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Abstract:



Opportunities for alternatives to synthetic textile dyes are of increasing importance as the world looks to minimize its ecological footprint. Fungal pigments within a unique class of wood-rotting (“spalting”) fungi have been under investigation for several years as a possible solution, and have been shown to be ideally suited as textile dye coatings. Unfortunately, the solvent currently in use for these colorants is dichloromethane (DCM), which is an environmental problem as well as a potential human carcinogen. Recently, researchers found that the pigments from Chlorociboria species, Scytalidium cuboideum, and Scytalidium ganodermophthorum could be carried in some natural oils, which opened up a potential method of delivering pigments onto a host of substrates without utilizing DCM. Although the pigments can be carried in oil, no testing has thus far been conducted as to how oil affects the binding properties of the pigments onto textiles, or how the oil might affect the pigments directly. In this paper, the pigments produced by three well-known wood-rotting fungi were carried in raw linseed oil and applied to cotton, polyester, and nylon. Only the red pigment produced visible color change on the textiles. Cotton and polyester showed the greatest color change when the pigments were dripped onto the fabric, while polyester showed the most color when the textile was submerged into the pigment solution. Unfortunately, the colors faded significantly for all the tests except the saturation test. This indicates that while natural oils may be excellent, nontoxic alternative carriers for DCM, the pigments are not stable within them except at very high concentrations, and therefore natural oils—including raw linseed oil—are not ideal for use in conjunction with these pigments.
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1. Introduction


Global textile fiber consumption was approximately 213 billion lbs in 2016 [1], and the majority of the fibers were used in textiles that had to be dyed or printed. As a major world industry, in the most recent decade, textile and apparel manufactures have geared up to develop environmentally friendly and stainable technologies to rectify two main issues associated with textile dyeing and printing: (1) the heavy energy and water consumption [2] and (2) the use of toxic dyes, chemicals, and the associated environmental pollution [3].



To reduce water and thermal energy consumption in textile coloration, several technologies have since been developed, such as dyeing with supercritical fluid carbon dioxide (SC–CO2) and digital textile printing with an inkjet printer [4]. Although dyeing with SC–CO2 for polyester fabrics has been successfully commercialized, the traditional toxic synthetic dyes are still in use and there remains much research to be done before this technology can be applied to all textile fibers [5,6]. As for textile coloration using digital inkjet printing technology, although it presents a promising energy-saving alternative, conventional synthetic dyes as well as chemical binders are used, and there is often the need for fabric pre-treatments, as well as post fabric heat curing, steaming, and washing [7,8].



Most importantly, printing quality and colorfastness remain to be optimized by additional fabric pre-treatments [9]. The search for non-toxic and less polluting dyes for textile coloration has led to a re-examination of natural dyes from various sources such as plants, animals, and microbes [10]. However, most of the natural dyes derived from plants or animals not only do not meet the quantity demands for mainstream textile production, but also their dependence on mordants for color fast quality still remains [11].



Among the various natural sources investigated, microbes have been found that can produce a large range of pigments [11]. Aside from a relatively “fast” growth rate, some of these pigments have also been shown to pose color quality potential for textile applications [12,13]. In recent years, fungal pigments obtained from sustainable natural colonies of infected wood have been successfully extracted for the coloration of wood products [14]. Preliminary research found that fungi specifically adapted to growth on internal wood substrates have exceptional UV resistance [15]. Due to their better color consistency and stability, these pigments have also been studied for use as environmentally friendly alternatives to petroleum-derived synthetic dyes used in the textile industry [15]. Currently, green, red, and yellow pigments from the wood-staining fungi (Chlorociboria aeruginosa (Oeder) Seaver, C. aeruginascens (Nyl.) Kanouse, Scytalidium cuboideum (Sacc. & Ellis) Sigler & Kang, and S. ganodermophthorum Kang, Sigler, Y.W. Lee & S.H. Yun) have been extracted and used in the dyeing of cotton, polyester, acrylic, nylon, and wool [15]. These pigments have been found to be not only stable in light, but also in all weather conditions. They are also stable through sweating, do not fade with hot water washing, and for some of the pigments, are not even removable with bleach [15]. The blue-green pigment from the Chlorociboria species is known as xylindein, a naphthoquinone [16]. The red from Scytalidium cuboideum is known under a common name as “draconin red”, was first detailed by Golinski et al. [17], and is a naturally occurring crystal [18]. The nature of the yellow pigment from Scytalidium ganodermophthorum is still under investigation.



