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1. Introduction

Fungi is an incredibly diverse biological kingdom that continues
to be discovered and described, with organisms that range from
sporocarp (mushroom) forming species to molds, rusts, and
smuts. The abundance of the organisms classified as fungi offers
many research avenues, with thousands of new species
discovered each year.[1–3] Recent research has reflected a

growing interest in studying fungal
biomechanics[4–10] and characterizing the
mechanical and material properties of
different fungi and their various
structures.[11–15] This better understanding
of fungi and their properties has led to a
growing interest in incorporating fungi
into engineering materials and applica-
tions, including creating more environ-
mentally friendly packaging materials,
construction materials, and fabrics.[16–18]

However, the use of fungi as an engineer-
ing material is limited due to its natural
material and mechanical properties. The
ability to adjust and tailor the properties
of the natural structure of fungi, whose
primary constituent is chitin,[19] could
allow for the integration of these structures
into applications where the material and
mechanical properties of fungi would not
be suitable.

Perhaps most intriguing among the
beneficial properties of filamentous fungi
is their naturally porous structure, which
makes the structures suitable for applica-
tions such as absorption or filtration. In
their natural environment, fungi are

known to be hydrophilic, giving them an advantage in absorbing
water to achieve the hydration necessary to survive and repro-
duce.[20] Additionally, fungi are able to absorb a variety of natural
and man-made impurities like heavy metals or other elemental
contaminants in their environment.[21,22] This ability to aid in
phytoremediation makes fungi an excellent choice for bioinspi-
ration. While fungi-aided phytoremediation largely depends on
the biochemistry of the fungi, the filamentous structure charac-
teristic of filamentous fungi, such as those in the Agaricomycetes
class of fungi, lends itself to absorption of liquids through mech-
anisms like capillary action.[23] Thus, fungi can act as a source of
bioinspiration in the creation of materials that can aid in
environmental remediation in absorbing or filtering liquids such
as oil.

One way the natural structures of fungi could be incorporated
into engineered materials is the use of biotemplating.
Biotemplating is a manufacturing technique by which biological
structures can be copied into inorganic materials at various
length scales.[24,25] This process begins by taking the natural
material that will act as the organic template, such as fungi,
and chemically breaking down the biological constituents.
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Fungi are an incredibly diverse biological kingdom with organisms that have a
wide range of morphologies, properties, and structures. Previous research has
investigated the use of filamentous fungi, which have naturally porous structures
created by hyphal filaments, as a means of phytoremediation. This study uses
these natural fungal structures to create bioinspired materials that capture both
the structure and functional absorption properties of fungi. Three types of fila-
mentous fungi with different hyphal structures (monomitic, dimitic, and trimitic)
are used as organic templates to create inorganic media using two different
biotemplating methods to create silica and hybrid samples. Characterization of
these samples is completed using scanning electron microscope imaging,
chemical characterization, nanoindentation, and hydrophilic and oleophilic
absorption tests. Biotemplated samples have similar structures as their organic
templates, but contained silica, which is not present in natural, dehydrated fungal
samples. Fourier transform infrared analysis shows better cross-linking in the
hybrid samples, which also have higher mechanical resistance than the silica
samples. Absorption testing demonstrates that silica samples are closest to
mimicking the absorption properties of natural, dehydrated samples. Of the three
hyphal structures, the monomitic samples show the greatest increase in
mechanical properties and maintenance of absorption properties when
biotemplated.
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Next, the inorganic material is deposited or infiltrated into the
organic template. The biotemplating process is completed by
removing the organic template, leaving an inorganic copy of
the chosen natural structure.[24–29] The chemicals typically used
in biotemplating are corrosive or toxic, which limits the research-
ers using them on natural materials with greater chemical tough-
ness, such as wood or pinecones, which are robust enough to
withstand the degradation of the organic template during this
harsh process due to their content of lignin, which provides a
tougher, more chemically resistant structure.[25,26,30] Recently,
other biotemplating methods have been developed to template
more delicate materials such as celery[31] or fungi.[29] The
mechanical and absorption properties of these biotemplated
copies, which use a more delicate organic template and more
environmentally friendly chemical processes, are still largely
unknown.

This study characterizes the structure, mechanical properties,
material properties, and hydrophilic/oleophilic absorption prop-
erties of biotemplated copies of three types of representative
Agaricomycetes fungal structures (monomitic, dimitic, and
trimitic hyphal systems) using two different biotemplating meth-
ods to modulate these properties. The properties of these biotem-
plated copies were tailored using two biotemplating methods to
create a silica sample and a silica-chitin hybrid sample, which
both maintain some degree of the hydrophilic/oleophilic absorp-
tion properties found in the natural fungal structures.
Characterization was performed using imaging, nanoindenta-
tion, chemical analysis, and absorption testing to understand
how incorporating both the microstructure and biotemplating
method can tailor the properties of these porous, inorganic
materials to create fungi-inspired environmental remediation
materials. This understanding will advance the current
knowledge of how fungal structures can be biotemplated and
how the beneficial properties of fungi can be harnessed to
address current environmental issues such as oil-contamination
remediation.

