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Abstract

:

Biodegradation is the most environmentally friendly and, at the same time, economically acceptable approach to removing various pollutants from the environment. However, its efficiency in removing microplastics (MPs) from the environment is generally low. The successful biodegradation of MPs requires microorganisms capable of producing enzymes that degrade MP polymers into compounds that the microorganisms can use as a source of carbon and energy. Therefore, scientists are screening and characterizing microorganisms that can degrade MPs more efficiently. These microorganisms are often isolated from sites contaminated with MPs because the microorganisms living there are adapted to these pollutants and should be able to better degrade MPs. In this study, five bacterial strains and five yeast strains were isolated from various environmental samples including activated sludge, compost, river sediment, and biowaste. Among them, screening was performed for bacteria and yeasts with the highest potential for the biodegradation of polystyrene (PS) and polyvinyl chloride (PVC) MPs, and the bacterium Delftia acidovorans and the yeast Candida parapsilosis were identified as the best candidates. Optimization of biodegradation of the selected MPs by each of these two microorganisms was performed, focusing on the influence of cell density, agitation speed and pH of the medium. It was found that within the selected experimental ranges, high values of cell density, low agitation speed, and a slightly basic medium favored the biodegradation of PS and PVC MPs by Delftia acidovorans. In the case of Candida parapsilosis, favorable conditions also included high cell density followed by a slightly higher, but not maximum, agitation speed and a weakly acidic medium. Broad spectroscopic and imaging methods indicated that Delftia acidovorans and Candida parapsilosis better adapt to PVC MPs to use it as a carbon and energy source.
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1. Introduction


Today, it is impossible to imagine life without plastics: plastics have excellent application properties and are used in practically all areas of human life. Accordingly, the annual production of plastics is continuously increasing worldwide. In 2021, around 390.7 million tons were produced, which is 15.2 million tons more than in 2020 and 25.5 million tons more than in 2018 [1]. By type of plastic polymer, polyethylene (PE) with 36%, polypropylene (PP) with 21%, and polyvinyl chloride (PVC) with 12% have the largest share in the total production of plastics, followed by polyethylene terephthalate (PET), polyurethane (PUR), and polystyrene (PS) with shares below 10% [2].



Unfortunately, the extensive production and use of plastics generates large amounts of plastic waste, and a significant portion of this waste ends up in the environment. Thus, plastic waste is found in virtually all parts of the environment, even in deserts, on mountain tops, in the deepest parts of the oceans, and in the Arctic snow [3]. Because plastics decompose very slowly and have a high hazardous potential [4], the presence of plastics in the environment has become a global environmental problem and a serious threat to all organisms on Earth. The special focus is on the hazardous potential of plastic particles smaller than 5 mm, so-called microplastics (MPs), and their fate and behavior in the environment [5,6]. These particles may be intentionally produced in various industries to improve the quality of certain products, or they may be a product of the degradation of larger pieces of plastic due to use or exposure to various environmental conditions [7].



To date, the presence of plastics has been noted in numerous species [8,9,10]. One of the worrying facts is that MPs have been found in 17% of species on the International Union for Conservation of Nature’s Red List of Threatened Species [11]. Humans are also exposed to MPs, primarily through eating and inhalation. A 2019 U.S. study estimated that an adult human ingests 50,000 particles of MP each year through food and drink, and another 55,000 particles through inhalation [12]. Numerous studies have shown that MPs have harmful effects on organisms [11,13,14,15]. MPs can cause oxidative stress and various metabolic changes, negatively affect reproduction, the immune system, and the nervous system, and eventually lead to cancer and death. In addition to the polymer base, MP particles may contain other harmful substances that increase the overall hazardous potential of the particles. We refer here primarily to various additives that are added to plastic polymers to improve their properties. Commercially available plastics usually contain numerous additives (UV stabilizers, antioxidants, dyes, plasticizers, flame retardants, etc. [14,16]) that are often very dangerous. In most cases, these additives can be easily released from MP particles because they are rarely chemically bonded to the plastic polymer [14,17]. In addition, various hazardous pollutants or even pathogens can be adsorbed to MP particles and thus ingested by organisms along with MPs [18]. Considering all this, it is necessary to find an efficient and environmentally friendly method to remove MP particles from the environment.



Among the various approaches tested so far, biodegradation has proven to be by far the most environmentally friendly and also economically acceptable approach to remove various pollutants from the environment. The organisms most commonly involved in biodegradation processes are microorganisms such as bacteria and fungi [19].



Despite the fact that the most commonly used plastics to date are highly resistant to biodegradation, bioremediation has attracted the attention of researchers as an alternative method of minimizing the presence of MPs in the environment [20]. Indeed, some microorganisms have shown that they can colonize and biodegrade MPs under certain conditions [21,22]. Figure 1 shows the main factors affecting the biodegradation process.



