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Abstract

:

Biomass–fungi biocomposite materials are derived from sustainable sources and can biodegrade at the end of their service. They can be used to manufacture products that are traditionally made from petroleum-based plastics. There are potential applications for these products in the packaging, furniture, and construction industries. In the biomass–fungi biocomposite materials, the biomass particles (made from agricultural waste such as hemp hurd) act as the substrate, and a network of fungal hyphae grow through and bind the biomass particles together. Typically, molding-based methods are used to manufacture products using these biocomposite materials. Recently, the authors reported a novel extrusion-based 3D printing method using these biocomposite materials. This paper reports a follow-up investigation into the effects of mixing parameters (mixing time and mixing mode) on fungal growth in biomass–fungi mixtures prepared for 3D printing and the effects of printing parameters (printing speed and extrusion pressure) on fungal growth in printed samples. The fungal growth was quantified using the number of fungal colonies that grew from samples. The results show that, when mixing time increased from 15 to 120 s, there was a 52% increase in fungal growth. Changing from continuous to intermittent mixing mode resulted in an 11% increase in fungal growth. Compared to mixtures that were not subjected to printing, samples printed with a high printing speed and high extrusion pressure had a 14.6% reduction in fungal growth, while those with a low printing speed and low extrusion pressure resulted in a 16.5% reduction in fungal growth.
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1. Introduction


Biomass–fungi biocomposite materials are composed of two main components: biomass particles derived from agricultural waste (such as corn stover, beechwood sawdust, and hemp hurd) that act as the substrate, and a network of fungal hyphae that grow through and bind the biomass particles together [1]. These biocomposite materials can be used to manufacture products that are traditionally made from petroleum-based plastics. Potential applications of these products can be found in diverse industries, including packaging [2,3,4,5], furniture [6], and construction [7].



Biomass–fungi biocomposite materials possess good thermal and acoustic insulation properties [8,9,10]. It is estimated that the cost of the raw material in these biocomposite materials is in the range of $0.07–0.17 per kilogram [9]. In contrast, plastic materials such as polystyrene and polyurethane cost approximately $2 and $9 per kilogram, respectively [9]. These biocomposite materials are obtained from sustainable sources and can biodegrade at the end of their service. In contrast, about 90% of plastic waste ends up in landfills [11], where it takes years, even decades, for them to decompose.



Generally, molding-based methods are used in manufacturing products using biomass–fungi biocomposite materials [9,12,13,14]. In a reported study [13], various grades of biomass–fungi biocomposite materials were categorized, and the effects of biomass substrate and cultivation time on mechanical properties were investigated. The study revealed a significant correlation between substrate density and mechanical strength. Another study [14] delved into the morphological and mechanical aspects of biomass–fungi biocomposite materials, and proposed a fiber network-based model for mycelium to predict tensile and compressive behaviors of the biocomposite materials. Additionally, the properties (such as morphology, density, tensile strength, and flexural strength) of different biomass–fungi biocomposite materials were investigated [12]. These properties, along with moisture- and water-uptake characteristics, could be adjusted by changing the substrate type (such as straw, sawdust, or cotton), fungal species (Pleurotus ostreatus or Trametes versicolor), and processing method (no pressing, cold pressing, or heat pressing). The results also highlighted the influence of fungal species on colonization level and the thickness of the exposed mycelium layer, known as the fungal skin. The degree of colonization, skin thickness, and substrate type, in turn, affected the stiffness and water resistance of the resulting materials.



The authors of this paper published the first paper on extrusion-based 3D printing manufacturing method using biomass–fungi biocomposite materials [15]. Three-dimensional printing offers a new approach to manufacturing products using biomass–fungi biocomposite materials, as an alternative to traditional molding-based methods. Three-dimensional printing enables the manufacturing of parts with complex shapes in art, architecture, interior design, packaging, and construction [1,16,17,18] that cannot be easily produced using molding-based methods. Furthermore, this approach reduces manufacturing waste [19]. The six stages of this extrusion-based 3D printing method are discussed elaborately in previously published papers [5,20,21].



