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Fully Bio-Based Hybrid Composites 
Made of Wood, Fungal Mycelium 
and Cellulose Nanofibrils
Wenjing sun1, Mehdi tajvidi1, Christopher G. Hunt2, Gavin McIntyre3 & Douglas J. Gardner1

Novel hybrid panel composites based on wood, fungal mycelium, and cellulose nanofibrils (CNF) were 
developed and investigated in the present study. In one set of experiments, mycelium was grown on 
softwood particles to produce mycelium-modified wood which was then hybridized with various levels 
of CNF as binder. The other set of experiments were conducted on unmodified wood particles mixed 
with CNF and pure mycelium tissue. It was found that the composites made of mycelium-modified 
wood and CNF resulted in enhanced physical and mechanical properties compared to the ones made 
by physically mixing wood, mycelium, and CNF. Scanning electron microscopy (SEM) images showed 
that mycelium modification covered wood particles with a network of fungal hyphae whereas CNF 
formed a uniform mycelial film over wood particles. Mycelium modification had a significant effect 
on reducing water absorption and thickness swelling of the hybrid composites and CNF increased 
the modulus of rupture and modulus of elasticity, optimally at 2.5% addition. We also present results 
and analysis pertaining to the development of unique lightweight composite systems with physical 
and mechanical properties optimized at 5% CNF addition with potential to be used in packaging and 
furniture applications.

Lignocellulosic-based composites are receiving greater attention in recent years because they are renewable, bio-
degradable, and often eco-friendly compared with synthetic materials. However, the most commonly used adhe-
sives used to bind those natural particles are formaldehyde-based resins1 which limit the development of 100% 
natural-based composites. Moreover, formaldehyde emissions have been categorized as carcinogenic and toxic to 
humans2,3. Limiting formaldehyde emissions from wood composite products is preferred in most applications4–8. 
Recently, the US Environmental Protection Agency (EPA) finalized a rule to reduce exposure to formaldehyde 
emission from certain wood materials produced domestically or imported into the United States. These products 
include hardwood plywood, medium-density fiberboard, particleboard as well as household and other finished 
goods containing these products9.

The alternatives of formaldehyde-bonded composites are composites bonded by formaldehyde- free synthetic 
resins, natural-based resins and self-binding composites10–15. Common natural-based resins that have been devel-
oped include carbohydrates, proteins, lignin, tannins, and synthetic molecules from natural sources rather than 
petroleum16–21. Most recently, cellulose nanofibrils (CNF) have been demonstrated as a binder in conventional 
and novel composite systems. CNF has extremely high surface area and can bond wood particles and fibers 
through hydrogen bonding and mechanical interlocking, providing structural integrity to the composites22–26.

The technologies of producing self-binding composites include chemical or enzymatic pretreatments27,28, 
steam explosion29, steam injection pressing30 and others. Enzymatic pretreatments basically treat wood or other 
agricultural fiber residues with phenol-oxidizing enzymes (laccase, peroxidases etc.) derived from white rot fungi 
or other sources31. It is proposed that lignin is depolymerized during treatment and re-polymerizes during hot 
pressing. This technology has been used in different industries including textile, paper, wood, food and organic 
synthesis10.

Recently, mycelium-based biopolymer composites have been commercialized32. Mycelia of filamentous fungi 
digest and bond to the surface of lignocellulosic materials, form entangled networks and provide mechanical 
strength to panels with fire resistance and acoustical absorption properties. So far, most of the studies have been 
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focused on low-density, foam-like unprocessed mycelium-based composites32–36 however Pelleter et al.37 densified 
low-density (0.42 g.cm−3) mycelium-based composites using a heat treatment process. The densified composites 
achieved five levels of density and also had acoustic absorption properties. If this unique technology can be 
applied to traditional wood-based composites (fiberboard, particleboard etc.) manufacturing, there will be addi-
tional applications and markets for this interesting natural material.

The present work introduces a panel system that incorporates wood particles treated with fungus where 
additional bonding is provided by CNF. We aimed to investigate the physical properties of a 100% bio-based 
particleboard-like hybrid composite by combining the binding capacity of CNF and mycelium together. The 
adhesion mechanism of mycelium bonding was also explored using two material systems as shown in Fig. 1. In 
Group 1, pure mycelium was grown in nutrient substrate and was mixed with pure wood particles after ther-
mal inactivation. The mixture was used as basic material for hybrid composite manufacturing. In Group 2, the 
mycelium was directly grown in wood particles and the partially decayed wood particles were inactivated as 
well and then used as basic material for the other set of experiments. The production procedures were forming, 
cold-pressing, and hot-pressing. The morphology of the materials, the physical and mechanical properties of 
composites with different material combinations, and densities were also investigated.

experimental section
Materials. The wood particles were a commercially available mixture of spruce, pine, and fir (SPF) particle-
board particles, provided by Ecovative Design LLC (Green Island, NY, USA). The pure white-rot basidiomycete 
mycelium tissue was grown in a solid state fermentation process at the Ecovative Design facility in Green Island, 
NY, USA. The tissue was grown aerially in a proprietary incubation environment such that it grew up and out of 
the substrate with a loft height of 75 mm. The tissue was then harvested and dried at 43 °C to deactivate the fun-
gus. The wood-mycelium particles (WM) were produced by growing the same fungus on SPF softwood particles 
using the same procedure as growing the pure mycelium.

Cellulose nanofibrils (CNF) were the product of the University of Maine’s Process Development Center 
(PDC). Characteristics of the CNF used in this study are provided elsewhere38–40. Briefly speaking, bleached 
softwood kraft pulp fibers were circulated through a refiner until the fines content was over 90% as determined by 
laser diffraction as fibers smaller than 200 microns. The original concentration of CNF was 3% wt.