The successful biodegradation of MPs primarily requires microorganisms capable of producing enzymes that can break down plastic polymers into smaller compounds that can pass through the semipermeable membrane into the microorganism’s cell and be used as a source of carbon and energy [19]. Therefore, to solve the complex problems of the biodegradation of MPs, it is necessary to perform screening and characterization of efficient microorganisms [20,23,24]. The microorganisms that can potentially degrade MPs are often isolated from contaminated sites because the microorganisms that inhabit such sites are thought to be naturally capable of degrading long-chain fatty acids. Therefore, it is very likely that they are also more efficient in the degradation of plastic polymers [23]. The enzymes known to be involved in the degradation of certain types of plastic polymers and the microorganisms capable of producing these enzymes are listed in Table 1.



In addition, the most favorable process conditions (pH, temperature, agitation speed, salinity, cell density, humidity, etc.) are preferred. In biodegradation experiments with aerobic microorganisms, agitation must be continuous to ensure good aeration. The decision on the agitation speed depends on the experimental setup, the organism used, the nutrient source, and other parameters [25]. The pH of the medium is also important for cell activity. For example, most bacteria tolerate a pH between 5 and 8 [26] (i.e., the neutral range), while most fungi grow well in the pH range of 3–7 [27]. Also, the chemistry and morphology of the surface of the MP particles must be such that microorganisms can adhere to them and form a biofilm [19]. One of the most important factors affecting the adhesion of microorganisms to different surfaces is the hydrophobicity of the cells, as hydrophobic cells adhere more strongly to hydrophobic surfaces, while hydrophilic cells adhere more strongly to hydrophilic surfaces [28]. In the case of the biodegradation of MPs, adhesion is complicated by the fact that plastics are a hydrophobic material, while microorganisms are mostly hydrophilic. Bacteria, for example, have hydrophilic cells, with a few exceptions. When we talk about fungi, only the aerial hyphae and conidia are hydrophobic, while yeast cells and vegetative hyphae of filamentous fungi that live in humid environments are generally hydrophilic [29].





 





Table 1. Enzymes involved in the biodegradation of certain types of plastics.
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Microorganisms

	
Enzymes

	
Plastics

	
Reference






	
Fungi

	
Trametes versicolor, Pleurotus ostreatus,

Pleurotus ostreatus, and Trametes pubescen

	
Laccase

	
PE

	
[21]




	
Trichoderma harzianum

	
Laccase and manganese peroxidase

	
[30]




	
Pleurotus ostreatus

	
Lignin peroxidase, manganese peroxidase, and laccase

	
[31]




	
Fusarium graminearum

	
Peroxidase

	
[32]




	
Aspergillus flavus

	
Laccase and laccase-like

multicopper oxidase

	
[33]




	
Bjerkandera adusta

	
Laccase

	
[34]




	
Phanerocheate chrysosporium

	
Lignin peroxidase

	
PVC

	
[35]




	
Cochliobolus sp.

	
Laccase

	
[36]




	
Penicillium citrinum

	
Polyesterase

	
PET

	
[37]




	
Candida antarctica

	
Lipase

	
[38]




	
Lentinus tigrinus

	
Esterase

	
PS

	
[39]




	
Candida antarctica

	
Lipase

	
PUR

	
[40]




	
Aspergillus flavus

	
Esterase

	
[41]




	
Aspergillus tubingenesis

	
Esterase

	
[42]




	
Bacteria

	
Rhodococcus ruber

	
Laccase

	
PE

	
[22]




	
Pseudomonas sp.

	
Alkane hydroxylase

	
[43]




	
Pseudomonas aeruginosa

	
Alkane hydroxylase and

rubredoxin reductase

	
[44]




	
Ideonella sakaiensis

	
PETase

	
PET

	
[45]




	
Streptomyces scabies

	
Glycosyl hydrolase and esterase

	
[46]




	
Thermobifida fusca

	
Cutinase-like hydrolase

	
[47]




	
Delftia acidovorans

	
Esterase

	
PUR

	
[48]









Although it is estimated that more than 400 microorganisms have the potential to biodegrade plastic polymers, there is a general impression that the biodegradation of plastics has only been superficially studied [49,50]. From the literature, it appears that among bacteria, the genera Pseudomonas and Bacillus, and among fungi, the genera Aspergillus and Penicillium are most commonly used for the biodegradation of plastics, and that the biodegradation of plastics including MPs is not very efficient [51,52,53,54,55,56,57]. Of course, the efficiency of biodegradation largely depends on the duration of treatment, but generally rarely exceeds 10% [58,59]. Thus, Bacillus sp. was reported to be able to degrade 10.7% of PE films after 60 days [56], while Bacillus cereus and Sporosarcina globispora degraded 12% and 11%, respectively, of PP granules after 40 days of exposure [60]. Among the fungi, Sangeetha Devi et al. reported that the mold Aspergillus flavus degraded 8.5% of PE films after 30 days [61]. Surprisingly high values for the biodegradation of PE films by the genus Aspergillus were reported by Sáenz et al. [62]. The percentage of biodegradation reached 35.3% for Aspergillus niger and 22.14% for Aspergillus terreus, but the process took 77 days. Chaudhary et al. [63] incubated PS with Cephalosporium sp. and Mucor sp. for 8 weeks and reported a weight loss of 2.17% and 1.81%, respectively. Some other molds have been studied for the biodegradation of MPs, but the potential of yeasts is almost unexplored in this field.



