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Abstract

:

Pigments of natural origin have become a research trend, and fungi provide a readily available alternative source. Moreover, developing novel processes that increase yields, reduce process time and simplify downstream processing is of increased interest. In this sense, this work proposes an alternative for Talaromyces atroroseus GH2 biomass re-utilization to produce pigments through consecutive batches using immobilized mycelium. Different support materials were evaluated for pigment production and immobilization capacity. Then, Taguchi’s method was applied to determine the effect of four factors related to fungal immobilization and pigment production (inoculum concentration, support density, working volume and support volume). Afterward, process kinetics for pigment production using immobilized cells of T. atroroseus GH2 in consecutive batches were evaluated. All evaluated factors were significant and affected pigment production and microorganism growth differently. At improved conditions, immobilization capacity reached 99.01 ± 0.37% and the pigment production was 30% higher than using free cells. Process kinetics showed that the production could continue for three batches and was limited by excessive microorganism growth. Indeed, more studies are still needed, but the immobilization of Talaromyces atroroseus GH2 represents a promising strategy for allowing downstream-processing intensification since immobilized biomass is easily removed from the fermentation media, thus paving the way for the further development of a continuous process.
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1. Introduction


Day by day, the demand for an alternative to synthetic colorants is increasing, mostly due to concerns about their safety since various synthetic pigments possess a potential risk to humans and the environment [1]. Microorganisms provide a readily available alternative source of natural pigments. As opposed to other natural pigments, microbial ones have huge advantages such as rapid growth, easy processing and not depending on weather conditions or season [1].



Filamentous fungi have been used for large-scale production of molecules of interest with high commercial relevance such as enzymes, antibiotics and feed products. In addition, these fungi are known to produce an extraordinary range of pigments, such as carotenoids, melanins, flavins, phenazines and azaphilones [2]. The pigmented compounds produced by filamentous fungi are of interest in many commercial areas. Therefore, research towards developing optimized bioprocesses that lead us to produce various novel and valued molecules and secondary products through fermentation with less investment is a hot topic [3].



Certainly, the use of microbial pigments dates from about two centuries ago in ancient China. The first strain characterized for red pigment production in fermented rice was Monascus sp., in the late 1980s [4]. Since then, Monascus-fermented red rice has been used as a traditional food colorant and medicine. Nonetheless, due to the co-production of citrinin along with pigments by some species of Monascus, its use as a food additive is not permitted in other countries. Due to this, researchers have been looking for other strains capable of producing Monascus-like pigments.



Talaromyces spp. produce pigments that are closely related to those produced by Monascus spp. but without the production of citrinin [5]. It has been explained that the gene cluster in charge of the azaphilone pigment production is widely distributed among various filamentous fungi genera, viz. Monascus, Talaromyces and Penicillium [5].



Indeed, the developed bioprocess requires meeting the criteria of product quality, scalability and robustness. In this sense, developing a cost-effective process with high pigment production yield is crucial. Different bioprocessing strategies have been elucidated in the literature for reducing bioprocess costs, such as process optimization [6], reducing processing time by implementing a continuous process [7] and using cheap residues as substrates [8].



Regarding pigments produced by Talaromyces strains, numerous attempts have been made to optimize the crucial variables affecting the process [9]. Nevertheless, most of the studies have been carried out in batch cultivation. Pigments produced by Talaromyces atroroseus are intracellular and extracellular but are mainly excreted out of the cell and into the producing media [9]. Therefore, cell immobilization for recycling biomass through repeated batches represents an alternative for developing a continuous process.



Immobilization techniques have been applied over microorganisms, isolated microbial enzymes and cells to synthesize various high-value compounds [10]. Cell immobilization strategies have been demonstrated to be an impactful method regarding the economics of a whole bioprocess [11].



The utilization of immobilized biomass has been proven to increase the biomass resistance to thermal, chemical and shear forces; facilitate biomass recycling for a continuous process; and reduce the time for the downstream processes such as solid–liquid separation, recovery of the product of interest and filtration [12]. Accordingly, since the pigments produced by Talaromyces spp. are released and diffused on the liquid media, having the biomass immobilized onto a support permits easily separating the support with the biomass, leaving the diffused pigments on the fermentation media. All these advantages represent a reduction in the overall costs of the process.



Moreover, the ability of fungi to attach to various surfaces gives them a higher capacity to colonize and overcome harsh environmental conditions [13]. Fungal biomass immobilization is governed by biological and physical parameters such as proteins located in the fungal cell membrane and hydrophobic interactions between fungal cells and surfaces where immobilization occurs. These interactions permit the fungi to attach to biotic (plants, other species, etc.) or abiotic (inert or synthetic supports) surfaces. This natural behavior has been investigated to intentionally immobilize cells in specific supports for easy control and reuse [14]. In addition, it is known that immobilized filamentous fungi have an increased capacity for secondary metabolite biosynthesis [15].



The nature of the selected support for the immobilization plays a crucial role in the process. In this sense, one of the advantages of the utilization of synthetic/inert supports over natural supports is that the microorganism does not consume it. For instance, natural supports may deliver and alter the composition of the medium as the action of natural decomposition or biological degradation for the activity of the microorganisms itself, thus adding more variability in the process [16]. Optimization techniques must be applied to maximize processing time, cost-effectiveness and metabolite-of-interest production. In this work, the Taguchi methodology was selected to determine the influence of factors that can affect the microorganism’s immobilization during the pigment production process. The Taguchi method has been widely applied at an industrial level due to its ability to improve the process by performing a relatively small number of experimental runs. This method was previously applied to select the best inoculum that enhances pigment production by Talaromyces atroroseus GH2 [17].



First, various inner supports were evaluated to depict its fungal biomass immobilization capacity. The immobilization conditions were then improved, and the process kinetics were studied in either a single batch manner or a repeated batch by recycling the immobilized biomass.




2. Materials and Methods


2.1. Microorganism


Talaromyces atroroseus GH2 was used for immobilization before pigment production. The purified strain had been previously isolated and characterized as P. purpurogenum GH2. Nevertheless, P. purpurogenum has been transferred to Talaromyces spp. [18] and recently identified as Talaromyces atroroseus GH2. Fungal spores were stored at −20 °C in a cryo-preservative solution of skimmed milk and glycerol.




2.2. Media


The Potato Dextrose Broth (PDB, ATCC medium: 336) was prepared by heating 50 g/L of dehydrated potato flakes at 85 °C for 30 min; the mixture was then filtered through cheesecloth. Finally, 20.0 g/L of glucose was added before sterilization. Potato Dextrose Agar (PDA) was prepared equally to the PDB medium but with the addition of agar (15 g/L). The Czapek–Dox-modified (CDM) medium reported by Mendez-Zavala [19] for pigment production consisted of (g/L) D-xylose (15.0), NaNO3 (3.0), MgSO4·7H2O (0.5), FeSO4·7H2O (0.1), K2HPO4 (1.0), KCl (1.0) and ethanol (20.0). CDM medium initial pH was adjusted to 5 with a HCl solution before sterilization using 0.22 µm sterile membranes (Millipore, Billerica, MA, USA).