2. Experimental Section

2.1. Organic Template Selection and Preparation

Three Agaricomycetes fungal sporocarps were used as organic
templates to study the differences in properties of the biotem-
plated fungal samples based on their microstructure

(Figure 1). All Agaricomycetes fungi can be classified by their
constituent material, hyphae, which come in three different
varieties: generative, skeletal, and ligative hyphae. White mush-
rooms (Agaricus bisporus)[32–34] were selected for their monomitic
structure, having only generative hyphae. Maitake mushrooms
(Grifola frondosa)[32,35,36] were chosen for their dimitic structure,
having both generative and skeletal hyphae. Reishi mushrooms
(Ganoderma lingzhi)[32,37–39] were chosen for their trimitic struc-
ture, having generative, skeletal, and ligative hyphae. These three
types of fungal sporocarps have been studied in previous work,
which allows for direct comparison.[15] In addition, despite hav-
ing the same basic constituents, fungal sporocarps with different
hyphal structures have different morphologies, structures,
mechanical properties, and levels of hydration.[15,20] Fresh white
and maitake mushroom sporocarps and a dehydrated reishi spo-
rocarp were acquired from local retailers. To keep fungal cells
inflated, which promotes better fluid exchange, sporocarp sam-
ples were templated in a hydrated state. To achieve this consis-
tent hydration, dehydrated samples were rehydrated by being
soaked in 3 wt% hydrogen peroxide for 48 h to achieve better
hydration of the samples.[40] While hydrogen peroxide is known
to slow the growth of fungi and can cause death in live
fungi,[41,42] research has shown that treatment with hydrogen
peroxide does not cause significant structural damage to the
microstructure of fungal sporocarps as compared to sporocarps
treated with water.[43]

2.2. Biotemplating

Two methods of biotemplating were used to make the biotem-
plated samples (Figure 2). The first method involved soaking
hydrated sporocarp samples in tetraethyl orthosilicate (TEOS,
reagent grade, 98%, Sigma-Aldrich, St. Louis, MO, USA) for
48 h and then calcining in a Thermo Scientific Thermolyne fur-
nace (Thermo Fisher Scientific, Waltham, MA, USA) for 2 h at
500 °C. Because of the use of a silica precursor and the calcining
process, burning off organic material, these samples will be
referred to as “silica” samples hereafter. The second method
involved soaking hydrated sporocarp samples first in acetic acid
(1% v/v aqueous solution, Thermo Fisher Scientific) for 48 h to
break down the chitin, rinsing them in water to remove the
remaining acetic acid, and then soaking them in TEOS for
48 h. Following the acetic acid and TEOS treatments, the samples
were allowed to air dry at room temperature for 48 h, during

Figure 1. Images of the monomitic, dimitic, and trimitic sporocarps used in this study to make dehydrated, silica, and hybrid samples. Representative
sporocarps include: A) white mushrooms, B) maitake mushrooms, and C) Reishi mushrooms. Scale bars represent 4 cm.
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which time the change in pH induced by the acetic acid catalyzes
the TEOS into silica. Because the organic template was not fully
removed in this process, these silica-chitin hybrid samples will
be referred to as “hybrid” samples hereafter. Both biotemplating
methods were adapted from previous work[30,31] but had not pre-
viously been applied to fungi, nor other chitinous materials. To
compare biotemplated samples with their organic templates,
dehydrated samples were made by placing fresh sporocarp sam-
ples in a Magic Mill® food dehydrator (Royalux Inc., Spring
Valley, NY, USA) for 10 h at 40 °C. For characterizing and
comparing the properties, all three types of samples (dehydrated,
silica, and hybrid) for each of the monomitic, dimitic, and
trimitic hyphal structures were used.

2.3. Structural Imaging

Imaging samples were made and imaged to analyze the structure
of biotemplated and dehydrated samples. Three imaging sam-
ples each were made by sectioning pieces with a cross-sectional
area of�10mm2 from the dehydrated, silica, and hybrid samples
of monomitic, dimitic, and trimitic sporocarps. Samples were
then fixed to aluminum sample holders with carbon tape and
coated with �20 nm of gold-palladium. Images of the samples
were taken using an FEI Quanta 600FE-ESEM scanning electron
microscope (SEM, Hillsboro, OR, USA) at an accelerating voltage
of 5 kV and spot size of 3 nm. Image analysis of the similarity of
the microstructures of the different types of samples was done
using ImageJ by measuring the hyphal filaments and the porosity
of the structures. This was done by taking two representative
images from each type of sample and overlaying ellipses over
the hyphal filaments, the solid filaments that shape the porous
structure, and measuring the aspect ratio (the length of the major

axis divided by the minor axis). For each image, a minimum of 42
measurements were taken, for a minimum of 84 hyphal
measurements for each type of sample. Because of the samples’
hydrophilicity, it was not possible to perform porosity measure-
ments using Brunauer–Emmett–Teller (BET) method. Instead,
the overall porosity of the internal structures was measured with
ImageJ using two representative images taken for each type of
hyphal system (monomitic, dimitic, trimitic) for each type of
sample (dehydrated, silica, hybrid). Each porosity image provided
one measurement, meaning that each type of sample had two
porosity measurements.