Hybrid composite manufacturing. To investigate the bonding mechanism of the wood-mycelium par-
ticle systems, two different forms of wood and mycelium mixture were used as a basic combination for hybrid 
composite manufacturing. The first is directly mixing wood particles and pure mycelium; the second is using 
wood-mycelium particles produced from growing mycelium on wood particles. These two basic mixtures were 
combined with CNF in different percentages as shown in Table 1. The particle sizes of the wood materials used 
in both groups were 1.40–3.50 mm screened through a vibrating sieve. The target density was 0.6 g.cm−3, with 
thickness of 9.4 mm, controlled by stops in the hot press.

To further investigate the utilization of wood-mycelium particles and CNFs system in lightweight struc-
tures, additional composites with different densities and CNF contents were manufactured. Details are shown in 
Table 2. For all groups, five replicate panels were manufactured.

Different components of the raw materials were mixed using a stand mixer with a paddle mixing blade, at 
speed 2 (KitchenAid, St. Joseph, MI, USA) for 2 mins. To make comparisons with the control formulation where 
CNFs were not used, equivalent amounts of water were added to the mixture. This was done to eliminate the 
effect of water on the properties of produced panels as CNF was a suspension in water and could not be used in 
dry form. Then the mixture was evenly distributed into a 120-mm square aluminum forming box. The formed 
mixture was first cold pressed using a hydraulic press (Dake Corporation, Grand Haven, MI, USA) to remove 
approximately 50% of the water. The cold press pressure was around 400 kPa and the solid contents of the mats 
before and after cold press were approximately 16% and 38%, respectively. The dewatered mat was then hot 
pressed (Carver, INC., Wabash, IN, USA) at 180 °C for 15 min to produce final hybrid panels.

Composite Panel Characterization. Material morphology. The nanostructure of CNF was viewed by 
transmission electron microscopy (TEM) (CM10 TEM, Philips, Amsterdam, Netherlands). Drops of 0.001 wt. %  

Figure 1. Schematic representation of the materials and composite production.
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CNF suspensions were deposited on carbon-coated electron microscopy grids and negatively stained with 1% 
uranium acetate. The grids were dried in air and observed at an acceleration voltage of 80 kV. The morphology 
of the wood particles, wood-mycelium particles, pure mycelium and different combinations of the mixture were 
studied by a scanning electron microscope (SEM) (Amray 1820, Amray Inc., New Bedford, MA, USA) with an 
acceleration voltage of 10 kV. The samples were placed on specimen mounts with double-sided carbon tape and 
grounded on all edges with conductive silver paint and sputter coated with 23 nm of gold-palladium.

Thermal stability analysis. The thermal stability evaluation of the raw materials was carried out under nitrogen 
gas on a TA Instruments TGA Q500 (TA Instruments, New Castle, DE, USA) with a high resolution (Hi-Res) 
option from room temperature to 600 °C. In the Hi-Res approach, the heating rate is dynamically and continu-
ously modified, ranging from 0.001 °C min−1 to the maximum heating rate (20 °C min−1) in response to changes 
in the decomposition rate of the sample. The Hi-Res option is used to differentiate overlapping or close decom-
position peaks. The resolution and sensitivity settings were 4.0 and 1.0 °C, respectively. The TGA results are 
shown as the variation of the sample mass (TG) or as a derivative weight loss (DTG) curve corresponding to the 
temperature.

Particle size distribution and dimensional analysis. The wood and wood-mycelium particles were well dispersed 
on a sheet of paper and the images were scanned by a Canon Document Feeder (DADF-AP1, Canon, Inc., Tokyo, 
Japan) with a resolution of 600 dpi. The original color images were first converted to black background using 
Photoshop software (Photoshop CC, Adobe Systems, Mountain View, CA, USA) and binary image using Image 
J software41 (ImageJ 1.48 v, National Institutes of Health, USA). The basic geometrical attributes of the particles 
including length, width, area and perimeter were analyzed by ImageJ based on the best-fitting ellipse. Three shape 
factors were also calculated as aspect ratio, circularity and roundness42. A minimum of 500 particles of each 
sample were analyzed.

Water absorption and thickness swelling. The water absorption and thickness swelling of different composites 
were measured according to ASTM D1037 (2012)43 with modifications using 3 × 3 cm specimens (8 replicates 
were used in each group). The specimens were immersed in distilled water and the weights and thicknesses were 
measured after 2 and 24 h. The water absorption and thickness swelling values were determined from the weight 
and thickness difference in relation to initial weight and thickness.

Group Label

Materials

Wood Particles (%) Mycelium (%) CNF (%)

Group 1

90W10 M 90 10 0

90W7.5 M 90 7.5 2.5

90W5 M 90 5 5

90W2.5 M 90 2.5 7.5

90W0 M 90 0 10

Wood-Mycelium Particles (%) CNF (%)

Group 2

100WM 100 0

97.5WM 97.5 2.5

95WM 95 5

92.5WM 92.5 7.5

90WM 0 10

Table 1. The experimental design of hybrid composite manufacture (Group 1: wood particles + mycelium + CNF; 
Group 2: wood-mycelium particles + CNF).

