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Abstract

:

Wetlands are being contaminated by housing developments, effluents, industrial areas, and poor sanitation, resulting in the presence of plastic polymers and the development of biofilms on these materials, which represent an elevated risk to freshwater fauna and flora. The objective of this study was to characterize mesoplastics and microplastics, collected in the Gualí Wetland, Colombia, as well as to verify the presence of biofilms on such polymers. Nine water samples (36 L per sample) were evaluated at three points of the wetland; the size of the particles was determined by image analysis, the type of polymer through FTIR, and the presence of biofilms by microscopy. A total of 79 items/0.135 m3 were collected, 2 macroplastic items, 53 mesoplastic items, and 24 microplastic items. The presence of fragments (70%) and pellets (41%), with transparent (40%) and white (30%) being the predominant ones, was outstanding. Among the polymers, high-density polyethylene (HDPE) dominated, followed by expanded polystyrene. The results of SEM demonstrated the presence of diatoms on the surface of the plastic polymers. Furthermore, the results showed a greater amount of HDPE mesoplastics and microplastics in the shape of fragments and pellets. In addition, the presence of biofilms on these plastic particles can increase the adsorption of contaminants, negatively affecting this ecosystem. The outcome of this study can be used to identify bacteria that reside in biofilms associated with microplastics and mesoplastics.
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1. Introduction


According to the report by [1], wetlands are areas of marshes, swamps, and peatlands or covered surfaces, natural or artificial, permanent, or temporary, with static or flowing water, be it fresh, brackish, or salty, the depth of which at low tide does not exceed six meters. These ecosystems are especially relevant due to their high number of ecosystem services, which result in the improvement of air and water quality [2] and the maintenance of biodiversity, being a habitat for wildlife [3] and a refuge for a wide variety of birds [4]. Additionally, in Colombia, wetlands strongly influence the culture, economy, and quality of life of the human populations near them [5]. The Gualí Wetland is of regional importance, since, due to its location, it constitutes the space where rainwater from the highlands arrives, evidencing its function of buffering, flood prevention, and water storage, and it is used for the agricultural and livestock activities of the municipalities of Funza and Mosquera, coordinated by the Ramada Irrigation and Drainage District [6].



There are many threats and factors resulting in the loss and degradation of these ecosystems, such as the extraction of water, the increase in invasive species, the removal of fauna, and the processes of urbanization and industrialization, which result in sedimentation and the accumulation of polluting organic material [7], including plastics.



Plastics have played a significant role in the technological development and daily lives of human beings, generating an increasingly higher demand and, consequently, greater production throughout the world. Plastic materials, which have a long-lasting durability, buoyancy, widespread use, omnipresence, and accumulation in large proportions, represent a major source of waste since about 70% of the plastic waste generated is improperly managed, being deposited in landfills [8] and aquatic ecosystems, including the open sea, coasts, rivers, beaches, and wetlands [9], having severe impacts on the ecosystems and public health at a global level [10].



A major problem is the presence of microplastic particles (MPs) [11], with regular and irregular shapes, whose sizes range between 1 μm and 5 mm and which are insoluble in water and classified as primary and secondary microplastics [12]. Primary microplastics are manufactured as micrometric-sized plastic particles, fibers, or powders, used in personal care products, synthetic textiles, detergents, and paints [13], while secondary microplastics are derived from the breaking of larger plastics, such as containers or bags [14], which are then released into the environment under physical, chemical, and biological activities [15]. MPs have toxic effects on aquatic organisms, due to their size, which is like that of their food sources [16], being absorbed or accidentally eaten, generating representative changes in several biomarkers, at the cellular level [17]; on the other hand, MPs tend to accumulate in sediments, affecting benthic species [14].



Through long-term exposure and migration by water flow in aquatic environments, MPs allow the creation of an ideal niche for the colonization of microorganisms (biofilms) [17] and are a more-stable substrate, compared to the natural substrates. The microbial communities, present on MPs, are called the “plastisphere” [13] and have been shown to be potential vectors of aquatic pathogens and harmful algae [18]. For this reason, various methods are currently used for their reliable identification, including Raman spectroscopy and FTIR spectroscopy [15], as well as optical and electron microscopy. The objective of this study was to characterize mesoplastics (plastics with sizes between 5 mm and 25 mm) and microplastics (1 mm and 4 mm) and to verify the presence of biofilms on these materials obtained in the Gualí Wetland in the Cundinamarca Department of Colombia, due to the impact that these have on the municipality and due to the wetland being considered as a protected ecosystem and conservation area for fauna and flora species.




