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Abstract

:

Concern regarding the pollution of the marine environment with plastics has been rising in recent years. Plastic waste residing in and interacting with the environment fragments into secondary particles in the micro- and nanoscale, whose negative impacts on the environment are even greater than those of the parent items. In this work, secondary high density polyethylene (HDPE) and low density polyethylene (LDPE) microplastics were produced by irradiation of virgin films following mechanical fragmentation. The fragments with size ranging from 250 μm to 2 mm were selected for subsequent microcosm experiments. Incubation for 120 days in seawater inoculated with two marine communities, Agios, acclimatized to utilizing plastics as a carbon source, and Souda, as was collected at the Souda bay (Crete, Greece), resulted in biofilm formation by polyethylene (PE) degraders. Monthly FTIR (Fourier-transform infrared spectroscopy) examination of the samples revealed changes in the chemical structure of the surface of the polymers. Dynamic light scattering (DLS) was employed and nano- and microparticles with sizes in the range between 56 nm and 4.5 μm were detected in the seawater of inoculated microcosms. It was thus demonstrated that weathered plastics particles can biodeteriorate and biofragment as a result of biofilm attachment, resulting in the production of nanoplastics due to microbial activity.






Keywords:


polyethylene; marine environment; marine communities; acclimatization; weathering; microplastics; nanoplastics; biofragmentation; FTIR; DLS












1. Introduction


Plastics are high molecular weight polymers with excellent chemical and physical properties. Due to improper waste management schemes, accumulation of plastics in marine, freshwater, and terrestrial environments keeps on increasing [1]. A large quantity of plastic particles ends up in the marine environment; 270,000 t of plastics have been estimated to float in the world’s oceans, with current convergence areas being most heavily affected such as the ocean gyres, and enclosed water bodies, like the Mediterranean Sea [2,3].



Plastics contribute to about 80 to 85% of marine litter [4] while fragments constitute the majority of marine plastic litter in terms of abundance in the ocean [5]. Particle size distributions follow a power law for fragments while the maximum is frequently observed at ~1 mm [6]. Based on the production process, microplastics (MPs) can be divided into primary when they are fabricated as such and secondary MPs as a result of fragmentation [7]. When plastics are immersed in the marine environment, they undergo ageing and size transformations due to abiotic and biotic processes. Exposure to ultraviolet (UV) radiation at simulated coastal conditions, followed by mechanical abrasion resulted in the production of thousands of secondary plastic [8].



In turn, fragmentation favors biodegradation since it increases the surface to volume ratio [9]. Moreover, the fragmented plastics have also reduced molecular weight and therefore biodegradation can more readily occur [10]. In general, plastic degradation is accomplished by the synergy of abiotic factors and microorganisms [11]. Microbial degradation of plastic particles involves steps such as colonization, biodeterioration, biofragmentation, assimilation, and mineralization [12]. Biofilm formation through the microbial adhesion and production of various proteins and polysaccharides results in significant physicochemical alterations on the surface. Biofragmentation of plastics as a result of primarily enzymatic activity follows. Until now, the generation of NPs referred to as particles with the largest dimension below 1 μm, has been demonstrated as part of the degradation of plastic particles mainly due to UV irradiation [13,14] while no studies have demonstrated the presence of NPs due to microbial activity.



Few studies have demonstrated the ability of marine as well as terrestrial microorganisms to degrade plastics [15,16], while the information concerning the degradation of weathered plastics is scarce [17,18]. The aim of this study was to investigate the effect of one acclimated (Agios) and one indigenous (Souda) marine community on the physicochemical properties of PE (HDPE and LDPE) secondary MPs in marine microcosms. The colonization process was investigated in conjunction with the monitoring of the impact on the chemical properties of the surface of secondary MPs, toward understanding the generation of and NPs.




2. Materials and Methods


2.1. Materials/ Generation of Secondary MPs


High-density polyethylene (HDPE) and low-density polyethylene (LDPE) films with a thickness of 0.1 mm were obtained from Plastika Kritis S.A. (Heraklion, Greece). They were cut in strips with dimensions 10 cm × 1 cm and exposed to artificial UV-A radiation using 6 Sylvania F36 T8 BLB lamps (emission spectral peak at 365 nm). Irradiation was performed in a closed sand system (Figure 1) for a period of time until application of mild mechanical stress would cause fragmentation. The temperature of the system and the amount of radiation were monitored constantly using two Onset HOBO Temperature Light 3500 DP Loggers.



