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a b s t r a c t

Hyphae are the filamentous branches that form a mycelial network, acting as the consti-

tutive structure of mushroom-forming Fungi. Hyphae grow on many substrates and in

multitudes of environmental conditions. Due to this versatility, hyphae are of increasing

interest in the area of bio-constructed materials derived from sustainable and non-

petroleum-based inputs. By understanding the effects of external factors on the growth

and physical properties of the hyphae, we can manipulate the physical properties of a

cultivated mycelial sheet. This study demonstrates how altering the agar concentration

during in vitro culturing can affect the physical growth and structure of the mycelial sheet

without altering its permeability or chemical makeup. When the agar concentration was

increased from 1.5% agar to 6.0% agar, the mycelium density and hyphal width increased

by 32.3% and 63.6%, respectively. The implications of these findings will allow for the

advancement and tuning of fungi-based materials, particularly for the application of sus-

tainable textiles and fine particulate filters.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fungi is a highly diverse section of life, with a prolific distri-

bution found in nearly every biome investigated on Earth [1].

Fungi have developed numerous adaptions to grow and thrive

under the most extreme environmental conditions [2]. This

range of environmental stressors has allowed for some spe-

cies of Fungi to develop unique adaptions in order to survive.

For example, researchers have found some fungal structures

to possess fire-retardant and antibacterial properties [3].

Furthermore, Fungi can be fast-growing, are considered car-

bon negative due to their role in sequestering carbon in the
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by Elsevier B.V. This is
).
soil, and can thrive on a wide variety of substrates from wood

to jet fuel [4e8]. The breadth of these physical adaptions has

fueled growing interest in how engineers can manipulate

fungal microstructures for practical applications, such as

biocomposites, building materials, and textiles [9]. As a result,

Fungi are being studied as a promising sustainable alternative

for everything from plastics and foams to leather and textiles

[10]. A deeper understanding of the factors which influence

Fungi'smicrostructure will allow further exploration into their

potential uses as a biomaterial.

The key to Fungi's malleable microstructure is in the hy-

phae. Hyphae are filamentous branches of fungal cells with
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chitinous cell walls. They serve the purpose of extracting

nutrients from the biological substrates and are capable of

growing through biological material (e.g., lignin, cellulose, and

detritus) [11e13]. As hyphae proliferate, they form a complex

vegetative network called mycelium (Fig. 1). The properties of

the mycelial network are biologically plastic and can be

manipulated by changing or altering the substrate on which

they are grown [10]. Common species of Fungi such as Gano-

derma lucidum and Pleurotus ostreatus can be propagated with a

simple solution of cellulose and potato dextrose, and were

shown to grow longer, thinner, and more elastic hyphae

compared to those grown on a complex cellulose substrate

[10]. The ability to directly influence the microstructure of

mycelium allows for unique applications such as targeted fine

particulate filtration. To illustrate this potential, mycelium

composites have already successfully filtered fine particulate

matter such as Nitrate and Sulphate, harvested water from

fog, and remediated soil contaminated by heavy metals

[14e16]. Through the alteration of media on which a mycelial

mat is grown, it becomes possible to influence the mycelial

sheet's physical structure for desired material properties [10].

Despite the growing interest in Fungi and their potential

uses as biomaterials, details on the physical factors that affect

hyphal growth and the resulting structure of the mycelial

sheet are heavily understudied. Current research is limited to

looking at how manipulations of the growth environment's
physical properties may impact the fungal mycelium's
microstructure. In particular, it is unclear how the density of

the substrate, one of the easiest tomanipulate variables in the

culturing of Fungi, affects growth patterns and the physical

properties of a mycelial sheet. Studying how the substrate

affects hyphal growth patterns, such as the width of the hy-

phal cells and the density of the mycelium network, will help

develop fungal derived biomaterials, such as textiles and

filters.

This study uses SEM imaging, permeability testing, and

chemical characterization to observe the relationship be-

tween agar concentration and hyphal growth. Pleurotus
Fig. 1 e Diagram of the cross-section of a mushroom sporocarp

microstructure.
populinus is commonly used in materials applications due to

its ability to grow in a variety of environmental conditions. P.

populinus is also fast growing and ideal for potential scale-up

in industry applications [17,18]. P. populinus was cultured on

agar plates of four concentrations: 1.5%, 3.0%, 4.5%, and 6.0%.