The authors’ preliminary experimental results [20] showed that fungi could survive the mixing and printing stages and continue growing on the printed samples. The authors also investigated the effects of mixture composition on rheological properties of biomass–fungi mixtures prepared for 3D printing [20]. Additionally, they investigated the effects of waiting time (between the time the mixture was prepared and the time of 3D printing using the mixture) on the mechanical properties and rheological properties of the biomass–fungi mixtures, as well as the minimum printing pressure required for continuous extrusion during 3D printing, and the quality of the printed samples (characterized by layer height shrinkage and filament width uniformity) [21].



Since the authors of this paper published the first paper on extrusion-based 3D printing method using biomass–fungi biocomposite materials, other researchers have also published papers involving extrusion-based 3D printing of biomass–fungi biocomposite materials. One research group developed a dedicated extrusion system for robotic printing, and investigated the manufacturing processes as well as rheological and biological behavior of the biomass–fungi materials [18]. Another research group investigated 3D printing workflows and extrudable mixtures with mycelium-based composites that were cultivated on wastepaper and waste cardboard. They also investigated ways to mitigate contamination [22]. Another article [23] reported a novel fungi extrusion-based 3D printing method using a non-fluid agar gel and non-sterile printing conditions, incorporating recycled coffee grounds as a nutrient source. A new ink composition was developed for accessible and sustainable fungi 3D printing, eliminating the need for expensive equipment and extensive sterilization, opening possibilities for applications like self-regenerating materials or binding agents. Another article reported an investigation into the effects of temperature and various growth media on the fungal growth of two white rot fungi, Pleurotus ostreatus (Winter Oyster) and Ganoderma lucidum (Reishi), under laboratory conditions. The results revealed that potato dextrose agar was the most effective medium for promoting fungal growth in both fungal strains [24]. The literature does not include any papers regarding the effects of mixing and printing parameters on fungal growth in the 3D printing-based manufacturing method using biomass–fungi biocomposite materials. This paper aims to fill this gap by presenting an investigation into the effects of mixing parameters on fungal growth in the biomass–fungi mixtures prepared for printing and the effects of printing parameters on fungal growth in the printed samples.




2. Materials and Methods


2.1. Materials


The biomass–fungi material was procured from GROW.bio (Green Island, NY, USA) and was received in a polypropylene bag with a square-shaped filter (1.5 × 1.5 inch in size) with 0.2 µm pores. The biomass material comprises hemp hurd [2]. Based on the sieve analysis of the biomass material, more than 80% of the particles were greater than 1 mm in size. While 92% of the particles passed through a sieve with a mesh opening of 4.75 mm, only 4% of the particles passed through a sieve with the mesh opening of 600 µm. Figure 1 shows the biomass–fungi material. Wheat flour (all-purpose flour: Great Value, Walmart, Bentonville, AR, USA) and psyllium husk (NOW Supplements, Bloomingdale, IL, USA) were purchased from a local Walmart store.




2.2. Preparation of Biomass–Fungi Mixtures for 3D Printing


Water and wheat were sterilized in the autoclave machine at 120 °C for 50 min. Then, 700 mL of autoclaved water and 32 g of autoclaved wheat flour were added to the filter patch bag that contained the as-received biomass–fungi material. The bag was shaken vigorously by hand for one minute. This bag was then stored in a closet at 23 °C for five days for fungi to grow (i.e., primary colonizing). Figure 2 show some biomass–fungi material after primary colonizing.



Then, 100 g of primary colonized biomass–fungi material were broken into small chunks by hand and mixed with 400 g of autoclaved water and 20 g of autoclaved wheat flour using a commercial mixer (NutriBullet PRO: Capital Brands, Los Angeles, CA, USA). Mixing time refers to the duration of mixing. The two different mixing modes used were continuous or intermittent. During continuous mixing, the mixing was performed for the full duration without stopping. For intermittent mixing, the mixing was performed for a period of five seconds. Afterwards, the mixing container was shaken manually twice to ensure good contact of the mixture with the blades. Then the mixing was started again. Thereafter, 20 g of psyllium husk powder was mixed into this mixture using a spatula.