2.3. Inoculum


For spore preparation, the Talaromyces atroroseus GH2 strain was grown in 250 mL Erlenmeyer flasks with 50 mL of PDA medium and incubated at 30 °C for 120 h. After the incubation time, a suspension of spores was obtained by washing the cultures with a sterile aqueous solution of Tween 20 (0.01% v/v) with the help of a magnetic stirrer (Heidolph Instruments GmbH & CO. KG, Schwabach, Germany).



A mycelial suspension was used as inoculum prepared in 250 mL Erlenmeyer flasks containing 50 mL of PDB medium. Flasks were sterilized and inoculated with the previously prepared spore suspension (1 × 105 spores/mL) of Talaromyces atroroseus GH2. The flasks were incubated at 30 °C for 72 h in an orbital shaker (Inova 94, New Brunswick Scientific, Edison, NJ, USA) at 200 rpm.




2.4. Support Selection for Immobilization


Two nylon sponges (Delicate Duty, A; Kitchen Heavy Duty Grill, B) and one stainless-steel sponge (C) (all Scotch-Brite, 3M Spain, SA) were tested for their capacity for fungal biomass immobilization and pigment production. Before use, cubes of nylon sponges and irregular cuttings of the stainless-steel sponge were pre-treated, as reported by Castro et al., with some modifications [20].



Briefly, the nylon sponge cubes and stainless-steel sponge cuttings were boiled for 10 min and washed thoroughly three times with distilled water. Afterward, the supports were oven-dried overnight at 60 °C. Before biomass immobilization, the carriers were autoclaved at 121 °C for 15 min.



Pigment production with immobilized biomass was carried out in Erlenmeyer flasks (125 mL) containing each evaluated support. The support volume was 1 cm3 for A and B and irregular cuttings for the stainless-steel sponge. The same numbers (11) of cubes and stainless-steel pieces were used; thus, the supports’ density (support weight/working volume) differed for A (0.03 g/mL), B (0.07 g/mL) and C (0.13 g/mL). Erlenmeyer flasks containing the supports were sterilized (121 °C, 15 psi, 15 min), and sterile CDM medium was added (25 mL). The inoculated flasks (10%) were incubated at 30 °C on an orbital shaker (Inova 94, New Brunswick Scientific, Edison, NJ, USA) at 200 rpm for 168 h.



At the end of the first batch, the medium containing the extracellular pigments was recovered and the supports with immobilized biomass were aseptically transferred to a new flask with fresh CDM medium (Section 2.7). Culture conditions were kept as described in the paragraph above. The process was evaluated in three consecutive batches. Pigment production (P, OD500nm) and loosened biomass (XL, g/L) were assessed for the 1st, 2nd and 3rd batches. Total biomass (X, g/L) and immobilization capacity (IM, %) were evaluated only at the end of the 3rd batch. All experiments were carried out in triplicate.




2.5. Improvement of Immobilization Conditions


After support selection, Taguchi’s method was applied to determine the individual and combined effects of four factors related to the fungal immobilization capacity to increase pigment production. The evaluated factors were inoculum concentration (% v/v), support density (g/mL), working volume (mL) and support volume (cm3). Evaluated levels were designated after support selection and thus will be described in the relevant results section. Evaluated responses were pigment production, biomass growth, immobilization capacity and pigment per biomass yield. Once improved conditions were selected, a validation trial was carried out under selected settings in a single batch to infer possible interactive effects between factors.




2.6. Kinetics Evaluation under Improved Immobilization Conditions


Process kinetics of pigment production, biomass growth and substrate consumption were evaluated under improved conditions. Process kinetics of free biomass were also monitored for a single batch. Culture conditions for free and immobilized biomass were the same as previously described. Samples were taken every 24 h (“destructive samples”) during a single batch (168 h) for analysis.



After evaluating the kinetics in a single batch, process kinetics of pigment production, biomass growth and substrate consumption were evaluated in three consecutive batches with selected support at improved immobilized conditions. Samples were taken every 24 h (“destructive samples”).




2.7. Analytical Methods


The medium containing the extracellular pigments was separated from the immobilized biomass with the help of a syringe. Thereafter, pigment recovery was performed according to the methodology reported by [21]. The pigment extract was centrifuged at 8000 rpm and 4 °C for 20 min (Sigma-18KS, Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany) and then filtered through 0.45 µm cellulose membranes (Millipore, Billerica, MA, USA) prior to analysis. In this study, only extracellular pigments were considered.



The amount of red pigments produced by Talaromyces atroroseus GH2 has been reported by different authors as optical density units measured at 490–500 nm (a wavelength that represents the maximum adsorption for red colorants) [18], and pigment amount was quantified indirectly by simply measuring the optical density at 500 nm using a spectrophotometer (Unico UV 2150, Unico, Fairfield, NJ, USA).



The immobilized biomass dried weight was determined based on the difference between the weight of the support after fermentation and the weight of the support itself before fermentation [20]. The loosened biomass (XL, g/L) was determined using the gravimetric method. Immobilization capacity (IM, %) was calculated based on the percentage of immobilized biomass (XI, g/L) and total biomass (X, g/L) [20]:


   I M  =  (     X I     X I  +  X L     )  × 100  



(1)







Substrate consumption was analyzed by quantifying the total sugar content using the method reported by Dubois [22]. Pigment yield (OD500nm/g/L) was defined as the extracellular pigment per biomass obtained at the end of the batch.




2.8. Data Analysis


Target responses for screening support and continuous process assessment (pigment production, biomass growth and immobilization capacity) were analyzed with an ANOVA to test statistical differences (p < 0.05), followed by post hoc analysis with Tukey’s test at 5% probability to define homogeneous groups.



For the improvement of immobilization conditions, single responses (pigment production, biomass growth, pigment per biomass yield and immobilization capacity) were first analyzed with a two-way analysis of variance (ANOVA). If all interactions are negligible, then the level for each factor capable of maximizing the target response is the one yielding the highest average response [23].



The confidence interval of the predictions for a 90% confidence level was calculated as previously reported [23].



In improved immobilized conditions and free biomass (control), fermentation kinetics were studied and described by unstructured models for a single batch.



Biomass growth rate (dX/dt, g/L.h) was described by the logistic model [24]:


    dX   dt   =  μ o   (  1 −  X   X  max      )  X  



(2)




where μo is the initial growth rate, Xmax represents the maximum obtained biomass (g/L) and X is the instantaneous biomass concentration (g/L).



The Luedeking–Piret model was used to describe the rate of pigment production (dP/dt, OD/h) [25]:


    dP   dt   = α   dX   dt   +  β X   



(3)







The model includes two parameters with significant biological meaning, α for production related to growth and β for production related to maintenance. The substrate consumption was calculated as a function of the utilization of substrate for biomass growth, pigment production and cell maintenance [26]:


    dS   dt   = − γ   dX   dt   −  η X   



(4)




where


  γ =  1   Y  X / S     +  α   Y  P / S      



(5)




and


  η =  β   Y  P / S     +  k e   



(6)




where    Y  X / S     is the yield of biomass per substrate (gBiomass/gSusbstrate),    Y  P / S     is the yield of pigments per substrate (OD/gSusbstrate) and    k e    is the maintenance coefficient.





