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Abstract

:

Many factors affect the driving force of fungal growth and secretion. To compare the differences of Lasiodiplodia theobromae infected poplar wood, the changes of physical and chemical properties of vertically and horizontally infected poplar wood before and after dyeing were analyzed, and the infection characteristics were studied in this paper. The horizontal infection was more effective than the vertical infection in terms of infection depth, color depth, and microscopic hyphal invasion. The mycelium first intruded into the earlywood tissue and began to secrete a large amount of pigment after twenty days. The crystallinity of mycelium decreased slightly, and the difference in weight loss rate was negligible. The initial contact angle of the dyed specimen on the horizontal infection increased drastically in distilled water, but there was almost no difference between varnish and natural coating. The horizontal infection was more efficient than the vertical infection and had a higher color depth and a better induction effect, which is crucial in future microbial dyeing.
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1. Introduction


The development of synthetic pigments started with the industrial revolution in Europe, and then began to develop rapidly and continuously [1]. Compared with natural pigments, synthetic pigments have a series of advantages, such as low price, bright color, and a high degree of industrialization [2,3,4]. In the last hundred years following the industrial revolution in Europe, people have successfully produced millions of compounds with assorted colors. Among them, tens of thousands of pigments have been industrialized, but environmental pollution and harm to the human body caused by synthetic dyes have attracted increasing attention, resulting in limited application [5,6,7,8].



In recent years, with the gradual improvement of environmental protection and safety awareness, natural pigments are relatively safe, environmentally compatible, and biodegradable. Some natural dyes have medicinal value, such as antibacterial [9] and antitumor [10], thus they can also be widely used in medical and health care [11]. In addition, the natural dye’s safety and environmental-friendly processes allow them to be used in the manufacturing of cosmetics, such as for lipstick color enhancers, and for skin and hair dyeing [12,13]. Natural dyes are currently used in many fields, such as food and beverage, industrial plastics, paper making, handicraft, daily chemical products, and the pharmaceutical industry [14,15,16]. As a result, natural pigments have been revalued and have broad development prospects.



Natural dyes refer to dyes obtained directly from nature without chemical processing [17,18]. Depending on the source, they can be classified into plant, animal, or mineral dyes. The most widely used plant natural dyes are mainly extracted from plant roots, stems, and leaves [19,20]. Animal dyes are mainly shellac and cochineal [21,22]. Mineral dyes are colored, inorganic metal salts and metal oxides; mainly brown-red and light green metal substances [23,24]. However, mineral dyes are no longer used because of safety and environmental protection problems. According to application classification, natural dyes are divided into direct application and mordant dyeing types. The direct natural dyes have good water solubility and can be adsorbed directly on the fiber [25,26]. However, most natural dyes are not currently used due to the disadvantages of color uptake, light resistance, acid and alkali resistance, and colorfastness, which can be realized by employing mordant dyeing. Colorfastness once became a major and challenging issue in the utilization of natural pigments [27,28]. Although the research on natural dyes has a long history, there are still many problems with natural dyes research. For example, plant dye extraction, which is the most widely studied, has the disadvantages of being high-cost and a complex process. For wood material with low value and requiring dye decoration, natural dyes are an economical and environmentally friendly material to apply in wood dyeing; the source of dye content cannot meet the growing demand which limits the pace of industrial development of natural dyes. Microbial pigment is a new source of pigment. This new dyeing technology mainly cultures the microorganisms that secrete pigment, which are inoculated onto materials, or the pigment is extracted to be used as a dye [29,30,31]. Microorganisms used in the production of pigments have the advantages of low cost, fast-growth speed, are not affected by the origin and climate conditions, and have gradually attracted the attention of researchers and enterprises. Therefore, microbial pigments have increasingly become the focus of scientific research [32,33].