Results regarding the effects of mixing parameters on fungal growth in mixture were used to select mixing time (120 s) and mixing mode (intermittent) to prepare the mixtures for 3D printing experiments.




2.3. Three-Dimensional Printing Experimental Setup


The WASP Delta 2040 (WASP, Massa Lombarda RA, Italy) 3D printer shown in Figure 3 was used for the printing experiments. This printer was equipped with an LDM (Liquid deposition modeling) extruder kit [20,21] and a material storage container (with a storage volume of 3 L). A pneumatically operated plastic piston was used to push the mixture through the nozzle assembly. The custom-built nozzle assembly comprised a screw extruder and a casing with a 6 mm opening. The screw extruder had 15 mm outer diameter, 44 mm height, and 11 mm pitch. During printing, the screw extruder rotated at 2 revolutions per second for printing speed of 30 mm/s and 8 revolutions per second for printing speed of 120 mm/s. The average temperature for all test conditions was 22 °C.



The size of the printed samples was 80 mm × 80 mm × 30 mm (Figure 4). Their layer height was 6 mm and infill ratio was 50%. Slic3r software (version 1.3.0) was used to generate the G-code for the 3D printer.




2.4. Measurement of Fungal Growth


2.4.1. Counting Colony-Forming Units per Milliliter Using Optical Microscope


An optical microscope was used to count colony-forming units per milliliter. This method was used by other authors in their studies [25,26]. There are other evaluation methods for fungi growth, such as comparison of hyphal length, mycelium dry weight, and colony diameter [27]. The authors will use more methods to evaluate fungi growth in their future investigations.



Colony-forming units per milliliter (CFUs/mL) was used to quantify the fungal growth in biomass–fungi mixtures prepared for 3D printing or in printed samples. After the mixtures were prepared or samples were printed, one gram of the mixture or printed sample was suspended in 10 mL of autoclaved water. Then this solution went through serial dilution, where 1 mL of this solution was further mixed with 10 mL of autoclaved water and then this step was repeated. Subsequently, 100 µL of the diluted solution was spread onto half strength Potato Dextrose Agar (HPDA) [28] plates (19.5 g/L Difco PDA (Potato Dextrose Agar), adjusted to 1.5% agar). The nutrient-rich PDA was used as growth medium [24]. The result of spreading the diluted solution on the HPDA plates is called the “plated sample” in this study (Figure 5a).



All the plated samples were incubated at 22 °C for 48 h. This temperature level (22 °C) was selected as it was the optimum temperature for fungal growth [29]. One image was taken for each sample. The colonies appeared to be uniformly distributed over the plate. Then the number of fungal colonies were counted under an Olympus SZX9 dissecting microscope using a Hamamatsu ORCA-ER digital camera connected to the Slidebook 5.0 software. This number was multiplied by 10,000 to obtain the colony-forming units because of the serial dilution performed while making the plated samples. This number represented the number of viable fungal colonies present in the mixture or the printed sample (reported herein as CFUs/mL). Figure 5 shows some pictures of plated samples.




2.4.2. Observing Fungal Colonization of the Substrate Using Confocal Microscope


Fluorescently labeled printed samples were observed using an Olympus FV3000 laser scanning confocal system mounted to an Olympus IX83 inverted microscope with a galvanometer scanner and high sensitivity GaAsP PMT detectors (Olympus America, Center Valley, PA, USA). The objective used to image fluorescently labeled hyphae was the UPlanSAPO 10× (NA = 0.4), which utilized the 405 nm laser line to excite hyphal cell walls labeled with 10 µg/mL calcofluor white (CFW). CFW is a chitin-binding fluorescent dye that has been shown to effectively label fungal cell walls [30]. Fluorescence images were generated via optical sectioning of multiple planes in the z-axis and combining them into a single max-projected image. These images were then exported via Olympus Cellsens software (version 2.3) and figures were created using GIMP software (2.10.20).