Sufficient fragmentation was observed in HDPE and LDPE films after 5 and 7 months of irradiation, respectively. Complete fragmentation was achieved by the application of mild mechanical stress in rotating borosilicate glass bottles containing sieved sand [19]. The plastic fragments went through a size exclusion process, employing two sieves with pore sizes of 2 mm and 250 μm. Fragments of the desired size (250 μm–2 mm) were weighed and separated in 50 ± 2 mg groups. The samples were sprayed with a 70% water~ethanol (completely denatured with 1% ethyl methyl ketone, 1% isopropyl alcohol, 1 g/100 L denatonium benzoate, Merck, Kenilworth, NJ, USA) solution for sterilization and left to dry in an incubator at 37 °C for 3 days prior to placing them in the seawater microcosms.




2.2. Biodegradation Assays


2.2.1. Marine Communities


Two different marine consortia were used in this study to assess their degradation ability. The community “Agios” is an acclimated consortium, previously developed in previous studies, capable of degrading PE films. The community consists predominantly of the phyla of Proteobacteria (Alphaproteobacteria and Gammaproteobacteria), Bacteroidetes, and Actinobacteria. Additionally, the expression of the alkB gene, which has been linked to both hydrocarbon and plastic polymer biodegradation, has been observed [20]. An indigenous community collected from Souda bay (Crete, Greece) was also exploited. For the isolation of the indigenous community, seawater was collected from Souda bay and was cultured in Erlenmeyer flasks containing 200 mL of DSMZ 453 medium for 7 days at 25 °C in the presence of PE films. The biofilm attached on the films was harvested by gently scraping the surface of the films and cultured anew in DSMZ 453 medium. The community was removed from the culture medium by centrifugation, diluted in sterile seawater, and used for inoculation of the biodegradation experiments (“Souda”).




2.2.2. Experimental Design


A microcosm experiment was conducted in sterilized flasks in triplicate using HDPE and LDPE secondary MPs as the sole carbon source. A total of twelve flasks per treatment were employed. In each microcosm, 50 mL sterile enriched filtered seawater, 50 mg sterile PE fragments along with the consortia (starting concentration: 105 cells mL−1) were added. Sampling occurred at the end of each month by permanently removing 3 flasks per treatment. The experiment was conducted in 25 °C in darkness, under continuous shaking at 120 rpm and lasted for 4 months. Abiotic controls, containing sterile enriched filtered seawater and sterile PE fragments, were incubated for the same period of time in the dark, so as to avoid photodegradation.




2.2.3. Viable Cell Concentration and Extracellular Polymeric Substances


Pieces of 250 μm plankton mesh were used for the capture of the PE secondary MPs from the flasks. All the particles retained within the mesh were subsequently washed with 2% w/v sodium dodecyl sulfate (SDS) in order to remove the biofilm from the surface. The biofilm cells were serially diluted and spread on rich medium plates (DSMZ 453) in order to estimate the cell concentration, along with protein measurements. The concentration of proteins was determined according to the modified Lowry Protein Assay Kit protocol [21].





2.3. FTIR


The chemical structure alterations of the samples were examined using Fourier-transform infrared spectroscopy (FTIR). A small quantity of each sample (3–5 mg) was incorporated in KBr pellets in a 1:10 ratio. The spectra were obtained using a Frontier FTIR spectrometer (PerkinElmer, Waltham, MA, USA) and analyzed using Spectrum software (PerkinElmer, Waltham, MA, USA). For each sample 64 scans were performed, with a scan resolution of 4 cm−1 in the 4000–450 cm−1 absorbance range. Chemical changes on the surface of the microplastics were monitored monthly, by calculating the following indices using the absorbance values from the respective spectra [22]:
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  I n t e r n a l   D o u b l e   B o n d   I n d e x    (  I D B I  )  =    A  908      A  1465      



(4)








2.4. Nanoparticle Detection–Light Scattering


The presence of plastic particles of micro or nano scale in the microcosms was investigated monthly using dynamic light scattering (DLS), with a SALD-7500nano particle analyzer (Shimadzu, Japan). Following the measurement of a blank sample of fresh seawater, a volume of 5 mL of seawater from the mesocosms was analyzed using WingSALD II version 3.1.1 in terms of both volume and number of particles every month. DLS results are reported as particle diameter in μm versus number of particles or volume of particles. While the former allows for maximum concentration sensitivity, the latter provides information on larger particles that are not well represented in the samples in terms of number.