Group Label
Wood-Mycelium 
Particles (%) CNF (%) Density (g cm−3)

Effect of Density Comparison

0.3 97.5 2.5 0.3

0.4 97.5 2.5 0.4

0.5 97.5 2.5 0.5

0.6 97.5 2.5 0.6

Low-density Optimization

0.4–97.5WM 97.5 2.5 0.4

0.4–95WM 95 5 0.4

0.4–92.5WM 92.5 7.5 0.4

0.4–90WM 90 10 0.4

Table 2. The experimental design of lower-density hybrid composite manufacture.
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Mechanical testing. The modulus of rupture, the modulus of elasticity and the internal bond strength were deter-
mined according to ASTM D1037 (2012)43 with modifications using an Instron 5966 universal testing machine 
(Instron, Norwood, MA, USA) with a 10 kN load cell capacity. For the three-point bending test, rectangular 
specimens measuring 12 × 3 cm were tested using a span of 80 mm and a cross-head speed of 3 mm min−1. For 
the internal bond strength tests, the dimensions of the specimens was 3 × 3 cm and the cross-head speed was 
0.4 mm min−1. Eight replicates were tested in each group.

statistical analysis. The obtained data were analyzed using IBM SPSS Statistics Version 23 (IBM Corp., 
Armonk, NY, USA). Because the variables were different in the two groups of experiments, one-way analysis of 
variance (ANOVA) was used to determine the differences between the group means for the two groups separately. 
A Duncan’s Multiple Range Test (MRT) test was then performed to further assess the significance level of the 
mean values for each treatment level. All comparisons were made at 95% confidence level.

Results and Discussion
Characterizations of raw materials. The morphology images of raw materials are shown in Fig. 2. The 
surfaces of the original tracheids in the wood particles are very smooth (Fig. 2(a)). After mycelium colonization, 
smooth cell walls are covered by a fibrous network of fungal hypha and the color of the wood particles turned 
darker (Fig. 2(b)). At the initial stage of wood decay, the fungi hyphae penetrate wood, initiate colonization, and 
release enzymes44. The brownness is a common change attributed to the synthesis of melanin at the early stage 
of wood decay44,45. As shown in Fig. 2(c), the aerial mycelium grown in a solid state fermentation method has a 
porous structure composed of tubular hyphae. This structure was not apparent on the wood-mycelium particle 
surfaces (Fig. 2(b)). Under TEM, CNF appeared as thin elongated and branched fibers with multiple ramifications 
and sub-ramifications, which would easily form networks upon drying (Fig. 2(d))46,47.

The thermal degradation profiles of raw materials reveal that most of the degradation occurred between 200 
and 350 °C (Fig. 3). Pure mycelium showed the lowest thermal stability and started to degrade at around 208 °C 
(Ton). The two peaks appearing at 239 °C (TP1) and 269 °C (TP2) (Table 3) in the DTG curve match the reported 
degradation of carbohydrates and proteins, respectively, in the mycelium48. Both the TG and DTG curves of 
wood-mycelium particles appear similar to the curves of wood particles, showing that the weight percentage of 
mycelium in wood particles was very low. Compositional TGA analysis performed on mixtures of wood particles 
and mycelium (data not presented here) showed that the weight percentage of mycelium in the in wood particles 
was less than 10%. The degradation by fungi had very little influence on the thermal stability of wood particles. 
Compared with wood particles, which started to degrade at around 244 °C (Ton, or initial rise in 3b), with a 
maximal degradation temperature of 316 °C (TP2), the thermal degradation onset of CNF occurred at a higher 

Figure 2. Morphology of raw materials: wood particles (a), wood-mycelium particles (b), pure mycelium (c), 
and CNF (d).
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temperature at 257 °C (Ton), with one degradation peak at 301 °C (TP2). This increase in thermal stability (higher 
onset temperature in Fig. 3b, indicated by arrow) is proposed to be caused by the removal of hemicellulose, lignin, 
pectin and other less stable components in wood49.

All the wood and wood-mycelium particles used in this study were obtained after sieving. The mesh size was 
between 1.40 and 3.35 mm. However, particles normally pass through the sieves only based on their width42. 
By image analysis, more information about the particles can be obtained and compared. Figure 4 and Table 4 
show the relative length frequencies and other dimension and shape factors of wood and wood-mycelium 
particles, respectively. No significant difference was found in particle length distribution between wood and 
wood-mycelium particles, as expected (p-value > 0.05), meaning that changes seen in physical and mechanical 
properties of panels were not affected by wood particle size.

Figure 3. TG (a) and DTG (b) curves of composite raw materials.

Materials aTon (°C) bTP1 (°C) bTP2 (°C)

Wood 243.8 286.2 316.0

Wood-Mycelium 241.9 283.0 315.1

Mycelium 207.9 239.0 268.9

CNF 257.2 — 301.0

Table 3. Onset and peak temperatures of thermal degradation for wood particles, wood-mycelium particles, pure 
mycelium and CNF obtained from DTG data (Fig. 3b). aThe onset temperature Ton was estimated by the intersection 
of the tangent lines in 4b. bThe degradation temperature TP1 and TP2 refer to the different peak temperatures observed 
on the DTG curves and are related to the different thermal degradation steps for each material.

Figure 4. Original scanned (a,b), black background (c,d), and binary (e,f) images of wood (a,c,e), wood-
mycelium particles (b,d,f) (left) and relative length frequencies of wood and wood-mycelium particles (g) (right).
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Comparison of the two wood-mycelium-CNF hybrid systems. Water absorption and thickness 
swelling are not limiting factors for indoor type composites such as particleboard. However, more dimensionally 
stable products are often preferred and these two properties can also shed some light on the quality of adhesion 
in the panel. Figure 5 shows the water absorption and thickness swelling results of the two groups. Both water 
absorption and thickness swelling values are very high in Group 1 (Fig. 5(a,c)), revealing that there was not suffi-
cient adhesion in the system. No data could be collected from the specimens with no CNF addition (90W10M) in 
Group 1 as the panel quickly fell apart after being immersed in water, which shows that the interactions between 
pure mycelium blended with wood particles are not water resistant. Conversely, specimens in Group 2 show 
much lower water absorption and thickness swelling values (Fig. 5(b,d)). The specimen 100WM with no CNF 
addition shows 158% water absorption and 70% thickness swelling after 24 h, which is significantly lower than all 
the specimens in Group 1. At the initial stage of wood decay, fungal hyphae grow on wood cell walls and cover the 
particle surfaces (Fig. 2(a,b)), which increases the surface interactions during the hot-pressing process. Enzymes 
typically produced by white-rot fungi can degrade lignin and produce radicals which might help improve the 
adhesive bonding50–52.