2.4. Chemical Composition

While samples were in the SEM, energy dispersive X-ray
spectroscopy (EDS) was performed using APEX EDS Software
(EDAX Inc., Mahwah, NJ, USA). Elemental maps, generated
using the EDS software, were completed on the surface of
each type of sample (dehydrated, silica, and hybrid) of each type
of sporocarp (monomitic, dimitic, and trimitic). EDS was
completed using an accelerating voltage of 20 kV and a spot size
of 4.0 nm. Image outputs were adjusted to remove the elements
present due to coating the imaging samples (i.e., gold and
palladium).

The chemical compositions of the two biotemplated sample
types, silica and hybrid, were compared using FTIR analysis.
A single FTIR sample was used for each type of sample tested,
resulting in a total of six spectra. Representative FTIR
spectra were collected for silica and hybrid samples of the
monomitic, dimitic, and trimitic hyphal systems using a
Thermo Scientific Nicolet 380 equipped with OMNIC software
(Thermo Fisher Scientific). To collect each spectrum, the

Figure 2. The biotemplating processes used to create silica and silica-chitin hybrid samples. The process for creating silica samples can be seen by
following the orange arrows and the process for creating hybrid samples can be seen by following the blue arrows.
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FTIR sample was placed onto a clean, diamond-tipped attenuated
total reflection (ATR) window and pressed using the pressure
tower. All measurements were collected in ambient conditions,
with the scan range for all samples set between 400 and
4000 cm�1.

Thermogravimetric analysis (TGA) was used to further quan-
tify differences in the composition between the dehydrated,
silica, and hybrid samples. Monomitic samples of each type were
prepared by crushing each type of sample (dehydrated, silica, and
hybrid) until there was between 10 and 20mg of crushed sample.
TGA was performed using a Netzsch Simultaneous Thermal
Analyzer (STA) 449F3 (NETZSCH -Gerätebau GmbH, Selb,
Germany). Crushed samples were added to the thermal analyzer
for testing and analysis after a baseline correction was completed
for each sample. Samples were tested from 20 to 500 °C using a
ramp rate of 20 °Cmin�1.

2.5. Mechanical Testing

Mechanical testing was completed using nanoindentation.
Mechanical testing samples were prepared by taking sections
of each type of sample (dehydrated, silica, and hybrid), roughly
3.5mm2 in cross-sectional area, for each of the monomitic,
dimitic, and trimitic sporocarp samples. These mechanical
testing samples were fixed on 15mm diameter specimen discs
(Ted Pella, Redding, CA, USA) with cyanoacrylate glue.
Nanoindentation was completed using a Hysitron TI Premier
Nanoindenter system (Hysitron Inc., Minneapolis, MN, USA)
using a Berkovich diamond tip probe. The load function was
set up as a trapezoidal function with a maximum load of
500 μN. Each mechanical testing sample was indented in 5
different locations, each at least 1 μm from the other, for
a total of 45 nanoindentation locations across all types of
samples.

2.6. Hydrophilic and Oleophilic Absorption Testing

The functional properties of the biotemplated samples were
tested by completing absorption testing. Fungal sporocarps are
known to be hydrophilic, though the exact water content of
the sporocarp depends on its environment, species, and
age.[20] Absorption samples were created for each type of sample
(dehydrated, silica, and hybrid) for each of the types of hyphal
systems (monomitic, dimitic, and trimitic). Four replicates were
made of each absorption sample for each test (Figure 3), mean-
ing a total of 36 samples were used in each absorption test. The
mass of each absorption sample was measured to get a dry mass
measurement. The replicate was then placed into a liquid for
15min. At the end of 15min, the absorption sample was
removed from the liquid and the mass was again measured to
determine howmuch liquid was absorbed. Absorption was deter-
mined by dividing the final weight of the absorption samples by
their dry weight. Two different tests were performed using this
method: the first test used water to test the hydrophilicity, and the
second used soybean oil to test the oleophilicity. The average
absorption of each type of absorption sample was then calculated
for each test.

2.7. Statistical Analysis

Statistical analysis was completed using one-way analysis of vari-
ance (ANOVA) tests. ANOVA tests were performed using
MATLAB (MathWorks, Natick, MA, USA). When a significant
difference was observed, pairwise comparisons were performed
using Tukey’s honest significant difference (HSD). In the case of
comparing the aspect ratio of the filaments seen in the micro-
structure (see Section 2.3 Structural Imaging), because the data
was heavily skewed, a logarithmic transformation was used to
transform the data to be normally distributed before running
ANOVA and Tukey HSD tests. A significance level of α¼ 0.05
was used for all tests to determine significance.