2.5. Data Analysis


Statistical analysis of the data was implemented using R version 4.0.0 (R Core Team, Vienna, Austria) in the environment RStudio version 1.3.959. Data normality was conducted using the Shapiro–Wilk test. Depending on data normality, the Kruskal–Wallis non-parametric test and one-way ANOVA were used to detect statistically significant differences between samples. The package ggplot2 was used for data visualization.





3. Results


3.1. Biofilm Populations on PE Secondary Microplastics


Biofilm populations on the surface of the secondary microplastics increased from the 105 cells mL−1 initially added to the microcosms. Cell abundances in the microcosms inoculated with the acclimated Agios community were consistently higher than those inoculated with the Souda community (Figure 2). The growth observed after 30 days of incubation was statistically significant; the Agios community achieved an average of 1.44 logCFU mL−1 increase (Figure 2B) when utilizing HDPE microplastics as sole carbon source. For LDPE, average increases of 0.93 logCFU mL−1 (Souda community) and 2.26 logCFU mL−1 (Agios community) could be observed in 30 days (Figure 2C,D). The only exception to that pattern was exhibited by the Souda community in microcosms containing HDPE microplastics. While in the first 30 days the cell growth was minimal, statistically significant growth was noted between the 30th and 60th day, reaching an average increase of 1.3 logCFU mL−1. A decrease of 0.74 logCFU mL−1 was followed by an almost equal increase of 0.71 logCFU mL−1 to a final average viable cell concentration of 6.45 ± 0.15 logCFU mL−1 at the end of the incubation period (Figure 2A). The acclimated Agios community behaved similarly, regardless of the type of MPs provided as carbon source. Viable cell concentrations increased for 60 days, reaching maximum average values of 7.29 ± 0.44 logCFU mL−1 and 7.58 ± 0.52 logCFU mL−1 when incubated with HDPE and LDPE respectively. For the remainder of the experiment a decrease of cell concentrations led to final values of 6.61 ± 0.16 logCFU mL−1 for LDPE microcosms and 6.11 ± 0.29 logCFU mL−1 for LDPE microcosms (Figure 2B,D). Souda community cell populations increased until the 90th day up to 6.70 ± 0.76 logCFU mL−1, when a decrease to a final concentration of 6.24 ± 0.38 logCFU mL−1 was observed (Figure 2C). Viable cell concentration evolution over time was statistically significant among all treatments.



Exopolymeric protein concentrations on secondary MPs shown in Figure 3 do not exhibit similar patterns as the biofilm cells. They fluctuate in a similar manner on HDPE microplastics and by the end of the incubation period a definite decrease can be observed. On the other hand, protein concentrations on LDPE microplastics behave not only differently than those on HDPE, but also between the two treatments, reaching marginally higher values than those initially measured at the end of the cultivation period. More specifically, average protein concentrations on the surface of the HDPE secondary microplastics (73.8 ± 3.8–165.2 ± 27.5 μg mL−1) were consistently almost one order of magnitude higher than those on LDPE (10.0 ± 1.6–20.7 ± 6.8 μg mL−1). The high average protein concentrations observed for the Souda community (165.2 ± 27.5 μg mL−1; Figure 3A) and for the Agios community (143.7 ± 15.6 μg mL−1; Figure 3B) on HDPE microplastics after 30 days of incubation were followed by a steep decrease on the 60th day (73.8 ± 3.8 μg mL−1 for the Souda community and 82.4 ± 14.3 μg mL−1 for the Agios community). The increase in protein concentration that can be noted on the 90th day (105.7 ± 1.7 μg mL−1 for the Souda community and 82.5 ± 14.3 μg mL−1 for the Agios community) does not restore the concentrations to the initially measured maximum values. The average values decreased further in the time resulting in final protein concentrations of 93.0 ± 10.1 μg mL−1 for the Souda community and 90.3 ± 3.3 μg mL−1 for the Agios community. The proteins on the surface of LDPE samples incubated with the Souda community decreased, as previously seen on HDPE, however more gradually from 13.2 ± 1.5 μg mL−1 on the 30th day to 10.0 ± 1.6 μg mL−1 on the 60th day (Figure 3C). From that point on, average concentrations increased marginally to 10.8 ± 1.6 μg mL−1 on the 90th day and finally reached 14.1 μg mL−1 at the end of the experiment. The average protein concentrations measured on LDPE microplastics, following incubation with the Agios community exhibited a gradual increase from 14.6 ± 2.2 μg mL−1 on the 30th day to 19.2 ± 1.3 μg mL−1 on the 90th day and finally decreased to 14.8 ± 2.1 μg mL−1 at the end of the experiment (Figure 3D). It should be noted that the differentiation of protein concentration values was not statistically significant between samplings. The differences observed between the two LDPE treatments were statistically significant (p = 0.002), but this was not the case for HDPE (p = 0.808). Finally, the different PE types affected the protein concentration on the surface in a statistically significant manner; comparison between HDPE and LDPE samples for the Souda community revealed statistically significant differences (p = 0.0003 and p = 6.8 × 10−6).