Unlike conventional dyeing, fungal pigments are from sustainable sources, do not require water and thermal energy for application, and bind readily to numerous substrates. In addition, the growth of fungal pigments requires minimal energy inputs, with only minor biological materials (such as barley malt). Although these fungal pigments can grow in water, organic solvents are needed in order to extract and apply the pigments. In addition, experimental data show that once bound to a substrate (e.g., a fabric) these pigments cannot be solubilized without harsh organic solvents [19,20] due to their insoluble nature in most solvents, including water. Although this low solubility characteristic lends the pigments good colorfastness for textile applications, it also presents challenges—in particular, for finding a non-toxic carrier for pigments in textile dyeing.



Although a few organic solvents (e.g., acetone, acetonitrile, and tetrahydrofuran) have been found that can carry a small amount of fungal pigments, there are issues with the color consistency and stability of the pigments in these solvents [19,20]. To date, dichloromethane (DCM) has been found to be the most effective solvent for the pigment extraction and as the carrier for textile coloration, and is the lowest toxicity solvent in which the pigments remain stable [20]. Using DCM as carrier in textile dyeing, the fungal pigments remain in solution and only bind to the textile when the solvent evaporates. The DCM can be recaptured and recycled [15]. Unfortunately, the process through which the recycling takes place involves extensive infrastructure, which many companies do not have in place. Because of this, and due to DCM’s toxicity, efforts have been made to explore other carriers.



Nontoxic natural oils have long been used as binders of pigments for oil paintings [15]. Among them, linseed oil (also known as flaxseed oil) has been used most widely as a carrier for oil paints due to its fast drying, high concentration of linolenic acid, and polymer-forming properties [15,20]. Not only is linseed oil a common carrier used in oil paints [21], but it can also be used as a painting medium, making oil paints more fluid, transparent, and glossy [20]. Preliminary studies [22] of several natural oils—including five types of linseed oil—as potential fungal pigment carriers show that many of these oils were excellent carriers, and specifically that raw linseed exhibited not only a high carrying capacity of the pigments, but also color stability. When mixed with the fungal pigment, raw linseed oil not only does not affect the pigment color, but also allows different pigment colors to be blended to some degree [21,23]. Thus far, this different pigment color blending capacity has not been possible in solvent carriers. However, the oil-carried pigments have not been tested on any substrate and while the pigments are stable in solution, this does not mean that they will remain so throughout the oil polymerization process.



Although linseed oils have demonstrated the capacity to carry fungal pigments without affecting their colors, it is the purpose of this study to examine the potential of dyeing textiles with raw linseed oil as the pigment carrier. Three commonly used textile fibers—cotton, polyester, and nylon—will be subjected to dyeing of oil-dissolved fungal pigments, and the range of color produced in each fiber fabric will be investigated. If the pigments extracted from these fungi can be applied to various textiles using oil as carrier and are found to be color stable, their use in commercial textile production could potentially replace toxic dyes/pigments and eliminate the use of chemical auxiliaries, as well as reduce water and energy consumption during textile coloration.




2. Materials and Methods


Fabrics with a composition of 100% polyester, 100% cotton, and 100% nylon each were used for testing. All three of them were plain weaved, bleached, and unfinished. The fabric weights were light to medium, their densities (known as fabric count) were 156 (71 × 85, meaning 71 warp yarns and 85 filling yarns per 2.54 cm of fabric) for nylon, 144 (71 × 73) for cotton, and 140 (68 × 72) for polyester. All the samples were cut in concurrent sections of 5.08 cm by 5.08 cm, and 5.08 cm by 12.7 cm.