In this study, the biodegradation of PS and PVC MPs was investigated using different microorganisms isolated from various environmental samples including activated sludge, compost, river sediment, and biowaste. The main objective was to screen the isolated microorganisms to find the bacteria and yeasts that have the greatest potential to utilize PS and PVC MPs as a carbon and energy source for growth and development (i.e., the greatest potential for the biodegradation of PS and PVC MPs). The optimal conditions for biodegradation within the experimental area were determined for the selection of the best bacterial culture and the best yeast culture.




2. Materials and Methods


2.1. Preparation of Microplastics


The plastic material was purchased in the form of granules as DOKI® POLISTIREN 472 (Dioki d.d., Zagreb, Croatia) and GS-28 (Drvoplast d.d., Buzet, Croatia) for PS and PVC, respectively. These materials were ground in a cryo-mill (Retsch, Haan, Germany) and dried for 48 h at room temperature (25.0 ± 0.2 °C). The ground material was sieved using stainless steel sieves (AS 200 jet, Retsch, Hann, Germany) to obtain MPs in the size range of 25–100 µm. Subsequently, the sieved particles were stored in glass bottles. Before the experiments, the MP particles were sterilized in a 100-mL flask containing 70% ethanol for 10 min on a rotary shaker (Incubator 1000 with Unimax 1010 platform shaker, Heidolph Instruments GmbH & Co., Schwabach, Germany) at 160 rpm. Particles were separated from ethanol by vacuum membrane filtration through a sterile 0.45-µm membrane filter made of cellulose nitrate (ReliaDiscTM membrane filter, Ahlstrom, Helsinki, Finland) and additionally washed with sterile deionized water.




2.2. Selection of Bacteria and Yeasts Strains


Five bacterial and five yeast strains were selected as microorganisms for which their potential to biodegrade PS and PVC MPs was tested. For bacteria, Bacillus cereus isolated from activated sludge (municipal wastewater treatment plant in Vrgorac, Croatia), Bacillus subtilis isolated from compost, and Pseudomonas alcaligenes, Delftia acidovorans, and Bacillus licheniformis isolated from river sediment (Kupa, Croatia) were selected. The yeast strains tested were Candida parapsilosis isolated from river sediment (Kupa, Croatia), and Saccharomyces cerevisiae, Rhodotorula glutinis, Geotrichum candidum, and Trichosporon sp. isolated from biowaste. The isolation procedure was explained in detail in the paper previously published by Kučić Grgić et al. [64]. Bacteria were cultivated on nutrient agar (Nutrient Broth, Biolife Italiana, Milano, Italy) for 24 h at 37 °C, and yeasts were cultivated on malt agar (Malt Agar, Biolife Italiana, Milano, Italy) for 3–5 days at 28 °C. The cell density of the bacterial or yeast suspensions was measured using a spectrophotometer (DR/2400 Portable Spectrophotometer, Hach, Loveland, CO, USA) at λ = 600 nm, and the CFU (colony forming units) value was determined using the decimal plate method [65].




2.3. Biodegradation Experiments


All biodegradation experiments were performed in 200-mL Erlenmeyer flasks with a working volume of 80 mL for a period of 30 days in a thermostatic rotary shaker (Incubator 1000 with Unimax 1010 platform shaker, Heidolph Instruments GmbH & Co., Schwabach, Germany) at 25.0 ± 0.2 °C. The flasks contained a mineral medium, as described in Table 2, a bacterial or yeast suspension, and PS or PVC microparticles. The mineral medium contained all the nutrients necessary for the growth of the microorganisms, except for a carbon source. The compositions of the mineral media used in our study were chosen in accordance with the reports of Kyaw et al. [53] and Gong et al. [66], for bacteria and yeasts, respectively. Control flasks with the mineral medium and microbial suspension (without addition of MPs) were also used. MP particles in the size range of 25–100 μm and at an amount of 500 mg L−1 were used in all experiments. The agitation speed of a rotary shaker was set according to the experimental design. All experiments were performed in duplicate.



During these experiments, the CFU was determined to monitor the growth of the microorganisms used. This is an indirect indicator of the biodegradation of MPs, since all organisms require carbon and energy for growth and the only source of carbon and energy in the system studied was the MP particles. At the end of each experiment, the MPs were separated from the aqueous phase by vacuum membrane filtration and washed in three washing steps to remove the biomass from the surface of the MPs. Each of the washing steps lasted 30 min and was performed in a 100-mL flask on a rotary shaker (Incubator 1000 with Unimax 1010 platform shaker, Heidolph Instruments GmbH & Co., Schwabach, Germany) at 160 rpm. Two percent sodium dodecyl sulfate, 70% ethanol, and sterile deionized water were used as wash solutions during the first, second, and third steps, respectively.