2. Materials and Methods


2.1. Study Site and Experimental Design


The study was conducted in the Gualí Wetland (4°42′23.5″ N–74°10′46.4″ W) [4], located between the municipalities of Funza and Mosquera, in the Department of Cundinamarca, Colombia (Figure 1). The Gualí Wetland has a total area of 141.09 ha. It is surrounded by farmland and industries [19].



Three samplings were carried out (between March and October 2021) at three different points in the wetland, for a total of nine samples (Figure 1). The first and third samplings were conducted in the rainy season and the second in the dry season. The sampling points were: Point 1 (4°42′19.2″ N and 74°13′22.3″ W), near an industrial and urban area and the roads that connect the municipalities of Funza and Mosquera; Point 2 (4°42′5.4″ N and 74°12′5.5″ W), close to the Gualí Wetland Linear Park, a school, and the municipality’s exit roundabout; and Point 3 (4°43′34.7″ N and 74°11′29.8″ W), close to the Funza wastewater treatment plant (WWTP) and industrial areas that receive currents from the Bogotá River.



The sampling protocol of [20] was followed with modifications. A metal bucket with a capacity of 12 L was used, performing 3 launches to obtain a total of 36 L per sampling point, with a depth between 0 and 1.5 m. Then, the collected water was poured directly through sieves with a 4.75 mm and 25 µm hole size, to separate the organic matter from the plastic pieces [21]. To avoid cross-contamination, sterile metal tweezers were used to remove and store the plastics, separating the plastic material from the minerals (sand, silt, and clay), shells, and organic matter, by visual inspection, and using the hot needle method [22], which were retained in the 4.75 mm sieve. All the material retained in the 25 µm sieve and selected from the first sieve were placed in sterile 50 mL Falcon® tubes, with a 0.85% (w/v) saline solution. The samples were taken to the Microbiology Laboratory of the Pontificia Universidad Javeriana and stored at room temperature (14 °C) until analysis.




2.2. Observation and Identification of Microplastics and Mesoplastics


The collected plastic samples were observed through a Zeiss® Stemi 305 stereomicroscope, between 8× and 40×, classified according to color, size, and morphology using the microplastic categorization system [22]. To confirm that the collected samples were plastic, a hot needle was used to observe the melting or deformation of the object [23]. The size determination was performed using the Image J Version 1.52 Fiji program, classifying the plastics as microplastics (≥1 mm and <5 mm) or mesoplastics (>5 mm and <25 mm). The polymer type was determined through Fourier transform infrared spectroscopy coupled with attenuated total reflectance (FTIR-ATR), in the Shimadzu® MIRacle-10, IRTracer-100 equipment, following the parameters of [24] (measurement mode: % transmittance, apodization: Happ-Genzel, No. of scans: 15, resolution: 4.0, range (cm−1): 400–4000). Each spectrum was compared with the “OpenSpecy” spectra library and the apparatus database [25,26].




2.3. Detecting Biofilms in Microplastics and Mesoplastics (Determining Their Presence)


Biofilm detection was performed according to the previously published modified method [27]. Each plastic polymer was washed three times with 2 mL of sterile water and dried in the open air for 45 min in sterile Petri dishes; then, they were immersed in 0.5 mL of crystal violet dye (1% w/v) for 45 min at room temperature (14 °C), washed again with 5 mL of sterile water, and dried at room temperature for 45 min. Each piece was placed in a 25 mL beaker, with 1 mL of ethanol (95% v/v) for 10 min, to remove possible biofilms from the plastic. Finally, the ethanol was transferred to a spectrophotometric cell, and the presence of biofilms was determined by optical density at 595 nm in a Thermo Scientific GENESYS™ 20 visible spectrophotometer.



The most-frequent polymers were placed into agar and nutrient broth for 48 h. Macroscopic and microscopic descriptions of the recovered colonies were made. Additionally, eleven plastic polymers were randomly chosen and scanned with scanning electron microscopy (SEM) using a TESCAN® Vega 3 electron microscope, following the parameters of [28].