2.5. Design of Experiments


A 22 (two factors, two levels, four tests) full factorial design was used to study the effects of mixing parameters on fungal growth in mixtures prepared for 3D printing. The experiment matrix is shown in Table 1 and the factor levels are listed in Table 2. Five repetitions were conducted under each test condition described in Table 1 each day. The experiments were replicated over three consecutive days. Consequently, a total of sixty runs were conducted. A thermometer was used to take the temperature of the mixture after each mixture preparation.



Table 3 shows the two printing parameters (printing speed and extrusion pressure) and their values which were used to study the effects of printing parameters on fungal growth in the printed samples. Five samples were printed for each of the two printing parameter combinations (the combination of high printing speed and high extrusion pressure, or the combination of low printing speed and low extrusion pressure). From each printed sample, one plated sample was taken for measurement of fungal growth using Olympus SZX9 dissecting microscope. Five plated samples were also taken from the mixtures that were not used for printing as a baseline. So, a total of 15 plated samples were used to investigate the effects of printing parameters on fungal growth.




2.6. Statistical Analysis


The differences in fungal growth (CFUs/mL) in mixtures caused by change in the mixing parameters were examined by t-tests (one-tailed for increase or decrease and two-tailed for difference) using Minitab software (2019) (Minitab, State College, PA, USA). ANOVA (analysis of variance) was also conducted to find out the significance level at which each factor’s effect was statistically significant. p-value is the lowest significance level at which the effect of a factor is significant [31,32]. In other words, if the significance level is set at a value lower than the p-value, the effect of the factor will not be statistically significant. A significance level of 0.05 is used to determine whether a difference is statistically significant when experimental results are presented in Section 3.



The differences in fungal growth (CFUs/mL) in printed samples, caused by changes in the printing parameters, were examined using one-way ANOVA (analysis of variance).





3. Results and Discussion


3.1. Effects of Mixing Parameters on Fungal Growth in Prepared Mixtures


The main effects of mixing time are shown in Figure 6. In Figure 6, the error bars indicate 95% confidence intervals in the means. It can be seen that the mixtures prepared at the lower level of mixing time (15 s) had an average fungal growth of 6.9 × 105 CFUs/mL. In contrast, the mixtures prepared at the higher level of mixing time (120 s) had an average fungal growth of 10.5 × 105 CFUs/mL. The results show that, when mixing time increased from 15 to 120 s, there was a 52% increase in fungal growth. A one-tailed t-test analysis showed that fungal growth in the mixtures prepared using a mixing time of 120 s was significantly higher than that in the mixtures prepared using a mixing time of 15 s, at the significance level of 0.05. The p-value for the effect of mixing time is 0.0001 (Table 4). A possible explanation for this observation could be as follows: a mixing time of 120 s would facilitate a better breakdown of the biomass material and the fungal inoculum as compared to a mixing time of 15 s. More surface area was available for the fungi to derive nutrition. Additionally, a longer mixing time could potentially enhance the distribution of the number of viable hyphal fragments dispersed throughout the mixture. The temperature recorded after mixing continuously for 120 s was 37.3 °C. This temperature was significantly lower than the temperature (93 °C) used to deactivate the fungi during the drying stage.