Three different tests were performed: dripping, saturation, and submersion. Previous textile tests with the aforementioned fungal pigments showed significant differences in pigment binding and uptake between application methods (dripping and submersion) [19]. A saturation test was performed to determine how saturated (how “dark”) the textiles could become, to help determine the color range possible.



The tests utilized fungal pigments placed in raw linseed oil (Sunnyside Corp. 87332, produced in Wheeling, IL, USA) from the fungi Chlorociboria aeruginosa (blue/green, UAMH 11657, isolated from a hardwood log in Canada), Scytalidium cuboideum (pink/red, UAMH 4802, isolated from oak, location unknown), and Scytalidium ganodermophthorum (yellow, UAMH 10320, from South Korea). The pigments were extracted from wood-amended 2% MEA (malt extract agar) malt agar plates, then placed into raw linseed oil as described in Robinson et al. [21]. The amended plates contained finely ground white rotted, sterilized wood shavings that stimulate pigment production [22]. Extracted pigments were added to the raw linseed oil in their DCM carrier, and then the DCM was evaporated off, leaving the pigments in oil solution.



The color analysis was performed on the samples using a Konika Minolta CR-5 colorimeter (Konika Minolta, Tokyo, Japan) using the CIE L*a*b colorspace with the Delta E 2010 calculation (wherein delta E gives information on the overall color change between a target sample (control) and the tested sample (the one with the pigment). All tests were performed at a temperature of 21 ± 2 °C, and 65% relative humidity, as described below.



The colored oil was prepared following the methodology outlined by Robinson et al. [21]. Pigments were extracted from the three fungi mentioned above from woodchip-amended malt agar plates using DCM [21]. The color was standardized using the baseline established by Hinsch et al. [20] and then added to raw linseed oil until the carrying capacity of the raw linseed oil was reached [21]. The solvent was then evaporated off, leaving the pigment suspended in the linseed oil.



2.1. Dripping Test


The dripping test consisted of applying 1, 5, 10, 15, or 20 drops of the oil-solubilized pigments onto each different fabric using a 1 mL pipette (brand Gilson, Middleton, WI, USA) and pipettor tips. Each drop had a weight average of 0.02443 ± 0.00107 g. The test had six repetitions for each material and treatment as well, making a total of 90 samples in total. Additionally, five control samples were taken for each treatment.



The color analysis started 5 min after the treatment, and readings were taken across five intervals: 10 min, 1 h, 24 h, and 7 days.




2.2. Submersion Test


15 borosilicate glass beakers of 250 mL each (VWR, Radnor, PA, USA) were filled with 100 mL of fungal pigment carried in raw linseed oil. A different beaker was used for each testing time and fabric type. The fabrics (cotton, nylon, and polyester) were submerged in the oil without covering the beakers, and the replicates were removed at 5 min, 10 min, 1 h, 24 h, and 7 days. Six replicates were used for each treatment and fabric, making a total of 90 samples.



After the treatment time, the samples were placed on a white paper towel (brand Boardwalk, produced in USA). Color analysis was performed at 5 min, 10 min, 1 h, 24 h, and 7 days.




2.3. Saturation Test


For this test, six samples of each fabric were used for each treatment, making a total of 72 samples. All the samples were placed on a mesh tray (thin gauge wire stretched across a wood frame). 5 drops of pigment were applied to the samples with a 1 mL pipette. After 48 h of the application, six replicates from each fabric were taken to be analyzed. On the remaining samples, 5 more drops were added and after another 48 h, six of this samples were taken to be color analyzed. This process was repeated until reaching 20 drops on the last set of fabrics (at which point the pigment merely ran off the fabric).



The controls had the same treatment, but raw linseed oil with no fungal pigment was used.



The statistical analysis was performed using SAS 9.8 (brand SAS Institute, Cary, NC, USA). A three-way ANOVA was run for each test. For the dripping test, the independent variables were time of measurement, number of drops, and type of material. For the submersion test, the independent variables were amount of time submerged, the time of the reading, and the type of material. For the saturation test, the independent variables were time of the reading, number of drops, and the type of material. When needed, two-way and one-way ANOVAs were performed (according to the interactions present). A Tukey HSD was performed to determine where the differences lay at α = 0.05. The dependent variable for all tests was the Delta E calculation.





