.0

0.5

0.0+

Heat Flow (W/g)

-0.54

-1.0

a4

25 50 75 100 125

T T T T T T

150 175 200 225 250

Exo Up Temperature (°C) Universal V4.5A TA Instruments

Figure 16. Comparison of DSC results of the brown component: control (B1), hot-dry (B2), hot-humid (B3), cold-dry (B4), and cold-humid

(BS).

(W3) conditions decreased by one-third, revealing the
combined effect of the more pronounced effect of temperature
rather than humidity on the fibers.

DSC results in Figure 17¢,d compare the lignin softening
temperature and enthalpy. The softening temperature increases

8418

for all samples compared to the control, with condition BS
showing the highest temperature. Moreover, the enthalpy of
this transition showed a significant increase for all brown
conditions except the (B2) conditions, which decreased by
~50%. Similarly, the white component also showed a 3-fold
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Figure 17. Comparison of DSC results of the brown substrate (dark brown) and the white mycelium coating (beige): control (1), hot-dry (2), hot-
humid (3), cold-dry (4), and cold-humid (S). Water absorption (a), enthalpy associated with water absorption (b), lignin softening (c), and
enthalpy associated with the lignin softening (d) reveal changes in hydration and the lignin structure of mycelium biocomposites.

Table 4. Thermal Properties of Mycelium Biocomposites

volatiles  solids TD S  onset T1 T, Tl
ID condition (%) (%) (°C) (°C) (°C)
Bl control 4.8 25.5 194.7 308.4 326.8
B2 hot-dry 4.5 254 196.6 289.2 3322
B3 hot-humid 4.8 17.8 195.4 312.7 324.1
B4 cold-dry 4.7 27.7 191.6 305.1 342.6
BS cold-humid 5.6 29.1 163.4 306.4 356.2
W1 control 4.8 29.6 85.5 266.5 355.7
w2 hot-dry 43 30.3 117.2 281.0 332.7
W3 hot-humid 4.8 274 194.6 273.0 355.8
w4 cold-dry 4.3 29.2 116.6 280.8 345.2
W5 cold-humid 4.4 28.6 118.0 296.6 359.0

Wt loss water desorb  water desorb  lignin softening  lignin softening
T1 (%)  temp (°C) H; (/g) temp (°C) H; (/g)
69.3 82.9 113.1 143.6 2.6
69.3 98.0 118.5 156.7 12
715 85.1 1324 165.8 18.8
57.5 94.2 118.0 167.2 16.0
57.2 88.7 133.8 171.0 18.0
60.6 81.2 131.6 163.8 24.8
79.0 90.3 135.3 159.4 7.3
59.3 85.3 103.7 170.6 29.3
59.5 79.9 152.0 170.0 33.5
56.8 97.3 163.0 163.2 2.8

decrease in the enthalpy of the lignin softening under the same
conditions (W2). These results suggest that high heat and
humidity decrease the number of lignin interactions in the
biocomposite. Under cold and humid conditions (5), the
brown and white components exhibited contrasting behavior,
with the fibers (WS) showing a 10-fold decrease in enthalpy,
while the substrate (BS) decreased by 6-fold. These results
indicate that the fibers are more sensitive to humid low
temperatures, resulting in a loss of lignin softening. Conditions
(W3) and (W4) exhibited an increase in the enthalpy and
temperature of lignin softening compared to the control (W1).

Overall, the hot conditions decreased the amount of water
absorption, whereas the humid cold conditions showed the
opposite effect. Likewise, the lignin softening was found to be
strongly affected by heat and humidity, which causes the lignin
chain structure to enter a glassy state, where it can deform and
stretch. Increased heat and the drying of the material are
shown to decrease lignin softening, which was observed with
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the hot-dry (2) condition.*® Conditions (2) and (5) also
appear to have the most profound negative effect on the lignin
softening of both components.

B MECHANICAL TESTING

Shore Hardness. Hardness testing was performed to
measure the material’s resistance to surface deformation. The
PTC Instruments Shore D Scale Durometer was used to
measure the hardness, and the results are summarized in Figure
18 and Table S. Mechanical data in Figure 18 represent the
relationship between the hardness, average energy absorbed,
and density of the mycelium biocomposites.