The resulting microstructure was analyzed for mycelium

density, hyphal width and pore diameter. The permeability

was recorded and compared to other porous filter materials.

The chemical composition of themycelium grown under each

condition was also analyzed using Fourier-transformed

infrared spectroscopy (FTIR) to ensure that all samples

received the same nutrients throughout the growth period.

The ability to alter the microstructure of the mycelium

without changes to the chemical composition will allow for

the creation of more sustainable filtration membranes that

are able to target specific sizes of particulate matter.
2. Materials and methods

2.1. Preparation of substrates

Growth media for fungal cultures was made using 2% (20 g/L)

malt extract (Fisher Scientific cat no: ICN15531590) and

increasing concentrations of agar, 1.5%(15 g/L), 3%(30 g/L),

4.5%(45 g/L), and 6%(60 g/L) (ThermoFisher cat no:

AC443572500). Growth media was autoclaved for 30 min at

121 �C on a liquid cycle and allowed to cool to ~60 �C to allow

for the addition of antibiotic ampicillin at a final concentration

of 50 mg/ml to stave off any bacterial contamination. Forty-five

plates of each density agar were poured, resulting in a total of

180 plates. Cellophane of 2.8-mm thicknesswas cut into 70 cm

squares and autoclaved for 20 min at 121 �C. Each plate was

labeled in a laminar fume hood, and a cellophane square was

placed on the substrate surface to make the removal of

mycelium after culturing possible for processing. The bulk

density of the agar was measured by cutting out two agar

cubes of 1 cm3 from three plates of each concentration for a
, showing the mycelium macrostructure and the hyphal
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total of 24 cubes (six for each concentration). The cubes' vol-
ume (cm3) and mass (g) were recorded and used to calculate

the average density over each agar concentration.

2.2. Culturing and growth of mycelia sheets

Specimens of P. populinus were sub-cultured from sterile tis-

sue ofwildly collected sporocarps that are activelymaintained

by the Dentinger research group at the University of Utah.

Isolated sections of contiguous mycelium from initial spore

plateswere subcultured by removing ~2 cm2 of tissue from the

edge of the growing mycelium with a flame-sterilized scalpel

and seeded onto the previously prepared plates. The inocu-

lated plates were sealed with Parafilm and stored in low light

conditions at 20 �C. The samples were allowed to propagate

for six weeks to ensure that the myceliumwas robust enough

for handling and imaging.

2.3. Microstructure characterization

Structural characterization was accomplished via imaging of

themycelial mats. The plates were heat treated for 1 h at 68 �C
to desiccate the samples. Imaging specimens were cut from

the plates after heat treatment. Four plates from each agar

density were used, and one specimen was cut from each plate

resulting in 16 total specimens, four from each density.

Specimens were coated with 20 nm of gold-palladium to

reduce electron charging. The specimens were imaged using

an FEI Quanta 600FE-ESEM scanning electron microscope

(Quanta, Hillsboro, OR, USA) at an accelerating voltage of 5 kV

to mitigate overcharging the samples and a spot size of 5 nm.

Five images at 1000x magnification were taken at dispersed

locations on each specimen resulting in 80 images total. These

eighty images were analyzed using Image-J to determine hy-

phal width, mycelium density, and pore diameter. The

mycelium density was measured as the percent of the area

occupied by hyphae versus the total area of the image,

resulting in 80 total mycelium density measurements, 20 for

each agar density. Hyphal width was evaluated by measuring

the approximate width of the hyphae. Five hyphal width

measurements were taken from each image resulting in 400

total measurements, 100 for each agar density. The pore

diameter, or space between the hyphae, was approximated by

the DiameterJ plug-in. The pore diameter was approximated
Fig. 2 e The flow setup for permeability testing. A test apparatu

controller used to regulate the face velocity of the gas, a glass fi

flow meter used to record the effluent flow and pressure from

Inspired by [19].
using the average of 20 pore measurements from each image,

1600 total measurements.

2.4. Growth rate

Three plates of the four-agar densities (12 plates total) were

cultured with a mycelium plug of P. populinus and observed

over 15 days. From the time of culturing, images of each plate

were taken every 24 h for 15 days to document the growth

patterns of the mycelium on each substrate. A total of 180

images were taken, one image per plate per day. These images

were then analyzed using image-J software by measuring the

diameter of the mycelium on the plate. Due to the irregular

radial growth pattern of the hyphae, three diameter mea-

surements were averaged for each image resulting in 45 total

measurements for each plate. OriginPro®was used to create a

linear model to approximate the average growth rate for each

density.

