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Highlights 

● Pathogenic bacteria were identified on the Ny and PS-microplastic surfaces. 

● Superficial weathering and leaching of TiO2 from Ny Microplastics were 

evidenced. 

● The crystallinity of Ny-microplastics decreased during the assay. 

● High Cr, Mn, and Zn levels were detected on the microplastic surface biofilms.  

 

Abstract 

In this study, the influence of the plastisphere on metals accumulation and weathering 

processes of polystyrene (PSMPs) and nylon microplastics (NyMPs) in polluted waters 

during a 129 day-assay were studied. MPs were characterized through scanning electron 

microscopy (SEM) with Energy dispersive X-ray (EDX), X-ray diffraction (XRD), 

attenuated total reflectance Fourier transformed infrared (ATR-FTIR) spectroscopy, contact 

angle, and thermogravimetric analysis (TGA). Also Cr, Mn, Zn, Cd, Pb, and Cu in the 

plastisphere on MPs were analyzed during the assay. Potentially pathogenic Vibrio, 

Escherichia coli, and Pseudomonas spp. were abundant in both MPs. Ascomycota fungi 

(Phona s.l., Alternaria sp., Penicillium sp., and Cladosporium sp.), and yeast, were also 

identified. NyMPs and PSMPs exhibited a decrease in the contact angle and increased their 

weights. SEM/EDX showed weathering signs, like surface cracks and pits, and leaching TiO2 

pigments from NyMPs after 42 days. XRD displayed a notorious decrease in NyMPs 

crystallinity, which could alter its interaction with external contaminants. Heavy metal 

accumulation on the plastisphere formed on each type of MPs increased over the exposure 

time. After 129 days of immersion, metals concentrations in the plastisphere on MPs were in 
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the following order Cr ˃ Mn ˃ Zn ˃ Cu ˃ Pb ˃ Cd, demonstrating how the biofilm facilitates 

metal mobilization. The results of this study lead to a better understanding of the impact of 

marine plastic debris as vectors of pathogens and heavy metals in coastal environments. 

Graphical abstract 

 

Keywords:  

Surface degradation; Heavy metals; Biofilms; Pathogens; Pollution 

 

“Environmental Implication” 

The manuscript is of environmental relevance because it studies the presence of hazardous 

materials like microplastics and heavy metals in a marine ecosystem and their interactions 

with microorganisms of human health implications. Microplastics produce several impacts 
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on the environment and one of them is the formation of the plastisphere:  microorganisms 

that colonize plastics. This study showed that MPs surfaces acted as new niches for  

heterotrophic microorganisms like pathogenic bacteria and favored the adsorption of heavy 

metals, with potential migration through the water to other marine ecosystems. Thus, the 

plastisphere plays as a metal vector with impacts on both aquatic biota and humans, through 

the food webs. 

1. Introduction 

Plastics are used for several purposes, making our life easier; however, the excessive 

use of these materials has generated large volumes of waste in the environment. Plastic waste 

after long-term exposure to environmental conditions such as mechanical abrasion, wind 

effects, ultraviolet radiation, chemical actions, and biodegradation (Wang et al. 2017; Paul-

Pont et al. 2018; Kumar et al. 2021) breaks down into small pieces (micro/nanoplastics). The 

presence of microplastics (MPs, plastic pieces smaller than 5 mm) and nanoplastics (PNPs, 

particles smaller than 1 μm), around the world is a critical issue of great concern because 

they are degradation-resistant and have the ability to absorb, accumulate, and transport other 

contaminants and pathogenic organisms present in the environment (Thompson, 2015; 

Pizarro-Ortega et al. 2022; Forero-López et al. 2022). Furthermore, the presence of 

MPs/PNPs has been reported in aquatic, terrestrial, and air environments and in the 

organisms that inhabit them (Horton et al. 2017; Gasperi et al. 2018; Guo et al. 2020; Ocean, 

2020). These plastic particles pose an ecological and toxicological threat (Sussarellu et al. 

2016; Bhagat et al. 2020; Payton et al. 2020) because they can release additives (Deng et al. 

2018; Luo et al. 2020) therefore, impacting on organisms causing cellular damage through 

oxidative stress, reduced fertility and alteration of their metabolism, among others (Cole et 
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al. 2015; Sussarellu et al. 2016; Payton et al. 2020). Moreover, within the ecological ones, 

MPs as a substrate, may favor the growth of some microbiological species, generating 

critical changes in the food chains as well as in the phenology and survival of some species 

(Nava and Leoni, 2021; Learn et al. 2021; Li et al. 2021).   

Like any material that enters aquatic environments, MPs rapidly become biofouled, 

i.e., colonized by living organisms that accumulate over time. These organisms are microbial 

communities (biofilms) composed of diverse bacteria, single-celled algae, diatoms, fungi, 

and protozoa (Rummel et al. 2017; Miao et al. 2021; Kalčíková and Bundschuh, 2021). The 

plastisphere is the term used to mention the microbial biofilms associated with plastics or 

MPs (Zettler et al. 2013). These microorganisms that form the plastisphere, develop on the 

surface and sometimes even inside plastics depending on the structure of the polymer 

(Kettner et al. 2017; Amaral-Zettler et al. 2020).  The prokaryotic and eukaryotic groups that 

live in plastic biofilms can also include pathogenic (Kirstein et al. 2016; Amaral-Zettler et al. 

2020) or hydrocarbon-degrading organisms (Delacuvellerie et al. 2019; Oberbeckmann & 

Labrenz, 2020; Zhang et al. 2021). In recent years, the potential hazards of microbial 

communities from biofilms on MPs surface have received increasing attention. Some studies 

have shown that MPs surfaces are enriched with certain pathogenic bacteria (Kirstein et al. 

2016; Wu et al. 2019), such as Vibrio and Pseudomonas, and could also be a reservoir for 

faecal indicator organisms, such as E. coli.  

As previously mentioned, MPs/PNPs can absorb, accumulate, and transport other 

pollutants present in the aquatic environment (Wang et al. 2017; Tang et al. 2020 and 2021; 

Gao et al. 2021;  Liu et al. 2022; Xie et al. 2022). Moreover, it has also been evidenced that 

the plastisphere formed on the plastic surface and the weathering degree plays an important 
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role in the sorption processes between plastic particles and pollutants such as heavy metals 

(Richard et al. 2019; Gao et al. 2021; Liu et al. 2022; Wu et al. 2022). Likewise, laboratory 

studies have also demonstrated that the physicochemical variables (e.g., salinity, organic 

matter dissolved, pH), chemical speciation of metal ions, type of polymer and its 

physicochemical properties (e.g., polarity, functional groups, specific surface area, and 

crystallinity), affect MPs sorption behavior (Tang et al. 2020 and  2021; Li et al. 2022). 

However, the nature of the multiple sorption mechanisms that occur on MPs surface and in 

the microparticle body is still unclear (Binda et al. 2021). 

Furthermore, most publications have studied the growth of biofilm and  the influence 

of the plastisphere on the accumulation of heavy metals as well as the weathering process of 

MPs under laboratory conditions (e.g., Gao et al., 2021; Li et al. 2022; Wu et al. 2022). 

However, few studies have been performed in situ. This is mainly due to the multiple factors 

that may affect the results and can‟t be controlled. For example, weather and the physico-

chemical variables constantly change, making natural environments dynamic and complex. 

Anyway, in situ experiments help better understand the magnitude of microplastic pollution 

on the environment. They provide a more accurate and complete overview of the influence of 

all-environmental variables on the sorption behavior and aging of MPs in the presence of 

other pollutants. Among the few publications with in situ experiments ,researchers have 

studied the growth of biofilm and the composition of the microbial community on the surface 

of MPs. It is also of great interest its possible impact on the biogeochemical cycles (e.g., 

phosphorus, nitrogen and carbon) (Arias-Andrés et al. 2018; Chen et al. 2020; Deng et al. 

2021), and accumulation and speciation distribution of heavy metals on polystyrene 

(Richards et al. 2019; Xie et al. 2022). However, the influence of biofilm growth on the 
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heavy metal accumulation in MPs and how the presence of biofilm affects their aging in 

estuarine environments has not been studied yet. Under this context, the goals of the present 

study are: 1) to conduct in situ assays to analyze changes in the formation of the plastisphere 

as well as the structural and chemical changes in MPs (polystyrene and nylon) submerged in 

marine waters from the Bahía Blanca Estuary for 129 days, 2) analyze metals adsorbed on 

MPs and 3) analyze the surrounding water through their physicochemical characteristics. 