3. Results


A total of 79 plastic items were collected during the sampling procedures (79 items/0.135 m3) (Table 1).



Microplastics of 5 mm were the longest length observed and 0.2 mm the shortest length (Figure 2 and Figure 3).



The largest number of items, in each sample, was dominated by the presence of mesoplastics, with a total of 24 and 21 items in the second and third sampling procedures, respectively, followed by microplastics with 11 and 6 items, in the same sampling procedures (Figure 3).



On the other hand, a categorization by morphology was made, obtaining fragments, micro fragments, fibers, pellets, and foams. The most-abundant category was fragments, followed by pellets and foams (Figure 4).



Regarding the categorization by color, the presence of the tones of blue, white, beige, brown, orange, black, red, pink, transparent, and green stood out within the three sampling procedures carried out (Figure 5). Likewise, the FTIR (Figure 6) allowed the identification of the polymer types that were collected at the three sampling points (Figure 7).



For the association of biofilms on the plastics, the technique based on the measurement of the optical density was used. Optical density was proportional to the amount of biofilm per surface area in the sample. The modified crystal violet (CV) staining method was used to obtain the absorbance readings of the polymers.



To corroborate what was described above and to carry out a characterization of the topography of the plastics, scanning electron microscopy (SEM) was performed, and the images are presented in Figure 8.



Finally, the plastic pieces that were placed into nutrient agar for culture allowed the development of colonies around them, a phenomenon that is described as the “plastisphere” by authors such as [29] (Figure 8).




4. Discussion


In this study, 0.6 items/L were obtained, ten-times more than was obtained by Almeida et al. (2023), who collected 0.06 items/L in the Lalu urban wetland, in Tibet, during August, but fewer items than those obtained by the same authors in January (3.05 items/L) [30]. The results obtained in the present investigation were also lower compared to other studies carried out in wetlands, such as the one carried out by Ziajahromi et al. (2020) [31], at the entrance and exit of the ecosystem, finding values of 0.9 ± 0.3 and 4, 0 ± 2.4 microplastic particles/L, respectively, and by the study by Xia et al. (2022) [32], which showed an average abundance of 41.8 ± 4.8 items/L.



There is a direct relationship between the presence of plastic pieces and urbanized areas [33,34]. In this study, Points 3 and 1 were close to industrial zones, urbanized areas, and roads highly traveled by heavy-duty vehicles, cars, and pedestrians; this agrees with the high presence of plastic parts, especially a high incidence of mesoplastics with values of 47%, 65% and 75% for the first, second, and third samplings, respectively. On the other hand, Sampling Point 2, despite being close to a school and a linear park, showed a lower content of plastic pieces, probably due to the reduced transit of school children and pedestrians caused by the COVID-19 pandemic.



Townsend et al. (2019), in their study carried out in urban wetlands, highlighted that there was a high presence of fragments, with the most-common type of plastics generated coming from the fragmentation of larger plastic items. These findings agree with the results obtained in this study (Figure 6). It should be noted that the wetland, as an open-air ecosystem, is strongly linked to factors such as ultraviolet radiation, changes in temperature, the presence of native microorganisms, and the pH of the water, which favor the fragmentation of these polymers into secondary microplastics and mesoplastics.



Additionally, the presence of pellets is associated with the industrial production of primary microplastics, which are used as a basic raw material in various processes that generate commercial products of high importance and consumption. However, during their production and transportation, many of these microplastic pieces can accidentally end up in drains and easily travel to various ecosystems. Consequently, they have been associated with industrial effluents and nearby WWTP outlets [35,36], for example the case of the Siberian point that is close to the WWTP of the municipality of Funza, which is, therefore, exposed to a high frequency of this type of microplastic. A study conducted in the surface waters of the Laurentian Lakes (USA and Canada) found significant amounts of contamination from pellets derived from personal care products [34]. Another study of primary microplastics carried out in Humber Bay (Canada) established that the accumulation rate of this material was concentrated in the form of pellets from industrial sources, and its presence depended on seasonal conditions such as rainfall. Therefore, periods of high rainfall resulted in a lower predisposition of these throughout the bay, attributing this to the increase in water flows through the tributaries [37]; this agrees with the results obtained in this study. On the other hand, the presence of fibers was due to the proximity to textile industries [38].