The main effects of mixing mode are shown in Figure 7. The error bars in Figure 7 indicate 95% confidence intervals in the means. It can be seen that the mixtures prepared by using the higher level mixing mode (continuous) had an average fungal growth of 8.2 × 105 CFUs/mL, and the mixtures prepared by using the lower level mixing mode (intermittent) had an average fungal growth of 9.17 × 105 CFUs/mL. The results show that, when mixing mode changed from continuous to intermittent, there was an 11% increase in fungal growth. Maximum temperatures recorded during the mixing process for continuous and intermittent mixing were 37.7 °C and 36.3 °C, respectively, when mixed for a duration of 120 s. The ANOVA table (Table 4) shows the p-value for the effect of mixing mode is 0.203. This means that the main effect of mixing mode is not statistically significant at the significance level of 0.05. This result seemed to contradict the results obtained by Fletcher et al. [24]. Fletcher et al. studied the effects of temperature and growth media on fungal growth (without mixing or 3D printing). They found minimal to no mycelium growth at 37 °C. According to Jayasinghe et al. [33], elevated temperatures could lead to the denaturation and deactivation of crucial enzymes responsible for catalyzing the metabolic activities of fungi. But in this study, fungi experienced the temperature of 37.7 °C or 36.3 °C for a very short period of time (approximately 5 min) before the temperature returned to 22 °C, while in other reported studies [24,29,33], fungi were kept at 37 °C for 2 to 12 days. This could potentially explain why the increased temperature resulting from the mixing mode did not exert a significant impact on the fungal growth in the mixtures.



The interaction effect of mixing time and mixing mode on fungal growth is shown in Figure 8. The error bars in Figure 8 represent 95% confidence intervals in the means. The change in mixing mode caused a larger change in fungal growth at the high level of mixing time (120 s) than at the low level of mixing time (15 s) and the p-value is 0.251 (Table 4). The interaction effect is not statistically significant at the significance level of 0.05.




3.2. Effects of Printing Parameters on Fungal Growth in Printed Samples


The results in Section 3.1 showed that the combination of a mixing time of 120 s and the intermittent mixing mode produced the highest fungal growth in the mixtures among all the combinations of mixing parameters. Therefore, the biomass–fungi mixtures for the 3D printing experiments were prepared using this combination of mixing parameters. Printed samples were prepared by extruding the biomass–fungi mixture using the combination of a high printing speed of 120 mm/s and a high extrusion pressure of 6 bars, as well as the combination of a low printing speed of 30 mm/s and a low extrusion pressure of 2 bars.



The effects of printing parameters on fungal growth are shown in Figure 9, where the error bars represent 95% confidence intervals in the means. As shown in Figure 9, the biomass–fungi mixtures that were not subjected to 3D printing had an average fungal growth of 9.58 × 105 CFUs/mL. In comparison with the mixtures that were not subjected to printing, the samples printed using the combination of high printing speed and high extrusion pressure exhibited a 14.6% reduction in fungal growth, and the samples printed using the combination of low printing speed and low extrusion pressure had an average reduction in fungal growth of 16.5%. A one-way ANOVA resulted in a p-value of 0.414 regarding the differences in fungal growth among the three groups of samples: those that were not printed; those printed using the combination of high printing speed and high extrusion pressure; and those printed using the combination of low printing speed and low extrusion pressure. The difference is not statistically significant at the significance level of 0.05.



During isothermal flow through a circular tube, the maximum shear stress is generated near the wall of the tube [34]. In extrusion-based printing, the shear stress near the wall is approximately proportional to the volumetric flow rate of the material which was controlled by printing speed and extrusion pressure [35]. Therefore, the combination of high printing speed and high extrusion pressure would cause a high shear stress while the combination of low printing speed and low extrusion pressure would cause a low shear stress in the extrusion nozzle. Within the ranges of the printing parameters (printing speed and extrusion pressure) tested in this study, shear stress did not have statistically significant effects on fungal growth at the significance level of 0.05 (because the p-value is 0.414).



In the literature, it was reported that the shear stress generated during extrusion-based 3D printing could significantly influence the growth of mammalian cells in the printed samples [36]. Another study showed that printing parameters had significant effects on algae cell quantity in printed samples [37]. Unlike mammalian cells, fungal cells have cell walls made of glucans, chitin, and glycoproteins [38]. The presence of the cell walls might make the fungal cells more resistant to shear stress. This might be the reason for the observation that shear stress, within the tested ranges of printing parameters, did not have significant effects on fungal growth at the significance level of 0.05.