The many available hydroxyl groups on CNF form hydrogen bonds with wood, mycelium, and other CNF 
particles, which is one of the main adhesion mechanisms contributing to CNF bonded panels. The higher water 
absorption and thickness swelling of Group 1 samples with higher levels of CNF (Fig. 5a,c) is attributed to the 
loss of hydrogen bonds between the wood/mycelium particles during water soaking. Group 2, however, shows a 
small positive (reducing) effect of CNF addition on water absorption and thickness swelling (Fig. 5b,d). Common 

Parameters Wood Particles
Wood-Mycelium 
Particles

Width (mm) 1.87 ± 0.77 1.97 ± 0.81

Length (mm) 4.79 ± 2.48 5.04 ± 2.65

Aspect Ratio 3.16 ± 5.62 3.11 ± 3.11

Circularity 0.46 ± 0.17 0.48 ± 0.17

Roundness 0.46 ± 0.22 0.46 ± 0.23

Table 4. Dimensions and shape factors (width, length, aspect ratio, circularity and roundness) of wood and 
wood-mycelium particles (mean ± one standard deviation).

Figure 5. Water absorption (a,b) and thickness swelling (c,d) of Group 1 (a,c) and Group 2 (b,d). In each 
figure, columns with common letters are not significantly different at 95% confidence level (p-value > 0.05).
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letters on the columns in the figure indicate that the means of the parameters were not significantly different at 
95% confidence level; therefore the effect of adding CNF to the Group 2 samples on water absorption and thick-
ness swelling was statistically significant (p-value < 0.05) only when 2.5% CNF was added. Further addition of 
CNF did not change these parameters significantly. A possible explanation is that the hydroxyl groups reacted 
with crosslinkers or radicals formed during fungi-induced degradation and were fixed in the entire system31,53.

Figure 6. The modulus of rupture (a,b) and the modulus of elasticity (c,d) of Group 1 (a,c) and Group 2 (b,d). 
The horizontal lines indicate the minimum value of the modulus of rupture and the modulus of elasticity 
required to meet the ANSI A208.1 standard for LD-1grade6. In each figure, columns with common letters are 
not significantly different at 95% confidence level (p-value > 0.05).

Figure 7. The internal bond strength of Group 1 (a) and Group 2 (b). The horizontal line indicates the 
minimum value of the internal bond strength required to meet the ANSI A208.1 standard for LD-1 
grade6. In each figure, columns with common letters are not significantly different at 95% confidence level 
(p-value > 0.05).
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Figure 6 shows the modulus of rupture and the modulus of elasticity results of Group 1 (a) and Group 2 (b). 
The modulus of rupture measures the ultimate load-carrying capacity while the modulus of elasticity measures 
the resistance to bending and reveals the stiffness of the sample54. These two parameters are widely used to eval-
uate the mechanical performance of panel products. With no CNF addition, both the modulus of rupture and 
the modulus of elasticity of Group 1 (90W10M) and Group 2 (100WM) are very low. Compared with 90W10M, 
100WM shows higher modulus of rupture and the modulus of elasticity values indicating that treating wood 
particles with the mycelium positively affects CNF performance as binder. This could be because of wood com-
position changes caused by fungal degradation had positive effects on bonding and properties by providing more 
hydrogen bonding sites as corroborated by thickness swelling data presented earlier. Water can easily abrupt 
hydrogen boding and the fact that thickness swelling data are in agreement with mechanical performance indi-
cates the importance of hydrogen bonding in adhesion.

The addition of CNF increased both the modulus of rupture and the modulus of elasticity in both Group 1 and 
Group 2 significantly (p-value < 0.05). However, there was no significant difference in the specimens of a series 
when the amount of CNF was higher than 5% in Group 1 and 2.5% in Group 2. This shows there may be an ulti-
mate loading level of CNF on the surface of wood and mycelium enough for promoting adhesion beyond which 
no further improvement is observed22.

Adhesion performance in wood-based panels is also quantified using the internal bond strength. The results 
of the internal bond strength tests are shown in Fig. 7. With no CNF addition, the composites from both groups 
(90W10M and 100WM) were too weak to be measured in the internal bond strength test. The internal bond 
strength values reached 0.03 MPa and 0.06 MPa after adding 2.5% and 7.5% of CNF in Group 1, respectively. 

Figure 8. SEM images of different mixtures of raw materials with different magnifications, 200 × (a,c,e) 
and 1000 × (b,d,f). (a,b) 90% Wood + 10% Mycelium; (c,d) 90% Wood-Mycelium + 2.5% CNF; (e,f) 90% 
Wood + 10% CNF.
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There was no significant difference between any of the CNF levels in Group 2, which was the same as the obser-
vation in the bending test.