The presence of a high proportion of transparent and white items is caused by the high frequency of pellets and disposable plastics, especially single-use plastics, which have this color, or due to bleaching processes caused by environmental factors, especially ultraviolet radiation [39].



The color effect can greatly influence the probability of the ingestion of these pollutants by different organisms. It has been shown that especially white and blue pieces are commonly consumed by fish [40,41]. Therefore, it is highly likely that the plastic pieces present in wetlands are causing damage to the fauna that lives there, entering the food chain, until they reach humans [22].



From the spectra obtained by FTIR-ATR for each item, a high frequency of high-density polyethylene (HDPE) was observed (Figure 7) [42], representing 41% of the total samples. The analysis with FTIR-ATR also showed that some polymers contain silicates, as seen in Figure 6 and Figure 7. This occurs because silicates are an essential element for plants, especially when they grow with water as a substrate, as in this case, due to the high presence of Eichhornia crassipes [42]. Moreover, the presence of silicates may occur since the wetland is close to soils used for agricultural. Silicate particles may be transported by runoff and end up in water bodies, adhering to the plastic pieces [43].



Among the most produced and commonly used plastic polymers, we can find polyethylene (PE) and high-density polyethylene (HDPE). These types of polymers have different uses at an industrial level, such as the production of plastic pipes, food and detergent containers, and the production of primary microplastics, especially pellets. They have uses in household items [44]. A study conducted on the banks of the Humber River in Canada determined that 95% of the plastics collected were PE, while only 5% were polypropylene (PP) [45]. Similarly, in the Tamar Estuary (U.K.), a study found that the most-ubiquitous types of microplastics recovered were PE, polystyrene, and PP [46]. These studies can be compared and are consistent with the data obtained, where HDPE was found more frequently (Figure 8).



The increase in the frequency of PE could be explained based on the sedimentology hypothesis, where the different densities of each type of plastic could lead to different deposits and distributions. Since PE has a lower density than water compared to other polymers such as PP, it is generally found floating on the surface of bodies of water. Additionally, it should be noted that, since these pieces have an indefinite exposure time and are constantly influenced by environmental factors, this can contribute to a change in the hydrophobicity of the polymer, making it more hydrophilic [47].



In this study, both Sampling 1 and Sampling 3 were carried out in the rainy seasons, resulting in a lower number of items compared to Sampling 2, which was conducted during the dry season. The temporal distribution of the contamination by microplastics and mesoplastics may be limited in different environmental situations, such as the seasons. Therefore, during rainy seasons, there are effects on the runoff flow at the entrance and exit of plastic pieces, which affects the relative quantity of these items. This information is consistent with what authors such as Jang Y. et al. (2020) have described, where they characterized the abundance of microplastics in the South Yellow Sea (China) in January (6.5 ± 2.1 items/L), which was higher than in April (4.9 ± 2.1 items/L) and August (4.5 ± 1.8 items/L). The latter is associated with hot or dry currents in the study area. Similarly, a study conducted in the province of Phuket (Thailand) determined the abundance of microplastics in sediments, ranging between 300 and 900 items/kg of dry weight in the dry seasons and 33 and 400 items/kg of dry weight in the rainy seasons [47]



Coinciding with optical density, a study in the Bay of Bengal showed that biofilm formation on plastic can vary over time, depending on the productivity of the surrounding water. An increase in the concentration of salts or poorly soluble organic matter causes fouling. Therefore, increasing the organic matter surrounding plastics enhances the formation of biomass. In other words, a decrease in the hydrophobicity of the plastic items, due to exposure, easily leads to the absorption of organic and inorganic nutrients from the water, which can quickly attract microorganisms to the plastic surface and initiate the formation of the plastisphere [48].



As for the absorbances recorded in Table 2, they were not comparable because each one corresponded to a different plastic piece. However, an inversely proportional relationship was observed, as described by [29], where the greater the surface area of the plastic and the less roughness and hydrophobicity it has, the greater the amount of associated biofilm will be, resulting in a greater absorbance. However, this relationship can be influenced by factors such as physical properties (color, shape, density, hydrophobicity, specific surface area) [27].