2.4. Modeling of the Optimal Conditions


The optimal conditions for the biodegradation of PS and PVC MPs by the best bacterium and yeast were determined from the results of the main experiments using response surface modeling (RSM), with the final log CFU value (obtained after 30 days of biodegradation) serving as the response parameter. The goodness-of-fit of four regression models described by Equations (1)–(4) was tested. For later discussion, we denote these models by the Roman numerals I through IV.




log CFU = a0 + a1x1 + a2x2 + a3x3



(1)






log CFU = a0 + a1x1 + a2x2 + a3x3 + a4x1x2 + a5x1x3 + a6x2x3



(2)






log CFU = a0 + a1x1 + a2x2 + a3x3 + a7x12 + a8x22 + a9x32



(3)






log CFU = a0 + a1x1 + a2x2 + a3x3 + a4x1x2 + a5x1x3 + a6x2x3 + a7x12 + a8x22 + a9x32



(4)





The coefficients of the models (Equations (1)–(4)) are denoted by a, while x1–3 represent the values of the three tested process parameters: pH, agitation speed, and cell density. To determine the optimal biodegradation conditions for a particular microorganism/MP combination, the model that best described the experimentally obtained data for that combination was used.



All calculations including statistical analyses of the results were performed using Design-Expert 10.0 software (StatEase, Minneapolis, Minnesota, MN, USA).




2.5. Surface Analysis of MP Particles


For additional confirmation of biodegradation, the untreated and treated MP particles were analyzed by attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR; spectrometer Spectrum One, PerkinElmer, Waltham, MA, USA) and scanning electron microscopy (SEM; electron microscope Tescan Vega Easyprobe 3, Brno, Czech Republic). SEM imaging was performed in secondary electron mode (SE) and backscattered electron mode (BSE) at an accelerating voltage of 10 kV and a working distance less than 10 mm. The powdered samples were attached to the stubs with double-sided adhesive carbon tape. Prior to imaging, gold was sputtered onto the samples using a Quorum Technologies SC7620 sputter coater (Lewes, UK) at 17 mA for 30 s.





3. Results and Discussion


3.1. Screening of the Bacterial and Yeast Strains for Their Potential for PS and PVC Biodegradation


Five bacterial strains (Bacillus cereus, Bacillus subtilis, Pseudomonas alcaligenes, Delftia acidovorans, and Bacillus licheniformis) and five yeast strains (Candida parapsilosis, Saccharomyces cerevisiae, Rhodotorula glutinis, Geotrichum candidum, and Trichosporon sp.) were isolated from environmental samples potentially containing PS and PVC MPs and cultivated on agar (Figure 2).



After cultivation, the isolated microorganisms were screened to find the bacterium and yeast with the highest potential for the biodegradation of the two MPs mentioned. The selection was based on the criterion of the highest CFU value achieved. The process conditions for the preliminary experiments including pH, temperature, cell density (OD), and agitation speed (AS) were selected based on information available in the literature [66,67,68]; the conditions are listed in Table 3. Since the optical density of the suspensions is an indicator of the cell density in the systems, we refer to the cell density as OD.



Figure 3 shows the change in log CFU values during the biodegradation experiments with isolated bacterial cultures. The relatively high log CFU values observed for the control samples are not unusual, as microorganisms under conditions of nutrient deprivation may exhibit some unusual metabolic pathways that are otherwise suppressed in the cells and contribute to maintaining their minimal growth rate [69]. Metabolic pathways that are activated by nutrient deficiency include those that produce secondary metabolites that are not required for normal growth but can be of great importance when the growth conditions become very restrictive. Secondary metabolites can initiate a phase in which the microorganisms try to adapt to the non-ideal environmental conditions in order to survive. In a batch experiment such as the experiments we performed in this study, this phase is generally characterized by zero net growth. Some cells may die, while the others use the nutrients released by cell lysis to continue growing at a limited rate.



For cultures that showed a positive deviation in log CFU values compared to the control sample, we assumed that they were able to use PS or PVC MP as a carbon and energy source for growth and development. All three Bacillus strains tested—Bacillus cereus (Figure 3A), Bacillus subtilis (Figure 3C), and Bacillus licheniformis (Figure 3E)—showed similar log CFU values to the control sample throughout the experiment. Compared to the control sample, Pseudomonas alcaligenes (Figure 3B) consistently exhibited lower log CFU values in the PVC experiment, while higher log CFU values were observed in the PS experiment starting on day 14. Among the five bacteria tested, Delftia acidovorans (Figure 3D) exhibited the highest log CFU value compared to the control sample and was therefore selected for the main experiment as the bacterium with the highest potential for the biodegradation of PS and PVC MPs. This is consistent with some previous reports that bacteria of the genus Delftia have high adaptability to different environmental conditions and can be used for the biodegradation of numerous organic compounds including PE [70], PS [71], PET [72], and PUR [73].



Zhang et al. [74] reported several potential pathways for the microbial biodegradation of PS, as the exact degradation pathways and enzymes involved in the microbial biodegradation of PS are still unknown. Among the proposed pathways, in the context of the selection of Delftia acidovorans, the pathway focusing on the aromatic ring in the structure of PS is very interesting because it involves the action of aromatic ring hydrolases, and it is known that Delftia acidovorans is able to generate such enzymes [75]. Considering the potential of Delftia acidovorans for PVC biodegradation, it is interesting to note that Delftia acidovorans is capable of producing dehalogenases [76], indicating the chloride atom in the PVC structure as a potential degradation point.