2. Material and methods 

2.1 Study Area 

The in situ assays were conducted during Summer-Autumn (129 days, January-June 

2021) in The Bahía Blanca Estuary (BBE) (38°55.5′10.52″ S; 62°03′20.75″ W) situated in 

the Southwestern Atlantic Ocean, Buenos Aires province (Argentina) (Figure S1.). It is a 

highly polluted estuary with several chemical and petrochemical industries, sewage 

discharges, and intense marine traffic (Fernandez-Severini et al. 2018). However, it is also a 

Natural Reserve with emblematic species of ecological importance as the intertidal crab 

(Neohelice granulata), the Olrog's Gull (Larus atlanticus), and del Plata dolphin (Pontoporia 

blainviellei) (Petracci and Sotelo, 2013; Speake et al. 2018). Some studies in this estuary 

have reported relatively high concentrations of MPs in surface waters (Fernandez-Severini et 

al. 2019; Forero-López et al. 2021a and c), in sediments (Diaz Jaramillo et al. 2021) as well 

as in aquatic organisms such as crabs (Villagran et al. 2020; Truchet et al. 2022b), oysters 

(Fernandez-Severini et al. 2019), and shrimps (Fernandez-Severini et al. 2020). High levels 

of Cd, Pb, Ni, and Cr have also been noted in Suspended Particulate Matter (SPM) 

(Fernandez et al. 2017 and 2018; Forero López et al. 2021b), and mesozooplankton 

(Fernandez-Severini et al. 2011; Villagran et al. 2019) of the BBE. The in situ assays were 
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carried out at Cuatrero Port (CP), which is located in the innermost part of the BBE. CP is an 

artisanal and recreational fishery port with an average depth of 7 m and vertically 

homogeneous physicochemical variables in the water column (Freije et al. 2008; Forero 

Lopez et al. 2021a) with the highest primary production of the system (Carbone et al. 2016; 

Guinder et al. 2013 and 2015).  

2.2 In situ assays 

Virgin nylon (Ny) disks and polystyrene (PS) spheres (4.70 ± 0.15 and 2.43 ± 0.43 

mm diameter, respectively) were used as MPs models for the experiments. Ny is one the 

most common types of MPs found in the surface waters of the BBE (Forero Lopez et al. 

2021a and c) and near this estuary (Truchet et al. 2021b), while PS is widely employed in 

contaminant absorption studies under laboratory conditions (Lu et al. 2018; Liu et al. 2019; 

Guan et al. 2020; Gao et al. 2021). In addition, MPs tend to be hydrophobic materials and 

their contact angle depends on the nature of the material surface (e.g. rugosity) and the 

interaction between interphases (solid/liquid/gas) (Mahltig, 2016). Three hundred PS 

microspheres and 100 disks of Ny were placed into each yellow nylon bag (mesh size of 30 

μm) and inside stainless steel tea balls (4.5 cm diameter with size, porous mesh 1.25 mm) to 

exclude benthic and macroplankton organisms. A total of 28 balls were attached to a 

stainless steel chain with 400 MPs each. This chain was always under water (2 meters deep) 

in a dock at the BBE (Figure 1a-c). Every 14 days, two or three tea balls were collected 

from the water with  the nylon bags containing MPs. They were placed in a sterile 

polypropylene container of 125 mL, immediately refrigerated in a cool box (at approx. 5ºC) 

and transported to the laboratory for microbiologic (plastisphere) analysis, chemistry 

characterization, and heavy metal analysis in the plastisphere. Finally, surface water samples 
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were collected manually for the analysis of metals in the dissolved fraction, using 1.5 L 

polyethylene-terephthalate (PET) bottles previously conditioned HNO3 following the 

methodology described by Villagran et al. (2019).  

Figure 1.  (a) Satelital photograph of the assay area at Cuatreros Port (CP).  (b) Schematic 

drawing of the assay in surface waters of Cuatreros Port (CP), at the Bahía Blanca Estuary 

(BBE) and (c) photograph of stainless steel tea balls with MPs inside a Nylon bag (small 

insert). 

 

2.3 Chemical characterization of MPs 

During the cleaning and preparation of the samples for the respective instrumental 

chemical characterization, cotton lab coats, clothing, and nitrile gloves were used. MPs (Ny 

and PS) were characterized at different assay times: 0, 42, and 129 days (final time) by ATR-

FTIR spectroscopy, X-ray diffraction analysis (XRD), Scanning Electron Microscope (SEM) 

coupled with an Energy Dispersive X-ray analyzer (EDX), Thermal Gravimetric Analysis 

(TGA),  and contact angle (θ) measurements.  
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2.3.1 ATR-FTIR analyses  

Each type of MPs was cleaned with abundant distilled water for the removal of 

biomass and sonicated for 20 min (repeating 3 times) and dried to constant weight (50 °C). 

The biofilm removal and  MPs clean up are performed to avoid the confusion of the spectral 

signatures of contamination with the plastic oxidation (Sandt et al. 2021). MPs were dried to 

constant weight and then weighed on an analytical balance (OHAUS, Adventurer™) to 

calculate  their weight gain percentage. MPs (Ny and PS) were characterized by ATR-FTIR 

spectroscopy using a Nicolet iS5 spectrometer (Thermo Fisher) equipped with an iD7 ATR 

module. Spectra were recorded between 500 cm
-1

 to 4000 cm
-1

 with 4 cm
-1

 resolution.  The 

equipment was employed to ascertain the functional groups present in MPs. 

2.3.2 XRD analyses 

Once that MPs were cleaned according to the methodology mentioned above in section 

2.3.1. The change of crystalline structure of each type of MPs was identified with a 

PANalytical Empyrean 3 diffractometer with an Ni-filtered CuKα radiation and a PIXcel
3D 

detector. The equipment was operated at a voltage of 45 kV and a current of 40 mA 

following the methodology described by De la Torre et al. (2022). The data were collected 

using a continuous scan mode with a divergence slit of 1/2 ° and a scan angular speed of 

0.042 °/s for the 2ϴ range 10 °≤ 2ϴ ≤ 80 °.  

 

2.3.3  SEM/EDX analyses of the plastisphere on MPs 

2.3.3.1 Morphological change of MPs 
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The change in the morphological and elemental composition of MPs was performed by 

SEM (Zeiss Evo Ma10) coupled with EDX (EDAX 9600). MPs were placed over the 

aluminum tape on an SEM holder and gold-coated. Then, the samples were analyzed by the 

electronic microscope, using an accelerating voltage of 20 kV with a working distance of 8–9 

mm following the methodology described by Forero-Lopez et al. (2020).  

2.3.3.2  Biofilm formed on the surface of MPs 

The biofilms formed on the surface of MPs were characterized by SEM/EDX. The 

samples were placed in 2.5% glutaraldehyde for 24 h at 4 °C and then they were washed 

three times with a phosphate buffer (0.1 M, pH 7.2) and dehydrated by critical point drying 

(E3000, Polaron Instruments, Hatfield, PA) according to the methodology detailed in 

Agustin et al. (2018). Then, MPs were coated with a thin Au layer before analysis, following 

the conditions described in Forero López et al. (2021a). 

2.3.4 TGA analyses  

The weight loss and thermal stability measurements of each type of MPs at o and 129 

days of immersion were performed utilizing Thermal Gravimetric Analysis (TGA) was used 

(SDT-Q600 Instrument Simultaneous). Between 3 and 5 mg of each MPs previously cleaned 

were scanned at temperatures between 30 and  800 °C with a heating rate of 10 °C min
−1

 in a 

nitrogen atmosphere. 

 

2.3.5   Contact angle (θ) measurements 
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Finally, the contact angle (θ) measurements of MPs samples were performed in order 

to characterize the change of the hydrophobicity in their surfaces, before and after the 

experiment, using a Krüss DSA25 Expert analyzer. The measurements were performed at 23 

°C using a 5 μL droplet of triply distilled water. Each measurement for each type of MPs was 

done in triplicate with variability within  ± 5%.  

2.4 Environmental variables 

Environmental parameters such as pH, temperature, salinity, turbidity, and dissolved 

oxygen (DO) of surface water were measured in situ with a PCE-PHD1 multi-sensor every 

14 days during the development of the experiment. The water samples for the analysis of 

soluble reactive phosphorus (SRP), total particulate nitrogen (TPN), chlorophyll-a (Chl-a) 

and phaeopigments (phae), suspended particulate matter (SPM), total particulate carbon 

(TPC), and dissolved organic matter (DOM) were collected in previously conditioned PET 

bottles, following the methodology in Holm-Hansen et al. (1965), Spetter et al. (2015),  and 

Garzón-Cardona et al. (2021), respectively.   

Water samples for determination of SRP (as PO4
3-

, μM), TPN, TPC, and DOM, 

were immediately filtered through Sartorius glass fiber grade F (MGF, with a diameter 47 

mm and pore size of 0.7 μm) membranes previously muffled (450 ± 50 °C, 1h). Water 

samples for SRP analyses were stored in plastic bottles  and for DOM in glass tubes muffled 

(450 ± 50 °C, 1h), and frozen (-20 °C) until further analysis in the laboratory. Particulate 

material (volume > 250 mL) was preserved in foil envelopes and kept in the freezer (- 20 

°C), then freeze-dried and dry preserved until analysis. SRP concentration was determined 

following the method of Murphy and Riley (1962) modified by Eberlein and Kattner (1987) 

using a UV-Vis spectrophotometer (Jenway 6715) with a detection limit of 0.10 μM. TPN 
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(mg.L
−1

) and TPC (mg.L
−1

) levels were determined using an Elemental Analyzer Exeter 

(Analytical CE-440) with a detection limit of 1 µg N and 1 µg.C.  Water samples for Chl-a 

concentration and phaeopigment contents (μg.L
−1

) were also filtered through Sartorius glass 

fiber grade F (with a diameter 47 mm and pore size of 0.7 μm) membranes, kept away from 

light in the freezer (-20 °C). In order to spectrophotometrically determine Chl-a and phae 

APHA (1998) methodology was used. On the other hand, to determine SPM concentrations 

(mg.L
−1

) in water samples, 750 mL of water were vacuum filtered through nitrocellulose 

filters (0.45 μm pore size, Millipore). Then, the filters with SPM were dried at 50 ± 5 °C to 

constant weight on an analytical balance and stored in a desiccator until further analysis. 