3. Results and Discussion


3.1. Support Selection for Immobilization


At first insight, the immobilization of Talaromyces atroroseus did not imply a significant increment if compared with the production using free mycelium (p, 10.0 ± 0.5 OD500nm). Nevertheless, the microorganism could grow and produce pigments among all evaluated supports. Table 1 shows the results of pigment production and loosened biomass in three consecutive batches and the final total biomass production and immobilization capacity in each support. Homogeneous groups were assigned to indicate statistical differences between supports A, B and C for each batch and for each response. Unfortunately, we only observed higher pigment production (p < 0.05) using support C during the first batch, and this was associated with the high experimental error. In any case, this preliminary evaluation aimed to select a suitable support for mycelial cells of Talaromyces atroroseus GH2 with high immobilization capacity. Yet, again IM was not statistically different between the supports (p > 0.05). Thus, other considerations were made for support selection. Support C was first ruled out due to the lower average immobilization capacity at the end of the third batch, which means leakage of biomass batch to batch. Even if unstable, both A and B supports kept the pigment production activity during the three batches and had a similar retention percentage, although support B exhibited the most unstable retention ability of these three evaluated supports.



Regarding the morphology of the immobilized biomass, two of these supports exhibited a similar morphology regarding biomass attachment and growth; this was the case of supports A and B, which exhibited an internal matrix fully occupied by the mycelial cells. For support C, even though the biomass could penetrate the support, it kept growing on the outer surface and provoked a biomass loss during the process.



Moreover, supports B and C presented higher experimental variability in terms of IM, which was undesired. Hence, only Support A was selected for further improvement of immobilization conditions based on the observed pigment production and immobilization capacity as seen in Figure 1. Choosing the right immobilization support directly impacts the microorganism metabolism because it can influence a good immobilization performance and a correct mass transfer into the support and through the biomass [27]. The nature of the selected support for the immobilization plays a key role in the process [28]. Figure 1 shows the selected support before and after the fermentation.




3.2. Improvement of Immobilization Conditions


In accordance with the results presented in Section 3.1, only support A, Scotch-Brite Delicate Duty Scrubbing Pad, was used in the following experiments.



3.2.1. Taguchi Experimental Design L9 Results


After support selection, the Taguchi experimental design was applied due to the high variability observed in the previous stage regarding pigment production and immobilization capacity. It has been reported that the Taguchi method is useful for improving process performance and minimizing variability [17].



The effect of four different factors at three levels on pigment production and biomass growth exhibited by Talaromyces atroroseus GH2 was evaluated. Table 2 shows the Taguchi L9 orthogonal array and the average results in pigment production, biomass, pigment per biomass yield and immobilization capacity. All the values chosen significantly impacted pigment production, varying from 0.02 to 8.089 OD500nm; total biomass growth, from 3.04 to 7.80 g/L; and immobilization capacity, from 72.68 to 100.00%. The global average of pigment production obtained at all evaluated conditions was 3.98 OD500nm.



Run 1 exhibited practically no pigment production and lesser total biomass production than the rest. Runs 2 and 9 had a higher pigment production than run 1, yet lower pigment production than the rest of the runs. Runs 4, 5, 7 and 8 exhibited production of pigments close to the global average, but the immobilization capacity varied greatly among such runs. On the other hand, runs 3 and 6 exhibited augmented pigment production (7.94 ± 0.03 and 8.89 ± 2.67 OD500nm, respectively) while maintaining a proper biomass immobilization (96.72 ± 2.01 and 100.00 ± 0.00%).



This pigment production is lower in comparison with that of the same strain in another study [20], although it is important to state that in that study, the highest production (11.45 ± 0.17 OD500nm) was reached using free cells.



There is a considerable difference in the biomass immobilization capacity between runs 3 and 6. While trial number 6 exhibited 96.72 ± 2.01%, the immobilization capacity of trial 3 is practically 100%. During trial 3, culture media remained clear with no turbidity produced by a biomass leakage, which indicates a good and lasting immobilization; any leakage could represent an operational problem such as clogs and less activity [29].



While the overall pigment production by Talaromyces atroroseus GH2 once immobilized is low, it is worth mentioning that such conditions must be optimized for better results, as shown by de Oliveira et al., who used a similar strain and obtained low pigment production before any optimization [30].



Additionally, the support’s possible maximum immobilization capacity was identified as a function of biomass loading per support weight (Figure 2). It was observed that above 0.5 g of biomass per gram of support, the immobilized biomass is significantly reduced. This maximum support capacity to retain the mycelium should be considered for future cell recycling in consecutive batches. Additionally, it has been reported that cell loading per support volume or weight can significantly affect microbial process productivity [31].



However, we could not identify a possible correlation between biomass loading and pigment production. In any case, the significance of factors can only be withdrawn from the analysis of the variance of the results.




3.2.2. Analysis of the Relative Influence of Factors


Figure 3 shows the ANOVA results depicted as the relative influence (%) of each factor (support volume, working volume, support density and mycelium) over the responses analyzed.



The support density had the highest relative influence (41%) on pigment production, followed by the utilized support volume (23%). Interestingly, the factors related to support characteristics showed the most significant effect on the pigments produced by immobilized biomass of T. atroroseus GH2. In addition, the error explained 11% of the obtained results for this response, which could be attributed to uncontrolled noise variables or interactive effects between factors.



Regarding biomass production, all the factors significantly affected microorganism growth (p < 0.05). For this response, the working volume had the greatest influence (41%), followed by the inoculum concentration (29%). In addition, for biomass growth, the error only explained 3% of the results, which implied that this response was less influenced by uncontrolled variables or interactive effects between factors. Concerning the pigment per biomass yield, only the support density and support volume were significant (35% and 31%, respectively).



This confirms that the physical properties of immobilization support are of major importance for both biomass growth and pigment production and that such behavior relies on the correct working volume to positively increase these responses due to the correct working volume increasing the accessibility of nutrients [32]. As for the immobilization capacity, all the evaluated factors were significant, and the inoculum concentration and support density significantly influenced this response (42% and 37%, respectively).



It has been demonstrated how increasing or decreasing cellular concentration in immobilization support directly affects the production of secondary metabolites [10,33]. In addition, the support volume and the working volume explained only a combined effect of 16% on the immobilization capacity. For this response, the error was relatively low (5%), implying that there is no interactive effect between factors on the fungal immobilization capacity of the support.



From the above results, it was evident that all the evaluated factors affected all the responses differently. Mostly, the analysis revealed that the most significant factors affecting pigment production are not the most important for microorganism growth. Although Talaromyces spp. immobilization on inert supports for the production of pigments has not been evaluated yet, our results are consistent with previous studies highlighting that pigment production by Talaromyces spp. is not related to growth [32]. It is a risk that the utilized support might emulate the fungal natural environment with proper conditions for growth, resulting in inhibition of pigment production.



In this work, the main target is to select the conditions that will allow a high immobilization of the strain so that the biomass can be recycled for the continuous process mode. Of course, maintaining the microorganism in a secondary metabolism state is crucial.