The change in log CFU values during biodegradation with yeasts is shown in Figure 4. For both MPs tested, Geotrichum candidum (Figure 4E) had lower log CFU values than the control sample throughout the experiment, while Trichosporon sp. (Figure 4A) and Saccharomyces cerevisiae (Figure 4D) had very similar values to the control. In the case of Rhodotorula glutinis (Figure 4C), the log CFU values for PS were also very similar to the control and lower than the control for PVC. Finally, Candida parapsilosis (Figure 4B) showed an adaptation phase to MPs, and after day 14, a positive deviation in log CFU was observed for both the PS and PVC MPs compared to the control. Accordingly, Candida parapsilosis was selected for the main experiment as the yeast with the highest potential for the biodegradation of the MPs studied. In general, Candida sp. is known to be able to degrade various aliphatic and aromatic hydrocarbons [77] including plastics like PET [78] and PUR [79]. In addition, Candida parapsilosis is known to be capable of producing esterases [80], which are considered important enzymes for the biodegradation of PS (Table 1).




3.2. Determination of Optimal Conditions for the Biodegradation of PS and PVC MPs by Delftia acidovorans and Candida parapsilosis


It is well-known that process conditions have a strong influence on biodegradability [81,82]. In cases where biotreatment is performed on-site, there are numerous factors that may limit microbial activity and thus reduce the efficiency of biodegradation [83]. Therefore, for Delftia acidovorans and Candida parapsilosis, selected in the previous step as the bacterium and yeast with the highest potential to biodegrade PS and PVC MPs, the optimal biodegradation conditions were determined. These conditions were determined by considering the application of selected microorganisms in bioreactors. The experiments were conducted using a full factorial methodology combining three factors (pH of the mineral medium, agitation speed, and cell density of the bacterial or yeast suspension) at three levels (Supplementary Table S1). The effect of pH on biodegradation by bacteria was tested in the range of 6–8, since bacteria generally tolerate a neutral pH range [26]. Since yeasts generally grow in the acidic to neutral pH range [84], pH conditions in the range of 3–7 were tested for biodegradation by yeasts.



The results of the suitability of four regression models (Equations (1)–(4)) used to describe the behavior of the experimentally obtained data are presented in Table S2 (Supplementary Materials). These models varied in complexity: linear dependence on the parameters studied (model I; Equation (1)), linear dependence with the interaction effect included (model II; Equation (2)), quadratic dependence (model III; Equation (3)), and quadratic dependence with the interaction effect included (model IV; Equation (4)). All four models were found to be significant with 95% confidence (p-value was less than 0.05). However, model IV had the highest values of the adjusted coefficient of determination, R2adj, for all four microorganism/MP combinations and was thus the best model for determining the optimal conditions for the biodegradation processes tested.



The response surfaces at different agitation speeds are shown in Figure 5 and Figure 6. The red areas indicate the most favorable conditions for biodegradation, while the blue areas represent the least favorable.



In the biodegradation of both PS and PVC MPs by Delftia acidovorans (Figure 5), such red areas were observed at the lowest agitation speed (120 rpm) and the highest applied cell densities (Figure 5(A1,B1)). Agitation plays an important role in biodegradation by improving oxygen transfer to the process mixture and providing homogeneous chemical and physical conditions [85]. Since Delftia acidovorans is an aerobic microorganism, agitation should be beneficial to its activity. However, when we analyzed our response surfaces at different agitation speeds (Figure 5(A1–A3)), we found that the maximum log CFU values decreased with increasing agitation speed. The cause of this behavior was not investigated in this work, but we can assume that too intense agitation could damage the bacterial cells or perhaps inhibit the adsorption of bacteria on the surface of MPs and the formation of a biofilm. For example, it is known that intensive agitation can change the morphology of the bacterium Escherichia coli [86]. In the biodegradation of PVC by Delftia acidovorans, the unfavorable effect of the basic pH of the medium was observed at all agitation speeds (Figure 5(B1–B3)), while in the biodegradation of PS, this effect was observed at the highest agitation speed (Figure 5(A3)) and became imperceptible as the agitation speed decreased (Figure 5(A1,A2)). In agreement with what has been written, the optimal process values for the biodegradation of MPs by Delftia acidovorans (Table 4) within the selected experimental range included an agitation speed of 120 rpm with high cell densities (0.9 and 1.0 for PS and PVC, respectively) and a slightly basic medium (7.95 and 7.45 for PS and PVC, respectively). The higher log CFU achieved in PVC biodegradation suggests that Delftia acidovorans adapts better to PVC MPs than to PS MPs, using these particles more successfully as an energy and carbon source for its development.