Finally, for characterizing DOM, a Shimadzu RF6000 spectrofluorometer was employed 

with a 150W xenon lamp and a quartz cell (1 cm). The intensity of the Raman peak was 

regularly tested, and Milli-Q water was used as a reference for this analysis. The estimation 

of dissolved humic-like fluorophores (FDOMM and FDOMC) and protein-like fluorophores 

(FDOMT and FDOMB) were determined using the wavelength at Ex/Em(FDOMM):310/380 nm, 

Ex/Em(FDOMc):350/440 nm; Ex/Em(FDOMT):270/330 nm, and Ex/Em(FDOMB): 260/300 nm, 

respectively, which were proposed by Coble (1996).  Finally, three fluorescence indices 

(fluorescence index = FIX, humification index = HIX,  and biological index = BIX) were 

used to assess possible sources and the diagenetic state of  DOM substances and were 

calculated following the methodology used by Huguet et al. (2009) and Garzón-Cardona et 

al. (2021). 
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2.5. Quality assurance (QA) and quality control (QC) 

All the materials for metal analysis in the plastisphere on MPs and dissolved 

fractions in the water column were soaked in ultrapure acid (5% HNO3, 48 h) and rinsed 

several times with ultrapure water before use, following the methodology described by 

Villagrán et al. (2019). The metal concentrations in the plastisphere of MPs and dissolved 

fraction in water column were analyzed by duplicate with an ICP-OES Optima 2100 DV 

Perkin Elmer. The detection limit of the method (MDL) for Cr, Mn, Cu, Zn, Cd, and Pb were 

0.06, 0.23, 0.09, 0.11, 0.03, and 0.04 μg.g
-1

, respectively. For details of MDL calculation 

formula, see Federal Register (1984). For analytical quality control, reagent blanks, certified 

reference materials (CRMs [plankton, Certified Reference Material BCR No414, IRMM, 

Geel, Belgium]), and analytical grade reagents were used. The blanks, reference material, 

and solutions were also prepared with ultrapure water (Villagrán et al. 2019). The recovery 

percentages for all heavy metals in CRM were higher than 90% (Table S1 Supl. Material). 

2.6 Heavy metal analyses in the environment and the plastisphere on MPs 

For metal analysis in PS and NyMPs samples, MPs were rinsed with filtered (0.45 

μm, nitrocellulose filter 47 mm diameter) distilled water and dried for 56 h in previously 

conditioned Petri dishes (APHA, 1998). 0.03 g of NyMPs (50 microdisks) and 0.06 g PSMPs 

(145 microspheres) with their respective duplicate (PS spheres and Ny disks) were acid-

digested  (70% HNO3 ultrapure and 70% HClO4 ultrapure, 5:1,  110 ± 10 ℃) in a glycerine 

bath for 56 h to obtain an extract of about 1 mL. Each of these extracts was diluted with 

0.7% HNO3 to final volume (10.00 mL) according to the description of Villagrán et al. 

(2019). The same procedure was performed for the blank reagents used for digestion and 

virgin MPs blanks.  
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2.7 Microbiological analyses 

Attached biofilm was dislodged by placing 1 g of plastic pieces into test tubes with 

9 mL sterile water and 5 glass beads (5 mm diameter). Then, the test tubes with the samples 

were sonicated for 2 min at 20 ºC (Digital Ultrasonic Cleaner, PS-10A) and vortexed at full 

speed for another 2 min before serial dilutions were prepared. 100 μL from each dilution 

were plated on PCA (Plate Count Agar, Merck), YGC agar (Biokar) and King's B agar 

(Pseudomonas agar F, Difco) previously prepared with sterile natural seawater collected 

from CP, to investigate the number of culturable heterotrophic bacteria, molds and yeast, and 

fluorescent Pseudomonas, respectively. The plates were incubated at 25 °C for 1 week. For 

Vibrio spp. investigation, 1 g of samples were incubated in alkaline peptone water (APW) 

(1% NaCl, pH 8.6) for 6-8 h at 35 °C. The enrichments were then streaked onto thiosulphate-

citrate-bile-salt-agar (TCBS) plus 2% NaCl and incubated for 24–48 h at 35 °C. The 

suspected colony types (yellow and green) were picked out, streaked onto nutrient agar plus 

2% NaCl to obtain pure cultures, and screened for cytochrome oxidase.   

Total coliforms and E. coli were enumerated by the most probable number method (MPN) 

using the standard three-tube method of ten-fold dilution incubated for 24-48 h at 35 °C and 

44.5 °C, respectively. Tubes displaying gas in the Durham tube accompanied by a yellow 

color of the medium represent a positive test for total coliforms (positive tubes). The results 

were reported as MPN.g
-1

. A portion of positive cultures at 35 °C was transferred and 

incubated at 44.5 °C to further investigate E. coli. McConkey Broth (Oxoid) was used as 

cultural media. A loop of positive cultures at 44.5 °C were streaked onto PCA to obtain pure 

cultures, and identified by biochemical tests. 
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For the qualitatively analyzed biota, associated with both types of MPs, samples were fixed 

in buffered formalin (4 % formaldehyde) and examined under fluorescence microscopes 

(Nikon eclipseTE300) and a Nikon microscope (Nikon DXM1200F) with camera. The 

reagent wheat-germ agglutinin (FITC-WGA), which is found in organism structures like 

fungi walls, was used for dying MPs (Monsigni et al. 1979).   

 

3. Results and discussion 

3.1 Environmental variables 

It has been demonstrated that the sorption behavior of MPs in the water column 

mainly depends upon the physicochemical variables (e.g., pH, temperature, DOM, and 

salinity), the nature and intrinsic properties of polymers as well as the presence of pollutants 

such as heavy metals and organic contaminants, among others (Tang et al. 2020; Binda et al. 

2021; Forero-López et al. 2022). In this way, Figure S2 (Supl. Material) shows how the 

temporal distribution of pH, salinity, DO, SPM, TPC, TPN, SPR, turbidity, Chl-a, and phae, 

during the assay in CP at the BBE, influence MPs sorption as well as the plastisphere 

development. The ranges of water temperature, pH, DO, and salinity were: 23.5 °C (in 

January, southern summer)–11.4 °C (in June, southern autumn), 6.8–8.3 (mean: 7.52, S.D.: 

0.51), 7–8.9 mg.L
−1

 (mean: 7.81 mg.L
−1

, S.D.: 0.63), and 28.86-44.2 (mean: 36.13, S. D.: 

5.22), respectively. Chl-a and phae varied between 9.61 and 0.32 μg.L
−1 

(mean: 4.48, S.D.: 

2.98 μg.L
−1

) and 4.84 and 0.11 μg.L
−1

 (mean: 0.95, S.D.: 1.60 μg.L
−1

). In particular, Chl-a, 

and SPM, phae, and TPN were strongly associated throughout the assay. This was supported 

by the positive correlations detected between Chl-a and SPM (r = 0.83, p = 0.01, N= 8), Chl-

a and phae (r = 0.63, p = 0.09, N= 8), and Chl-a and TPN (r = 0.89, p = 0.007, N= 8) 

(Figure 2). The physicochemical variables recorded during the assay (summer-autumn 
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period) are consistent with the historical values previously reported for the study zone 

(Spetter, 2006). Chl-a and phaeopigment values are related to the phytoplankton summer 

bloom with the highest Chl-a level in January (9.61 mg.L
−1

). Such values are associated with 

planktonic and pennate diatoms as Thalassiosira curviseriata, T. minima, T. pacifica, 

Thalassiosra hendeyi, Cyclotella striata, Chaetoceros spp, and phytoflagellates (Guinder et 

al. 2013 and 2015; Spetter et al. 2015, Forero lopez et al. 2021b) (see Figure S3).  

On the other hand, SPM, TPC, and turbidity ranges were 144.2-34.88 mg.L
− 1

 

(mean: 73.36, S.D.: 40.50 mg.L
−1

), 1.64-6.47 mg.L
−1

 (mean: 3.26 mg.L
−1

, S.D.:1.57), and 82-

17 NTU (mean: 37.45, S.D.: 40.50 mg.L
− 1

), respectively. Also, SPM showed a positive 

correlation with TPN (r = 0.87, p = 0.01, N = 8), suggesting that SPM and Chl-a could be the 

main sources of organic and inorganic nitrogen. In particular, the high concentrations of 

SPM in CP are likely due to usual strong winds that promote resuspension and deposition of  

SPM, generating the high turbidity that characterizes the waters of this estuary (Cuadrado et 

al. 2005). During the assay, the composition of SPM was based on seston, minerals (quartz, 

feldspar, calcite, and clay), diatoms frustules, detritus, and silt sediments. Finally, the range 

of concentration of SPR varied from 1.62 to 3.75 μM (2.72 μM, S.D.: 0.63) while the range 

of concentration of TPN was 0.07 and 0.32 (0.16 mg.L
−1

, S.D.: 0.09). SRP exhibited the 

lowest level at the beginning of the assay, coincident with the higher Chl-a value due to the 

uptake by the phytoplankton (Spetter et al. 2015; Forero-López et al. 2021a).  