3.2. FTIR


The FTIR spectra of secondary LDPE microplastic samples at the beginning of the incubation period (Weathered_LDPE) and after 90 and 120 days of incubation with each community (LDPE_3months_S, LDPE_4months_S, LDPE_3months_A, LDPE_4months_A) are shown in Figure 4. As seen the broad stretching hydroxyl (O-H) peak visible in the range 3200–3600 cm−1 of the LDPE microplastics was smoothed as incubation progressed, regardless of the community. The carbonyl (C=O) peak at 1708 cm−1 was sharpened and higher absorbance values were observed as incubation progressed. Finally, the carbon oxygen (C-O) peak at 1163 cm−1, which cannot be detected on the initial LDPE microplastics, was most visible after 90 days of incubation with both the Souda and Agios community, and was smoothed out on the 120th day.



HDPE microplastics initially used for the microcosms had an average keto carbonyl bond index (KCBI) value of 0.89 ± 0.00 (Figure 5A,B). A maximum increase was observed after 30 days for samples incubated with the Souda community (KCBI = 0.98 ± 0.006; Figure 5A) as well as for samples incubated with the Agios community (KCBI = 0.96 ± 0.02; Figure 5B). Further incubation resulted in a marginal drop to final average values of 0.92 ± 0.008 for the Souda community (Figure 5A) and 0.93 ± 0.02 for the Agios community (Figure 5B). LDPE microplastics, with an average initial KCBI value of 1.36 ± 0.00 (Figure 5C,D), exhibited notable decrease after 30 days of incubation with both communities; 0.87 ± 0.11 for Souda (Figure 5C) and 0.84 ± 0.13 for Agios (Figure 5D). The average KCBI values of LDPE microplastics incubated with the Souda community fluctuated before attaining the final average value of 0.90 ± 0.00 (Figure 5C). On the other hand, incubation with the Agios community did not alter the LDPE microplastics significantly, from a keto carbonyl bond index point of view, since the average values were almost stable. After 120 days KCBI was 0.85 ± 0.03 (Figure 5D). The differences observed between the HDPE and LDPE microplastic samples after the incubation with the two communities were statistically significant (p = 0.014 for Souda community and p = 0.0008 for Agios community, respectively).



A 30-day incubation with any of the two communities employed was proven sufficient for the chemical alteration of the surface of the HDPE microplastics, from an ester carbonyl bond index (ECBI) point of view (Figure 6A,B). The initial average ECBI value of 0.88 ± 0.00 of the microplastics at the time of incubation was succeeded by 0.97 ± 0.008 for samples incubated with the Souda community (Figure 6A) and 0.96 ± 0.03 for samples incubated with the Agios community (Figure 6B). The average ECBI values for Souda community-incubated HDPE microplastics fluctuated until the final value of 0.90 ± 0.009, while for the Agios community incubated samples, a clear pattern of decrease until a value of 0.92 ± 0.02 was observed. As far as the LDPE microplastics were concerned, almost no change can be observed from the initial average value of 0.80 ± 0.00 in the first 30 days (Figure 6C,D). The minimum average ECBI values were observed on the 60th day of incubation; 0.62 ± 0.02 for the LDPE microplastics incubated with the Souda (Figure 6C) community and 0.72 ± 0.07 for LDPE microplastics incubated with the Agios community (Figure 6D). Increase in the average ECBI values over the following 60 days resulted in final values which were slightly higher than the original ones; 0.85 ± 0.00 for the samples from the Souda community microcosms (Figure 6C) and 0.84 ± 0.04 for the samples from the Agios community microcosms (Figure 6D). The p-values from the Mann–Whitney U test revealed that the differences observed between the two polymers were statistically significant for both communities (p = 0.0003 for Souda and p = 7.75 × 10−5 for Agios).