3. Results


3.1. Preliminary Results


Initially the testing as described above was performed with all three colors: blue-green of Chlorociboria aeruginosa, red pigment of Scytalidium cuboideum, and the yellow pigment of Scytalidium ganodermophthorum. However, the blue-green and yellow pigments produced no visual color change after 24 h in any of the textiles after going through the entire dripping test. Therefore these two pigments were not carried forward into the other tests.




3.2. Final Testing—Dripping


The three-way ANOVA for the dripping test was significant at p < 0.0001. There were no significant three-way interactions, and neither was the two-way interaction between drops and time significant. The interaction between fabric and drops was significant at p < 0.0001. The Tukey test showed the most color change on cotton at 15 drops (41.99), although the delta E value was not significantly different than cotton at 20 drops (39.83), cotton at 10 drops (39.52), and polyester at 10 drops (37.67). The combination with the least significant color change was nylon at 1 drop (12.77). Overall, nylon had the least amount of color change, and across fabrics there was no significant difference in color between 20, 15, or 10 drops for cotton or polyester.




3.3. Final Testing—Submersion


The three-way ANOVA was significant at p < 0.0001, and there were no three-way interactions. Only the two-way interaction of fabric type by exposure was significant. The amount of time any of the fabrics were submerged did not significantly affect the color change. The results from this test were not surprising. Previous work has shown that the pigments from these fungi only bind to their substrate once the carrier has evaporated [24]. With no evaporation possible while in submersion, the textiles will all take up the same amount of pigment no matter how long they are submerged.



For fabric by time, polyester at 5 min had the most color change (20.65), but it was not significantly different than polyester at 1 h (19.41) or polyester at 1 min (19.05). The nylon tests had the least amount of significant color change overall. In terms of general color fade over time from the submersion test, polyester took the full week to have a significant color decrease. With cotton the color faded significantly after 1 h and continued to decrease through the entirety of the test. Nylon followed a similar color degradation pattern.




3.4. Final Testing—Saturation


The three-way ANOVA was not significant. Of the two-way ANOVAs, only fabric type by number of drops was significant at p = 0.0026. Polyester with 20 drops (34.36) had significantly more color change than polyester at 5 drops (28.24), however the other amounts were not significantly different from one another. For cotton the color change was not significantly different between 15 drops (30.83) and 20 drops (29.34), but both were significantly higher than cotton at 5 drops (20.32). The greatest color change on nylon was at 20 drops (27.03), but it was only significantly different than nylon at 5 drops (14.40). Overall, the amount of different layers added did not appear to significantly affect the color change of any fabric after 10 drops, which confirms the results found in the dripping test.





4. Discussions


4.1. Preliminary Results


While the failure of the blue-green and yellow is surprising noting the success of the two pigments in textiles when using DCM as a carrier [25], it may very well be explained by the phenomenon noted in Robinson et al. [21], that found not only a link between the polymerization of natural oils and a degradation of the pigment carried within them, but also a clear affinity for the red pigment for most natural oils that was much greater than that for the other two pigments. That the oil itself was colored appropriately before being placed on the textiles, and that the color came through initially on the textiles and then faded over the course of one day, lends itself to the likelihood that oil polymerization is indeed responsible for the decolorization of the blue-green and yellow pigments. Is also noteworthy that previous studies have determined that the structures of the green and yellow pigments are amorphous, and thus more likely to react and depolymerize with the oils [18,26]. On the other hand, the red pigment has a crystalline structure (Figure 1) which can confer higher stability in the pigment molecule, giving it more resistance to further reactions with the oil [18].