Theoretically, DOM substances present in the water column tend to form a 

conditioning film on MPs surface, changing their hydrophobicity, allowing the adhesion of 

microorganisms present in the water column and the generation of biofilm (Amaral-Zettler et 

al. 2020). In this way, the characterization of DOM through the fluorescence properties and 
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DOM composition are presented in Figure S2 and Table S2 (Supl. Material). The 

fluorophores FDOMC, FDOMT, FDOMB, and FDOMM were detected during the assay. 

FDOMM is associated with humic substances of low aromaticity and exhibit range from 2.45 

to 3.66 (mean: 2.80, S.D.: 0.41). FDOMC exhibited ranges between 1.87 and 2.47 (mean: 

2.14, S.D.: 0.21); these aromatic humic substances and recalcitrants come from the 

contribution of terrigenous humic material. On the other hand, the protein-like band 

components such as tryptophan or tyrosine aminoacid residuals (FDOMB,T) (Wang et al. 

2015) were also detected.  FDOMB exhibited a range from 0.713 to 6.62 (mean: 2.53, S.D.: 

2.32), while FDOMT showed values between 0.38 and 6.34 (mean: 2.95, S.D.: 1.77). Both 

DOM components exhibited the higher values in April due to rainfall during this month (80 

mm). BIX showed a strong correlation with FDOMT (r =0.91, p =0.001, N = 8) and with 

FDOMM (r =0.83, p =0.01, N = 8), indicating that they are related to biological and bacterial 

production. The distribution of the three fluorescence indices (HIX, BIX, and FIX) was also 

analyzed during the assay in CP (Table S2, Supl. Material). The humification index (HIX) 

and the biological index (BIX) exhibited ranges between 0.58 and 3.8 (mean: 1.82, S.D.: 

0.97), and 0.88 and 2.89 (mean: 1.40, S.D.: 0.64), respectively. The higher values of HIX 

and BIX in CP during assay suggested a high degree of DOM humification, mainly derived 

from bacterial activity and other biological organisms classified as autochthonous sources 

(Huguet et al. 2009; Garzón-Cardona et al. 2021). The fluorescence index (FIX) ranged 

between 1.69 and 1.90 (mean: 1.73, S.D.: 0.07), indicating a predominance of the biogenic 

character to the bulk DOM pool. It is important to mention that pH, ionic strength, and Fe 

concentration can affect DOM fluorescence, while the humic substances of the bulk DOM 

pool tend to flocculate with increasing salinity (Huguet et al. 2009). Finally, FIX showed a 

positive correlation with SPM (r = 0.77, p = 0.02, N = 8) and with TPC (r = 0. 89, p= 0.007, 
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N = 8), indicating that part of suspended matter comes from a biogenic source. In this way, 

the substances that composed the DOM may be humic and protein characters derived from 

bacterial activity and other autochthonous biological organisms in the assay zone. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Correlation matrix (r values) between the physico-chemical variables (salinity, 

turbidity (NTU), TPN (mg.L
−1

), chl-a and phae (μg.L
− 1

), TPC (mg.L
−1

), SPM (mg.L
− 1

), 

fluorophores DOM (FDOMC, FDOMT, FDOMB, and FDOM) and  fluorescence indices 

(BIX, FIX, and HIX)),correlation graphics and Normal Probability Plots (Q-Q plots):  

*significant correlation. ** highly significant correlation.   
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3.2 Microbiology  

The number of culturable heterotrophic bacteria on the submerged plastic increased 

during the experiment from 4.5 x 10
4
 Colony Forming Units (CFU).cm

-2
 on day 14 to 8.0 x 

10
4 

CFU.cm
-2

 on day 129, and fluorescent Pseudomonas count was between 10 to 3.0 x 10
2
 

CFU.g
-1

. Total coliform count ranged from 2.0 × 10
2
 and 7.0 x 10

3
 CFU.g

-1
 and E. coli was 

detected in all samples. The values of culturable vibrios ranged from 20 to 100 UFC.g
-1

. A 

significant difference in the counts of filamentous fungi (Ascomycota) and yeasts was 

observed. Along the experiment, filamentous fungi counts ranged from 30 to 3.3 x 10
2
 

CFU.g
-1

, during the first 56 days. After this time, two species of yeast (Rhodotorula 

mucilaginosa and Candida tropicalis) colonized MPs surfaces reaching mean values of 4 x 

10
5
 and 1.4 x 10

4 
CFU.g

-1
, respectively, until the last sampling time (129 days). There were 

no significant differences for microbial counts among NyMPs and PSMPs. In particular, the 

observation of fungi cultures revealed that all of them belonged to Ascomycota, and different 

genera like Phona s.l., Alternaria sp., Penicillium sp. and Cladosporium sp. formed 

aggregates in both types of MPs (Figure 3). 
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Figure 3. Photomicrographs of the fungi Alternaria sp. (a-100x), Penicillium sp. (b-40x), 

Cladosporium sp. (c-40x) and Phona s.l. (d-40x, e-10x) found on the MPs surface during the 

immersion assay in the inner zone of Cuatreros Port (CP), at the BBE.  

 

 It is evident that different taxonomic groups colonized MPs throughout the assay 

being heterotrophic bacteria, the first colonizers and the most abundant group of the 

plastisphere. Our results are similar to the results reported by other authors (e.g., Arias-

Andrés, 2018; Pazos, et al. 2020). Besides, Arias-Andrés (2018) found that MP biofilms 

consistently differed from those in the surrounding water, demonstrating microorganisms 

diversity and abundance changes in the presence of MPs. Moreover, the same authors 

concluded that different environments lead to substantial changes in the biomass build-up 

and heterotrophic activities of MP biofilms. On the other hand, fungi found in the present 

study  have also been described in previous studies of MPs colonization (Kettner et al. 2017). 
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However, to our knowledge few studies analyzed fungal diversity in natural waters 

associated with MPs. Most of them are focused on terrestrial ecosystems.  

Bacterial adhesion is a highly controlled and regulated process by which adhering cells 

produce extracellular biopolymers to form structured and complex matrices (Costerton et al. 

1995). Microbial biofilms can subsequently trigger the attachment of specific invertebrates 

and algae, which increases the degree of biofouling (Zardus et al. 2008). The prokaryotic and 

eukaryotic groups that live in plastic biofilms can also include potential pathogenic (Kirstein 

et al. 2016; Amaral-Zettler et al. 2020) or hydrocarbon-degrading organisms (Delacuvellerie 

et al. 2019; Oberbeckmann & Labrenz, 2020; Zhang et al. 2021).  

MPs tend to facilitate the survival of faecal indicator organisms (e.g., E. coli) and 

human microbial pathogens (e.g., Vibrio and Pseudomonas genera) as base substrates, 

therefore, increasing human exposure routes by providing a vehicle for dispersal. It is evident 

that this area of marine environmental pollution research needs urgent investigation. The 

genus Vibrio is perceived as an opportunistic biofilm-former under appropriate growth 

conditions (Oberbeckmann et al. 2018; Xu et al. 2019). Other putative pathogens can be 

found selectively enriched on MPs such as E. coli and species belonging to Pseudomonas 

genus (Curren & Leong, 2019; Rodrigues et al. 2019; Silva et al. 2019; Wu et al. 2019). 

Vibrio spp. are ubiquitous in the marine environment, and its presence in MPs in this study 

suggests they may be part of the autochthonous biofilm community on most plastics found in 

coastal and estuarine regions. Whilst the culture-dependent methods used here do not 

differentiate Vibrio spp. types, potentially pathogenic species such as V. cholerae, V. 

vulnificus or V. parahaemolyticus have been previously isolated from plastic debris in coastal 

and estuarine regions of the North Sea (Kirstein et al. 2016).  
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3.3 SEM/EDX analysis in the plastisphere on MPs 

SEM images of biofilm morphology and microbial colonization (e.g., bacteria, 

fungi, diatoms) on MPs surface exposed at different times of immersion are presented in 

Figure 4. As shown in Figure 4 (a-b), no microbial community was found on NyMPs and 

PSMPs surfaces on day 0 of immersion. In general, microbial communities were present on 

MPs surface of the experimental group while none could be observed in the control group. In 

addition, a thick layer of exo-polymeric substances (EPSs) was observed on PSMPs, 

covering the surface, while on NyMPs, the distribution pattern was granular. However, both 

biofilms formed on MPs had some smooth and clean surface areas. A very dense microbial 

community surrounded and covered by EPSs could be observed on PSMPs surface on day 42 

Figure 4 (e-f), a great number of cocci (green circles) and rod-shaped (red circles) bacteria 

according to morphology, yeast aggregates (blue circles), and fungal filaments (white 

arrows) can be seen. Figure 4 (m-n) exhibits the surface of PSMPs submerged during 129 

days, which was almost covered by microbial communities (rod and cocci-shaped bacteria, 

yeast‟s microcolonies, and fungal filaments). Figure 4 (h-k) revealed that NyMPs present 

microcracks and pits (increased in surface roughness) and particles attached to their surface. 

As seen in Figure 4 (c,d-g,h-k,l) for NyMPs surface biofilm, agglomerated microorganisms 

were observed. They were covered with EPSs residues as well as cocci, and yeast aggregates. 