Incubation of both secondary microplastic types contributed to the development of internal double bonds on the polymers’ surfaces. During the first 30 days in the microcosms, all average internal double bond index (IDBI) values increased from an initial value of 0.83 ± 0.00 for HDPE and 0.36 ± 0.0 for LDPE. More specifically, incubation with the Souda community resulted in an average IDBI value of 0.95 ± 0.008 for HDPE samples (Figure 7A) and 0.82 ± 0.17 for LDPE samples (Figure 7C), while incubation with the Agios community yielded average values of 0.93 ± 0.05 for HDPE (Figure 7B) and 0.79 ± 0.22 for LDPE (Figure 7D). From that point on, however, each polymer exhibited different behavior. The average IDBI of HDPE microplastics incubated with the Souda community was stabilized until the 90th day and on the 120th day, a decrease to a value of 0.87 ± 0.01 was observed (Figure 7A). Incubation with the Agios community resulted in a gradual decrease of the average IDBI value to a final 0.89 ± 0.02 (Figure 7B). After incubation with the Souda community, LDPE microplastic samples’ IDBI values exhibited an increasing pattern, until the final value of 1.01 ± 0.00 (Figure 7C). In the treatment of the Agios community, LDPE microplastics gradually reached a final average value of 1.07 ± 0.02 (Figure 7D). It is notable that both LDPE treatments resulted in their maximum average values on the 90th day, with very high standard deviations (1.62 ± 0.53 for Souda-incubated samples and 0.96 ± 0.29 for Agios- incubated samples). No statistically significant differences could be discerned between polymer types or communities.



Artificial UV irradiation affected the two types of PE in a similar manner, but to a dissimilar extent. The average vinyl bond index (VBI) value of HDPE upon initiation of the experiment was 0.89 ± 0.00, while that of LDPE was 0.14 ± 0.00. Incubation with the two marine communities led to increased detection of vinyl bonds for all treatments (Figure 8). Incubation with the Souda community resulted in average VBI values of nearly 1.00 from the 30th to the 90th day of the experiment, which finally decreased to 0.92 ± 0.003 at the end of the incubation period (Figure 8A). The average value of 0.99 ± 0.04 was achieved after 30 days of LDPE incubation with the Agios community. It decreased gradually to a final average value of 0.94 ± 0.03 on the 120th day (Figure 8B). The initial increase in average VBI values was more distinct, reaching 0.82 ± 0.17 after a 30-day incubation with the Souda community (Figure 8C) and 0.78 ± 0.20 with the Agios community (Figure 8D). For the remainder of the experiment, average VBI values of LDPE microplastics incubated with the Souda community fluctuated until the final value of 0.80 ± 0.00 was attained (Figure 8C). The fluctuations for Agios community-incubated samples were less pronounced, with a final average value of 0.76 ± 0.05 (Figure 8D). Statistically significant differences could be observed between the two polymers for each community (p = 0.0003 for the Souda community and p = 1.63 × 10−5 for the Agios community).



Generally, in the first 30 days the FTIR indices of all treatments increased, from 4.8% (ECBI of LDPE incubated with the Souda community) to 483.1% (VBI of LDPE incubated with the Souda community). Following the initial abrupt increase, the ECBI of HDPE MPs incubated with the Souda community fluctuated until a 7% decrease took place between the 90th and 120th day. On the other hand, MPs after incubation with the Agios community steadily declined throughout the experiment. ECBI values of LDPE MPs followed a similar pattern of increase on the 30th day, which was followed by decrease on the 60th day. For the remainder of the experiment, the value of the ECBI index increased, until both treatments reached approximately the same value. The IDBI refers to C=C bonds in the polymeric chain while the VBI refers to terminal C=C bonds. Interestingly, examination of IDBI and VBI of HDPE MPs showed that regardless of incubation community, the values of the two bond indices followed the same pattern of increase in the first 30 days, stabilization between the 30th and 90th day and decrease in the last 30 days. The total percentile differentiation of the two indices was equal in both treatments (13.5% for Souda incubated samples and 11.0% for Agios incubated samples), indicating that double bonds were created in the polymeric chains in an identical manner, despite the incubation with different communities. That was not the case with LDPE MPs. While the two indices followed the same pattern until the 60th day of incubation with the Souda community, they followed opposite directions until the termination of the experiment. The VBI of Agios community incubated samples did not change after the initial increase of the first 30 days. The IDBI however, progressively increased, despite minute fluctuations. The only exception to that pattern of increase was the KCBI of both LDPE treatments. After 30 days of incubation, a decrease of more than 30% was noted, accompanied by simultaneous slight increase in ECBI. Carbonyl index decrease resulted from the incubation of HDPE and LDPE with fungi, with the change being more definite for LDPE samples after 30 days [23]. The KCBI value of weathered LDPE microplastics prior to inoculation was 34% higher than that of HDPE.