3. Results and Discussion

3.1. Structural Analysis

Loosely packed hyphal systems were visible in the SEM images
taken of the monomitic, dimitic, and trimitic samples (Figure 4).
The hyphae are most clearly seen in the dehydrated samples,
where the hyphae have experienced no processing (Figure 4A,D,G).
The structures created by these hyphal systems are similar to
the silica samples (Figure 4B,E,H). While hyphal filaments are vis-
ible in the hybrid samples, there appears to be a greater degree of
fusion between the hyphal filaments (Figure 4C,F,I). The trimitic
biotemplated samples showed both the hyphal filaments, and the
tubular mesostructure typical of reishi mushrooms (Figure 4H,
I).[15] For each type of hyphal structure, the hyphal filaments that
make up the microstructure of the dehydrated, silica, and
hybrid samples had an average aspect ratio of �3. There were

Figure 3. Representative absorption samples used prior to a liquid
absorption test. The scale bar represents 5 cm.
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no statistically significant differences (p≥ 0.06) in the different
types of samples with the same microstructures (monomitic,
dimitic, trimitic) suggesting that the filaments present in the
dehydrated samples are replicated in the silica and hybrid
samples.

Though the basic structure and dimensions of the hyphal sys-
tems were captured in the silica and hybrid samples, there was a
change in the porosity of the samples when compared to the
dehydrated sporocarps. The average porosity of each type of sam-
ple is found in Table 1. For each of the hyphal systems (mono-
mitic, dimitic, and trimitic), there was a decrease in the porosity
of the microstructure when comparing the dehydrated samples
to both the silica and hybrid samples, with the largest decrease in
porosity occurring in the hybrid samples. While there were no
statistically significant differences in the porosity between the sil-
ica and hybrid samples, there were differences in porosity that
were statistically significant when comparing the dehydrated
monomitic and dimitic samples to their respective silica and
hybrid samples with p values all less than p¼ 0.02. While the
average porosity decreased with the trimitic samples, there were

Figure 4. Representative scanning electron microscope (SEM) images for the A–C) monomitic, D–F) dimitic, and G–I) trimitic samples of each type
(dehydrated, silica, and hybrid). Images show the filamentous hyphal systems that create the larger structures. The scale bar represents 100 μm.

Table 1. The average porosity (N¼ 2 for each) of the monomitic, dimitic,
and trimitic hyphal systems with their different types of samples
(dehydrated, silica, and hybrid) along with the reduction in porosity, as
compared to the average porosity in dehydrated samples, that results
from each biotemplating process. Matching Greek letters next to the
porosity values indicates a statistically significant difference.

Hyphal System Type Porosity [%] Reduction in
Porosity [%]

Monomitic Dehydrated 27.2� 0.8α,β 0

Silica 23.2� 0.1α 14.9

Hybrid 21.2� 0.2β 22.0

Dimitic Dehydrated 27.2� 0.8γ,δ 0

Silica 21.5� 0.3γ 21.0

Hybrid 19.4� 0.7δ 28.7

Trimitic Dehydrated 26.4� 1.1 0

Silica 20.6� 0.3 22.1

Hybrid 18.2� 2.8 31.2
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no statistically significant differences. This larger reduction in
porosity can also be seen in the representative SEM images
(Figure 4C,F,I). The monomitic silica and hybrid samples
showed the smallest overall decrease in porosity when compared
to the monomitic dehydrated samples, with a reduction in
porosity of 14.9% and 22.0% for the silica and hybrid samples,
respectively. The silica samples for both the dimitic and trimitic
samples had a reduction in porosity of just over 20%, and the
hybrid samples had a reduction in porosity of closer to 30%.
This trend in the reduction in porosity from the dehydrated
samples to the silica and hybrid samples suggests that the
biotemplating methods used in this study result in a less porous
structure than natural dehydrated samples, though the general
microstructure of the samples is maintained.

The microstructure of the hyphal systems, as seen in SEM
images (Figure 4), can be successfully mimicked using the bio-
templating techniques used in this work. Sol–gel processes can
use silica precursors, which then allow crosslinking of silica
chains to form on the nanoscale.[44] By using fungal sporocarps
as an organic template, the biotemplated samples introduce a
microstructure: the hyphal systems. While the internal structure

of the biotemplated samples did change, leading to less porous
samples, this added density may increase the mechanical resis-
tance of the samples without affecting the absorption properties
of the natural structure.

3.2. Chemical Analysis

Data from elemental mapping, performed using EDS, showed a
change in the elemental composition between the dehydrated
and biotemplated samples (Figure 5). Table 2 shows the weight
percentages of the main elements found in each of the samples.
All the dehydrated samples (monomitic, dimitic, trimitic) are
primarily made up of carbon and oxygen, though some trace ele-
ments were also present in the monomitic and dimitic samples.
This is consistent with other organic materials, including other
fungi.[11] All the biotemplated samples included some weight
percent of silicon, and maintained relatively high levels of oxy-
gen, indicative of the presence of silica. The silica samples
had the highest weight percent of silicon, with all three hyphal
types achieving higher than 32 wt%. This presence of relatively
high amounts of silicon in the silica samples was accompanied

Figure 5. Representative energy dispersive X-ray spectroscopy (EDS) maps of: A–C) monomitic, D–F) dimitic, and G–I) trimitic samples of each type
(dehydrated, silica, and hybrid). Trace elements are not included in the maps, showing only the most abundant elements (carbon, oxygen, and silicon).
The scale bar represents 50 μm.
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by a sharp decrease in the amount of carbon detected. In
contrast, the hybrid samples all maintained higher levels of car-
bon while still including significant concentrations of silicon
(less than 20 wt% for all samples).