Aging defects on the NyMPs surface appeared after 42 (6 weeks) and 129 days (18.5 weeks) 

of immersion and could likely be attributed to the estuarine water flow fluctuation and UV 

effects (Cheng et al. 2021). Moreover, the magnitude of the forces generated on the MPs 

surface by the fluid flow depends on the water flow fluctuation and the shape and topography 

of the material polymer. These results agree with the reports of Cheng et al. (2021), where 

PP-thin-film MPs presented cracks after 5 weeks of immersion in estuarine waters. In the 
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case of PSMPs, as previously mentioned, due to their topography and great quantity of 

biomass and inorganic particles it was difficult to observe some type of degradation on the 

surface by SEM. In the qualitative observation of both type of MPs, other groups of 

organisms were also identified: filamentous fungi (Ascomycota-fungal structures: Zoospores 

and hyphae), diatoms, radiolarians dinoflagellata, and nematode (Figure. S3, Supl. 

Material). From this analysis and SEM images (Figure 3), certain differences between 

PSMPs and NyMPs were observed. Both types of MPs were made up of particle aggregates 

(organic and inorganic) forming conglomerates associated/adhered to it where the organisms 

inhabit. This kind of structure was more noticeable in the PSMPs in the first 14 days, while 

on NyMPs was noticed 129 days later (Figure 3 and Figure S3 Supl. Material). Moreover, 

the porosity of PSMPs provides a surface in which fungi could stick to it easier than the 

smooth and non-porous surface of NyMPs. Finally, Li et al. (2021b) reported that 

physicochemical variables (salinity, DOM, and pH) may be affecting the plastisphere 

bacterial community on the MPs surface. These same authors also informed the bacterial 

communities in the plastisphere on the MPs surface might be different and unique since MPs 

act as filters for microorganisms due to their hydrophobicity, high surface area, and the 

presence of some potentially hazardous polymeric  additives in their structure (Li et al. 

2021b).  Jo
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Figure 4. SEM images of the morphology of MPs: before the immersion at natural estuarine 

waters in the BBE: (a) NyMPs and (b) PSMPs. (c and d) NyMPs and (e and f) PSMPs 

exposed after 42 days of immersion.  (g-h and k-l) NyMPs and (i-j and m-n) PSMPs exposed 

after 129 days of immersion. 

 

The architecture of MPs could affect the texture and pattern of exopolymeric 

substances during the first stages of the formation of biofilms since the distribution pattern of 

EPSs on NyMPs surface was granular while PS was homogeneous. Moreover, each MPs 

type has different surface charges depending on the surface energy, hydrophobicity, and 

chemical composition (Oberbeckmann et al. 2014; Xie et al. 2021).  In this way, De la Torre 
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et al. (2022) suggested that the architecture type of microscopy meshing of face masks could 

influence the growth of some microorganism communities as in the topography or texture of 

the biofilm. MPs not only provide a substrate to attach and proliferate, but also harbor 

several microplastic-degrading organisms. Several lines of evidence support this. Firstly, 

Reisser et al. (2014) noticed a variety of plastic surface microtextures, including pits and 

grooves, conforming the shape of several bacterial, fungal, and eukaryotic colonizers, 

revealing that these epiplastic communities are pivotal in plastic degradation. Secondly, 

several plastic-degrading bacteria, fungal and algal have been generally retrieved from 

plastics and MPs (Oberbeckmann et al. 2015a).  

 

3.4 Chemical characterization of MPs 

In this study, MPs were characterized before, during, and after the assay (Figure 5). 

The results showed that PSMPs have a rough hydrophobic surface and larger surface area 

than NyMPs. Due to their porosity and roughness they can affect the spheric form of water 

drops during the measurement of contact angle, increasing the measured value (Mahltig, 

2016). According to the measurements, the contact angles of the MPs at 0 days of immersion 

were 107.2 ± 0.3 θ for PSMPs and 46.5 ± 0.1 θ for NyMPs. This result is a consequence of 

an increased surface energy due to polymer hydrophobicity. NyMPs exhibit a lower contact 

angle with decreased surface energy, indicating that their surface is hydrophilic (Lee, 2011). 

The results are according to the chemical structure of each polymer, where PS exhibits 

hydrophobic phenyl pending groups, while Ny has hydrophilic amide groups. After 42 days 

of immersion, the values of contact angles dropped considerably from 107.2 to 47.6 ± 0.1 θ 

and 46.5 to 24.3 ± 0.2 θ for PSMPs and NyMPs, respectively. Finally, after 129 days, the 

values of contact angles had a slight increase from 47.6 to 49.5 ± 0.3 θ for PSMPs and 24.3 
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to 30.1 ± 0.1 θ for NyMPs (Figure 5a). The hydrophobicity of MPs in the present study, 

decreased with the exposure time due to the adherence of organic and inorganic substances 

which formed a conditioning film (eco-corona) onto MPs surfaces and also a biofilm 

consistent with the report provided by Jin et al. (2020) and Cheng et al. (2021).  

Figure 5a shows the variation percentage of MPs weight during the assay. Both 

types of MPs showed an increase in their weight during the assay, except at 70 days of 

immersion perhaps due to the maturing of the biofilm and/or its detachment from the surface 

of MPs. The biofilm formation influenced the electrostatic forces (repulsion) of  plastic 

particles presenting lower repulsion during the time of immersion, consequently forming 

agglomerates of MPs interacting  by biofilm. The increase in MPs weight during the assay 

was caused by attached biomass and minerals adhered to biofilm generated by 

microorganisms, changing the buoyancy and hydrophobicity of these plastic particles. After 

129 days of immersion, the mass of both MPs had a significant increase of more than 100 % 

of their weight. Visually, after cleaning them and eliminating biofilm and particles adhered 

to their surface by ultrasonic treatment, it was observed that only NyMPs exhibited a change 

from white to a slightly yellowish color after the assay. 

On the other hand, XRD diffractograms showed changes in the XRD patterns of the 

NyMPs before and after water immersion during 42 and 129 days (Figure 5b1). NyMPs 

pattern exhibited two sharp diffraction peaks characteristics at 20.5° and 23°, suggesting the 

presence of ∝ phase in the polymeric structure (Kayaci et al. 2012); Ny is a highly crystalline 

degree polymer because of the strong intermolecular hydrogen bonds that hold chains 

together forming crystalline regions. In contrast, PSMPs exhibited two wide peaks at 8° and 

between 17 and 37° corresponding to the diffraction generated by the distance between the 
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aromatic lateral rings and principal chains. The poor definition of the peaks indicated PS had 

roughly an amorphous structure (Gowd et al. 2002). According to the XRD diffractograms, 

the intensity in the signal of the crystal phase of NyMPs decreased with the time of 

immersion while the PSMPs did not exhibit a change in their structure during the experiment 

(Figure 5b2). In addition, the diffractograms of PSMPs immersed at different times also 

exhibited characteristic peaks of quartz, albite, illite, halite, and other minerals, which are 

part of SPM. The characteristic signals that come from minerals that composite SPM may be 

due to these particles being embedded in the pores and roughness of PSMPs, indicating they 

were not completely eliminated during the cleaning of MPs. The mineralogical composition 

of SPM is consistent with that reported in a previous work where we studied the interactions 

between metal ions, SPM, and MPs in the same zone of study (Cuatreros Port) (Forero-

López et al. 2021a). Some authors also found that crystallinity plays a governing role in the 

sorption process of some pollutants like dibutyl phthalate, which is used as polymeric 

additive (Yao et al. 2021), and organic contaminants (OC) (Fu et al. 2021).  The diffraction 

peaks in the XRD pattern of NyMPs were less sharp after immersion for 129 days showing 

the beginning of crystallinity changes in accordance with the reports by Sudhakar et al. 

(2007) and Tang et al. (2020). Other researchers have reported that aged PSMPs present an 

increased crystallinity under seawater after being exposed to UV-light (Mao et al. 2020). 

However, in our study, PSMPs did not exhibit this behavior.  

NyMPs TGA thermograms before and after the assay showed changes in the curves 

from two to three steps of successive polymer degradation after immersion, indicating the 

influence of the time under water on the Ny thermal stability properties. In general, before 

immersion, NyMPs exhibited thermal degradation beginning at ≈ 426.23 °C, with a mass 
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loss of 85.80 % assigned to the decomposition of the main fraction of the polymeric 

moieties, whereas a loss of about 2.62 % may be assigned to carbon residual and is observed 

at roughly 463.41°C (Fazeli et. 2022). Both mass losses are clearly evidenced in the TGA 

curve included in Figure 5c1. After contact with the marine environment during 129 days, 

the mass loss in the NyMPs has not undergone significant variation with respect to the 

pristine Ny, however differences in the decomposition temperatures are highly noticeable. 

DTGA A decrease from 426.23 to 400.54 °C (first peak) and 463.41 to 451. 15 °C (second 

peak), respectively at 0 and 129 days of immersion. This behavior may be associated with 

the erosion and deterioration of the MPs structure mediated by the environment conditions as 

well as by the presence of different organic /inorganic compounds that may function as 

catalysts of the thermal decomposition processes (Debroy et al. 2021) (Figure 5c1). 

TGA/DTGA profiles of PSMPs at 0 and 129 days of immersion are shown in Figure 5c2. 

DTGA thermograms of PSMPs exhibited a single step decomposition. After the assay, the 

curve showed a range of temperature between 330 °C to 465 °C with a polymer 

decomposition temperature at about 413.05 °C, where approximately 92% of weight loss of 

the sample takes place, which is in accordance with the existent literature (Dümichen et al. 