The horizontal lines in both Fig. 6 and Fig. 7 indicate the required values for the particleboard grade LD-1 
from the US particleboard performance standard, ANSI A208.16. Composites made by wood-mycelium particles 
and CNF in Group 2 met the standard in both the modulus of rupture and the modulus of elasticity, but the values 
of the internal bond strength were lower than the standard value (0.1 MPa). Previous work showed that with 15% 
of CNF addition to southern pine wood particles, the internal bond strength value of the composite was around 
0.4 MPa25. The much lower the internal bond strength value in this study might be caused by the larger particle 
size of the raw material and less CNF used. Water absorption and thickness swelling are not included in ANSI 
A208.1 as particleboards are interior products not meant to be exposed to water therefore direct comparison with 
the standard is not possible. However, the significant reduction in these two parameters in Group 2 samples is 
very promising.

To further investigate the interactions among raw materials in different mixtures and explain the property 
difference between Group 1 and Group 2, various combinations of raw materials were mixed and dried and then 
observed by SEM (Fig. 8). Simply mixing pure mycelium and wood particles together did not adequately distrib-
ute the mycelium particles (Fig. 8(a,b)). Some areas of the surfaces of wood particles were covered with mycelial 
hyphae, similar to Fig. 2(c), while other parts remained the same as untreated wood particles seen in Fig. 2(a). 
This uneven distribution of mycelium is likely to be at least partly responsible for the lower properties of the com-
posites in Group 1. Figure 8(c,d) show the morphology of wood-mycelium particles after mixing with 2.5% CNF- 
where the original surfaces of the particles (Fig. 2(b)) were well covered by a layer of CNF film and look much 
smoother. This structure looks similar to the structure of mixing pure wood particles with CNF (Fig. 8(e,f)). The 
fungal mycelium-covered surfaces of wood-mycelium particles have a positive effect on the deposition of CNF 
and the strong CNF-CNF interaction helped improve the modulus of rupture and the modulus of elasticity in 
both groups.

There are many possible mechanisms to explain the performance of these two hybrid systems. The better 
properties achieved by Group 2 than Group 1 might be caused by, but may not be limited to the following rea-
sons55: (1) the better dispersion of mycelium thereby providing better adhesion, (2) the chemical changes of 
wood particles such as degradation of hemicellulose and lignin which may open more pores on the surface of 
wood cell wall, increase the surface energy and provide more functional groups for bonding and (3) the chemi-
cal differences in the structure of mycelium grown on different substrates. The SEM images clearly confirm that 
hypothesis 1 is reasonable but other possibilities might also be involved and are currently being studied by our 

Figure 9. Water absorption (a), thickness swelling (b), modulus of rupture (c) and modulus of elasticity (d) of 
samples labeled “Effect of Density Comparison” group in Table 2. In each figure, columns with common letters 
are not significantly different at 95% confidence level (p-value > 0.05).
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research group. The CNF impressively improved the (dry) the modulus of rupture and the modulus of elasticity at 
low addition rates, which we attribute to its very good hydrogen bonding55, but had little effect on wet properties 
of water absorption and thickness swelling.

Utilization of the hybrid system in lightweight composites. The experimental results in the former 
sections confirm that the wood-mycelium particles and CNF system (Group 2) is a viable way to achieve fully 
bio-based particleboard-like composites. Considering the special attention to lightweight composites in packag-
ing, handling and transportation in recent years56,57, the utilization of this hybrid system in lightweight compos-
ites was further investigated. The ultimate goal was to produce lightweight composites with acceptable physical 
and mechanical properties using mycelium-treated wood particles.

The first step was to vary densities at the same CNF addition ration (2.5 wt.%). The water absorption, the 
thickness swelling, the modulus of rupture and the modulus of elasticity results of the hybrid composite with 2.5 
wt.% CNF addition at different densities (Table 2) are shown in Fig. 9. The 2.5% addition of CNF bonded the com-
posites with different densities very well. The water absorption decreased with increasing composite density as a 
result of the decreasing the amount of voids and pores, whereas the thickness swelling, the modulus of rupture 
and the modulus of elasticity increased with density, as is typical25,26.

As 2.5% CNF was found to be the optimal level for the 0.6 g.cm−3 density composite system, it was interesting 
to see if it was the same in lower density systems. Therefore, the 0.4 g1cm−3 density system was chosen and the 
hybrid composites with 2.5%, 5%, 7.5%, 10% addition of CNF were manufactured (Table 2) to optimize physical 
and mechanical properties. As shown in Fig. 10, the water absorption, the modulus of rupture and the modulus 
of elasticity were significantly higher (p-value < 0.05) at 5% CNF loading than 2.5% in these panels at 0.4 g.cm−3. 
With the decrease of density, the structure benefited from additional CNF available to enhance bonding.

Overall, hybridization of CNF and mycelium as two fully bio-based adhesive systems proved very promising. 
Efficient dewatering and reduction of press cycle remain important issues key to the successful implementation 
of CNF as binder in wet-formed composite panels. Studies on the dewatering mechanism through contact dewa-
tering are currently underway in our research group and preliminary efforts to reduce press cycle confirm the 
important role of initial dewatering. Another possibility especially for lower density panels is convection drying 
in an oven instead of conductive drying in a hot press or a combination of the two methods. The hybridization of 
CNF binder with fungal treatment of wood particles promises the possibility of cost reduction attributed to the 
lower amount of CNF required to achieve acceptable physical and mechanical properties. In our previous stud-
ies25,26 where CNF was the sole binder to produce particleboard panels, at least 15 wt.% CNF was required to meet 
ANSI standard minimum levels. Using mycelium treated wood particles the required CNF content was only 2.5% 
indicating the great potential of hybridizing the two binder systems.