EDS mapping showed that the silica and hybrid samples both
had the addition of silicon, which was not found in the dehy-
drated samples (Figure 5, Table 2). The inclusion of silicon
and oxygen suggests the presence of silica, which was expected
from using a silica precursor. The higher levels of carbon in the
hybrid samples may indicate the presence of chitin, which is the
main constituent material of fungal cells. The elemental maps
confirm that there is a difference in the chemical makeup in
the biotemplated (silica and hybrid) samples as compared to
the dehydrated samples. Of note, the EDS maps of the trimitic

hybrid samples showed a higher concentration of carbon
(Figure 5I). This greater amount of carbon likely indicates the
presence of more organic material, which is expected since
the organic template was not burned off as it was with the silica
samples. However, the hybrid samples showed evidence of not
being fully biotemplated, with the center of larger trimitic hybrid
samples appearing the same as dehydrated samples. While
porous, the trimitic sporocarps have sections of very dense pack-
ing of hyphae (Figure 4H,I). These dense regions may hamper
the infiltration of the acetic acid and silica precursor. The use
of a vacuum pumpmay increase the degree of infiltration, leading
to samples with higher levels of silica than were achieved in this
study.[45] This lack of infiltration could also be attributed to the
proteins that can be found on the outer layer of the fungal cells
that make up the hyphal filaments in similar trimitic species
which might reduce the adhesion of silica precursors.[46]

FTIR spectra (Figure 6) showed distinct similarities and differ-
ences between the silica and hybrid samples and differences
between the monomitic, dimitic, and trimitic samples for each
sample type. The silica and hybrid samples had transmission
peaks characteristic of SiO2 located at �1050 cm�1, correspond-
ing to Si─O─Si.[47] Additionally, both sample types included a
peak at �800 cm�1, indicating the presence of a silanol group,
which is the typical terminal group synthesized using
TEOS.[47] Both of these peaks were more pronounced in the spec-
tra corresponding to the silica samples (Figure 6A) as compared
to those of the hybrid samples (Figure 6B), suggesting the silica
samples have a larger SiO2 content than the hybrid samples. This
greater SiO2 content supports the findings of the EDS maps and
corresponding elemental compositions (Table 2). Vibrations
associated with O─H stretching, indicated by the peaks at
�3340 cm�1, were present in all the samples but were more

Table 2. Elemental weight percentages of C, O, and Si found on samples
using EDS. Note that trace elements for the samples are not listed, so the
wt% of each does not necessarily add to 100%.

Hyphal System Element Dehydrated [wt%] Silica [wt%] Hybrid [wt%]

Monomitic C 41.8 6.3 44.3

O 45.5 45.6 39.1

Si 0 34.5 9.1

Dimitic C 45 0 28.4

O 41.2 51.2 48.4

Si 0 44.1 18.8

Trimitic C 51.4 10.8 47.9

O 48.6 46.4 47.9

Si 0 36.0 9.2

Figure 6. Representative Fourier transform infrared (FTIR) spectra for the monomitic, dimitic, and trimitic samples of the biotemplated samples
(silica and hybrid). A) A representative FTIR spectra from a silica sample. B) A representative FTIR spectra from a hybrid sample. Characteristic peaks
are labeled with their wavenumber, and the corresponding bonds (shown in the legend in B).
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pronounced in the hybrid samples. The hybrid samples also had
peaks at �2295 cm�1, corresponding to C─H. These same peaks
were not present in the silica samples and indicate the presence
of residual chitin not burned off during the processing of the
hybrid samples.[48]

The silica monomitic, dimitic, and trimitic samples had rela-
tively similar transmittance for the peaks below 2000 cm�1, sug-
gesting a similar formation of SiO2 networks were formed in
each of the samples. However, the silica trimitic samples had
the highest transmittance at wavelengths up to 3500 cm�1, sug-
gesting the silica trimitic samples had a lower content of SiO2

and silanol groups. This may indicate that the trimitic sporocarps
are not as well suited to this biotemplating process as the mono-
mitic and dimitic are. The less distinct transmittance peaks above
2000 cm�1 of the silica sample FTIR spectra suggest a smaller
concentration of organic bonds in these samples as compared
to the hybrid samples. This supports the findings of the elemen-
tal concentrations of the samples found using EDS, which
showed a higher weight percent of the carbon in the hybrid
samples.

Of the hybrid samples, the dimitic samples had the most
diminished peaks below 2000 cm�1, suggesting that they did
not biotemplate as well as the monomitic and trimitic samples.
These less pronounced peaks indicate that the SiO2 did not form
networks or crosslink as well as the monomitic or trimitic sam-
ples during the biotemplating process. Of note, the silica and
hybrid monomitic samples had the most pronounced peaks at
�1050 cm�1, indicating that the monomitic samples had the best
crosslinking and highest concentration of SiO2 following biotem-
plating. This lower transmittance indicates that the two biotem-
plating processes worked best when the monomitic sporocarps
were used as an organic template in making the silica and hybrid
samples.