Figure 1. Crystalline structures from the pigment of Scytalidium cuboideum.
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4.2. Final Testing—Dripping


Previous tests with the red pigment used herein have found significant color differences when applied between cotton and polyester (with a DCM carrier) [25]; these differences appear to have equalized when using raw linseed oil as the carrier. As the carrier is the differentiating factor, the difference may be due to the slow evaporation time of the oil. Previous tests [19,27] have shown that the colors on various substrates “build” in saturation with more coats applied, but only if the carrier from the previous application has completely dried. When using DCM, this process is quite fast and textiles either capable of holding more pigment, or upon which the pigment has a unique formation [18] (e.g., polyester), end up with a much higher amount of color change. In contrast, when multiple layers are applied while the carrier is still present, the pigment does not bind to the substrate. In this particular instance, the oil was likely not given enough time to dry between applications (which can be seen in the lack of color change after approximately ten drops applied, regardless of textile). This then inhibited more pigment binding, which may not have allowed polyester to take on as much pigment as is usually possible. It is also possible that the oil carrier somehow interfered with the “normal” way in which DCM-carried red pigment normally wraps around polyester fiber. A follow-up study using SEM or TEM microscopy would be needed to confirm this. Either way, the extensive drying time is problematic when considering commercial applications.




4.3. Final Testing—Submersion


The results for the submersion test are also consistent with previous work [25] that found the red pigment produced superior color and was much more permanent through various textile tests on polyester than on other fabrics. Recent studies have also found a crystal-like structure in the red fungal pigment coming from Scytalidium cuboideum [18,26]. It has been hypothesized that the unique structure of the crystal is the reason for its permanence on polyester, due to the way it attaches to the fibers [18].




4.4. Final Testing—Saturation


As with the submersion test, it is possible that the issue with a lack of color change after 10 drops may have more to do with the amount of time the oil needs to dry than with the saturation of the fibers with the pigment. Increasing amounts of oil should take increasing amounts of time to dry, and as previously stated, the fungal pigments will not bind when their original carrier is present. Although 48 h was sufficient time for the oil to have absorbed, the fabrics were still wet to the touch when more solution was applied. As such, there was little chance of the fabrics taking up more pigment or the pigment building upon previous layers.



It is important to note that regardless of fabric type or application method, the color of the red pigment did fade over time in every instance, except for the saturation test, during which the pigments actually became darker (not significantly) (Figure 2).


Figure 2. Visual representation of the highest delta E values (max color) for all fabric types across all test types, to show fading. “Minimum time” represents the initial color of the textile upon the pigment being applied, and “maximum time” represents the final color on the last day of evaluation (one week).
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As similar results have not been seen in the red pigment when carried in DCM [20], but has been noted in preliminary oil carrier work [21], it can be concluded that raw linseed oil—which was shown to be the best at carrying the fungal pigments—is not well-suited as carrier due to their polymerization and thereby the breakdown of the pigment. The fact that a fade was not seen in the saturation test is likely due to the large amount of oil pigment placed and the extensive drying time required to polymerize the entire treatment. It is likely that color fade would occur even with the saturation testing, if given enough time. Whether this is merely the case on textiles, or if it would also hold true on wood substrates or in something like paint requires further investigation.





5. Conclusions


The red pigment was the only one to successfully remain stable on the textiles after initial application. Specifically for the red pigment, cotton and polyester performed equally well in the dripping test, and polyester performed best in the submersion test. This suggests that different fabrics may produce different color change values according to the treatment applied and/or carrier used. However, even with the red pigment, the color did show significant reduction at the 7 days reading.



This research confirms the suspicions in Robinson et al. [21], that the polymerization of the tested oils—including the “top” carrier oil, raw linseed oil—makes these oils unsuitable for carrying the fungal pigments in the long term when applying them to textiles. There may be other classes of oils that do not cause such degradation of the pigments, and future research should consider investigating those areas, as the toxicity of DCM as a carrier for these novel textile colorants is the one large hurdle holding back wood-decay fungal pigments from commercialization. As the red pigment does not degrade in solution of raw linseed oil, other media (e.g., wood or paint) should also be investigated for use with the pigments. It may be that the textiles themselves are contributing to the reaction, and that the pigment on wood or in paints might not degrade.
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