Figure 10. Water absorption (a), thickness swelling (b), modulus of rupture (c) and modulus of elasticity (d) of 
“Low-density Optimization” group in Table 2. In each figure, columns with common letters are not significantly 
different at 95% confidence level (p-value > 0.05).
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Conclusions
This study investigated the hybrid systems of wood, mycelium and CNF in the production of fully bio-based 
composite panels. Two systems of applying fungal biomass were compared and growing mycelia on the wood 
resulted in better properties than physically mixing pure wood particles and mycelium. Growing mycelium on 
wood did not change particle dimensions and shape but well covered on the surface of the particles, which had 
positive effects on bonding. The added CNF formed a uniform film over the particles and improved the physical 
and mechanical properties of the composites at loadings up to 5% and 2.5%, respectively, for 0.4 g.cm−3 and  
0.6 g.cm−3 composite panels. This system also works in lower density composite systems. Overall, this novel com-
posite system showed good physical and mechanical properties and has potential to replace formaldehyde-based 
composites. Further improvement of the hybrid system, testing of other properties and other potential mech-
anisms are the focus of our current studies. Finally the impressive better dimensional stability of composites 
produced from mycelium-treated wood was promising in terms of potential to produce outdoor-type composites 
using water-resistant resins.

References
 1. Mantanis, G. I., Athanassiadou, E. T., Barbu, M. C. & Wijnendaele, K. Adhesive systems used in the European particleboard, MDF 

and OSB industries. Wood Mater Sci Eng 13, 104–116 (2018).
 2. Hemmilä, V., Adamopoulos, S., Karlsson, O. & Kumar, A. Development of sustainable bio-adhesives for engineered wood panels - A 

Review. Rsc Advances 7, 38604–38630 (2017).
 3. Ferdosian, F., Pan, Z. H., Gao, G. C. & Zhao, B. X. Bio-Based Adhesives and Evaluation for Wood Composites Application. Polymers 

9, 29 (2017).
 4. EN 13986:2004+A1:2015 Wood-based panels for use in construction - Characteristics, evaluation of conformity and marking. 

European Committee for Standardization, Brussels, (2015).
 5. Diop, C. I. K., Tajvidi, M., Bilodeau, M. A., Bousfield, D. W. & Hunt, J. F. Evaluation of the incorporation of lignocellulose nanofibrils 

as sustainable adhesive replacement in medium density fiberboards. Industrial Crops and Products 109, 27–36 (2017).
 6. ANSI A208.1 Particleboard. Composite Panel Association, Leesburg, VA, (2016).
 7. ANSI A208.2 Medium Density Fiberboard (MDF) for Interior Applications. Composite Panel Association, Leesburg, VA, (2016).
 8. JIS A 5908:2015 Particleboards. Japanese Standards Association, Tokyo, (2015).
 9. EPA. Formaldehyde Emission Standards for Composite Wood Products, https://www.epa.gov/formaldehyde/formaldehyde-emission-

standards-composite-wood-products (2019).
 10. Hubbe, M. A., Pizzi, A., Zhang, H. & Halis, R. Critical Links Governing Performance of Self-binding and Natural Binders for Hot-

pressed Reconstituted Lignocellulosic Board without Added Formaldehyde: A Review. BioResources 13, 2049–2115 (2017).
 11. Zhang, D. H., Zhang, A. J. & Xue, L. X. A review of preparation of binderless fiberboards and its self-bonding mechanism. Wood Sci 

Technol 49, 661–679 (2015).
 12. Pizzi, A. Wood products and green chemistry. Ann. For. Sci. 73, 185–203 (2016).
 13. Dunky, M. In Handbook of adhesive technology (eds Mittal, K. L. & Pizzi, A.) 511–574 (CRC Press, 2017).
 14. Pizzi, A. Recent developments in eco-efficient bio-based adhesives for wood bonding: opportunities and issues. J. Adhes. Sci. Technol. 

20, 829–846 (2006).
 15. Frihart, C. R. & Lorenz, L. In Handbook of adhesive technology (eds Pizzi, A. & Mittal, K. L.) 145–175 (CRC Press, 2017).
 16. Dababi, I., Gimello, O., Elaloui, E., Quignard, F. & Brosse, N. Organosolv Lignin-Based Wood Adhesive. Influence of the Lignin 

Extraction Conditions on the Adhesive Performance. Polymers 8 (2016).
 17. Chen, X. Q. et al. Preparation and Properties of Oriented Cotton Stalk Board with Konjac Glucomannan-Chitosan-Polyvinyl 

Alcohol Blend Adhesive. Bioresources 10, 3736–3748 (2015).
 18. Ferguson, R. C., Mendon, S. K., Rawlins, J. W. & Thames, S. F. Formaldehyde-Free Wood Composites from Soybean Protein 

Adhesive. JRM 2, 166–172 (2014).
 19. Moubarik, A. et al. Corn flour-mimosa tannin-based adhesives without formaldehyde for interior particleboard production. Wood 

Sci Technol 47, 675–683 (2013).
 20. Huang, J., Gu, K. & Li, K. C. Development and evaluation of new curing agents derived from glycerol for formaldehyde-free soy-

based adhesives in wood composites. Holzforschung 67, 659–665 (2013).
 21. Nasir, M., Gupta, A., Beg, M. D. H., Chua, G. K. & Kumar, A. Physical and Mechanical properties of medium-density fiberboards 

using soy-lignin adhesives. JTFS 26, 41–49 (2014).
 22. Theng, D. et al. All-lignocellulosic fiberboard from corn biomass and cellulose nanofibers. Ind. Crop. Prod. 76, 166–173 (2015).
 23. Arévalo, R. & Peijs, T. Binderless all-cellulose fibreboard from microfibrillated lignocellulosic natural fibres. Composites Part A 83, 

38–46 (2016).
 24. Tajvidi, M., Gardner, D. J. & Bousfield, D. W. Cellulose Nanomaterials as Binders: Laminate and Particulate Systems. JRM 4, 365–376 