3.2.3. Analysis of Individual Factors


Figure 4 shows the mean plots (averages of all data obtained with each level of each factor), from where the identification of the improved conditions is straightforward: in each case, the best level is the one with the highest mean. It also gives a better understanding of how the responses are affected at the evaluated levels; we focused mainly on the effect of the most significant factors. Pigment production increased linearly with the support density (factor with the highest significance). In addition, a slightly quadratic effect was observed for the support volume. This means that using a higher support weight per working volume and a higher support volume induced the microorganism to produce pigments. Results could be attributed to the requirements of mass transfer into the support and through the biomass [27].



Mass transfer plays a crucial role in the bioconversion rate of immobilized biomass [34]. Authors have described the systems utilizing immobilized biomass in inert support submerged in liquid media as heterogeneous [35]. They describe the existence of two phases, liquid and solid (also named external and internal, respectively). The liquid phase comprises the media where nutrients are dissolved and available, while the solid phase comprises the inner support with the biomass immobilized in and within its matrix.



In heterogeneous systems (solid immobilization supports in the liquid media), the mass transfer rate from the outside to the inside is important. The poor mass transfer may reduce substrate intake and transformation rates. The present and dissolved nutrients in the liquid phase (culture media) must be transferred on the surface and through the supports’ immobilized biomass. This flow of nutrients from one phase to another is fundamental and determines the overall reaction rate, thus determining the whole performance of the bioprocess using immobilized biomass. Indeed, analyses such as scanning electron microscopy (SEM) will help describe and explain how immobilization occurs.



In the literature, it has been explained how it is possible to reduce the mass transfer resistance in both solid and liquid phases. For solid-phase mass transfer, the resistance can be reduced by decreasing the support size for biomass immobilization [36]. In contrast, increasing the agitation can reduce liquid-phase mass transfer resistance.



Agitation rates and immobilization support volume have been evaluated to address mass transfer phenomena in immobilized biomass-based reactors [37,38]. It was found that both parameters played a crucial role in the substrate intake and conversion rate, as mentioned above. On the same subject, even though reducing the support size has been proven to reduce the solid-phase mass resistance, thus increasing the conversion rate, other parameters limit the modification of the support size, such as pore size and interaction between the microbial cell and the support matrix [16].



Concerning biomass growth, working volume, the most significant factor, had a positive quadratic effect with an optimum at the highest evaluated working volume. In contrast, the inoculum concentration had a positive linear effect. This confirms that the physical properties of immobilization support are of major importance for biomass growth and that such behavior relies on the correct working volume to increase the accessibility of nutrients positively [34]. As for the linear increase in biomass growth with an increase in inoculum concentration, it could be evident if the nutrients are sufficient, which was the case.



As for Y, the support density presented a clear positive linear effect, while the support volume showed a negative quadratic effect. This response is important to maximize because it would be preferable to have a process with less biomass but maintaining a high pigment production. A process with excess biomass will affect the immobilization, and thus, loosened biomass could affect the hydrodynamics, viscosity of the medium, final productivities and downstream processing. However, Y trends and improved levels mostly correlated with the results obtained for pigment production.



As for the immobilization capacity, it was observed that the immobilization was highly reduced by increasing the inoculum concentration; specifically, shifting the inoculum percentage from 10 to 15% resulted in reduced immobilized biomass. This effect is opposite to biomass growth. Thus, it was assumed that a higher inoculum level resulted in higher biomass growth, which exceeded the support capacity to immobilize the cells, as shown in Figure 3.



Concerning the effect of support density, this factor presented a slightly quadratic effect with an optimum at the highest level. It is interesting to note the difference between the support density and support volume effects. Results showed that more cubes of lower volume were better for Talaromyces atroroseus GH2 immobilization than fewer with higher volume. This could be attributed to the ability of the mycelium to penetrate the support structures.



In any case, if all interactive effects are negligible, then the optimum level is the one with the highest average performance. As previously mentioned, our main target is to keep the microorganism in a secondary metabolism state but with a high level of immobilized biomass so that the biomass can be utilized in consecutive batches.




3.2.4. Validation Trials


Improved levels for increasing pigment production are an intermediate inoculum concentration (10% v/v), the highest support density (0.03 g/mL), and the highest working volume (30 mL) and support volume (1 cm3). Table 3 shows the expected responses (P, X, Y, IM) at such conditions and the contribution (positive or negative) to the grand average by each factor. The expected response within a confidence interval (minimum and maximum) is also shown. It can be observed that there is only a negative contribution of the factors to the immobilized biomass under the improved conditions for pigment production. The working volume gives this negative contribution; however, it is lower than 5%.



In any optimization assessment, validating the optimum settings is crucial to validate the methodology. A validation trial was carried out with the previously mentioned improved levels, and the results are also shown in Table 3. There was a satisfactory agreement between the confidence interval of the expected response and the one obtained after the validation trial for X, Y and IM. However, the experimental pigment production after the validation trial was 13.04% higher than the maximum limit expected.



This lack of agreement could be attributed to interactive effects between factors. If we recall the previously mentioned relative influence of factors, 11% of the results are explained by the error.



The importance of the interactive effects between factors relies on the fact that one can be misled to sub-optimum regions, which was not the case. Although there was no perfect agreement for pigment production, the results were higher than expected. Thus, improved conditions for pigment production were selected for the subsequent studies. Both high pigment production and high biomass immobilization can be attained under these conditions.





3.3. Process Kinetics Evaluation


3.3.1. Process Kinetics and Model Fitting Using Free and Immobilized Biomass


Figure 5 shows the kinetic behavior of free and immobilized cells under improved conditions of Talaromyces atroroseus GH2 in a single batch fashion regarding pigment production, biomass and substrate consumption. Table 4 displays the model parameters of equations presented in Section 2.8 (Equations (4)–(6)). It can be observed that the models presented a good correlation coefficient (R2 > 0.9) in all cases except for biomass growth with free cells. Those results are attributed to the logistic model’s inability to describe the cell death phase.



It can be observed that the microorganism showed a short lag phase (less than 24 h), and the stationary phase was reached at nearly 120 h in both cases. However, free cells presented a death cell phase, unlike the immobilized cells, which presented an extended stationary phase.



Regarding pigment production, immobilized T. atroroseus GH2 reached its peak of pigment production (13.01 ± 1.37 OD500nm) at 120 h, while the free cells reached their peak of pigment production (10.09 ± 0.57 OD500nm) at 168 h. This represents a reduction in the time of the whole process of 28% and an increment in the pigment production of 22% when using immobilized cells of T. atroroseus GH2 for pigment production. Biomass shows the total biomass production of both free and immobilized cells versus the progression of the immobilization capacity.



We previously suggested that the correct amount of immobilized cells can improve the production of pigments; concerning this, comparing the pigment production in both free and immobilized cells, along with the biomass production, we can see a correlation between the time when the highest pigment production was reached and the time when biomass production was near its peak. A high concentration of cells in an immobilized system permits cells to improve the conversion of the carbon source into the metabolites of interest such as pigments [39].



As seen in Figure 5, when immobilized, T. atroroseus GH2 exhibits a noticeable major biomass production, reaching 9.32 ± 0.51 g/L, much more than the free cells that only reached 3.75 ± 0.12 g/L.