3.3. Size Distribution of Generated Nanoplastics


In this section, the size distribution of the micro- and nanoparticles generated from the microplastics used are presented. Generally, the particle size distribution of HDPE particles by volume shifted to the right as incubation progressed with either community. The temporal diameter differentiation of secondary HDPE particles as a function of their volume is shown in Figure 9A,B. Examination of samples from the abiotic control showed average diameters of 5.357 ± 0.209 μm, with a modal value of 3.548 μm. After 30 days of incubation with the Souda community the mean diameter of the LDPE particles contained in the liquid was 0.814 ± 1.128 μm, with a modal value of 0.102 μm. On the 60th day, the mean diameter diminished to 0.654 ± 0.945 μm, with a higher modal value of 0.129, while on the 90th day, both mean and modal diameters increased with respective values of 3.172 ± 0.906 μm and 0.412 μm. At the end of the experiment, further increase was observed, with a final mean diameter of 28.937 ± 0.533 μm and a modal diameter of 54.923 μm (Figure 9A). Incubation with the Agios community resulted in gradual increase in the mean diameter of the plastic particles, from 6.144 ± 0.584 μm on the 30th day to 56.976 ± 0.402 μm on the 120th day. Interestingly, the highest modal value was observed on the 90th day, with a value of 110.467 μm (Figure 9B). The diameter by volume of LDPE particles was generally higher than that of HDPE. The particle size distribution of LDPE secondary MPs incubated with the Souda community did not shift significantly over time. An initial mean diameter of 56.390 ± 0.255 μm was initially measured, close to the modal diameter (54.923 μm). On the 60th day, the mean diameter increased to 82.604 ± 0.259 μm, with a modal value of 87.513. On the 90th day the diameter started to decrease (mean = 51.621 ± 0.279 μm, modal = 54.923 μm), to finally attain the minimum mean value of 26.564 ± 0.488 μm and a modal diameter of 43.510 μm (Figure 9C). Incubation of LDPE microplastics with the Agios community shifted the particle size distribution to the left. After 30 days nanoparticles of a mean diameter of 6.144 ± 0.584 μm (modal = 17.138 μm) were produced. The mean diameter increased until 66.639 ± 0.426 μm until the 90th day (modal = 110.467 μm) and finally decreased to 56.976 ± 0.402 μm, with a close modal of 54.923 (Figure 9D).



The distribution of HDPE particle size by number shifted decisively to the right, regardless of incubation community. The mean diameter by number after Souda community incubation for 30 days was 0.062 ± 0.157 μm, with a modal value of 0.056 μm. The diameter increased progressively until the end of the experiment, when maximum mean and modal values of 1.345 ± 0.142 μm and 1.122 μm were measured (Figure 10A). Increase in particle diameter by number was observed after the incubation of HDPE microplastics with the Agios community, as well. Distinctively, the mean particle diameter was 0.353 ± 0.154 μm (modal = 0.282 μm) after 30 days and reached 4.945 ± 0.203 μm on the 120th day. Notably, the modal diameter value did not change between the 90th and 120th day and was stable with a value of 3.548 μm (Figure 10B). The diameter of LDPE particles fluctuates throughout the experiment, but a shift of the distribution to the left can be observed, more distinctly in the case of Agios community-incubated samples (Figure 10B,D). LDPE particles of a mean diameter of 6.531 ± 0.297 μm and a modal diameter of 4.467 μm were detected in samples from the 30th day of incubation with the Souda community. On the 60th day, the mean particle diameter was 5.579 ± 0.313 μm with an equal modal diameter of 4.467 μm. A steep increase of diameter was observed on the 90th day (mean = 0.314 ± 0.168 μm, modal = 0.224 μm), followed by an increase to a mean diameter of 3.836 ± 0.321 μm, with a modal value of 2.239 μm (Figure 10C). The diameter of LDPE particles incubated with the Agios community fluctuated, however in a dissimilar manner. The mean particle diameter was 4.670 ± 0.171 μm (modal = 3.548 μm) on the 30th day. One month later, a higher mean diameter equal to 5.594 ± 0.250 μm, with a modal diameter of 4.467 was observed, only to decrease steeply in the next sampling, to a minimum mean diameter of 0.182 ± 0.161 μm (modal = 0.178 μm). Samples from the end of the experiment exhibited slightly higher diameters, with a mean value of 0.192 ± 0.168 μm and a modal diameter of 0.178 μm (Figure 10D).