In the field of microbiological staining, Robinson’s research team has done many research works. Two strains of Scytalidium cuboideum capable of producing red stain in culture were inoculated onto sugar maple (Acer saccharum Marsh), incubated for 6–14 weeks, and evaluated for their ability to produce a high-saturation penetrating stain [34]. In addition, sugar maple, Norway maple, and aspen logs were incubated in a temperature and humidity-controlled chamber for 12 weeks to show laboratory level spalting and had achievable and highly predictable results [35]. Beech and sugar maple blocks placed within a modified decay jar system to promote fungal pigments production were incubated for 10 weeks [36]. Blue-stained lodgepole pine was used for spalting treatment with Scytalidium species incubation for 12 weeks and showed the pink or yellow color on the wood [37]. Vega Gutierrez [38] tried to use fungal pigments in bamboo, natural spalting for 4–16 weeks, and the direct application of extracted fungal pigments of Scytalidium cuboideum, Scytalidium ganodermophthorum, and Chlorociboria aeruginosa were compared. The results showed that the pigment extracted from the fungi could be used for surface treatment of bamboo, while the inner coloring was only achieved by direct inoculation of S. cuboideum. These studies on microbial dyeing have opened up a new research idea of microbial pigment in wood and bamboo. However, these inoculations need an extended test period and much time to complete the inoculation and staining.



The better dyeing effect can be observed from the cross-sectional infection of fungi due to the longitudinal infection channels [34,39]. In this study, the methods of cross-sectional infection in a vertical and horizontal direction were used to achieve microbial staining. First, the fungi was isolated from Lasiodiplodia theobromae, then a blue-stained piece of wood was used as the staining fungus, potato dextrose agar medium was used as the basic culture medium, and tyrosinase and tricyclazole were used as inducers. The fungi were inoculated in a fast-growing poplar (Populus euramevicana, I-107) for 10, 20, 30 and 40 days. The experiment compared and analyzed the infection characteristics of the two dyeing methods and resulting wood properties, hoping to shorten the dyeing cycle time and provide some reference for the wood microbial dyeing research.




2. Materials and Methods


2.1. Materials and Chemical Agents


Lasiodiplodia theobromae (Pat.) (CFCC 84471) purchased from the China Forestry Culture Collection Center was used in this study (isolated from blue stained poplar). The size of poplar wood specimens was processed to 50 × 50 × 20 mm3 (Huaqing Wood Industry Co., Ltd. Heze, China) with 0.55 g/cm3 average density and 6.5% moisture content. The specimen was taken from the sapwood of the same batch of poplar, each group had 6 duplicate test pieces.



PDA (Potato Dextrose Agar) medium was a solid medium composed of 200 g of potato, 20 g of glucose, and 15–20 g of agar with a natural pH (Beijing AoBoXing Bio-Tech co., Ltd., Beijing, China); Tyrosinase (Shanghai Yuanye Biotechnology Co., Ltd., Shanghai, China), CAS: 9002-10-2; Tricyclazole (Shanghai new platinum Chemical Technology Co., Ltd., Shanghai, China), CAS: 41814-78-2, analytical purity standard.




2.2. Biological Dyeing Process


To test the difference of infection effect of Lasiodiplodia theobromae in vertical and horizontal directions of poplar cross-section, the direction of wood specimen was set in a cross-section upward (Vertical infection, L) and a cross-section towards the sides (Horizontal infection, W), without edge sealing treatment. However, half of the thickness of the horizontally infected wood specimen was below the nutrient substrate level to verify that fungi would not grow from the bottom of the specimen. The inoculation position of the vertical infection was on the cross-section surface, while the horizontal infection position was on the culture medium to ensure vertical and horizontal infection effectiveness. As shown in the infection diagram in Figure 1, the basic culture medium was PDA, and either a tyrosinase or a tricyclazole inducer was added to make induction medium ((1) control, (2) tyrosinase, and (3) tricyclazole). The specimens were cultured in a humidity box with a constant temperature of 28 °C and relative air humidity of 85% for 10 (A), 20 (B), 30 (C), and 40 (D) days. After dyeing, the dyed wood was sterilized by a pressure steam sterilizer (pressure 0.111 MPa, temperature 121 °C). After sterilization, the mycelium on the surface of the wood was removed and dried in a constant temperature drying oven at 40 °C to a moisture content of 8%–12%.