2.5. Permeability

The permeability was measured to study the efficacy of

mycelium as a sustainable replacement material for fine par-

ticulate filters. Three samples for each agar concentration were

tested at three flow rates within the linear regime (1 standard

cubic centimeter per second by volume (sccsv), 2 sccsv, 3 sccsv).

The permeability values were averaged for each sample at the

given flow rates and between the three samples of the corre-

sponding agar concentrations. Helium permeabilities of

mycelium samples were measured through steady-state gas

flow measurements using a custom-designed flow setup

(Fig. 2). Polydimethylsiloxane (PDMS) holders were set for 24hrs

in 3D-printedmolds designed tomold the holders to provide an

airtight seal for mycelium samples. The PDMS holders and

sample were inserted into an airtight glass tube and connected

in line with the helium supply. A working flow range of helium

(1e3 sccsv) was controlled using an Omega FMA-2618A mass

flow controller (0.8% accuracy, Omega Engineering, Norwalk,

CT, USA) and an Omega FMA-2617A mass flow meter (0.8%

accuracy, Omega Engineering, Norwalk, CT, USA) was used to

observe and calculate the resulting pressure drop. Once a linear

regime was established, Darcy's law of fluid flow (Eq. (1))

through a porous medium was applied flow rates within the

linear working range, to calculate permeability:
s consisting of a helium supply, a digital mass flow

lter holder containing a PDMS holder, and a digital mass

the samples. The glass filter holder is 15 cm in length.
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Fig. 3 e Representative SEM images of the hyphal structure showing the increase in hyphal density (%) and hyphal width

(mm) and decreasing pore diameter (mm) with increasing agar concentration with images for (A) 1.5% agar density, (B) 3.0%

agar density, (C) 4.5% agar density, and (D) 6.0% agar density. (E) Box plot of mycelium density vs. agar concentration. Data

are presented as the average of N ¼ 20 for each box. (F) Boxplot of hyphal width vs. agar concentration. Data are presented

as the average of N¼ 100 for each box. (G) Box plot of pore diameter (mm) showing the averages for themajor andminor axis

of the elliptical approximations vs. agar concentration. Data are presented as the average of N ¼ 20 for each box. Matching

Greek letters above or below boxplots indicates a statistically significant difference at a significance level of a ¼ .05. The

scale bars indicate 50 mm.
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K¼Q*h*L
DP*A

(1)

where the length of the porous medium, L (cm), the pressure

drop, DP (g cm�1 s�2), the volumetric flow rate, Q (cm s�1), the

fluid viscosity, h (g cm�1s�1), and the cross-sectional area, A

(cm2) were used to calculate the permeability, K (cm2), which

was converted into units of m2 for final reporting. Previous

work has shown this process to successfully measure the

permeability of other biological tissue, including live celery

plants [19]. In addition to the mycelium, the permeability of

various comparable particulate filters were measured,

including; borosilicate glass, a grade A quartz microfiber

(QMA) filter, a surgical mask, an N95 mask, and paper.
2.6. Chemical characterization

The chemical compositions of mycelium grown on the four

agar densities were compared using Fourier-transformed

infrared spectroscopy (FTIR). One FTIR sample was used for

mycelium from each growing condition, resulting in four total

spectra. FTIR spectra were collected for each of the four agar

concentrations, 1.5%, 3.0%, 4.5%, and 6.0% using a Thermo

Scientific Nicolet 380 equipped with OMNIC software (Thermo

Fisher Scientific, Waltham, MA, USA). Spectrum collection

was completed by placing the FTIR samples onto a clean,

diamond-tipped attenuated total reflection window and

compressing them via a pressure tower. The scan range for all

four samples was 900e4000 cm�1, and all measurements were

https://doi.org/10.1016/j.jmrt.2023.05.013
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recorded at ambient conditions. This analysis was used to

control for nutrient uptake by the hyphae to ensure that the

chemical composition was not affected by the change in agar

concentration.