The improved conditions for the microorganism growth when using immobilized cells can also be identified by the initial specific growth rate (μo). Immobilized cells showed twice the rate of free cells. Interestingly, in both cases, pigment production was associated with growth rather than cell maintenance (despite the difference in α and β values). It has been extensively reported that fungal pigments are secondary metabolites produced under stress conditions and mostly produced during the stationary phase or at the end of the exponential growth [40,41,42]. The pigment production associated with growth in both cases could be attributed to the conditions utilized for inoculum preparation. The inoculum was prepared using PDA (with glucose added); thus, transferring the microorganism to a medium with a different carbon source than glucose (xylose) possibly stressed the microorganism.



Concerning substrate, as described in the modeling section, the substrate can be utilized for growth, metabolite production and cell maintenance. Biomass growth per substrate (YX/S) with immobilized cells was 2.5 times higher than that with free cells. As for pigment production per substrate (YP/S), obtained values were slightly similar. For free cells, the substrate was scarcely utilized for cell maintenance.



On the other hand, for immobilized cells, the cell maintenance coefficient (ke) was zero. Such results are attributed to the growth phases presented in each case. While free cells showed the stationary and cell death phases, the immobilized cells seemed to be just reaching the stationary phase. In addition, it is visible how the free cells consumed the substrate faster than the immobilized cells. Free cells consumed practically all the substrate at 48 h; the immobilized cells, at around 96–120 h. The lower substrate consumption rate by immobilized cells could be due to a lower oxygen availability within the support.



Additionally, it was observed that despite the high correlation coefficient for substrate consumption (R2 > 0.95), the model lines (dashed lines in Figure 5) failed to describe the experimental data accurately.



We attributed those results to the presence of ethanol. Previous studies from the research group demonstrated that adding ethanol to the culture medium promoted the production of pigments by Talaromyces atroroseus GH2 [43]. Since the late 1990s, it has been explained how filamentous fungi, as regards pigment production, have the ability to uptake ethanol either produced by the microorganism itself during the fermentation or already present in the fermentation media as a secondary carbon source, provoking a shift in the metabolism from growing to maintenance and thus favoring the production of pigments [40].



Most recently, it was demonstrated that Talaromyces atroroseus GH2 can consume ethanol [43]. Thus, this can explain why pigment production increases exponentially once the main carbon source, xylose, is fully consumed. Double substrate kinetics models might provide a better understanding of how nutrient conditions affect the performance of immobilized cells of Talaromyces atroroseus GH2 in producing pigments and the future development of a continuous or a semi-continuous process.



As regards biomass immobilization, results showed that practically 100% of biomass immobilization occurred in the early stages of the process, 48 h, and remained stable throughout the process. In summary, aiming at pigment production, 120 h seemed to be the ideal time for the immobilized cells of Talaromyces atroroseus GH2 because, at that time, the peak of pigment production was reached, total biomass production was practically at its maximum, the whole biomass remained immobilized and the main substrate was depleted. Hence, 120 h was selected for the cell recycling assessment studies.




3.3.2. Cell Recycling Assessment during Consecutive Batches


Based on previous section results, 120 h per batch was selected for immobilized biomass re-utilization in consecutive batches and the evaluation of the process kinetics. The immobilized biomass was recycled three times. Figure 6 shows the kinetics of pigment production, substrate consumption and biomass growth results.



In the first batch, pigment production followed the same tendency seen in the previous sections, reaching the production peak at 120 h. Once the biomass was first recycled, the pigment production behavior changed in response to the environmental changes. As seen in Figure 6, at 0 h, the pigment measurement started at 5.54 ± 0.32 OD500nm but then decreased and kept that tendency until 120 h, when the pigment production began, thus following the same trend described before. Those results were attributed to pigment desorption and re-absorption phenomena exhibited by both the immobilization support and the biomass. In the third batch, the pigment production tendency seems similar but more unstable.



Biomass growth followed a marked trend; it kept growing throughout the process. Finally, the immobilization capacity at the end of each batch remained over 98%, as follows: batch 1, 99.45 ± 0.23; batch 2, 98.25 ± 1.43; and batch 3, 98.43 ± 0.71.



Regarding substrate consumption, the tendency for the first batch was the same as before; the main substrate is consumed right after inoculation, and it is fully depleted at 72 h. The second and third batches had different behavior. The substrate consumption was slower in comparison with the first batch; the substrate was not depleted until 96 h for the second batch and 72 h for the third batch even though a lower xylose concentration was used. Recently, it was shown for the production of pigments by immobilized mycelium of Penicillium brevicompactum that, due to the formation of a dense coating, the substrate was not consumed [41]. In this study, the microorganism almost depleted the substrate, but it was shown that T. atroroseus GH2 behaved differently regarding pigment production and substrate consumption in consecutive batches. It was clear how the main substrate must be fully depleted before the pigment production begins.



This type of secondary metabolite is secreted in the media when the environmental conditions are harsh [42], so exposing T. atroroseus GH2 to fresh media, rich in nutrients, can halt the production of pigments and provoke a re-intake of the pigments already produced. It is possible that the microorganism was well adapted to the medium containing xylose; thus, exposing T. atroroseus GH2 to a fresh medium for the new batch can also explain the tendency of the biomass to keep growing, reaching levels of biomass that the immobilization support cannot hold.






4. Conclusions


At first, the immobilization of Talaromyces atroroseus GH2 did not represent a significant increment in pigment production compared to free cells in a single batch. However, it was demonstrated how it was possible to reuse the immobilized cells of T. atroroseus GH2 to develop a continuous process with significant advantages.



The application of the Taguchi method led us to identify the significance of the effects of the evaluated factors on T. atroroseus GH2 growth and the production of pigments. At improved immobilization conditions, pigment production was higher than that observed using free cells, and this high pigment production was accompanied by a long-lasting immobilization activity. Process kinetics showed that the production could continue for three batches and was limited by excessive microorganism growth.



The immobilization technique is advantageous for easing the liquid–solid separation from the reaction mixture, thus simplifying the downstream process during pigment production. A continuous process for pigment production has not been developed; hence, this research field is a promising niche. Nonetheless, more studies about immobilization and nutrient requirements in consecutive batches are still needed. The promising results pave the way for further investigation to improve the responses and develop a robust continuous process for pigment production by immobilized cells of Talaromyces atroroseus GH2.







Author Contributions


Experiment performance and initial draft writing, J.P.R.-S.; experiment design, data analysis and research supervision, L.M.-O.; manuscript review and editing, D.G.; manuscript writing and editing, L.D.; conceptualization and funding acquisition, J.C.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Consejo Nacional de Ciencia y Tecnología, grant number [887396].




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data will be available from the corresponding author upon a reasonable request.