2.3. Instruments and Equipment


Constant Temperature and Humidity Box (#HWS-80B, Beijing Huasheng Scientific Instrument Laboratory Equipment Co., Ltd., Beijing, China); Pressure steam sterilizer (#YX-280, Hefei Huatai Medical Equipment Co., Ltd., Hefei, China); Super Clean Workbench (#SW-CJ-1D, Beijing Huasheng Scientific Instrument Laboratory Equipment Co., Ltd., Beijing, China); Fourier transform infrared spectroscope (FTIR, #Nicolet iS5, 400–4000 cm−1 of the detection wavelength, Thermo Fisher Scientific, Waltham, MA, USA); Optical Contact Angle Meter (#Dataphysics-OCA, Stuttgart, Germany); Scanning electron microscope (#GeminiSEM 300, Oberkochen, Germany); Colorimeter (#Dataflash 110, Shanghai Dingzheng Instrument Equipment Co., Ltd., Shanghai, China); Electric drying oven (#DHG-9075a, Beijing Huianming Technology Development Co., Ltd., Beijing, China); pH meter (#PB-10, Sartorius Group, Göttingen, Germany); Rotatory viscometer (#NDJ-1, Shanghai Yoke Instrument Co., Ltd., Shanghai, China). Thermo Gravimetry- Differential Thermal Analysis (TG-DSC, #NETZSCH STA 449F3); X-ray diffractometer (XRD, #Ultima IV, Rigaku Corporation, Tokyo, Japan).




2.4. Measurements


2.4.1. Chromaticity Value Test


The chromaticity value and chromatic aberration comparison in the dyeing test is a common and significant test. In this experiment, the chromaticity value of the cross-section of Lasiodiplodia theobromae infected poplar wood was measured, and the chromatic aberration in different dyeing times was compared. Specific test methods refer to Liu [40,41].




2.4.2. Microsection Analysis


To analyze fungi entering into the wood and dyeing in different directions, the microscopic observation of the dyed wood was carried out, and the difference of growth and secretion characteristics of fungi in the wood between the two infection methods was compared. The specimen was taken from the center of the dyed wood, and the radial section or tangential section of dyeing wood was selected for observation.




2.4.3. Chemical Composition Analysis


Although the two infection ways have the same infection channel, the infection degree of wood needs to be detected and identified due to the difference in hyphae entering into the wood and the direction of contact with the wood. Therefore, FTIR (the test wavelength was 525–4000 cm−1 and scanned 32 times), XRD (the scanning angle was 5–90°, and the scanning speed was 5°/min), and TG-DSC (under nitrogen protection, heat the sample from room temperature to 40 °C, keep the sample at 40 °C for 1 min to ensure uniform temperature distribution, and then heat it to 1000 °C at the heating rate of 20 °C/min) were used to test the infected wood.




2.4.4. Surface Characteristics


Distilled water (viscosity: 0.9 mPa·s, pH: 6.8) and two commonly used wood surface treatment solvents were used to test the contact angle of dyed wood, and the other two solvents were varnish (viscosity: 90 mPa·s, pH: 7.8, solid content: 26.05%) and natural coating (viscosity: 3575 mPa·s, pH: 7.4, solid content: 29.74%), respectively, to test the difference of contact angle of the wood surface before and after dyeing (Test conditions: 30 s of test time, 2 μL of droplet size, room temperature environment).