2.7. Statistical analysis

Statistical analyses were performed using R Studio and Ori-

ginPro®. Statistical significance was determined using a One-

way ANOVA followed by a Tukey's HSD post-hoc test at a

significance level of a ¼ .05. Statistical significance was

assessed for hyphal density, hyphal width, growth rate,

chemical composition, and permeability as a function of agar

density.
Table 1 e Density (g/cm3) of substrate for each agar
percentage. Data are presented as the average of N ¼ 6.

Agar Percent (%) Average Density (g/cm3)

1.5 0.97

3.0 1.47

4.5 2.09

6.0 2.17
3. Results and discussion

3.1. Microstructure characterization

The density of the mycelium as a function of agar density is

shown in Fig. 3E. The data show that the mycelium density

increased with increasing agar density. The 6% agar had the

highest density at 62.2%, while the 1.5% agar had the lowest

density at 47.1%. This change in hyphal density can be seen in

the images shown in Fig. 3AeD. These images show that as

the agar concentration increases, the hyphae grow closer

together, creating a thickermycelial mat. The ANOVA showed

a statistically significant difference in mycelium density

(p < .001). Fig. 3E shows that a Tukey's HSD test demonstrated

a statistically significant change (p � .022) between all treat-

ment conditions and a positive correlation between agar

concentration and mycelium density.

The 6% agar also has the highest average hyphal width at

3.6 mm, and the 1.5% agar had the lowest average hyphal width

at 2.2 mm. The ANOVA showed a statistically significant dif-

ference in the hyphal width (p < .001). As shown in Fig. 3F,

Tukey's HSD tests demonstrated a statistically significant

change (p < .001) between all treatment conditions. The data

demonstrated a positive correlation between agar concen-

tration and hyphal width.

Fig. 3G shows the change in pore diameter as a function of

agar concentration. The 6% agar has the lowest average pore

diameter based on an elliptical approximation, with major

and minor axis at 6.7 mm and 2.9 mm. The 1.5% agar had the

highest average pore diameter, with major and minor axis

averaging 8.2 mm and 3.7 mm. The ANOVA showed a statisti-

cally significant difference in the pore diameter (p < .001). As

shown in Fig. 3G, a Tukey's HSD test demonstrates a statisti-

cally significant change for the pair-wise comparison between

the mycelium grown on the 1.5% and 6.0% agar for the major

and minor axis of the elliptical approximation (p < .001). The

data demonstrated a negative correlation between agar con-

centration and hyphal pore diameter.

Previous research has studied mycelial growth through

the soil in three dimensions. The density of mycelium has

been shown to be affected by the bulk density of soil. As the

bulk density of the soil increases, there is a decrease in the

net pore volume of the mycelium [20]. Increasing the bulk

density of the soil has also been shown to increase the
colonization rate (i.e., spore distribution) in species of

Rhizoctonia solani [21]. Smaller pores in the mycelial sheet

were also found to be a function of increasing the bulk den-

sity of the soil. The increase in mycelium colonization and

the smaller pores are attributed to increased substrate con-

tinuity at higher bulk densities. These findings support the

results observed when growing mycelium on an agar sub-

strate in two dimensions. As shown in Table 1, the bulk

density of agar increases with agar concentration, enabling

the mycelium to form a tighter hyphal network and smaller

pores. Similarly, the bulk density of soil ranges from 0.2 g/

cm3 for peat to 2.0 g/cm3 for glacial till [22]. The 3.0% agar is

similar to that of silt loam at 1.5 g/cm3, while the 6.0% has a

bulk density just over that of glacial till.

3.2. Growth rate

Fig. 4A shows that over 15 days, the mycelium grown on the

6.0% agar grew faster in the radial direction than the myce-

lium grown on the 1.5% agar. Fig. 4B shows the variance in

growth rate between the high and low-density samples aswell

as the average growth plotted over time for all four agar

densities. At the end of the 15-day growth period, the 6% agar

had filled out the culturing plate (10 cm diameter), where the

1.5% agar had shown the slowest growth. The approximate

growth rates for 6% and 1.5% agar are modeled by linear

equations resulting in average growth rates of 0.79 cm/day

and 0.64 cm/day with R2 values of 0.995 and 0.993, respec-

tively. Previous works cite mycelium growing 0.6e0.8 cm/day

and as high as 1e1.2 cm/day [23e25]. Fungal mycelium grows

faster than most species of wood used in consumer products,

requires few resources such as large amounts of land orwater,

and can grow on nutrients of decomposing waste material

[26e29]. Furthermore, cattle used for leather production take

at least two years to mature, while mycelium mats are grown

in weeks [26,30]. Leather properties can also vary based on the

age and environmental conditions of the cattle, and the hides

are unusable if they have too many imperfections from injury

or parasites [30,31]. Controlling the growth rate of mycelium

could improve production efficiency by producing material in

higher volumes, with fewer resources, than traditional ma-

terials such as wood and leather.