Figure 6 shows the response surfaces for the biodegradation of PS and PVC MPs by the yeast Candida parapsilosis at different agitation speeds. As in the case of Delftia acidovorans, more efficient biodegradation was associated with higher values of cell density. Candida parapsilosis achieved the highest log CFU at pH values of 5.67 and 4.94 for PS and PVC, respectively (Table 4). These results are consistent with reports in the literature that the optimal pH for yeasts should be between 5.5 and 6.0 [84]. The unfavorable effect of more acidic and neutral media on the biodegradation of PS or PVC MPs by Candida parapsilosis can be clearly seen in Figure 6. Candida parapsilosis, like Delftia acidovorans, is an aerobic microorganism, which means that more intensive agitation should have a positive effect on the activity of this yeast. However, it was again found that the maximum agitation speed was not the optimal speed for biodegradation: the results showed an optimal agitation speed of 156 and 136 rpm for PS and PVC, respectively. Agitation speeds above these values were found to be less beneficial, probably for reasons similar to those discussed in the case of Delftia acidovorans. We found reports on the negative effects of agitation on the activity of another representative of fungi: molds. Thus, high agitation speed affected the intercellular enzyme activity of Aspergillus luchuensis [87] and Aspergillus niger [88] and reduced their enzyme production. A comparison of log CFU values at the optimal process conditions (Table 4) showed that Candida parapsilosis could also adapt better to PVC MPs than to PS MPs. One of the reasons for this behavior is probably the molecular structure of these two polymers, since PS, unlike PVC, contains an aromatic ring, and it is known that the presence of aromatic rings in the molecular structure increases the toxic potential of a substance [89,90]. Of course, this cannot be reliably asserted without a detailed analysis of the toxicity mechanisms of these two MPs. For example, we recently tested the toxicity of PS and PVC microparticles with different microorganisms and found different orders of toxicity: with applied 200–600 μm particles at an amount of 50–1000 mg L−1, PVC was more toxic to the microalga Scenedesmus sp., less toxic to the bacterium Pseudomonas putida, and equally toxic to the yeast Saccharomyces cerevisiae [91].




3.3. Surface Analysis of the Treated MPs


It is generally known that the biodegradation of synthetic plastics is a very slow process. Therefore, unless the experiments are conducted over an extremely long period of time (much longer than 30 days, as in this experiment), the changes associated with biodegradation mainly occur on the surface of the MP particles, which is insignificant compared to the total volume of the MP sample. Moreover, these effects are generally limited to topographic differences and minor chemical changes. Therefore, to confirm these changes, the untreated and treated MP particles were analyzed by ATR-FTIR and SEM.



FTIR is the perfect method for studying chemical changes at the level of the different bonding of the elemental C, H, and O constituents. The ATR-FTIR spectra recorded before and after treatment are compared in Figure 7. The spectra of the PS and PVC microparticles before the treatment are marked with green and blue lines, respectively. The characteristic peaks of the PS and PVC polymers are marked in the spectra [92,93]. The orange and pink lines represent the spectra of PS and PVC, respectively, recorded after the treatment.



No significant change in the intensities of the characteristic PS peaks was observed (Figure 7A,C). However, two new peaks appeared after both treatments: by bacteria and by yeast. The first was a broad peak in the 2500–3300 cm−1 range, corresponding to the stretching of the OH group. The appearance of this peak could indicate that biodegradation has occurred. In addition, a new peak appeared at 1645 cm−1. The peaks in this range mostly relate to the C=C stretching of the alkene [94,95,96,97], which could indicate the breaking of the aromatic benzene ring in the PS structure.



In the case of PVC treatment, comparison of the FTIR spectra recorded before and after treatment showed a decrease in the intensity of the characteristic PVC peaks at 616 cm−1 (C–Cl stretching), 966 cm−1 (CH2 rocking), 1255 cm−1 (CH bending), and 1427 cm−1 (CH2 bending), most likely due to the dehydrochlorination process (Figure 7B,D) [98]. This was much more pronounced in the bacterial treatment of PVC (Figure 7B). The dehydrochlorination of PVC generally leads to the formation of unsaturated C=C bonds [99], which corresponded to the appearance of a new FTIR peak at 1640 cm−1. This peak could be observed after both treatments. Its intensity was much more pronounced in the case of the bacterial treatment (Figure 7B), confirming our assumption that it is closely related to the dehydrochlorination process. It was expected that the biodegradation of PVC should also lead to the formation of the carbonyl group, a group in which the carbon atom is double-bonded to an oxygen atom. The carbonyl group gives a peak in the spectral region 1720–1740 cm−1 [100,101]. However, the FTIR spectrum of the untreated PVC already contained such a peak, which obviously represents an additive present in the tested PVC sample, since pure PVC has no carbonyl groups in its structure. The intensity of this peak decreased in both treatments, indicating that Delftia acidovorans and Candida parapsilosis may have attacked the additive, or that the additive was released from the surface of the MP particles due to biodegradation of the PVC polymer, as later confirmed by LC-MS analysis of the filtrate solution (Section 3.4). This also made it impossible to detect the formation of new carbonyl groups and use this as evidence of biodegradation of the PVC polymer.



To visualize the degradation effect, the samples were imaged with the SEM in secondary electron mode (SE) and in backscattered electron mode (BSE). SE SEM microscopy provides information about the textural changes on the surface of MPs, which is useful because these changes are the most relevant. BSE SEM is sensitive to chemical composition in terms of atomic mass. Therefore, in the unlikely event that the chemical environment has changed significantly, BSE SEM could visually qualify the areas where the respective changes took place. Untreated PS microparticles (Figure 8a,b) and untreated PVC microparticles (Figure 9a,b) were used as the reference. For all samples scanned, the bulk appearance resembled micrometric polydisperse particles with a wide size distribution in aggregates of several hundreds of microns.