3. Results and Discussion


3.1. Visual Staining Phenomenon


Figure 2a shows the difference between vertical and horizontal infection of poplar wood after 20 and 40 days of induced dyeing. After twenty days post-vertical infection, the fungal dyeing of the tyrosinase induction group had penetrated 20 mm wood specimen. Compared with the other two groups of infected poplar wood, the tyrosinase induction group has better infection uniformity, while in horizontal infection, a significant difference can be observed in infected poplar wood regarding infection depth and color between 20 and 40 days after dyeing. After 40 days of dyeing, the woodblock with a width of 50 mm had been thoroughly infected, and the horizontal infection was much better than the vertical infection in tricyclazole induction. Due to the effect of nutrient solution absorption and inducer, the horizontal infection was stronger than that of vertical infection, which ensured the continuity and effectiveness of induction. In addition, the poplar’s internal dyed parts were analyzed and tested by a colorimeter to understand the internal dyeing situation of the wood. The chromatic aberration before and after dyeing was tested by a colorimeter (Figure 2b), and the color simulation was carried out according to the collected colorimetric values (Figure 3). The color difference between the two infection methods was not obvious in 20 days, but the horizontal infection was significantly greater than the vertical infection after 40 days.




3.2. Micromorphology


An observation of dyed wood after 40 days of infection by scanning electron microscope found that the hyphae inside the wood in the tricyclazole induction group were less than those of other groups and difficult to find (Figure 4). On the one hand, the induction of tricyclazole inhibited the hyphae of Lasiodiplodia theobromae. On the other hand, the mycelium induced by tricyclazole in the wood was thinner and attached to the vessel’s inner wall after drying. There was no significant difference between the two types of infection, but in general, the number of hyphae in horizontal infection was more abundant than that in vertical infection. In horizontal infection, many hyphae penetrate the wood rays and vessel pits, accumulating in the vessel’s inner wall.




3.3. Infective Characters


According to the apparent color changes and microscopic fungal infection of dyed wood, the essential difference between the two dyeing methods was the absorption of the nutrient solution by L. theobromae and the inducer effect, which showed the difference in the uniformity, speed, and color difference of dyeing. Figure 5 shows the schematic diagram of the two infection modes, the vertical infection hyphae first covered the surface of the wood with a layer of hyphae and began to infect the interior of the wood. During horizontal infection, the hyphae usually covered the surface of the wood first and then infected the interior of the wood through the vessels of cross-section according to the time of contacting the wood. The earlywood was the first tissue invaded by hyphae; the amount of pigment secretion was less in the early stage of invasion, and a large amount of pigment secretion began after 20 days, which was more effective than vertical infection.




3.4. Chemical Composition


The growth of hyphae is accompanied by the secretion of cell wall degrading enzymes, such as cellulase (Cx), hemicellulase, and ligninase, which consume the cell wall components and destroy the wood structure. This experiment explored the changes in the composition and structure of dyed poplar wood and selected the horizontal infection method with a better infection effect to test the dyed poplar wood (Figure 6). The infrared spectrum showed that there are 2342 and 2360 cm−1 characteristic peaks in the dyed wood, which should be the main structural substance of the pigment secreted by fungi, and it was speculated that this substance was the stretching vibration of the C−C triple bond [42]. In addition, there were characteristic peaks of 1029 cm−1 (aromatic C−C structure or the stretching vibrations of C−O−C) and 668 cm−1 in-plane C-H bending deformation and out-of-plane C−H deformation [43], and the intensity of these peaks increased. In general, the infrared analysis of chemical components of dyed wood did not show the characteristic peak which disappeared or weakened obviously, so it was speculated that it had little effect on the composition and structural strength of wood.