TGA showed three distinct characteristic stages of weight loss
for the dehydrated sample (Figure 7A). Weight loss from room
temperature to 200 °C is a result of the evaporation of chemically
bonded water molecules.[49] Between 200 and 375 °C, weight loss
is attributed to the decomposition of the organic constituents
(e.g., chitin). Weight loss between 375 and 500 °C is likely to
be the result of further degradation of the residual char, which
was supported by the blackened appearance of the dehydrated
samples following testing (Figure 7D). The total weight loss of
the dehydrated samples by the time the samples reached
500 °C was 87.7%. The silica sample had minimal weight loss
(3.3%) attributed primarily to water evaporation, as it occurred
mostly in the first 200 °C of the testing and there was no visible
change in the appearance of the samples (Figure 7B). The hybrid
sample (Figure 7C) showed a total weight loss of 37.6%, close to
half of that reported for the dehydrated sample. This result
confirms that some of the organic content of the fungal template
was replaced in an inorganic silica matrix.

3.3. Mechanical Properties

Both the reduced modulus and hardness values of the mono-
mitic, dimitic, and trimitic hyphal systems were affected by
the different biotemplating processes (Figure 8 and 9). Among
the biotemplated samples, there was a consistent trend across

all three types of hyphal systems that the silica samples had lower
average values for the measured mechanical properties (both for

Figure 7. Thermogravimetric analysis (TGA) curves and sample state
following testing for monomitic dehydrated (D), silica (S), and hybrid
(H) samples.

Figure 8. Reduced modulus values of each of the mechanical testing
samples (D: Dehydrated, S: Silica, H: Hybrid). Each boxplot represents
a sample size of N¼ 5. Matching Greek letters above or below boxplots
represent a statistically significant difference where α¼ 0.05.
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the reduced modulus and the hardness of the samples) than the
hybrid samples. This increase in mechanical resistance is possi-
bly due to the more efficient crosslinking in the hybrid structures
(see Section 3.2). Whether this trend yielded statistically signifi-
cant differences was dependent on both the mechanical property
of interest as well as the hyphal system used when biotemplating
the samples.

The monomitic samples showed the most statistically signifi-
cant differences between the different types of samples tested
(dehydrated, silica, and hybrid). The average reduced modulus
and hardness increased from the dehydrated samples to the silica
samples, and then again to the hybrid samples (Figure 8 and 9).
There was only a statistically significant difference in both the
reducedmodulus and hardness values of the monomitic samples
between the dehydrated and hybrid samples. The monomitic sil-
ica samples achieved an average reduced modulus of more than
126 times larger and an average hardness of more than 73 times
larger than the respective averages of the monomitic dehydrated
samples. The hybrid samples achieved an average reduced mod-
ulus of more than 337 times larger and an average hardness of
more than 172 times larger than the respective averages of the
monomitic dehydrated samples.

The dimitic samples did not have the same increasing trend in
average mechanical properties when comparing the dehydrated
samples to the biotemplated samples. Though the differences
were not statistically significant, the average reduced modulus
and hardness of the dimitic silica samples were smaller than
those of the dimitic dehydrated sample (Figure 8 and 9).
While both average mechanical properties for the dimitic hybrid
samples were larger than both the dimitic dehydrated and silica
samples, none of these differences were statistically significant.
The dimitic silica samples achieved an average reduced modulus
that was roughly 0.2 times as large as and an average hardness
about 0.3 times as large as the respective averages of the dimitic
dehydrated samples. The hybrid samples achieved an average

reduced modulus 2.9 times larger and an average hardness about
2.7 times larger the respective averages of the dimitic dehydrated
samples.

Like the dimitic samples, the trimitic samples had the same
decrease in the average reduced modulus and hardness values
when comparing the dehydrated samples to the silica samples.
There was a statistically significant difference in the lower aver-
age reduced modulus values of the trimitic silica samples when
compared to the larger values of both the trimitic dehydrated and
trimitic hybrid samples (Figure 8). When looking at the average
hardness values, there was a statistically significant difference
between the lower average trimitic silica samples and the trimitic
dehydrated samples, but none when compared to the trimitic
hybrid samples (Figure 9). There were no statistically significant
differences in the average mechanical properties when compar-
ing the trimitic dehydrated samples and the trimitic hybrid sam-
ples. The trimitic silica samples achieved an average reduced
modulus that was roughly 0.3 times as large as and an average
hardness about 0.2 times as large as the respective averages of the
trimitic dehydrated samples. The hybrid samples achieved a sim-
ilar average reduced modulus and an average hardness of more
than 0.6 times as large as the respective averages of the trimitic
dehydrated samples.