4. Discussion


4.1. Changes of Incubated Secondary Microplastics


It has been shown that among a variety of plastics polymers, PE was the material less facilitating to biofilm development and fragmentation [24]. Biofilm development on the surface of PE particles, however, has been associated with biodegradation [11,25,26,27]. Microorganisms recruit the extracellular enzyme reservoir to enable the biodeterioration and biofragmentation of solid substrates [28]. In this experiment, viable cells and protein concentrations were examined as a measure of biofilm formation and microbial activity, while FTIR and DLS were employed to detect polymer-related changes.



Our results highlight the significance of the time factor in the process of PE biodegradation. The first 30 days of incubation were crucial to the evolution of the system parameters. Between inoculation and the first sampling, viable cell concentrations increased in all treatments. With the exception of microcosms containing HDPE incubated with the Souda community, that increase was intense and statistically significant. As expected, the highest cell concentrations were recorded for the acclimated Agios community, regardless of polymer type used as a substrate [20]. Cell abundances which initially increased and decreased over time were estimated indirectly via the measurement of increased protein concentrations during the biodegradation of LDPE by bacterial strains [25]. The elevated cell abundances were consistent with the high protein concentrations noted at the same sampling. In microcosms containing HDPE secondary MPs, the highest protein concentrations were also achieved after 30 days of incubation.



Between the first and the 30th day, the most severe changes in FTIR indices were also observed. Increases of FTIR indices similar to those shown here have been reported previously during biodegradation experiments [25,29,30,31]. It appears that the branched molecular structure of LDPE, which facilitated the incorporation of oxygen atoms in the polymeric chain during the irradiation period [32,33], also made it easier for the keto carbonyl bonds to dissolve. The increase in VBI can also be connected to the creation of oligomers with terminal C=C bonds via the Norrish II mechanism [34]. The decrease of the majority of the indices over time can be an indication of weathered polymer consumption by the marine communities. This idea is reinforced by the FTIR spectra (Figure 3), where the hydroxyl peak of the material used for incubation is less prominent after 90 and 120 days. Changes of FTIR indices during the biodegradation of LDPE have been reported before [35], while increase of vinyl bonds was related to the biodegradation of a mixture of plastics by marine communities [18].



Comparison of all index values for the Souda and Agios communities reveals that changes occurring as a result of incubation with the Agios community were gradual and more stable, while those from the Souda community tended to be more dynamic. This result indicates that the biofilm produced from the already acclimated Agios community was more stable, and therefore more predictable and suitable for long-term incubation of samples, with the purpose of polymer mineralization [30]. The Agios community, previously developed and successfully employed by the authors for the biodegradation of naturally weathered polyethylene and polystyrene samples, has been found to contain elevated abundances of the alkB gene [20,36]. The presence of hydrocarbon-degrading microorganisms containing the alkB gene has been linked to the potential biodegradation of plastics [37].




4.2. Nanoplastics Generation and Fate


Incubation of secondary MPs with the two marine communities also resulted in the generation of NPs in the seawater. Τhe size of the detected nanoparticles was consistently lower than the cutoff of the filter used to separate the secondary MPs to be included in the experiment (250 μm). In detail, NPs with size ranging from 56 nm to 355 nm were detected after 30 days of incubation in the seawater of the three out of the four microcosms, supporting the scenario of biofragmentation of PE secondary MPs. It is important to mention that no NPs were detected in the seawater from the abiotic controls at the beginning of the experiment or after 120 days of incubation in the dark. It is, therefore, not possible to attribute the generation of NPs to photodegradation or mechanical stress. Biofragmentation is a depolymerization step which includes the catalytic cleavage of already degraded MPs into smaller units [38]. These intermediate materials are low molecular weight fragments such as monomers and short-chain oligomers. For example, linear alkane hydrolysis products due to PE biodegradation have been detected while the carbon chain length differed depending on the species of bacteria [39]. These compounds can be classified as NPs if their larger dimension is below 1 μm [14,40]. Moreover, surface corrosion of the MPs takes place following microbial adhesion on the surface [39].