3.3. Permeability

Table 2 shows the measured permeability and approximate

pore diameter of mycelium and a variety of filters, including

borosilicate glass, QMA glass, a surgical mask, an N95 mask,

and paper for comparison. The mycelium samples all

demonstrated permeability values on the order of 10�13 m2.

https://doi.org/10.1016/j.jmrt.2023.05.013
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Fig. 4 e Growth rate images and data for the mycelium samples over 15 days. (A) Mycelium growth rate at days 5, 10, and 15

for 1.5% and 6.0% agar concentrations. (B) Growth trends for mycelium samples grown on substrates of 1.5%, 3.0%, 4.5%, and

6.0% agar concentration. Linear trend lines and R2 values are included for all samples. Data are presented as the average of

N ¼ 4 at each data point.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 4 : 7 6 1 4e7 6 2 3 7619
Statistical analysis using one-way ANOVA showed no statis-

tical difference between the permeability values of different

agar concentrations (p ¼ .0534). The change in permeability

between themycelium sampleswaswithin the standard error

of the equipment and there was no statistically significant

change, despite statistically significant changes in mycelium
density, hyphal width, and pore diameter. Factors not

accounted for in the Darcy equation include void ratio

(mycelium density), pore diameter, and cross-sectional

structure of the material. While the mycelium density and

pore diameter were statistically significant, they did not affect

the permeability of the sample in a significant way.

https://doi.org/10.1016/j.jmrt.2023.05.013
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Table 2 e Helium permeability with standard deviation
and pore diameter for mycelium (1.5%), mycelium (6.0%),
boro glass filter, QMA filter, reusable and single-use
surgical masks, an N95 mask, and printer paper.
Permeability data are presented as the average and
standard deviation of N ¼ 9. Data for mycelium is
presented as major and minor axes of an elliptical
approximation. Data for all other materials are presented
as an average pore diameter. Pore diameter data is
presented as the average of N ¼ 400. *Pore diameter data
adapted from [38,39].

Material He Permeability
k (m2x10�13)

Standard
Deviation
(m2x10�13)

Pore
Diameter

(mm)

Mycelium

(1.5% Agar)

5 0.82 8.2, 3.6

Mycelium

(6.0% Agar)

5.5 0.74 6.5, 2.9

Boro Glass

Filter

3 0.3 3.1

QMA Glass

Filter

7 0.8 2.2

Reusable

Mask

4 NA 47*

Single-use

surgical

mask

5 1 33*

N95 mask 30 4 30*

Printer paper 0.1 0.001 12

Fig. 5 e Data from the Fourier transform infrared (FTIR) spectra fo

4.5%, and 6.0% agar concentration. Agar density does not have

hyphae. Data are presented as the average of N ¼ 2 at each dat
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This finding can be applied to the development of perme-

able membranes and filters. The pore diameter can be

changed to trap different-sized particles while maintaining a

similar degree of airflow through the material. In addition to

the mycelium samples, various filters were tested for perme-

ability and pore diameter (Table 2). The mycelium was shown

to have a permeability similar to that of a surgical mask. The

mycelium grown on the 1.5% agar had a pore diameter within

15 mmof the surgical mask pores. Themycelium grown on the

6% agar has a pore diameter similar to that of paper. Previous

studies have demonstrated fungal chitin's efficacy in synthe-

sizing nanopaper filters [32]. Such filters successfully blocked

10 nm gold nanoparticles, a metric that may indicate the po-

tential for the filtration of viruses. The smallest respiratory

droplet able to carry SARS-CoV-2 is estimated to be 9.3 mm;

this is larger than the average pore diameter of the 1.5% agar

concentration mycelium and larger than the maximum pore

measurement from the 6% agar concentration mycelium [33].

This pore diameter also falls below the commonly measured

PM10 (particulate matter less than or equal to 10 mm) [34].