The dehydrated monomitic samples demonstrated the least
mechanical resistance of the three dehydrated hyphal structures,
which is consistent with previous research.[15] However, the
monomitic hybrid samples achieved mechanical resistance with
no statistically significant differences when compared to the tri-
mitic dehydrated and hybrid samples, which had the highest
average reduced modulus and hardness values (Figure 8
and 9). By using a combination of a sol–gel derived method
and a natural hierarchical structure to create the silica and hybrid
samples, these monomitic samples achieve higher mechanical
properties than either similar silica sol–gel materials or a natural
fungal structures.[15,49] The dimitic and trimitic samples did not
achieve the same trend of mechanical resistance with the use of
biotemplating when compared to the monomitic samples.
Chemical analysis completed using FTIR suggested that the
dimitic samples did not effectively crosslink, which likely
resulted in the lower resistance of the dimitic silica and hybrid
samples. The trimitic samples had a higher mechanical
resistance than most of the other samples, but the processes
of biotemplating did not yield samples with greater mechanical
properties that showed a statistically significant difference as
compared to the dehydrated samples. This may be in part due
to the larger amount of organic template present in the trimitic
samples, as was evidenced from EDS data (see Section 3.2). The
higher content of natural material would result in mechanical
properties that are more indicative of the natural, dehydrated
trimitic structures.

3.4. Liquid Absorption Properties

Functional hydrophilic and oleophilic absorption testing
indicated that biotemplated samples maintain the functional
properties of their organic templates. Table 3 shows the average
absorption of each type of sample for both water and oil absorp-
tion tests. The monomitic samples (dehydrated, silica, and

Figure 9. Hardness values of each of the mechanical testing samples
(D: Dehydrated, S: Silica, H: Hybrid). Each boxplot represents a sample
size of N¼ 5. Matching Greek letters above or below boxplots represent
a statistically significant difference where α¼ 0.05.
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hybrid) consistently absorbed similar amounts of oil and water,
as recorded in their separate tests. The trimitic samples (dehy-
drated, silica, and hybrid) consistently absorbed greater amounts
of water. The dimitic biotemplated samples (silica and hybrid)
absorbed more oil than water, whereas the dimitic dehydrated
samples absorbed more water. There were also trends of absorp-
tion based on the type of sample (dehydrated, silica, or hybrid).
For each of the hyphal systems (monomitic, dimitic, and
trimitic), the hybrid samples absorbed the least amount of liquid
and showed statistically significant differences from the dehy-
drated and silica samples in all cases (p≤ 5.1 E-5 for monomitic,
p≤ 4.9 E-3 for dimitic, and p≤ 0.03 for trimitic). For both oil and
water, and for each hyphal type, the hybrid samples absorbed less
than 1.8 times as much as the weight of the samples. The absorp-
tion of the silica samples was more varied and depended on the
hyphal system. The monomitic and trimitic silica samples
absorbed roughly the same amount of both oil and water: 4.8
and 2.4 times as much as the weight of the samples for the mono-
mitic and trimitic silica samples, respectively. The dimitic silica
samples absorbed more oil than water, with absorptions of 4.1
and 3.4 times as much absorption as the weight of the sample,
respectively. For each of the hyphal systems, there was no statis-
tically significant difference in the amount of oil the dehydrated
and silica samples were able to absorb (p≥ 0.71), meaning the
silica samples were able to absorb similar amounts of oil as their
organic templates. This was not the case for water absorption,
where there was a statistically significant difference between
the dehydrated and silica samples for only the dimitic and
trimitic hyphal systems (p≤ 0.04); the monomitic silica samples
absorbed similar amounts of water as the dehydrated samples.

The sporocarps produced by fungi are known to be hydro-
philic with high moisture contents.[20] Much of this ability to
absorb and hold water content may be in part due to the biochem-
istry of the fungal hyphae,[50] but as is the case for many plant
species, capillary forces due to the porous structure of the fungi
also play a role.[23] The data from these hydrophilic and oleophilic
absorption tests demonstrates that some degree of absorption

ability is maintained by mimicking fungal microstructures. By
mimicking the microstructure of the natural fungi, the biotem-
plated samples were able to create a microstructure made up of
hollow filaments (Figure 4) that are capable of absorption using
capillary forces. Of note, the monomitic silica samples absorbed
more water than the monomitic dehydrated samples and
absorbed the same amount of oil. While the monomitic hybrid
samples absorbed much less water and oil than the monomitic
silica and dehydrated samples, they generally absorbed more liq-
uid than the dimitic or trimitic hybrid samples. This decreased
ability to absorb the hybrid samples may be due to the loss of
porous microstructure created in biotemplating the hybrid
samples, which had a greater decrease in porosity than the silica
samples (Table 1). Biotemplating the monomitic hyphal struc-
ture to create silica samples created the samples with absorption
properties close to those of their organic templates.

The ability of the biotemplated samples to absorb liquids dem-
onstrates that these samples maintain some level of the func-
tional properties of the natural sporocarp samples. This is
paired with increased mechanical properties, especially in the
case of the hybrid samples (see Section 3.3). The different abili-
ties of the biotemplated samples to absorb water and oil make
them possible candidates for use in water and oil separation
for applications such as the removal of oil contamination.
Silica is known as a material that can be oleophilic and can
be manufactured to also achieve hydrophobic properties.[51]

This combination of being oleophilic and hydrophobic makes sil-
ica materials, such as the silica and hybrid samples in this study,
prime candidates for inexpensive oil/water filtration materi-
als.[51,52] Additionally, the biotemplated samples in this study
are able to outperform the mechanical resistance of other mate-
rials that have previously been tested. One such material is aero-
gels or other sol–gel-derived materials, which are known for their
ultra-porous nature and fragile strength.[52–54] Aerogels can be
fabricated using similar methods as those used in this study
to biotemplate fungi, but lack the added microstructure provided
by the hyphal systems of the fungi. While some of these sol–gel
materials may be able to absorb more fluid, they have less
mechanical resistance than what was achieved in this study.[51,55]