In the case of the untreated PS MPs, the surface topography revealed by SE showed low roughness and a general absence of morphological defects (i.e., the morphological defects were confined to those mechanically induced by grinding plastics into powders) (Figure 8a). BSE imaging also showed that the phase composition was homogeneous in depth beyond the sample surface (Figure 8b).



PS microparticles treated with bacteria or yeast showed only a weak difference in surface topography compared to the reference PS sample (i.e., the presence of morphological defects and roughness could be sporadically indicated) (Figure 8c,e). However, it was not possible to quantify any degradation difference between the bacteria and yeast treated PS samples. From the BSE imaging (Figure 8d,f), it was not possible to observe any in depth compositional phase changes for the treated PS samples with respect to the reference. This is consistent with the results of the FTIR analysis discussed previously, which also did not indicate the biodegradation of PS by bacteria or yeast.



Just like in the case of the untreated PS MPs, the surface topography of the untreated PVC microparticles, scanned in SE mode (Figure 9a), showed low roughness and a general absence of morphological defects, while BSE imaging (Figure 9b) indicated a homogeneous phase composition.



However, the consequences of the degradation were more obvious for the case of the treated PVC samples. Specifically, both degraded samples showed the presence of areas characterized with higher surface roughness or higher surface porosity, or an increased presence of morphological defects, or in general, just a more damaged surface. Comparing the PVC MP samples treated with Delftia acidovorans with those treated with Candida parapsilosis, the apparent presence of degradation phenomena increased from sporadic in the yeast-treated sample to considerable in the bacteria-treated sample, confirming the conclusion from the analysis of the FTIR spectra that PVC MPs are more susceptible to biodegradation by Delftia acidovorans (Figure 9c,e). Some faint differences in the BSE images of the treated PVC samples could be observed, pointing out possible in depth compositional phase changes. However, the comparison of BSE between the bacteria and yeast treated PVC samples was not relevant (Figure 9d,f). Figure 9g depicts one of the apparent bacteria degradation areas.




3.4. Analysis of the Aqueous Phases in Contact with MPs


The MS analyses of the aqueous phases in contact with the MP samples were performed using an LC-MS 2020 (Shimadzu, Japan) to estimate the released additives, as the biodegradation of the surface of the MP particles can lead to additive release [102]. Comparison of the MS spectra obtained before and after the biodegradation experiments of the PS samples showed the appearance of a new peak at m/z ratios of 328 for the experiment with Delftia acidovorans (Figure S1, case A2) (i.e., 327 for the experiment with Candida parapsilosis (Figure S1, case B2)). This peak could represent tryphenyl phosphate [103], which is commonly used as a flame retardant [104]. In the experiments on the biodegradation of PVC samples, the analysis of the MS spectra showed the appearance of new peaks at m/z ratios of 391 and 447. The peak at 391 could represent bis(2-ethylhexyl)phthalate [105], while the peak at 447 could be associated with diisodecyl phthalate [106]. These two substances are among the most commonly used PVC plasticizers in Europe [107]. In addition, both additives contain a carbonyl group in their structure, so their release from the surface of the PVC microparticles is consistent with the observed decrease in the intensity of the FTIR peak in the range of 1720–1740 cm−1 (Figure 7B,D).





4. Conclusions


Although the degradation of microplastics by microorganisms is considered as one of the most acceptable approaches to solving the problem of microplastics in the environment [23], there are still numerous obstacles that need to be overcome before such treatments can be successfully implemented. Foremost among these are the considerably long duration of the treatments and the lack of information on specific enzymes that can successfully degrade some of the plastic polymers including PS and PVC [108].



Five bacterial strains including Bacillus cereus, Bacillus licheniformis, Bacillus subtilis, Delftia acidovorans, and Pseudomonas alcaligenes and five yeast strains, namely Candida parapsilosis, Geotrichum candidum, Rhodotorula glutinis, Saccharomyces cerevisiae, and Trichosporon sp. were isolated from environmental samples. Among them, Delftia acidovorans was identified as the bacterium with the highest potential to biodegrade PS and PVC MPs, while Candida parapsilosis showed the highest potential among the yeasts. The two microorganisms adapted better to the PVC MPs than to the PS MPs to use it as a carbon and energy source. A positive effect of increased cell density and a negative effect of high agitation speed on the biodegradation process were observed.