2017). After aged in marine estuarine water during 129 days, PSMPs exhibited notable 

differences in both its TGA curve as well as in the decomposition temperature. This last 

increased from 413.05 °C to 425.12 °C, suggesting that the aged process provided thermal 

stability to PSMPs. Concerning the mass loss it is evident that only roughly 55% of mass is 

lost in the range of temperature evaluated. It is important to highlight that MPs were cleaned 

with distilled water and sonicated previous their characterization. Therefore, In the case of 

PSMPs, some SPM residuals, mainly composed of inorganic moieties, were trapped/caught 

in the porous structure of these plastic particles, changing the profile of the thermogram 
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curve and altering the decomposition temperature and weight loss percentage of MPs (Mansa 

and Zou, 2021). 

Figure 5d shows the infrared spectra of Ny and PSMPs at 0, 42, and 129 days of 

immersion. In general, the ATR-FTIR spectra displayed typically representative bands of 

functional groups of Nylon 6,6 (Figure 5d1) and PS (Figure 5d2). In the case of NyMPs 

spectrum, bands  at  3299, 1637 and 1560 cm
-1

 are found and related to the N-H  amide I, and 

amide II  stretching vibrations of the amide bond, respectively(Pretsch et al. 2009; Li et al. 

2016). On the other hand, the PSMPs spectrum is characterized by the vibration modes of the 

phenyl groups, such as C-H aromatic stretching at 3038 cm
-1

, and the typical aromatic 

overtones between 2000 and 1665 cm
-1

. (Pretsch et al. 2009). The signals between 1400 and 

1500 cm
− 1 

are also associated with C=C stretching monosubstituted aromatic and C=C 

stretching vibrations in the aromatic ring, while the signal at 760 cm
− 1 

is associated with the 

out-of-plane C-H bending vibrations of aromatic ring (Lian and Krimm, 1958; Pretsch et al. 

2009). There are no substantial differences in the presence of functional groups of each type 

of MPs before and after immersion during 42 and 129 days. However, both MPs spectra 

present strong peaks at around 1045 cm
−1

, which are attributed to inorganic PO4
3- 

or NO
3-

 

(Luna Zaragoza et al. 2009; Fu et al. 2021). However, some authors also have attributed 

stretching at ≈ 1048 cm
−1

 to Si–O, which is associated with clay minerals residuals (Suresh 

et al., 2017). PSMPs spectra recorded after aging during 42 and 129 days, present typical 

polymeric signals and those spectral signatures arising from  residual biomass/biofilms 

(C=ONH from proteins, O–H from polysaccharides) on their surface located between 3400-

3600 cm
-1

.The results of FTIR analysis are consistent with those reported by Fu et al. (2021) 

and Salt et al. (2021).  In particular, the last reported that organic matter residuals may yield 
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a wide range of signals which overlap the polymer ones. This fact would not allow to clearly 

distinguish between the polymeric and the biomass/ biofilm functional groups present in 

aged MPs (Salt et al. 2021). 
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Figure 5. (a) variation of percentage of the NyMPs and PSMPs weight during the in situ 

experiment for 129 days in estuarine waters and their contact angle measurements at 0, 42, 

and 129 days of immersion. (b) XRD patterns of NyMPs and PSMPs at 0, 42, and 129 days 

of immersion.  (c) TGA and DTGA curves of NyMPs and PSMPs before and after the assay 

and (d) ATR-FTIR spectra of NyMPs and PSMPs at 0, 42 and 129 days of immersion. 

 

SEM images of MPs samples with their respective EDX spectrum at different times 

of immersion in the BBE waters are shown in Figure 6. SEM/EDX images of NyMPs and 

PSMPs at 0 days of immersion are presented in Figures 6a-a1 where it can be appreciated 

that the elemental composition of NyMPs is C, O, and Ti, while PSMPs is composed by C. 

In particular, the peaks assigned to O besides the amide group, correspond to TiO2 as well as  

Ti signal , which is widely used additive in the polymeric industry for instance as the white 

pigment (Cho and Choi, 2001).  After 42 days of immersion, a significant quantity of EPSs, 

and suspended particulate matter (SPM) were observed on the surface of MPs (Figure 6b-

b1). The EDX spectra of both types of MPs, after 42 days, exhibited strong C and O peaks 

followed by Al, Si, K, Mg, Ti, Fe, and Ca. EDX analysis (Figure 6b, spectrum) revealed the 

presence of peaks of Na on the NyMPs surface while Mo signals were only observed on 

PSMPs surface. Finally, SEM/EDX of MPs after 129 days immersion, (Figure 6c-c1) show 

small P peaks in both MPs types that could be associated with organic detritus and/or 

biofilm. Some authors have reported that biofilm formed on MPs surface could temporarily 

accumulate P and disturb the P cycle in the water because when biofilm matures, P is 

released (Chen et al. 2020). Moreover, in a previous work, we reported the presence of Mx-

PO3 (Mx: Ca, Mg, or Fe) and mixtures of Fe
3+

/Fe
2+

 in the SPM of the water column of CP 

(Forero López et al. 2021a). Finally, a small peak of Mn was identified on NyMPs surface 

after 129 days of immersion. This metal presents historical high concentrations in SPM of 

the water column of the BBE (Fernandez-Severini et al. 2017 and 2018). 
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 Some punctual EDX spectrum in NyMPs, before and after immersion, exhibited a 

change in the atomic percentage (At %) of Ti in the structure of MPs (see Table S3). Before 

the immersion, NyMPs showed an atomic percentage around ≈ 0.12% (S.D.: 0.03) of Ti. 

However, at 42 and 129 days of immersion the At % of Ti decreases to ≈ 0.05 (S.D.: 0.03) 

and ≈ 0.030% (S.D.: 0.03), respectively. These results may be indicating possible leaching of 

Ti from the NyMPs structure. However, the detection limit (LOD) in this technique depends 

on the sample surface conditions, thus, the smoother the surface leads to a lower LOD 

(Nasrazadani and Hassani, 2016).  In this way, some authors have reported leaching of TiO2 

and PbCrO4 pigments from MPs during their aging process in aquatic environments (Lou et 

al. 2019 and 2020). Moreover, these same authors also informed that the salinity could also 
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favor the leaching of these pigments from plastic particles.  

Figure 6. SEM images of Ny and PSMPs with their respective EDX spectra at:  (a) 0, (b) 42, 

and (c) 129 days of immersion in the BBE. 

 

The use of a set of instrumental techniques for qualitative and quantitative analysis of 

MPs (e.g., FITR, XRD, SEM/EDX, and TGA) has been an indispensable component for 

studying the chemical, physical, and structural properties of these micromaterial pollutants 

and how the change of their properties can affect their sorption behavior in the environment 

(Tang et al. 2020 and 2021; Forero lopez et al., 2021a; Gao et al., 2021; Li et al. 2022; Wu et 

al., 2022; Sturm et al., 2022). Moreover, the principles on which each characterization 

technique is used have specific recommendations to prevent false positives or erroneous 

procedures during the characterization of material samples (Salt et al., 2021; Pizarro Ortega 

et al., 2022). Several chemical characterization techniques must be used together to obtain 

complete information about the nature of the material, such as their surface, structure, and 

composition. However, these techniques present some limitations to be used for chemical 

characterization on plastic pollution due to size range (meso/micro/nanoplastic), 

conductivity, structure (2D, or 3D), or surface contamination or impurities deposited in their 

structure, whose challenges and limitations have been evidenced in this work. As mentioned 

above, MPs surface contamination with biofilm or organic matter residue generated 

misassignment of functional group signals in FTIR spectra from MPs samples, and although 

these samples were cleaned three times by sonication for 20 min in our study, some biofilms 

residues remained in their 3D structure, affecting  FTIR signals. Likewise, the presence of 

minerals or clay particles trapped in PSMPs structure modified the thermal decomposition 

and mass loss profile because the quantity and purity of the samples influence the shape of 
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the thermogram. In contrast, XRD analyses showed that the signals of mineral particles 

trapped in PSMPs structure did not affect the interpretation of XRD patterns over MPs 

crystallinity. However, for NyMPs, TGA technique was useful in our study to determine the 

humidity of NyMPs and leaching of additives (TiO2) from the Ny matrix which also were 

evidenced through XRD patterns. 