Acknowledgments


Author J.P.R.-S. expresses their gratitude to the Mexican National Council for Science and Technology (CONACYT-México) for the grant received to pursue his postgraduate studies.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Aman Mohammadi, M.; Ahangari, H.; Mousazadeh, S.; Hosseini, S.M.; Dufossé, L. Microbial Pigments as an Alternative to Synthetic Dyes and Food Additives: A Brief Review of Recent Studies. Bioprocess Biosyst. Eng. 2022, 45, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Venkatachalam, M.; Zelena, M.; Cacciola, F.; Ceslova, L.; Girard-Valenciennes, E.; Clerc, P.; Dugo, P.; Mondello, L.; Fouillaud, M.; Rotondo, A.; et al. Partial Characterization of the Pigments Produced by the Marine-Derived Fungus Talaromyces Albobiverticillius 30548. Towards a New Fungal Red Colorant for the Food Industry. J. Food Compos. Anal. 2018, 67, 38–47. [Google Scholar] [CrossRef]

	



Gomah, N.; Abdel-Raheam, H. Stability and Components Identification of Monascus Ruber’s Pigments. J. Food Dairy Sci. 2017, 8, 31–36. [Google Scholar] [CrossRef]

	



Liu, L.; Zhao, J.; Huang, Y.; Xin, Q.; Wang, Z. Diversifying of Chemical Structure of Native Monascus Pigments. Front. Microbiol. 2018, 9, 3143. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Feng, Y.; Molnár, I.; Chen, F. Nature and Nurture: Confluence of Pathway Determinism with Metabolic and Chemical Serendipity Diversifies: Monascus Azaphilone Pigments. Nat. Prod. Rep. 2019, 36, 561–572. [Google Scholar] [CrossRef]

	



Tsiailanis, A.D.; Pateraki, C.; Kyriazou, M.; Chatzigiannis, C.M.; Chatziathanasiadou, M.; Parisis, N.; Mandala, I.; Tzakos, A.G.; Koutinas, A. Chemical Profiling, Bioactivity Evaluation and the Discovery of a Novel Biopigment Produced by Penicillium Purpurogenum Cbs 113139. Molecules 2021, 27, 69. [Google Scholar] [CrossRef] [PubMed]

	



Peter, A.P.; Koyande, A.K.; Chew, K.W.; Ho, S.H.; Chen, W.H.; Chang, J.S.; Krishnamoorthy, R.; Banat, F.; Show, P.L. Continuous Cultivation of Microalgae in Photobioreactors as a Source of Renewable Energy: Current Status and Future Challenges. Renew. Sustain. Energy Rev. 2022, 154, 111852. [Google Scholar] [CrossRef]

	



Villegas-Méndez, M.Á.; Aguilar-Machado, D.E.; Balagurusamy, N.; Montañez, J.; Morales-Oyervides, L. Agro-Industrial Wastes for the Synthesis of Carotenoids by Xanthophyllomyces dendrorhous: Mesquite Pods-Based Medium Design and Optimization. Biochem. Eng. J. 2019, 150, 107260. [Google Scholar] [CrossRef]

	



Morales-Oyervides, L.; Ruiz-Sánchez, J.P.; Oliveira, J.C.; Sousa-Gallagher, M.J.; Méndez-Zavala, A.; Giuffrida, D.; Dufossé, L.; Montañez, J. Biotechnological Approaches for the Production of Natural Colorants by Talaromyces/Penicillium: A Review. Biotechnol. Adv. 2020, 43, 107601. [Google Scholar] [CrossRef]

	



Maswanna, T.; Phunpruch, S.; Lindblad, P.; Maneeruttanarungroj, C. Enhanced Hydrogen Production by Optimization of Immobilized Cells of the Green Alga Tetraspora Sp. CU2551 Grown under Anaerobic Condition. Biomass Bioenergy 2018, 111, 88–95. [Google Scholar] [CrossRef]

	



Rasheed, A.; Ghous, T.; Mumtaz, S.; Zafar, M.N.; Akhter, K.; Shabir, R.; Abdin, Z.U.; Shafqat, S.S. Immobilization of Pseudomonas aeruginosa Static Biomass on Eggshell Powder for On-Line Preconcentration and Determination of Cr (VI). Open Chem. 2020, 18, 303–313. [Google Scholar] [CrossRef]

	



Wang, J.; Liang, J.; Sun, L.; Li, G.; Temmink, H.; Rijnaarts, H.H.M. Granule-Based Immobilization and Activity Enhancement of Anammox Biomass via PVA/CS and PVA/CS/Fe Gel Beads. Bioresour. Technol. 2020, 309, 123448. [Google Scholar] [CrossRef] [PubMed]

	



Ogawa, M.; Bisson, L.F.; García-Martínez, T.; Mauricio, J.C.; Moreno-García, J. New Insights on Yeast and Filamentous Fungus Adhesion in a Natural Co-Immobilization System: Proposed Advances and Applications in Wine Industry. Appl. Microbiol. Biotechnol. 2019, 103, 4723–4731. [Google Scholar] [CrossRef] [PubMed]

	



Hua, X.; Du, G.; Xu, Y. Cost-Practical of Glycolic Acid Bioproduction by Immobilized Whole-Cell Catalysis Accompanied with Compressed Oxygen Supplied to Enhance Mass Transfer. Bioresour. Technol. 2019, 283, 326–331. [Google Scholar] [CrossRef]

	



Liu, J.; Guo, T.; Luo, Y.; Chai, X.; Wu, J.; Zhao, W.; Jiao, P.; Luo, F.; Lin, Q. Enhancement of Monascus Pigment Productivity via a Simultaneous Fermentation Process and Separation System Using Immobilized-Cell Fermentation. Bioresour. Technol. 2019, 272, 552–560. [Google Scholar] [CrossRef]

	



Arikan, E.B.; Isik, Z.; Bouras, H.D.; Dizge, N.; Kaleem, I.; Shen, H.; Lv, B.; Wei, B.; Rasool, A.; Li, C.; et al. Microbial Cell Immobilization in Biohydrogen Production: A Short Overview. Bioresour. Technol. 2019, 144, 37–42. [Google Scholar] [CrossRef]

	



Oliveira, J.C.; Montañez, J.C.; Méndez-Zavala, A.; Morales-Oyervides, L.; Sousa-Gallagher, M.J. Selection of Best Conditions of Inoculum Preparation for Optimum Performance of the Pigment Production Process by Talaromyces Spp. Using the Taguchi Method. Biotechnol. Prog. 2017, 33, 621–632. [Google Scholar] [CrossRef]

	



Frisvad, J.C.; Yilmaz, N.; Thrane, U.; Rasmussen, K.B.; Houbraken, J.; Samson, R.A. Talaromyces atroroseus, a New Species Efficiently Producing Industrially Relevant Red Pigments. PLoS ONE 2013, 8, e84102. [Google Scholar] [CrossRef]

	



Zavala, A.M. Identification of factors affecting the pigment production by Penicillium purpurogenum GH2 and chromatographic profiles obtention. Master’s Thesis, Universidad A utónoma de Coahuila, Saltillo, México, 2011. [Google Scholar]

	



Castro, C.C.; Nobre, C.; Duprez, M.E.; De Weireld, G.; Hantson, A.L. Screening and Selection of Potential Carriers to Immobilize Aureobasidium pullulans Cells for Fructo-Oligosaccharides Production. Biochem. Eng. J. 2017, 118, 82–90. [Google Scholar] [CrossRef]

	



Méndez, A.; Pérez, C.; Montañéz, J.C.; Martínez, G.; Aguilar, C.N. Red Pigment Production by Penicillium purpurogenum GH2 Is Influenced by PH and Temperature. J. Zhejiang Univ. Sci. B 2011, 12, 961–968. [Google Scholar] [CrossRef]

	



Dubois, M.; Gilles, K.; Hamilton, J. Colorimetric Method for Determination of Sugars and Related Substances. Anal. Chem. 1956, 28, 300–306. [Google Scholar] [CrossRef]