The greater mechanical resistance of the materials in this study
suggests that they can be used in applications that introduce
larger loads, but also that they could potentially be cycled before
their mechanical properties begin to degrade.[51] The applications
of materials with these functional properties have the potential to
aid with environmental remediation.[51,52,56]

In designing and creating materials that may be implemented
in environmental remediation, the environmental impact of the
manufacturing process and use of the material should be consid-
ered. Many materials have been explored in the effort to identify
means of filtering oil and water including the use of specialized
meshes, silica or copper nanoparticles, nanowire membranes, or
aerogels. These materials often require specialized manufactur-
ing to achieve a similar porous or fibrous structure as is seen
naturally in filamentous fungi.[52,56] These specialized techni-
ques, expensive materials, or lower mechanical resistances of
the resultant structures may inhibit the application of these mate-
rials. By biotemplating filamentous fungi using different techni-
ques, filtration materials can be made and tailored to specific
applications to achieve the right filtration and mechanical

Table 3. Average liquid absorption (N¼ 4 for each average) of the three
types of samples (dehydrated, silica, and hybrid) for monomitic, dimitic,
and trimitic hyphal systems. The reported absorption is the final weight
given as a multiplier of the dry mass of the sample prior to liquid
absorption (as a sample with an absorption of 2 weighed twice as
much after liquid absorption).

Absorption

Hyphal System Type Water Oil

Monomitic DH 3.8 5.0

Silica 4.8 4.8

Hybrid 1.6 1.7

Dimitic DH 5.1 4.1

Silica 3.4 4.1

Hybrid 1.2 1.2

Trimitic DH 3.1 2.6

Silica 2.5 2.4

Hybrid 1.7 1.5
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properties with relatively available and inexpensive materials.
Many biotemplating techniques use chemicals and processes
that use toxic chemicals that are dangerous to both the user
and the environment, but the methods used in this study
(Figure 2) use chemicals that are much safer and less toxic than
those commonly used in these other biotemplating pro-
cesses.[25,26,30] Additionally, the chemical makeup of the biotem-
plated samples (silica and silica-chitin hybrid) contain materials
found naturally in the environment, though the future study may
be completed to better understand the full environmental impact
of these materials on different environments.

The greater ability of the monomitic hyphal structures to be
biotemplated may be a result of the microstructure being
composed of only one type of hyphae. Monomitic filamentous
fungi (such as those in the Agaricomycetes class of Fungi) only
have generative hyphae. These hyphae have thinner cell walls
than the other two types of hyphae that are found in dimitic
and trimitic fungi.[57,58] While in fresh or dehydrated monomitic
samples, the lack of additional hyphal types results in a weaker
structure than what is found in dimitic or trimitic samples,[15] it
appears that the lack of additional hyphae improves the efficacy
of the biotemplating processes. Additionally, monomitic sporo-
carps (such as white, oyster, or shiitake mushrooms) are more
commonly available commercially at a lower cost than dimitic
or trimitic fungi, making them a cost-effective choice for an
organic template.

4. Conclusions

This study characterized the structure, chemical makeup,
mechanical properties, and functional properties of silica and
silica-chitin hybrid samples that mimic the microstructure of
monomitic, dimitic, and trimitic fungi. Using these methods
and analysis of their individual results lead to the following con-
clusions: 1) Biotemplated samples using the methods in this
study are able to capture and mimic the natural structures found
in fungal sporocarps. The porous, filamentous structure of the
sporocarps was copied in the silica and hybrid samples, though
there was a decrease in the porosity of the samples, with the
hybrid samples being the least porous. 2) The silica and hybrid
samples achieved distinct chemical compositions from the dehy-
drated fungal sporocarps. Biotemplating led to the introduction
of silica, and the reduction of carbon in these samples. The silica
samples achieved the highest levels of silica, while analysis
showed that hybrid samples maintained some amount of carbon,
likely an artifact from the acetic acid used as well as the chitin
present in the organic template. 3) Hybrid samples achieved
greater mechanical resistance than silica samples on average.
While the actual values of the reduced modulus and hardness
depended on the hyphal system used to create the samples, this
trend was consistent. The silica and hybrid samples only resulted
in mechanical resistance greater than the dehydrated sporocarp
samples in the case of the monomitic samples. 4) Silica and
hybrid samples maintain some degree of the ability to absorb
liquids, which is common to natural fungal sporocarps. Silica
samples absorbed the greatest amount of liquid, with the mono-
mitic samples outperforming the overall absorption seen in
dimitic and trimitic samples. This ability to absorb both oil

and water to different degrees makes these sample a possible
candidate for use in environmental remediation. 5) Monomitic
samples offer the best option as a template for biotemplated sam-
ples, as they are the most cost-effective and provide the greatest
increase in mechanical resistance and maintenance of absorp-
tion properties when biotemplated.
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