3.5.  Heavy metals levels in the plastisphere on MPs 

The concentrations of heavy metals (Cr, Mn, Cu, Zn, Cd, and Pb) were analyzed in 

the plastisphere on MPs surface during the assay. It is well known that MPs are vectors for 

the transport and reservoir of heavy metals in the aquatic environment (Turner and Holmes, 

2015; Wang et al. 2017; Binda et al. 2021; Liu et al. 2022). The concentration levels of Cd 

and Mn in NyMPs ranged from <0.001 to 14.81 µg.g
− 1

d.w (mean: 6.38, S.D.: 5.77) and 

80.53 to 885.6 µg.g
− 1

d.w. (mean: 295.6, S.D.: 269.09), whereas the concentration of these 

metals in PSMPs varied between 0.76 and 10.24 µg.g
− 1

 (mean: 5.60, S.D.: 2.84), and from 

145.81 to 698.41 µg.g
− 1

 (mean: 326.10, S.D.: 181.52), respectively. Cu levels in Ny and 

PSMPs ranged from 1.68 to 255.97 µg.g
− 1

d.w., (mean: 44.15, S.D.: 93.78) and 1.30 to 22.97 

µg.g
− 1

 d.w.(mean: 8.79, S.D.: 7.06), accordingly. On the other hand, the concentration levels 

of Cr and Pb in NyMPs ranged between <0.03 and 1638.36 µg.g
− 1

d.w. (mean: 345.87, S.D.: 

722.64), and <0.02 and 27.38 µg.g
− 1

 d.w. (mean: 17.10, S.D.: 11.16), whereas in PSMPs 

varied between <0.03 and 2403,63 µg.g
− 1

 d.w. (mean: 415.55, S.D.: 973.99), and <0.02 and 

21.91 µg.g
− 1

 d.w. (mean: 8.58, S.D.: 6.97).  Finally, the concentration levels of Zn in Ny and 

PSMPs ranged from 14.88 to 319.04 µg.g
− 1

 d.w. (mean: 80.25, S.D.:107.21) and 7.34 to 

29.22 µg.g
− 1

 d.w. (mean: 24.41, S.D.:11.18). Thus, the studied concentration levels of heavy 

metals in each type of MPs during the assay followed this order: Cr ˃ Mn ˃ Zn ˃ Cu ˃ Pb 
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˃Cd. The highest levels of heavy metals were exhibited in PSMPs (Cr and Mn) than NyMPs, 

and Ny showed higher levels of Cu, Zn, Cd, and Pb than PSMPs. Also, while most of the 

heavy metals levels  increased gradually until 45 days of immersion (Figure S3),  Cr and Mn 

concentrations were extremely high for each MPs at 129 days of immersion. Table 1 

presents the correlation between heavy metals analyzed in the plastisphere on Ny and PSMPs 

and some physicochemical variables. Some heavy metals such as Zn and Cu-NyMPs, and Pb 

in PSMPs exhibited positive correlation with TPC, and SPR while Mn, from each type of 

MPs, showed a strong negative correlation with Chl-a. This negative correlation between Mn 

and Chl-a may be associated with photosynthesis processes since Mn is uptaken by 

phytoplankton or aquatic microorganisms (Raven et al. 1999). The positive correlations 

between Cr, Mn, and Cd may indicate that these metals have a constant proportion between 

them in the plastisphere of each type of MPs. Likewise, these same heavy metals exhibited 

high positive correlations with the increase of weight of both types of MPs during the assay, 

indicating their relation with organic or inorganic particulate matter (SPM), plankton, and 

other organisms that are part of the plastisphere.  

Table 1. Correlation analysis indicated that heavy metals of the plastisphere on Ny 

and PSMPs were significantly correlated with some of the physicochemical variables as 

SPR, Chl-a, and TPC in the water column of Cuatreros Port (CP).  

 

-----Table 1------------- 

 

Some authors have reported eutrophic conditions and pollutants like heavy metals 

and MPs in the inner zone of the BBE due to urban-industrial discharges from cities and 

industries near the estuary, harbor activities, and maritime traffic (Bielsa et al. 2022; 
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Fernandez-Severini et al. 2019). In particular, Cr has been detected in paint sheets (as 

additive) and on microfibres (as part of the particulate matter adhered or metal ion adsorbed) 

in the BBE (Truchet et al. 2022b) and sandy beaches near this estuary (Truchet et al. 2021b). 

Moreover, Cr dynamic behavior in the water column has been strongly influenced by the 

phytoplankton biomass and organic carbon (Villagran et al. 2019; Forero López et al. 2021a 

and 2021b), and its levels (dissolved and particulate) have increased during the last few 

years. In particular, Mn and Fe (hydr)-oxides are involved in the oxidation-reduction process 

and they tend to absorb dissolved heavy metals such as Cr in the water column of this estuary 

(Villagran et al., 2019; Forero López et al. 2021a and 2021b). The main source of Cr is  

sewage effluents, discharged into the estuary, while the source of Cd is attributed to 

freshwater inputs that transport and discharge fertilizers and PO4
3-

 from agrochemical 

activities in the region (Truchet et al. 2022a). These correlations between these metals have 

also been reported in SPM and microplankton (Fernández-Severini et al. 2017; Villagrán et 

al. 2019). Some Cr and Cd levels, detected in both types of MPs, are extremely high in 

comparison with historical reports in SPM at CP, the BBE (Table 2) while values of other 

metals like Mn, Zn, and Pb are similar to historical data. In particular, Liu et al. (2021) found 

extremely high concentrations of Cd, Pb, and Zn in the plastisphere of microplastic samples 

from the waters surrounding Hong Kong. However, these authors indicated that SPM and 

plankton may be direct external sources of these metals in the plastisphere of MPs (Liu et al. 

2021).  

Table 2. Comparison of heavy metal levels found in the plastisphere on MPs in this study 

area and in other regions of the world (µg.g
− 1

). Historical level data of heavy metals in SPM 

and surface waters from the assay zone (CP).  Data of abundance presented in ranges 

(minimum-maximum) and mean (± SD) of levels of heavy metals in the plastisphere on MPs. 
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-----Table 2------------- 

 

Although, it is widely reported both, pH and salinity strongly influence the sorption 

process between plastic particles and heavy metals (Tang et al. 2020 and 2021; Binda et al. 

2021; Liu et al. 2022) no such relation has been detected in the present study. According to 

our results, the plastisphere on MPs surface is an important reservoir of heavy metals (in 

particular, Cr), as well as some pathogens such as Vibrio spp., E. coli, and Pseudomonas spp. 

In this sense, it is well known that microorganisms can bioaccumulate, biotransform, 

biomineralize, and extracellular precipitation of heavy metals in aquatic/terrestrial 

environments (Verma and Kuila, 2019). Metal-microbe interactions can occur through the 

mechanisms of metabolism-dependent bioaccumulation and metabolism-independent 

biosorption.  The first mechanism is associated with the sequestration, redox reaction, and 

species-transformation methods (Igiri et al., 2018). In contrast, the second type comprises  

metal precipitation, adsorption, and chelation, which can occur on the surface of the 

microbes (Selenska-Pobell, and Merroun, M. 2010; Igiri et al., 2018; Verma and Kuila, 

2019). In particular, the biosorption by surface interaction between microorganisms and 

heavy metals can occur mainly due to metal-binding with functional groups such as carboxyl 

and phosphate groups from different biopolymers that comprise cell walls of microorganisms 

(Selenska-Pobell, and Merroun, M. 2010; Verma and Kuila, 2019). The functional groups 

(carboxyl, amino, phosphate, and -OH) contained in the biofilm residuals were identified by 

ATR-FTIR. They tend to form complexes with metal ions (Guan et al. 2020) and these same 

complexation processes also tend to occur in SPM due to their organic and clayey 

composition. According to our previous works, surface hydroxyl groups of some minerals 
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contained in SPM clay fractions provide adsorption sites for dissolved metal cations and 

complexions in seawater (Forero-López et al. 2021a). In particular, the highest levels of 

heavy metals in the plastisphere on PSMPs may be due to their pore size, architecture (3D 

structure), and high surface area since they may contribute to greater retention of SPM, 

organic matter, and phytoplankton that contain heavy metals.  

In a previous work, it was reported that the native phytoplankton from the study 

zone drives the Cr particulate dynamic as an efficient scavenger of Cr, as well as the redox 

processes between Fe and Mn species also affect the Cr speciation in the water column 

(Forero Lopez et al. 2021). As previously mentioned, the chelation between metal ions and 

extracellular polymeric substances (e.g., polysaccharides) from biofilm could also contribute 

to high levels of heavy metals in the plastisphere formed on MPs surface. However, this 

would not be the only mechanism that has been reported between biofilms and heavy metals, 

since immobilization and reduction of metal ions can also co-occur (Zhao et al. 2023). For 

example, Cr (VI) (dissolved Cr) can be reduced to Cr(III) by biofilm or can also be 

immobilized with phosphate on the biomass and the phytoplankton that comprises the 

biofilm (Wu et al. 2022; Zhao et al. 2023). In this way, Wu et al. (2022) reported that PS 

particles with the size of 4 mm covered with fungus biofilm had higher adsorption capacity 

towards Cu(II) and the ability to reduce Cr(VI) under lab conditions. Likewise, some authors 

have informed that bacteria such as Pseudomonas spp have the ability to reduce highly toxic 

Cr(VI) to less toxic Cr(III) and immobilize Cr(III) in the natural environment (An et al. 

2020; Zhao et al. 2023). Moreover, the adsorption competition between dissolved Cr and 

other metals such as Cu or different types of pollutants present in the water column may 

affect the accumulation of Cr on the aged surface of MPs (Li et al. 2022; Zhou et al. 2022). 
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In particular, Li et al. (2022) reported that the presence of Cu may promote the adsorption of 

dissolved Cr on PE and PS more than on PA-MPs. Furthermore, these same authors also 

informed that the saturation adsorption of Cr(VI) depends of the physicochemical properties 

on MPs surfaces, their weathering degree and the interactions of types of Van der Waals 

forces (Li et al. 2022). 