Based on the results obtained, it would be desirable to study the metabolic processes of Delftia acidovorans and Candida parapsilosis in the hope of identifying a new enzyme that efficiently degrades PS or PVC MPs.
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Figure 1. The main factors affecting the biodegradation of MPs. 
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Figure 2. Bacteria Bacillus cereus (A1), Bacillus subtilis (B1), Bacillus licheniformis (C1), Pseudomonas alcaligenes (D1), and Delftia acidovorans (E1) cultivated on nutrient agar by the streak plate method, with associated microphotographs of bacterial Gram-stained smears ((A2–E2); 1000× magnification). Yeasts Saccharomyces cerevisiae (F1), Rhodotorula glutinis (G1), Candida parapsilosis (H1), Geotrichum candidum (I1), and Trichosporon sp. (J1) cultivated on malt agar by the streak plate method, with associated microphotographs of cultivated yeasts ((F2–J2); 400× magnification). 
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Figure 3. Changes in log CFU values determined during the preliminary biodegradation experiments using bacterial cultures: (A) Bacillus cereus, (B) Pseudomonas alcaligenes, (C) Bacillus subtilis, (D) Delftia acidovorans, and (E) Bacillus licheniformis. The blue, orange, and green circles represent PS, PVC, and the control samples, respectively. 
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Figure 4. Changes in log CFU values determined during the preliminary biodegradation experiments using yeast cultures: (A) Trichosporon sp., (B) Candida parapsilosis, (C) Rhodotorula glutinis, (D) Saccharomyces cerevisiae, and (E) Geotrichum candidum. The blue, orange, and green circles represent PS, PVC, and the control samples, respectively. 
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Figure 5. Response surfaces for the biodegradation of the PS (A1–A3) and PVC (B1–B3) microparticles by Delftia acidovorans. 
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Figure 6. Response surfaces for the biodegradation of the PS (A1–A3) and PVC (B1–B3) microparticles by Candida parapsilosis. 
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Figure 7. Comparison of the FTIR spectra of the studied MPs before and after biodegradation: (A) Delftia acidovorans and PS, (B) Delftia acidovorans and PVC, (C) Candida parapsilosis and PS, and (D) Candida parapsilosis and PVC. The biodegradation of the PS MPs was negligible in both treatments. However, for the PVC MPs, there was a significant decrease in the intensity of the characteristic peaks, indicating that both Delftia acidovorans and Candida parapsilosis initiated biodegradation. 






Figure 7. Comparison of the FTIR spectra of the studied MPs before and after biodegradation: (A) Delftia acidovorans and PS, (B) Delftia acidovorans and PVC, (C) Candida parapsilosis and PS, and (D) Candida parapsilosis and PVC. The biodegradation of the PS MPs was negligible in both treatments. However, for the PVC MPs, there was a significant decrease in the intensity of the characteristic peaks, indicating that both Delftia acidovorans and Candida parapsilosis initiated biodegradation.



[image: Environments 10 00207 g007]







[image: Environments 10 00207 g008] 





Figure 8. SEM analysis of the PS MPs: (a) SE micrograph of the untreated PS MP sample, (b) BSE micrograph of the untreated PS MP sample, (c) SE micrograph of the PS MP sample treated with the bacterium Delftia acidovorans, (d) BSE micrograph of the PS MP sample treated with the bacterium Delftia acidovorans, (e) SE micrograph of the PS MP sample treated with the yeast Candida parapsilosis, and (f) BSE micrograph of the PS MP sample treated with the yeast Candida parapsilosis. 
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Figure 9. SEM analysis of the PVC MPs: (a) SE micrograph of the untreated PVC MP sample, (b) BSE micrograph of the untreated PVC MP sample, (c) SE micrograph of PVC MP sample treated with the bacterium Delftia acidovorans, (d) BSE micrograph of PVC MP sample treated with the bacterium Delftia acidovorans, (e) SE micrograph of the PVC MP sample treated with the yeast Candida parapsilosis, (f) BSE micrograph of the PVC MP sample treated with the yeast Candida parapsilosis, (g) SE micrograph of the throughout “surface damage” of the bacteria-treated PVC MP sample. 
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Table 2. Composition of the mineral media used in the biodegradation experiments.
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For Bacteria

	
For Yeasts




	
Substance

	
Conc./g L−1

	
Substance

	
Conc./g L−1






	
K2HPO4

	
12.500

	
K2HPO4

	
1.000




	
KH2PO4

	
3.800

	
KH2PO4

	
1.000




	
(NH4)2SO4

	
1.000

	
NH4NO3

	
1.000




	
H3BO3

	
0.232

	
NaCl

	
0.500




	
ZnSO4·7H2O

	
0.174

	
MgSO4·7H2O

	
0.200




	
FeSO4(NH4)2SO4·6H2O

	
0.116

	
CaCl2

	
0.020




	
MgSO4·7H2O

	
0.100

	
FeCl3·6H2O

	
0.005




	
CoSO4·7H2O

	
0.096

	

	




	
(NH4)6Mo7O24·4H2O

	
0.022

	

	




	
CuSO4·5H2O

	
0.008

	

	




	
MnSO4·4H2O

	
0.008

	

	











 





Table 3. Process conditions used for the preliminary biodegradation experiments of PS and PVC MPs.
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	Condition
	For Bacteria
	For Yeasts





	pH
	7.0 ± 0.2
	6.0 ± 0.2



	T/°C
	25.0 ± 0.2
	25.0 ± 0.2



	ODinitial
	0.5
	1.0



	AS/rpm
	150
	160










 





Table 4. Optimal conditions for the biodegradation of PS and PVC MPs by Delftia acidovorans and Candida parapsilosis and the corresponding log CFU values.
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Microorganism

	
Type of MPs

	
ODinitial

	
AS/rpm

	
pH

	
log CFU *






	
Delftia acidovorans

	
PS

	
0.9

	
120

	
7.95

	
8.10




	
PVC

	
1.0

	
120

	
7.45

	
8.40




	
Candida parapsilosis

	
PS

	
1.0

	
156

	
5.67

	
7.24




	
PVC

	
1.0

	
136

	
4.94

	
7.75








* According to the optimal model.
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