PM10 is a common public health concern for people in urban

areas and has many sources, including automobile pollution,

construction debris, and environmental dust [35e37].

Mycelium-based filters could help create more sustainable

options for air filtration and face coverings used to protect

people from PM10.
r the mycelium samples grown on substrates of 1.5%, 3.0%,

a significant effect on the chemical composition of the

a point.

https://doi.org/10.1016/j.jmrt.2023.05.013
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Fig. 6 e Demonstration of the effect of changing agar density on the physiological development of the mycelial sheet and

how this can be used to trap particulate matter of varying sizes. The 1.5% agar produces a more open structure in the

mycelial sheet, while the 6.0% agar causes the mycelium to form a denser network.
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3.4. Chemical characterization

FTIR was used to study the chemical composition of each agar

density. Fig. 5 shows the absorbance spectra of the hyphae

samples. The small discrepancies in lipid and amide protein

concentrations with differences less than 10% ± 2% and were

within the chemical variance of the samples and repeatability

of the FTIR test. This shows that while the physical structure
Fig. 7 e SEM imaging of 5 mm alumina platelets embeded in the

and the scale bar indicates 100 mm. Image B is taken at 2000x m
of the mycelium can be tuned to meet desired properties, the

chemical composition remains uncompromised. All samples

were able to uptake a similar amount of nutrients from the

substrate and formed protein, fat, sugar, and chitin that varied

little within the samples or between samples.

Changing the mycelial density via changes to the agar

concentration can create high volumes of material in a short

period of time when compared to the time required to grow
mycelial network. Image A is taken at 500x magnification

agnification and the scale bar indicates 20 mm.

https://doi.org/10.1016/j.jmrt.2023.05.013
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other materials such as leather and wood. FTIR and perme-

ability testing were used to show that the resulting mycelial

sheets are chemically similar and have the same permeability

profile. Furthermore, the permeabilities of themycelial sheets

are comparable to the values obtained for filters such as sur-

gical masks. SEM imaging and data analysis showed a statis-

tically significant change to the mycelium density, hyphal

width, and pore diameter. The resulting mycelial sheets can

be used to produce filters for different size particles through

the relatively simple method of changing agar concentration.

Fig. 6 shows how the 6% agar has a smaller pore size that may

be better suited for filtering out small particulate matter such

as PM2.5 (particulate matter less than or equal to 2.5 mm),

while the 1.5% agarmay be better for PM10 (particulatematter

less than or equal to 10 mm), or virus particulate around 9 mm.

Fig. 7 uses SEM imaging to show 5 mm alumina platelets

embedded within the mycelial network. These images

demonstrate the ability ofmycelium to trap particulatematter

and establish the potential for using mycelium in particulate

filtration applications.
4. Conclusions

This study utilized imaging, permeability testing, and chem-

ical analysis to characterize the effects of agar concentration

on the growth and microstructure of a fungal hyphal system.

Using these processes, the observed results lead to the

following conclusions.

� Increasing the agar concentration increases the density of

the mycelium as well as the thickness of the individual

hyphae. This can be applied to material development ap-

plications requiring a desired microstructure, such as

filtration and textile development.

� Increasing the mycelium density results in smaller pores

between the hyphae. This demonstrates the potential for

tuning properties, such as pore diameter, to achieve a

desired filter size for varying ranges of particulate matter.

� Mycelium growth was correlated to the agar concentration

with a growth rate of 0.64 cm/day at 1.5% and 0.79 cm/day

at 6.0%. Mycelium is fast growing, making it an excellent

option for scaling up in industry applications. The ability to

control the growth rate could also be useful in batch

propagation for materials of specific sizes and specifica-

tions thatmust be harvested on amanufacturing schedule.

� The permeability was constant, and 1.5% showed a pore

diameter similar to printer paper, while 6% showed a pore

diameter similar to a borosilicate filter. The permeability

was recorded and compared to permeabilities of other

porous filter materials, including borosilicate filters, QMA

filters, reusable, surgical, and N95 masks. The results

showed a statistically significant increase in the hyphal

width and mycelium density when the agar concentration

was increased from 1.5% to 6.0%. This change occurred

without a statistically significant change to the chemical

composition of the samples. Creating a denser mycelial

matwithout changes to permeability ormaterial chemistry

will allow for the development of new, more sustainable

filter materials.
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