NyMPs have a hydrophilic surface because of amide groups in their chemical 

structure, leading to a better interaction between microorganisms than PSMPs, since its  

surface is hydrophobic (Sudhakar et al. 2007; Lee, 2011).  Moreover, the colonization of 

microorganisms and biofilm growth on the MPs surface is one of  the prerequisites prior to 

the degradation of plastic particles in the water column (Sudhakar et al. 2007). In this way, 

the first signs of weathering, such as surface damage (microcracks and pits) and a change of 

crystallinity were only observed in NyMPs, indicating an increased surface area as well as 

the beginning of some changes in the intrinsic properties of the material that can lead to MPs 

fragmentation over time. Moreover, the leaching of TiO2 from the Ny polymeric matrix, 

could generate a change in their structure, leading to a decrease in the XRD signal intensity 

of NyMPs at 42 and 129 days of immersion. TGA thermograms evidenced a decrease in the 

onset decomposition temperature with decreasing polymer degradation time at 129 days 

maybe due to a reduction of crystallinity generated by a change in the polymer structure 

because of leaching of additives from MPs, indicating the first steps of weathering 

degradation. On the other hand, some authors have reported that some marine bacteria (e,g., 

Bacillus, Bacillus, and Brevundimonas) can degrade and decrease the crystallinity of the Ny 

6.6, and 6 polymers in 3 months (Sudhakar et al. 2007). However, the effect of 

environmental stressors on MPs crystallinity has not been studied in depth and most 
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publications have focused on how the crystallinity change affects the microparticle sorption 

process. Nevertheless, according to Chen et al. (2020), salt content in seawater may promote 

the formation of β crystals in polypropylene (PP) microplastic, thus affecting its crystalline 

structure. 

4. Conclusion 

The present contribution comprised an unprecedented multidisciplinary approach to study 

weathering in two types of MPs (Ny and PS), and heavy metal accumulation in their 

plastisphere, formed during 129 days of immersion, in a polluted estuarine environment. 

During the assay, pathogenic microorganisms such as Vibrio spp., Pseudomonas spp. and E. 

coli abounded in both types of MPs that acted as dispersal vectors of these pathogens in 

moving estuarine waters. 

Heavy metals such as Cr and Cd presented high levels of accumulation on the plastisphere 

surface of MPs, highlighting potential risks and threats to aquatic life. The topographic 

characteristics (architecture or 3D structure and porosity) and the surface area of PSMPs 

could be contributing to the highest retention or accumulation of heavy metals in the 

plastisphere in comparison with NyMPs. However, extensive characterization showed 

mechanical deterioration of the surface and decreased crystallinity in NyMPs due to water 

fluctuation and microorganisms, with implications for TiO2 leaching from plastic particles, 

which represents a real threat with direct repercussions on the aquatic ecosystem. Therefore, 

future works should further investigate how heterotrophic microorganisms, phytoplankton, 

and SPM can increase the accumulation of heavy metals in the plastisphere and its chemical 

sorption behavior. 
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Table 1. Correlation matrix with the significant correlations detected between heavy metals 

of the plastisphere on Ny and PSMPs and some of the physicochemical variables like SPR 

(soluble reactive phosphorus), Chl-a, and TPC (total particulate carbon) of the water column 

at Cuatreros Port (CP).  

 Cr- 

NyM

Ps 

Cr- 

PSM

Ps 

Mn- 

NyM

Ps 

Mn- 

PSM

Ps 

Cu- 

NyM

Ps 

Cu- 

PSM

Ps 

Zn- 

NyM

Ps 

Zn- 

PSM

Ps 

Cd- 

NyM

Ps 

Cd- 

PSM

Ps 

Pb- 

NyM

Ps 

Pb-

PSM

Ps 

Chl-

a 

  -

0.81* 

-

0.81* 

        

TPC     0.87*  0.87

* 

     

SPR            0.77

* 

Cr-

NyM

Ps 

1            

Cr-

PSM

Ps 

1.0**

* 

1           

Mn-

NyM

Ps 

0.90*

* 

0.89*

* 

1          

Mn-

PSM

Ps 

0.83* 0.82* 0.94*

** 

1         

Cu-

NyM

Ps 

    1        

Cu-

PSM

Ps 

0.86*

* 

0.86*

* 

0.96*

** 

0.92*

* 

 1       

Zn-

NyM

Ps 

    0.99*

** 

 1      
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Zn-

PSM

Ps 

       1   0.71

* 

 

Cd-

NMP

s 

0.93*

** 

0.93*

** 

0.97*

** 

0.89*

* 

 0.94*

** 

  1 0.79

* 

  

Cd-

PMP

s 

  0.85*

* 

0.94*

** 

 0.90*

* 

   1   

Pb-

NyM

Ps 

          1  

 

 

Table 2. Comparison of heavy metal levels found in the plastisphere on MPs in this study 

area and in other regions of the world (µg.g
− 1

). Historical level data of heavy metals in 

suspended particulate matter (SPM) and surface waters from the assay zone (CP).  Data 

presented in ranges (minimum-maximum) and mean (± SD) of heavy metals levels in the 

plastisphere on MPs. 

Sample Location Cr 

µg.g
− 1

 

Mn 

µg.g
− 1 

Zn 

µg.g
− 1

 

Cu 

µg.g
− 1

 

Cd 

µg.g
− 1 

Pb 

µg.g
− 1 

Reference 

Plastisphere 

NyMPs 

Cuatreros 

Port (CP) 

Bahía 

Blanca 

estuary 

(Argentina) 

range 

(<0.03-

1638.36) 

345.86± 

722.64  

range 

(80.53- 

885.67) 

295.82 ±  

269.0 

range 

(14.88- 

319.04) 

80.25 ±  

107.22 

range 

(1.68- 

255.97) 

44.15 ±  

93.77 

range 

(˂MDL- 

14.81) 

6.39 ±  

5.78 

range 

(<0.02- 

29.51) 

17.10 ±  

11.16 

 

 

In this 

study 

(assay) 

PSMPs range 

(<0.03- 

2403.6) 

415.54± 

973.99 

range 

(145.81- 

698.4) 

326.10 ±  

181.5 

range 

(7.34- 

43.17) 

24.41 

±11.18 

range 

(1.30- 

12.04) 

8.79 ±  

7.07 

range 

(1.40- 

10.20) 

5.60 ±  

2.85 

range 

(MDL- 

21.91) 

8.58 ±  

6.97 

Surface 

waters 
Cuatreros 

Port (CP)  

range 

0.29-
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0.61µg.L 

 

SPM 

Bahía 

Blanca 

estuary 

(Argentina) 

Cuatreros 

Port (CP) 

mean: 

3.15 ± 

1.02 

µg.g− 1 

 

mean: 

123.5 ± 

4.94 

µg.g− 1 

mean: 

103.5 ± 

37.48 

µg.g− 1 

 

mean: 

46.35 ± 

5.02 

µg.g− 1 

 

˂MDL mean: 

2.5 ± 

0.84 

µg.g− 1 

 

Forero-

López et al. 

2021a 

range 

(11.20-

16.49) 

13.2 ± 

2.24 
µg.g− 1 

range 

(424.7-

668) 

548.5 ± 

99 
µg.g− 1 

 

 

   Forero-

López et al. 

2021b 

15.22 ± 

5.06  

µg.g− 1 

558.8 ± 

148.2 

µg.g− 1 

7.70 ± 

5.22  

µg.g− 1 

19.40 ± 

5.03  

µg.g− 1 

0.37 ± 

0.30 

µg.g− 1 

60.98 ± 

14.6 

µg.g− 1 

Villagrán 

et al. 

(2019b) 

Surface 

waters 

Cuatreros 

Port (CP) 

1.66-18  

µg.L 

   0.060- 

0.56 

µg.L 

MDL- 

54 μg L 

La Colla et 

al. 

(2021) 

Plastisphere 

PS/PE/PP 

surface 

waters 

 

Zhujiang 

Hong 

Kong 

 

µgg− 1 

range 

(11.1-

89.9) 

mean: 

29.85 

µgg− 1
 

range 

(76.9-

326) 

mean: 

193   

µgg− 1
 

range 

(47.9-

514) 

mean: 

160   

µgg− 1 

 

range 

(8.76-

1,217) 

mean: 

237 

µgg− 1
 

range 

(0.16-

4.48) 

mean: 

1.10 

µgg− 1
 

range 

(8.71-

83.4) 

mean: 

29.3   

µgg− 1
 

 

 

Liu et al. 

(2021) 

PE and 

PET found 

in 

sediments 

 

East 

Kolkata 

Wetland 

(India) 

range 

(26.26–

342.28 

µgg− 1) 

 range 

(1.88–

1191.5 

µgg− 1) 

range 

(0.29–

119.59 

µgg− 1) 

 range 

(0.04–

104.63 

µgg− 1) 

 

Sarkar et 

al. 

(2021) 
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Environmental Implication” 

The manuscript is of environmental relevance because it studies the presence of hazardous 

materials like microplastics and heavy metals in a marine ecosystem and their interactions 

with microorganisms of human health implications. Microplastics produce several impacts 

on the environment and one of them is the formation of the plastisphere:  microorganisms 

that colonize plastics. This study showed that MPs surfaces acted as new niches for 

heterotrophic microorganisms like pathogenic bacteria and favored the adsorption of heavy 

metals, with potential migration through the water to other marine ecosystems. Thus, the 

plastisphere plays as a metal vector with impacts on both aquatic biota and humans, through 

the food webs. 
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Highlights 

● Pathogenic bacteria were identified on the Ny and PS-microplastic surfaces. 

● Superficial weathering and leaching of TiO2 from Ny Microplastics were 

evidenced. 

● The crystallinity of Ny-microplastics decreased during the assay. 

● High Cr, Mn, and Zn levels were detected on the microplastic surface biofilms.  
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