The white mycelium layer of the control sample (W1)
exhibited an average hardness of 9.7, with a reasonable
standard deviation of ~18% for triplicate measurements. Dry
conditions (W2) and (W4) revealed similar hardness with an
increase in standard deviation. In contrast, humid conditions
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Figure 18. Comparison of mechanical results of the mycelium biocomposite: control (1), hot-dry (2), hot-humid (3), cold-dry (4), and cold-
humid (5). Shore Hardness (a), impact energy (b), and density (c) reveal changes in the mechanical properties of mycelium biocomposites.

Table 5. Mechanical Properties of Mycelium Biocomposites

sample shore durometer average ener densitzf
D condition hardness (D) absorbed (J%y (g/em?)
1 control 9.7 + 1.7 0.04 + 0.007 0.14
2 hot-dry 10.1 £ 2.7 0.04 + 0.017 0.14
3 hot-humid 72 +24 0.03 + 0.007 0.15
4 cold-dry 10.0 + 2.7 0.04 + <0.001 0.15
S cold-humid 4.8 +£0.6 0.04 + <0.001 0.14

(W3) and (WS) exhibited a more significant change in
hardness, as shown in Figure 18, with condition (WS)
decreasing by nearly 2-fold. This result is not entirely
unexpected because this condition (WS) showed the highest
moisture absorption in the brown component, which is
expected to reduce the mechanical properties of the fibers.
Consistent with the thermal results, the hot-dry (2) or cold-dry
(4) conditions did not appear to affect the hardness of the
mycelium fibers.

IZOD Impact Strength. An impact test was also
performed on the entire composite by using an IZOD tester.
Unlike changes in the mycelium fiber hardness observed due to
weathering conditions, all biocomposites exhibited a similar
impact strength of ~0.04 J. Only the hot-humid condition (3)
showed a slight decrease in the strength to 0.03 + 0.007 J.
Figure 19 reveals that all samples broke into two pieces, as
expected, revealing their brittle nature. Overall, the changes in
the hardness of the mycelium fibers demonstrate that humidity
exhibited a negative effect. That said, the impact strength of
the entire biocomposite was not significantly affected by the
loss in hardness of the fibers. These results indicate the
weathering conditions did not drastically alter the mechanical
properties of mycelium biocomposites.

B DISCUSSION

Mycelium biocomposites were subjected to varying heat and
humidity levels to evaluate the changes in their material
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4
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Figure 19. Trial 1 of conditions (1—5) after the Izod impact test (left
to right).

properties. Morphological tests showed no significant changes
in the mycelium fibers but cracking and damage of the
cellulose substrate when exposed to weathering conditions.
FTIR results revealed changes in the polyamide to cellulose
ratios, suggesting some rearrangements in the mycelium fibers
due to weathering. In addition, exposure to heat also led to
protein rearrangement compared with the control sample.
The thermal properties of the biocomposite were not
significantly affected by the weathering, in some cases
improving. Specifically, the white component exhibited a
higher thermal stability compared to the control, as indicated
by increased Tso and T, In contrast, the brown substrate
showed similar or slightly decreased thermal stability compared
to the control (1). High heat conditions (2) and (3) were
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found to show the strongest effect on the T, and T, of the
brown components. In addition, TGA demonstrated samples
exposed to cold and humidity (S) exhibited the highest
moisture retention. This result was confirmed with DSC
analysis, which also revealed the highest water retention for
both components. Interestingly, the combination of heat and
humidity (3) resulted in a loss in water absorption, suggesting
that temperature has a more pronounced effect than humidity.
DSC analysis also revealed that conditions (2) and (5) resulted
in a decrease in lignin softening of both components.

Although hardness testing of the white component
demonstrated a decrease in hardness due to exposure to
humidity, impact testing of the entire biocomposite did not
reveal any differences. These results indicate that moisture
absorption of the mycelium fibers resulted in a loss in hardness,
but it did not impact the overall durability of the composite.
Overall, the changes observed in our study suggest that
mycelium biocomposites exhibit sufficient properties for
packaging applications, even under extreme environmental
conditions.

B CONCLUSIONS

This study evaluated the effect of various real-world environ-
mental conditions on the chemical, thermal, and mechanical
properties of a commercially available mycelium biocomposite.
We characterized the mycelium structure and detected small
changes in the polymer composition and morphology,
especially when exposed to high heat. Thermal properties
did not show much change, except a decreased stability of the
cellulosic component when exposed to high heat. Mycelium
exhibited the highest moisture retention when exposed to
humidity and cold, which resulted in a decrease in the
mechanical properties of the fibers but did not affect the
impact strength of the overall composite. Altogether, the
biocomposites were robust to weathering conditions, making
them appropriate for shipping applications.
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