(2016).
 25. Amini, E., Tajvidi, M., Gardner, D. J. & Bousfield, D. W. Utilization of Cellulose Nanofibrils as a Binder for Particleboard 

Manufacture. BioResources 12, 4093–4110 (2017).
 26. Leng, W., Hunt, J. F. & Tajvidi, M. Effects of Density, Cellulose Nanofibrils Addition Ratio, Pressing Method, and Particle Size on the 

Bending Properties of Wet-formed Particleboard. BioResources 12, 4986–5000 (2017).
 27. Robles, E., Czubak, E., Kowaluk, G. & Labidi, J. Lignocellulosic-based multilayer self-bonded composites with modified cellulose 

nanoparticles. Composites Part B 106, 300–307 (2016).
 28. Kharazipour, A., Bergmann, K., Nonninger, K. & Huttermann, A. Properties of fibre boards obtained by activation of the middle 

lamella lignin of wood fibres with peroxidase and H2O2 before conventional pressing. J. Adhes. Sci. Technol. 12, 1045–1053 (1998).
 29. Luo, H., Yue, L., Wang, N., Zhang, H. & Lu, X. Manufacture of binderless fiberboard made from bamboo processing residues by 

steam explosion pretreatment. Wood Res 59, 861–870 (2014).
 30. Widyorini, R., Xu, J., Watanabe, T. & Kawai, S. Chemical changes in steam-pressed kenaf core binderless particleboard. J. Wood Sci 

51, 26–32 (2005).
 31. Widsten, P. & Kandelbauer, A. Adhesion improvement of lignocellulosic products by enzymatic pre-treatment. Biotechnol. Adv. 26, 

379–386 (2008).
 32. Tudryn, G. J., Smith, L. C., Freitag, J., Bucinell, R. & Schadler, L. S. Processing and Morphology Impacts on Mechanical Properties 

of Fungal Based Biopolymer Composites. J. Polym. Environ. 26, 1–11 (2017).
 33. Yang, Z., Zhang, F., Still, B., White, M. & Amstislavski, P. Physical and Mechanical Properties of Fungal Mycelium-Based Biofoam. 

J. Mater. Civ. Eng. 29, 04017030 (2017).
 34. Jiang, L., Walczyk, D., McIntyre, G., Bucinell, R. & Tudryn, G. Manufacturing of biocomposite sandwich structures using mycelium-

bound cores and preforms. J. Manuf. Process. 28, 50–59 (2017).
 35. Jone, M., Bhat, T., Wang, C. H., Moinuddin, K. & John, S. In 21st International Conference on Composite Materials (Xi’an, 2017).

https://doi.org/10.1038/s41598-019-40442-8
https://www.epa.gov/formaldehyde/formaldehyde-emission-standards-composite-wood-products
https://www.epa.gov/formaldehyde/formaldehyde-emission-standards-composite-wood-products


1 2Scientific RepoRts |          (2019) 9:3766  | https://doi.org/10.1038/s41598-019-40442-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

 36. Pelletier, M. G., Holt, G. A., Wanjura, J. D., Bayer, E. & McIntyre, G. An evaluation study of mycelium based acoustic absorbers 
grown on agricultural by-product substrates. Ind. Crop. Prod. 51, 480–485 (2013).

 37. Pelletier, M. G. et al. An evaluation study of pressure-compressed acoustic absorbers grown on agricultural by-products. Ind. Crop. 
Prod. 95, 342–347 (2017).

 38. Nazari, B., Kumar, V., Bousfield, D. W. & Toivakka, M. Rheology of cellulose nanofibers suspensions: boundary driven flow. J. Rheol. 
60, 1151–1159 (2016).

 39. Ghasemi, S., Tajvidi, M., Bousfield, D. W., Gardner, D. J. & Gramlich, W. M. Dry-Spun Neat Cellulose Nanofibril Filaments: 
Influence of Drying Temperature and Nanofibril Structure on Filament Properties. Polymers 9, 13 (2017).

 40. Johnson, D. A. et al. Effects of cellulosic nanofibrils on papermaking properties of fine papers. Tappi J. 15, 395–402 (2016).
 41. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of image analysis. Nat Methods 9, 671–675 (2012).
 42. Rezaei, H., Lim, C. J., Lau, A. & Sokhansanj, S. Size, shape and flow characterization of ground wood chip and ground wood pellet 

particles. Powder Technol. 301, 737–746 (2016).
 43. International, A. (ASTM International, West Conshohocken, PA, 2012).
 44. Zabel, R. A. & Morrell, J. J. Wood microbiology: decay and its prevention. (Academic press, 2012).
 45. Lekounougou, S. et al. Initial stages of Fagus sylvatica wood colonization by the white-rot basidiomycete Trametes versicolor: 

Enzymatic characterization. Int. Biodeterior. Biodegrad. 61, 287–293 (2008).
 46. Diop, C. I. K., Tajvidi, M., Bilodeau, M. A., Bousfield, D. W. & Hunt, J. F. Isolation of lignocellulose nanofibrils (LCNF) and 

application as adhesive replacement in wood composites: example of fiberboard. Cellulose 24, 3037–3050 (2017).
 47. Peng, Y., Gardner, D. J. & Han, Y. Drying cellulose nanofibrils: in search of a suitable method. Cellulose 19, 91–102 (2012).
 48. Tănase, C. et al. Study of thermal behaviour of some edible mushrooms. J. Therm. Anal. Calorim. 115, 947–953 (2014).
 49. Dufresne, A. Nanocellulose: from nature to high performance tailored materials. (Walter de Gruyter GmbH & Co KG, 2017).
 50. Barsberg, S. & Thygesen, L. G. Spectroscopic properties of oxidation species generated in the lignin of wood fibers by a laccase 

catalyzed treatment: electronic hole state migration and stabilization in the lignin matrix. Biochim. Biophys. Acta 1472, 625–642 
(1999).