Calculation of crystallinity based on X-ray diffraction pattern [44] (Segal): X-ray crystallinity (XC) = (I002 − Iam)/I002 × 100%, of which I002 is 002 (22.0°) of the diffraction intensity of the crystal plane, Iam (18.0°) is the diffraction intensity of the amorphous region. The crystallinity was 38.17%, 33.52%, 33.29%, and 34.82%, respectively, from the control group to the tricyclazole induced group (Undyed, WD1, WD2, WD3). The crystallinity of the infected wood was similar but slightly decreased (Figure 7), indicating that the growth and secretion of fungi in the wood had a certain effect on the cellulose crystallization area. TG test showed that the gap value of the weight loss rate of each group was 1.87%, and the biggest weight loss rate was the untreated group (Figure 8a). DSC test showed that two exothermic peaks appeared at 300 °C and 600 °C and had a slight difference in the endothermic peak area (Figure 8b). This should be due to the influence of pigment secreted by fungi or the individual differences.




3.5. Wettability


The contact angle test was carried out by selecting the poplar wood with a better dyeing effect. As shown in Figure 9, the initial contact angle of horizontal dyed wood in distilled water increases obviously compared with other groups, but the initial contact angle of varnish and natural coating on dyed wood was almost the same as that of untreated wood. The reason was that varnish and natural coating both have a relatively high viscosity and molecular weight. The two liquids had a large wood contact angle in normal conditions, and the partial mycelium from dyed wood was filled with the channel for the solvent to pour into the interior. Therefore, the transmission channel of water molecules was narrowed compared with untreated wood, which was more obvious compared with other solvents. Figure 9b shows the typical dynamic curves of three solvents in wood. The higher the molecular weight and viscosity, the smaller the change rate of the contact angle.





4. Conclusions and Outlook


In this experiment, the color difference of horizontal infected poplar wood was significantly greater than that of vertically infected poplar wood after 40 days of dyeing, with a larger infection depth and color depth, especially in the tricyclazole induced group. The number of hyphae was more abundant in the horizontal infection than in the vertical infection. The hyphae invaded the tissue of earlywood first and began to secrete much pigment after 20 days. There were prominent characteristic peaks of 2342 and 2360 cm−1 in the dyed poplar wood, accompanied by a slight decrease in crystallinity and a small difference in weight loss rate, which had a minor effect on the wood composition and structural strength on the whole. In addition, the initial contact angle of the samples dyed with distilled water increased obviously, but in varnish and natural coating, there was almost no difference with untreated wood.



Although the direct infection of microorganisms on wood can achieve a better dyeing effect, it is unrealistic to reach the level of industrialization in the long run, which needs large-scale industrial equipment, culture environment, and long dyeing cycle time. Therefore, it requires relatively superior technology to produce and extract pigment by microorganisms, such as fermentation culture. Fungal natural dyes can be produced in large quantities with a short culture period, low production cost, and no resource or environmental restrictions.
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Figure 1. Biological dyeing process of vertical and horizontal infection of poplar wood by Lasiodiplodia theobromae. 
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Figure 2. (a) Dyeing graph and (b) chromatic aberration of vertical and horizontal dyeing of poplar wood by Lasiodiplodia theobromae after 20 and 40 days. (LB1 stands for vertical infection–20 days–control group). 
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Figure 3. Color simulation of vertical and horizontal dyeing of poplar wood by Lasiodiplodia theobromae after 20 and 40 days. (Tyrosinase and tricycle are abbreviated as Ty and Tr in this figure). 
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Figure 4. Micromorphology of vertical (a–c) and horizontal dyeing (d–f) of poplar wood by Lasiodiplodia theobromae after 40 days. (The arrow indicates the position of mycelium). 
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Figure 5. Infective characters of vertical and horizontal dyeing of poplar wood by Lasiodiplodia theobromae. 
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Figure 6. Changes of chemical components of poplar wood in vertical and horizontal dyeing by Lasiodiplodia theobromae after 40 days under different induction factors. 
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Figure 7. X-ray diffraction images of poplar wood infected for 40 days under different induction factors. 
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Figure 8. TG (a)-DSC (b) analysis of poplar wood infected for 40 days under different induction factors. 
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Figure 9. Initial contact angle (a) and typical dynamic contact angle curve (b) of poplar in different types and induction factors under the solvent of distilled water, varnish, and natural coating. 
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