This confirmed that the plastic samples not only presented a deterioration in their surface roughness, fractures, cracks, and morphological changes, but also some conglomerates, spherical particles, and ovoid particles. This confirmed that the exposure of plastics in the water samples over long periods of time causes microbial colonization and the production of biofilms on the surface of microplastics and mesoplastics [29].



Invasive species can use microplastics and mesoplastics as a floating “raft” that allows them to traverse distances and find new habitats. However, as the size of the part decreases, its surface-area-to-volume ratio increases. For this reason, large concentrations of microplastics can provide a considerable surface area for microorganisms to adhere to. Additionally, these polymers, when exposed to the environment, have organic matter on their surface, serving as a substrate for the development of microorganisms. Figure 8 shows the presence of bacterial groups and diatoms in this case. Similar findings were described by [22] in their studies on both primary and secondary microplastics, collected from the marine environment.



This once again confirmed what was previously described, where when the plastic has a greater surface area, the development of the plastisphere around it will be greater, compared to smaller pieces. The results illustrated how bacterial growth spreads from each fragment (Figure 9) on the agarized culture medium, indicating the presence of the plastisphere on these items. Likewise, growth (red box) and the presence of sporulated bacilli and Gram-positive and -negative cocci through microscopy (Gram staining), were frequently evidenced.




5. Conclusions


The research indicated that the predominant characteristics of plastic polymers in the Gualí Wetland in Colombia were high-density polyethylene microplastics and mesoplastics, in the form of transparent and white fragments and pellets, associated with industrial and urban waste. Likewise, the presence of biofilms that transport bacterial groups and diatoms on the plastic particles tended to increase the adsorption of toxic contaminants, which impact the flora and fauna of wetlands.



This study is the baseline for future research related to the characterization of mesoplastics and microplastics in Colombian wetlands and their associated biofilms.
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Figure 1. Location of the study area in the Gualí Wetland and the municipalities of Funza, Mosquera, and Cundinamarca, Colombia. 
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Figure 2. Plastic items collected in the Gualí Wetland. White bar = 0.5 mm. 
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Figure 3. Number of items collected in each sampling procedure according to their size. 
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Figure 4. Percentage of collected items according to their morphology. 
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Figure 5. Number of collected items according to their color. 
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Figure 6. FTIR-ATR of four collected items: (a) Polyethylene + silicate (PES). (b) Chlorinated polyvinyl chloride (CPVC). (c) Polyethyleneterephtalate (PET). (d) High-density polyethylene (HDPE). 
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Figure 7. Percentage of collected items according to their polymer composition. Polypropilene + silicate (PPS), polyethylene + inorganic silicate (PE + IS), polyethylene + silicate + BIO (PE + SBIO), chlorinated polyethylene (PE + Cl), polyethylene (PE), high-density polyethylene (HDPE), expanded polystyrene (EPS), chlorinated polyvinyl chloride (CPVC). 
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Figure 8. Scanning electron microscopy of microplastics (a) and mesoplastics (b,c). 
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Figure 9. Plastisphere development in microplastics (a–c) and mesoplastics (d,e) obtained at the three sampling points. Bacterial growth (red box) and presence observed from plastic particles and under microscope (Gram staining). 
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Table 1. Number of items collected per sample at each sampling point.
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	Point
	Sampling 1

(28 March 2021)
	Sampling 2

(25 June 2021)
	Sampling 3

(9 October 2021)
	Total





	Point 1
	5
	24
	11
	40



	Point 2
	2
	3
	3
	8



	Point 3
	8
	9
	14
	31



	Total
	15
	36
	28
	79
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Table 2. Absorbances of items collected with the CV technique.
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	Identification
	Polymer
	Classification (Size)
	Absorbance (595 nm)





	1
	PE + Cl
	mesoplastic
	1.901



	2
	PET
	mesoplastic
	0.894



	3
	HDPE
	mesoplastic
	1.019



	4
	CPVC
	microplastic
	0.572



	5
	PE
	microplastic
	0.522



	6
	EPS
	mesoplastic
	2.276



	7
	HDPE
	microplastic
	0.541



	8
	PPS
	microplastic
	0.451



	9
	HDPE
	mesoplastic
	0.977



	10
	HDPE
	microplastic
	0.442



	11
	PE + Cl
	mesoplastic
	2.098



	12
	EPS
	mesoplastic
	1.342
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