 51. Munk, L., Andersen, M. L. & Meyer, A. S. Direct rate assessment of laccase catalysed radical formation in lignin by electron 
paramagnetic resonance spectroscopy. Enzyme Microb. Technol. 106, 88–96 (2017).

 52. Li, K. In Wood deterioration and preservation (ACS Publications, 2003).
 53. Widsten, P., Tuominen, S., Qvintus-Leino, P. & Laine, J. E. The influence of high defibration temperature on the properties of 

medium-density fiberboard (MDF) made from laccase-treated softwood fibers. Wood Sci. Technol. 38, 521–528, https://doi.
org/10.1007/s00226-003-0206-4 (2004).

 54. Shmulsky, R. & Jones, P. D. Forest products and wood science. (John Wiley & Sons, 2011).
 55. Gardner, D. & Tajvidi, M. Hydrogen bonding in wood-based materials: an update. Wood Fiber Sci 48, 234–244 (2016).
 56. Monteiro, S., Martins, J., Magalhaes, F. D. & Carvalho, L. Low Density Wood-Based Particleboards Bonded with Foamable Sour 

Cassava Starch: Preliminary Studies. Polymers 8 (2016).
 57. Dziurka, D. & Mirski, R. Lightweight boards from wood and rape straw particles. Drewno 56, 19–31 (2013).

Acknowledgements
The authors gratefully acknowledge contributions of Ecovative Design, LLC and Process Development Center 
at the University of Maine for providing the raw materials. The authors also wish to thank Kelly Edwards from 
University of Maine for helping with SEM imaging, Ali H. Tayeb from University of Maine for helping with the 
internal bond strength tests and Syeed Saifulazry Osman Al-Edrus from Universiti Putra Malaysia for helping 
with manufacturing lightweight composites. This project was funded by the U.S. Department of Agriculture’s 
Agricultural Research Service (USDA ARS Agreement No. 58-0204-6-003). This project was also supported by 
the USDA National Institute of Food and Agriculture, McIntire-Stennis. Project #041616. Maine Agricultural and 
Forest Experiment Station Publication Number 3656.

Author Contributions
The manuscript was written through contributions of all authors. Wenjing Sun and Mehdi Tajvidi conceived 
the idea, Wenjing Sun carried out experiments, and Christopher Hunt, Gavin McIntyre and Douglas Gardner 
contributed to data analysis and discussions. All authors have given approval to the final version of the 
manuscript.

Additional Information
Competing Interests: Gavin McIntyre is the co-founder of Ecovative Design and is employed by the company. 
Wenjing Sun, Mehdi Tajvidi, Christopher Hunt and Douglas Gardner declare no potential conflict of interest.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-40442-8
https://doi.org/10.1007/s00226-003-0206-4
https://doi.org/10.1007/s00226-003-0206-4
http://creativecommons.org/licenses/by/4.0/

	Fully Bio-Based Hybrid Composites Made of Wood, Fungal Mycelium and Cellulose Nanofibrils
	Experimental Section
	Materials. 
	Hybrid composite manufacturing. 
	Composite Panel Characterization. 
	Material morphology. 
	Thermal stability analysis. 
	Particle size distribution and dimensional analysis. 
	Water absorption and thickness swelling. 
	Mechanical testing. 

	Statistical analysis. 

	Results and Discussion
	Characterizations of raw materials. 
	Comparison of the two wood-mycelium-CNF hybrid systems. 
	Utilization of the hybrid system in lightweight composites. 

	Conclusions
	Acknowledgements
	Figure 1 Schematic representation of the materials and composite production.
	Figure 2 Morphology of raw materials: wood particles (a), wood-mycelium particles (b), pure mycelium (c), and CNF (d).
	Figure 3 TG (a) and DTG (b) curves of composite raw materials.
	Figure 4 Original scanned (a,b), black background (c,d), and binary (e,f) images of wood (a,c,e), wood-mycelium particles (b,d,f) (left) and relative length frequencies of wood and wood-mycelium particles (g) (right).
	Figure 5 Water absorption (a,b) and thickness swelling (c,d) of Group 1 (a,c) and Group 2 (b,d).
	Figure 6 The modulus of rupture (a,b) and the modulus of elasticity (c,d) of Group 1 (a,c) and Group 2 (b,d).
	Figure 7 The internal bond strength of Group 1 (a) and Group 2 (b).
	Figure 8 SEM images of different mixtures of raw materials with different magnifications, 200 × (a,c,e) and 1000 × (b,d,f).
	Figure 9 Water absorption (a), thickness swelling (b), modulus of rupture (c) and modulus of elasticity (d) of samples labeled “Effect of Density Comparison” group in Table 2.
	Figure 10 Water absorption (a), thickness swelling (b), modulus of rupture (c) and modulus of elasticity (d) of “Low-density Optimization” group in Table 2.
	Table 1 The experimental design of hybrid composite manufacture (Group 1: wood particles + mycelium + CNF Group 2: wood-mycelium particles + CNF).
	Table 2 The experimental design of lower-density hybrid composite manufacture.
	Table 3 Onset and peak temperatures of thermal degradation for wood particles, wood-mycelium particles, pure mycelium and CNF obtained from DTG data (Fig.
	Table 4 Dimensions and shape factors (width, length, aspect ratio, circularity and roundness) of wood and wood-mycelium particles (mean ± one standard deviation).