	



Butler, C. A Primer on the Taguchi Method; Society of Manufacturing Engineers: Southfield, MI, USA, 2003; Volume 5, ISBN 0872638642. [Google Scholar]

	



Weiss, R.M.; Ollis, D.F. Extracellular Microbial Polysaccharides. I. Substrate, Biomass, and Product Kinetic Equations for Batch Xanthan Gum Fermentation. Biotechnol. Bioeng. 1980, 22, 859–873. [Google Scholar] [CrossRef]

	



Luedeking, R.; Piret, E.L. Kinetic Study of the Lactic Acid Fermentation. Batch Process at Controlled PH. Biotechnol. Bioeng. 2000, 67, 636–644. [Google Scholar] [CrossRef]

	



Rajendran, A.; Thangavelu, V. Statistical Experimental Design for Evaluation of Medium Components for Lipase Production by Rhizopus arrhizus MTCC 2233. LWT-Food Sci. Technol. 2009, 42, 985–992. [Google Scholar] [CrossRef]

	



Kurade, M.B.; Waghmode, T.R.; Xiong, J.Q.; Govindwar, S.P.; Jeon, B.H. Decolorization of Textile Industry Effluent Using Immobilized Consortium Cells in Upflow Fixed Bed Reactor. J. Clean. Prod. 2019, 213, 884–891. [Google Scholar] [CrossRef]

	



Zhang, J.; Wei, J.; Massey, I.Y.; Peng, T.; Yang, F. Immobilization of Microbes for Biodegradation of Microcystins: A Mini Review. Toxins 2022, 14, 573. [Google Scholar] [CrossRef]

	



Nirmal, L.A.; Vishal, R.; Bhakthochidan, S.A.; Roshini, V.B.; Jacob, S. Cell Leakage Minimization by Immobilization Modulation of Chlorella sorokiniana NCIM 5561 and Phosphate Removal from Wastewater. Int. J. Environ. Sci. Technol. 2022, 19, 3015–3030. [Google Scholar] [CrossRef]

	



de Oliveira, C.F.D.; da Costa, J.P.V.; Vendruscolo, F. Maltose Syrup Residue as the Substrate for Monascus pigments Production. Biocatal. Agric. Biotechnol. 2019, 18, 101101. [Google Scholar] [CrossRef]

	



Ha, N.T.H.; Toan, N.C.; Kajitvichyanukul, P. Enhanced Paraquat Removal from Contaminated Water Using Cell-Immobilized Biochar. Clean Technol. Environ. Policy 2022, 24, 1073–1085. [Google Scholar] [CrossRef]

	



Santaolalla, A.; Gutierrez, J.; Gallastegui, G.; Barona, A.; Rojo, N. Immobilization of Acidithiobacillus perrooxidans in Bacterial Cellulose for a More Sustainable Bioleaching Process. J. Environ. Chem. Eng. 2021, 9, 105283. [Google Scholar] [CrossRef]

	



Bahry, H.; Abdalla, R.; Pons, A.; Taha, S.; Vial, C. Optimization of Lactic Acid Production Using Immobilized Lactobacillus rhamnosus and Carob Pod Waste from the Lebanese Food Industry. J. Biotechnol. 2019, 306, 81–88. [Google Scholar] [CrossRef] [PubMed]

	



Mehrotra, T.; Dev, S.; Banerjee, A.; Chatterjee, A.; Singh, R.; Aggarwal, S. Use of Immobilized Bacteria for Environmental Bioremediation: A Review. J. Environ. Chem. Eng. 2021, 9, 105920. [Google Scholar] [CrossRef]

	



Naramittanakul, A.; Buttranon, S.; Petchsuk, A.; Chaiyen, P.; Weeranoppanant, N. Development of a Continuous-Flow System with Immobilized Biocatalysts towards Sustainable Bioprocessing. React. Chem. Eng. 2021, 6, 1771–1790. [Google Scholar] [CrossRef]

	



Gao, H.; Lu, J.; Jiang, Y.; Fang, Y.; Tang, Y.; Yu, Z.; Zhang, W.; Xin, F.; Jiang, M. Material-Mediated Cell Immobilization Technology in the Biological Fermentation Proces. Biofuels Bioprod. Biorefining 2021, 15, 1160–1173. [Google Scholar] [CrossRef]

	



Molasses, S. Capability of Immobilized Clostridium beijerinckii TISTR 1461. Processes 2021, 9, 573. [Google Scholar]

	



Ugwu, C.T.; Ogbonna, C.N.; Ogbonna, J.C.; Aoyagi, H. Production and Stability of Pigments by Talaromyces purpurogenus LC128689 in an Alternating Air Phase–liquid Phase Cultivation System. Biotechnol. Appl. Biochem. 2022, 69, 1317–1326. [Google Scholar] [CrossRef]

	



Maslova, O.; Stepanov, N.; Senko, O.; Efremenko, E. Production of Various Organic Acids from Different Renewable Sources by Immobilized Cells in the Regimes of Separate Hydrolysis and Fermentation (SHF) and Simultaneous Saccharification and Fermentation (SFF). Bioresour. Technol. 2019, 272, 1–9. [Google Scholar] [CrossRef]

	



Widayanti, V.T.; Estiasih, T.; Zubaidah, E.; Taher, M. The Role of Carbon and Nitrogen Sources in the Production of Bioactive Compounds in Monascus Fermentation Products: A Mini Review. IOP Conf. Ser. Earth Environ. Sci. 2021, 924, 012083. [Google Scholar] [CrossRef]

	



Basto, B.; da Silva, N.R.; Teixeira, J.A.; Silvério, S.C. Production of Natural Pigments by Penicillium brevicompactum Using Agro-Industrial Byproducts. Fermentation 2022, 8, 536. [Google Scholar] [CrossRef]

	



Huang, Z.-R.; Zhou, W.-B.; Yang, X.-L.; Tong, A.-J.; Hong, J.-L.; Guo, W.-L.; Li, T.-T.; Jia, R.-B.; Pan, Y.-Y.; Lin, J.; et al. The Regulation Mechanisms of Soluble Starch and Glycerol for Production of Azaphilone Pigments in Monascus purpureus FAFU618 as Revealed by Comparative Proteomic and Transcriptional Analyses. Food Res. Int. 2018, 106, 626–635. [Google Scholar] [CrossRef]

	



Morales-Oyervides, L.; Ruiz-Sánchez, J.P.; Oliveira, J.C.; Sousa-Gallagher, M.J.; Morales-Martínez, T.K.; Albergamo, A.; Salvo, A.; Giuffrida, D.; Dufossé, L.; Montañez, J. Medium Design from Corncob Hydrolyzate for Pigment Production by Talaromyces atroroseus GH2: Kinetics Modeling and Pigments Characterization. Biochem. Eng. J. 2020, 161, 107698. [Google Scholar] [CrossRef]








[image: Fermentation 09 00171 g001 550] 





Figure 1. Selected support A. (a) Support A without biomass prior to fermentation; (b) support A with immobilized biomass after the fermentation process; (c) flasks with immobilization supports after fermentation. 
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Figure 2. Biomass loading (XL, gBiomass/gsupport) effect on immobilization capacity. Error bars depict the standard deviation between three replicates. 
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Figure 3. Relative influence percentage of the factors over the responses pigment production (P), biomass (X), pigment per biomass (Y) and immobilization capacity (IM). 
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Figure 4. The effects of individual factors on each response. Pigments (P), biomass (X), immobilization capacity (IM), pigment yield (Y). 
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Figure 5. Kinetics of free (white circles) and immobilized cells (gray circles) of Talaromyces atroroseus GH2 in a single batch. Asterisks represent the immobilization percentage and dashed lines are the growth kinetic model’s lines. Pigments, (P), biomass (X), immobilization capacity (IM) and substrate (S). Error bars depict the standard deviation between three replicates. 