Figure 10 shows the optical images of the printed samples using a confocal microscope with Calcofluor-white (CFW). In Figure 10, no visible difference was observed in the amount of colonization in the samples. This observation of the printed samples using confocal microscope is consistent with the results obtained by counting the number of fungi-colonies using microscope images.





4. Concluding Remarks


This paper reports the effects of mixing parameters (mixing time and mixing mode) on fungal growth in biomass–fungi mixtures prepared for 3D printing, and the effects of printing parameters (printing speed and extrusion pressure) on fungal growth in printed samples. The main conclusions are:




	
Increasing mixing time from 15 to 120 s led to a 52% increase in fungal growth.



	
Change from continuous to intermittent mixing mode resulted in an 11% increase in fungal growth.



	
The change in mixing mode caused a larger change in fungal growth at the high level of mixing time (120 s) than at the low level of mixing time (15 s).



	
Compared to mixtures that were not subjected to printing, samples printed with a high printing speed and high extrusion pressure had a 14.6% reduction in fungal growth, while those with a low printing speed and low extrusion pressure resulted in a 16.5% reduction in fungal growth.








Most of the results obtained in this study had p-value that was much higher than the standard 0.05. This was mostly because of the high variation in fungal growth (living material) results.



Topics of future studies include (1) the effects of different additives in the mixtures of biomass–fungi biocomposite materials on fungal growth, (2) the effects of the environment such as temperature and humidity on fungal growth during the primary and secondary colonization, (3) the biodegradability of printed samples, and (4) life cycle analysis.
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Figure 1. Biomass–fungi material: (a) in a polypropylene bag; (b) in a plastic bowl. 
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Figure 2. Biomass–fungi material after primary colonizing. 
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Figure 3. Delta WASP 2040 3D printer, nozzle assembly, and screw extruder. 
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Figure 4. Observation of 3D printed parts: (a) model created in the Slic3r software (yellow color represents the perimeters, and red color means the infills); (b) 3D printed sample. 
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Figure 5. Observation of plated samples: (a) view of entire plated sample; (b) microscopic view of plated sample. 
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Figure 6. Plot of the main effect of mixing time on fungal growth. 
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Figure 7. Plot of the main effect of mixing mode on fungal growth. 
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Figure 8. Plot of interaction effect of mixing time and mixing mode on fungal growth. 
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Figure 9. Effects of printing parameters on fungal growth. 
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Figure 10. Confocal microscope images of the surface of printed samples; (a) printed using the combination of low printing speed and low extrusion pressure; (b) printed using the combination of high printing speed and high extrusion pressure; arrows in both pictures point to individual thread-like hypha. 
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Table 1. Experiment matrix to study the effects of mixing parameters on fungal growth in mixtures.
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	Test
	Mixing Time
	Mixing Mode





	1
	−
	−



	2
	+
	−



	3
	−
	+



	4
	+
	+










 





Table 2. Factor levels to study the effects of mixing parameters on fungal growth in mixtures.
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	Factor
	Low Level (−)
	High Level (+)





	Mixing Time (Second)
	15
	120



	Mixing Mode
	Intermittent
	Continuous










 





Table 3. Printing parameters and their values.
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	Parameter
	Value





	Printing Speed (mm/s)
	30, 120



	Extrusion Pressure (Bar)
	2, 6










 





Table 4. ANOVA table for the factorial design experiments.
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	Source of Variance
	Degrees of

Freedom
	Sum of Squares
	Mean Square
	F-Value
	p-Value





	Model
	3
	20,863
	6954.3
	8.77
	0.000



	Mixing Time
	1
	18,480
	18,480.1
	23.30
	0.000



	Mixing Mode
	1
	1316
	1316.0
	1.66
	0.203



	Interaction
	1
	1067
	1066.8
	1.35
	0.251



	Error
	56
	44,416
	793.1
	
	



	Total
	59
	65,279
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