The presence of NPs was more prolonged and the fragments were smaller in microcosms containing HDPE secondary MPs as carbon source. Given the chemical structures of LDPE and HDPE, that was unexpected. This result is linked to the fact that after incubation both the KCBI and the ECBI of HDPE MPs were consistently higher than those of LDPE microplastics [41]. The dissolution of carbonyl bonds within the polymeric structure could be the mechanism behind chain scission and the subsequent production of NPs [12,42]. Depolymerization occurring during chain scission is considered to initiate assimilation of the short-chain oligomers to complete mineralization [43]. That implies that NP particles could have been produced in the LDPE microcosms, as a result of the removal of branches of the polymer chain. However, they could not be detected during DLS analysis, as they had been consumed by the bacteria in the seawater. This observation is similar to the fate of byproducts from the biodegradation of petroleum hydrocarbons in the marine environment.



The occurrence of NPs in the natural environment has been extensively highlighted, including the potential toxic effects on biota [12,44,45,46,47,48]. Despite the ever-increasing number of studies on NPs, research of their generation is completely novel. That can be attributed to the fact that this phenomenon has been mostly ignored until now. Moreover, the development of standardized protocols is of utmost importance. The effect of organisms on their production and fate has not been elucidated yet. Understanding of the sources and production of NPs through studies like this, would provide further insight on the impacts that might occur from their presence in the environment. Thus, a wide spectrum of studies should be completed, in order to identify the processes and mechanisms that govern the generation of secondary nanoparticles under various environmental conditions.





5. Conclusions


The presence of plastics of all scales in the environment has been linked to a number of processes and interactions, which have not been fully studied despite the ever-increasing volume of relevant publications. This work presents the potential for secondary MPs colonization and subsequent biodegradation by marine communities, by demonstrating their proliferation in microcosms with HDPE and LDPE as the sole carbon source. Structural changes on the surface of the polymers were consistent with biodeterioration, while the products of biofragmentation were for the first time identified as nanoplastics due to microbial activity. Always keeping in mind, the implications that might arise from the increased toxicity of nanoplastics, this work aspires to constitute a stepping stone toward the biological mitigation of the plastic pollution problem. Finally, it is crucial that efforts be made to understand and include the microbially produced NPs in the plastic mass balance models.
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Figure 1. (A) HDPE and LDPE films and (B) HDPE secondary microplastics with size 250 μm–2 mm. 
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Figure 2. The abundances of Souda biofilm community on (A) HDPE and (C) LDPE secondary MPs and the abundances of Agios biofilm community on (B) HDPE and (D) LDPE secondary MPs over time. Stars indicate significance levels: * for p < 0.05, ** for p < 0.01, *** for p < 0.001, **** for p < 0.0001. 
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Figure 3. The concentration of proteins within the Souda biofilm community on (A) HDPE and (C) LDPE secondary MPs and the concentration of proteins within the Agios biofilm community on (B) HDPE and (D) LDPE secondary MPs over time. 
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Figure 4. The FTIR profiles of LDPE secondary MPs prior and after exposure to Souda and Agios communities. 
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Figure 5. The KCBI of (A) HDPE and (C) LDPE secondary MPs inoculated with the Souda community and the KCBI of (B) HDPE and (D) LDPE secondary MPs inoculated with the Agios community. 
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Figure 6. The ECBI of (A) HDPE and (C) LDPE secondary MPs inoculated with the Souda community and the ECBI of (B) HDPE and (D) LDPE secondary MPs inoculatwed ith the Agios community. 
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Figure 7. The IDBI of (A) HDPE and (C) LDPE secondary MPs inoculated with the Souda community and the IDBI of (B) HDPE and (D) LDPE secondary MPs inoculated with the Agios community. 
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Figure 8. The VBI of (A) HDPE and (C) LDPE secondary MPs inoculated with the Souda community and the VBI of (B) HDPE and (D) LDPE secondary MPs inoculated with the Agios community. 
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Figure 9. The particle size distribution of (A) HDPE and (C) LDPE secondary MPs inoculated with the Souda community and of (B) HDPE and (D) LDPE secondary MPs inoculated with the Agios community by volume of particles as measured by dynamic light scattering. 
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Figure 10. The particle size distribution of (A) HDPE and (C) LDPE secondary MPs inoculated with the Souda community and of (B) HDPE and (D) LDPE secondary MPs inoculated with the Agios community by number of particles. 
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