Figure 5. Kinetics of free (white circles) and immobilized cells (gray circles) of Talaromyces atroroseus GH2 in a single batch. Asterisks represent the immobilization percentage and dashed lines are the growth kinetic model’s lines. Pigments, (P), biomass (X), immobilization capacity (IM) and substrate (S). Error bars depict the standard deviation between three replicates.
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Figure 6. Kinetics of the immobilized cells of Talaromyces atroroseus GH2 in three consecutive batches. Pigments (P), biomass (X), substrate (S). Error bars depict the standard deviation between three replicates. 
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Table 1. Pigment production and total and loosened biomass in three consecutive batches using three different supports.
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Batch

	
Supports




	
A

	
B

	
C




	
P, OD500nm

	
XL, g/L

	
X, g/L

	
IM, %

	
P, OD500nm

	
XL, g/L

	
X, g/L

	
IM, %

	
P, OD500nm

	
XL, g/L

	
X, g/L

	
IM, %






	
1

	
b 3.00 ± 1.12

	
a 4.97 ± 1.97

	
-

	
-

	
b 2.88 ± 3.43

	
b 0.48 ± 0.25

	
-

	
-

	
a 8.63 ± 0.69

	
b 1.35 ± 0.24

	
-

	
-




	
2

	
a 9.54 ± 4.99

	
a 3.55 ± 1.18

	
-

	
-

	
a 2.41 ± 1.51

	
a 1.12 ± 0.66

	
-

	
-

	
a 15.86 ± 9.98

	
a 2.91 ± 1.07

	
-

	
-




	
3

	
a 2.68 ± 0.71

	
a 1.85 ± 0.48

	
a 13.01 ± 2.02

	
a 85.90 ± 1.37

	
a 2.73 ± 2.40

	
a 2.00 ± 1.42

	
a 13.68 ± 1.88

	
a 85.35 ± 10.03

	
a 4.56 ± 2.36

	
a 2.96 ± 1.01

	
a 14.76 ± 1.50

	
a 79.73 ± 7.17








A, B and C stand for the evaluated supports. Pigment production (P), total biomass (X), loosened biomass (XL), immobilization capacity (IM). Superscripts a, b indicate homogeneous groups (Tukey’s test at 5% probability).
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Table 2. Experimental design and results of L9 array for immobilization process improvement.
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Actual

	
Experimental Results




	
Run

	
Mycelium, % v/v

	
Support Density,

g/mL

	
Working Volume,

mL

	
Support Volume,

cm3

	
P,

OD500nm

	
IM,

%

	
X,

g/L

	
Y,

OD.L/g






	
1

	
5

	
0.01

	
20

	
0.25

	
0.02 ± 0.03

	
93.50 ± 2.82

	
4.34 ± 0.14

	
0.00 ± 0.01




	
2

	
5

	
0.024

	
25

	
0.5

	
1.55 ± 0.35

	
92.83 ± 2.39

	
3.04 ± 0.17

	
0.51 ± 0.14




	
3

	
5

	
0.03

	
30

	
1

	
7.94 ± 0.03

	
100.00 ± 0.00

	
7.80 ± 0.28

	
1.02 ± 0.03




	
4

	
10

	
0.01

	
25

	
1

	
3.00 ± 1.81

	
72.68 ± 0.52

	
5.42 ± 0.31

	
0.56 ± 0.37




	
5

	
10

	
0.024

	
30

	
0.25

	
3.50 ± 1.41

	
94.56 ± 0.12

	
6.62 ± 0.14

	
0.53 ± 0.20




	
6

	
10

	
0.03

	
20

	
0.5

	
8.89 ± 2.67

	
96.72 ± 2.01

	
4.26 ± 2.40

	
2.69 ± 2.15




	
7

	
15

	
0.01

	
30

	
0.5

	
3.53 ± 0.69

	
45.73 ± 4.93

	
7.60 ± 0.17

	
0.47 ± 0.10




	
8

	
15

	
0.024

	
20

	
1

	
4.70 ± 0.48

	
81.80 ± 9.82

	
6.44 ± 0.57

	
0.73 ± 0.01




	
9

	
15

	
0.03

	
25

	
0.25

	
2.66 ± 1.75

	
83.15 ± 10.22

	
6.98 ± 0.71

	
0.37 ± 0.21








Pigment production (P), immobilization capacity (IM), biomass (X), pigment yield (Y).
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Table 3. Contribution of improved settings to each evaluated target, expected response within a confidence level and experimental result at improved conditions.
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Factor

	
Responses




	
P, OD500nm

	
X,

g/L

	
Y, OD.L/g

	
IM,

%






	
Contribution

	
Mycelium, % v/v

	
1.15

	
0.00

	
0.22

	
3.43




	
Support density, g/mL

	
2.52

	
0.91

	
0.32

	
8.74




	
Working volume, mL

	
1.01

	
1.31

	
0.04

	
−4.45




	
Support volume, cm3

	
1.24

	
0.52

	
0.14

	
0.27




	
Expected response

	
Minimum

	
8.15

	
8.32

	
1.08

	
85.81




	
Maximum

	
11.65

	
9.23

	
1.64

	
99.28




	
Experimental

	
13.17 ± 1.52

	
9.68 ± 0.47

	
1.36 ± 0.15

	
99.01 ± 0.37








Pigment (P), biomass (X), pigment yield (Y), immobilization capacity (IM).
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Table 4. Growth, production and substrate consumption model parameters and goodness of fit.
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	Parameter
	Control
	Immobilized





	   x o   , g/L
	0.79
	0.81



	   x  max    , g/L
	3.75
	9.32



	   S o   , g/L
	15.00
	15.00



	   P o   , OD500nm
	0.00
	0.00



	   μ o   , h−1
	0.03
	0.06



	  α  
	2.53
	0.22



	  β  
	0.00
	0.01



	   Y  X / S    , gBiomass/gSubstrate
	0.26
	0.65



	   Y  P / S    , OD/gSubstrate
	0.89
	0.93



	    k e    
	0.09
	0.00



	    R 2    X    
	0.75
	0.91



	    R 2    S    
	0.95
	0.96



	    R 2    P    
	0.99
	0.93







Instantaneous biomass concentration (x), production related to growth (α), production related to maintenance (β), initial specific growth rate (μo), yield of biomass per substrate (Yx/s), yield of pigment per substrate (Yp/s), cell maintenance coefficient (ke), correlation coefficient for biomass production (R2x), correlation coefficient for substrate consumption (R2s), correlation coefficient for pigment production (R2P).
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