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Abstract: Microorganisms colonizing plastic waste material collected in composting-, landfill-,
and anaerobic digestion plants were isolated to obtain novel strains maximally adapted to the
degradation of plastics due to long-term contact with plastic polymers. Twenty-six bacterial strains
were isolated and identified by the 16 S rRNA method, and eighteen strains of yeasts and fungi using
18 S rRNA and the internal transcribed spacer ITS sequencing of the 18 S rRNA gene. In selected
strains, the ability to degrade linear low-density polyethylene (LLDPE), low-density polyethylene
(LDPE), polystyrene (PS), and polyvinyl chloride (PVC) was tested in aerobic liquid-medium cultures.
An oxidative, two-step pretreatment of LLDPE and LDPE using �- or UV-irradiation followed by a
high-temperature treatment was carried out, and the pretreated plastics were also included in the
degradation experiments. The respective weight losses after biodegradation by Trichoderma hamatum
were: virgin and �/T90-pretreated LLDPE (2.2 ± 1.2 and 3.9 ± 0.5%), virgin and UV/T60-pretreated
LDPE (0.5± 0.4 and 1.3± 0.4%), and virgin PS (0.9± 0.4%). The Fourier transform infrared spectroscopy
(FTIR) analysis showed that during the treatment of pretreated LLDPE, T. hamatum attacked low
molecular weight LLDPE oligomers, reducing the functional groups (carbonyl C = O), which was
paralleled by a slight increase of the molar mass of pretreated LLDPE and a decrease of the dispersity
index, as demonstrated by gel permeation chromatography (GPC). Thermogravimetric analysis
(TGA) highlighted the formation of functional groups on LLDPE due to polymer pretreatment that
favored fungal attack at the polymer surface. The results provide insight into microbial consortia that
spontaneously colonize the surface of plastics in various environments and their capability to attack
plastic polymers.
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1. Introduction

Research focusing on the biodegradation of recalcitrant plastic polymers brought evidence that
many microorganisms are able to attack polymeric chains. However, the degradation e�ciency was
mostly low [1,2]. Therefore, there is a need to isolate highly degradative strains of bacteria and fungi
and better understand the biochemistry of polymer degradation with the aim to develop e�cient
degradation technologies [3,4]. Polyethylene (PE) is the most common plastic, accounting for 34%
of the total plastics market. It is extremely resistant to biodegradation [1,5]. Its degradability can be
enhanced by abiotic photo- and thermooxidative treatments, resulting in the production of carboxyl,
hydroxyl, and carbonyl groups that can be oxidized by microbial metabolism [6,7].

PE can be used as the sole carbon source for soil and marine bacteria that generate hydroxyl
groups in the polymer [8,9]. Numerous works document the biodegradation potential of fungal
organisms towards plastics. The examples include LDPE biodegradation by Aspergillus spp. [10,11],
Fusarium spp. [10,12], and Penicillium spp. [13]. An important prerequisite for degradation is an
e↵ective contact of the degrading microorganism and its extracellular enzyme machinery with the
polymer, ensured by the colonization of the plastic surface with bacterial or fungal biofilms [2,14].
Microorganisms are able to modify the hydrophobicity of their cellular surface to promote hydrophobic
interactions with the highly hydrophobic polymer surface [15]. The colonization of the polymer
surface and the subsequent degradation can be increased by thermal pretreatment, chemical oxidation,
or radiation [16,17].

The biodegradation process includes the introduction of functional groups (hydroxyl -OH and
carbonyl C = O) in the polymer molecule and the splitting of the chain by extracellular enzymes to
provide small fragments that enter the intracellular metabolism as carbon and energy sources for
growth [18]. Peroxidases and laccases are implicated in the degradation of PE, the former reducing
the weight average molecular weight and the latter reducing the average molecular weight and
average molecular number of the polymer [19,20]. Esterases and lipases are involved in degradation
of polyester-type polymers [21,22]. A two-step action of bacterial extracellular hydrolases and of a
combination of lipase, esterase, and protease activities was also reported in the degradation of the
aliphatic-aromatic co-polyester Ecoflex® [23,24].

Microoganisms that are in prolonged contact with plastic wastes are adapted to these environmental
conditions to maximize their degradation potential. The strategy for isolating e�cient microbial
degraders of plastics is often focused on microorganisms colonizing plastic wastes in soil or other
plastics-polluted environments [2,25,26]. In this study, autochthonous microorganisms colonizing
surfaces of plastic wastes from composting plants, landfills, and anaerobic digestion plants were used
as a source of novel bacterial and fungal strains, presumably well-adapted to the biodeterioration and
biodegradation of plastics. A standard isolation method was used, and the strains were taxonomically
classified. Virgin LLDPE and LDPE were subjected to an oxidative pretreatment. Subsequently,
both virgin and pretreated LLDPE and LDPE, together with virgin PS and polyvinyl chloride (PVC),
were tested for degradation in liquid media with the main purpose of obtaining strains with a high
potential of degradation of plastic polymers. The weight reduction data obtained by a treatment of
LLDPE by T. hamatum were supported by FTIR and GPC analyses.

2. Materials and Methods

2.1. Isolation and Taxonomical Identification of Bacteria and Fungi from Plastic-Polluted Environments

Samples of plastic polymers from the following sites were used for the isolation of new bacterial
and fungal strains: a compost sample from the municipal composting plant (Grenoble, France),
a compost sample from the composting plant (Schendelbeke, Belgium), a sample of black mulching
film removed from agricultural soil in Belgium, a plastic sample removed from soil along a highway
in Belgium, a sample of sludge from the anaerobic digester at a wastewater treatment plant (Treviso,
Italy), and a sample of plastics removed from a landfill (Styron plant, Schkopau, Germany).
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The isolation method employed the following media: Nutrient agar (NA), Boyd Kohlmeyer
(BK) medium, Malt extract agar (MEA), Malt extract glucose (MEG) medium, Kirk medium [27],
and Bushnell Haas (BH) medium. The media were used for the isolation of bacteria and fungi at 28 �C
from the above environmental samples to obtain monocolony isolates [28]. When fungi were isolated,
the medium was supplemented with a penicillin/streptomycin/neomycin solution (Sigma Aldrich,
Czech Republic, respective final antibiotic concentrations of 50 units, 0.05 mg·mL�1, and 0.1 mg·mL�1)
to inhibit the growth of bacteria. The subsequent prescreening of strains was based on the degradation
of persistent Azure B dye (100 mg·L�1), which is a method of choice for the rapid evaluation of the
capacity of microorganisms to degrade xenobiotics [29–31].

The screened fungi were identified using a sequence analysis of partial 18 S rRNA and of complete
ITS regions of the 18 S rRNA gene. The bacteria were identified using the partial 16 S rRNA gene.
An amount of 0.5 g of the samples was used for the isolation of total DNA (soil DNA extraction
kit, Sigma-Aldrich, St. Louis, USA), in agreement with the manufacturer’s instructions [32]. DNA
was analyzed with Nanophotometer P300 (Implen, Munchen, Germany). The amplification of DNA
samples was carried out using a bacterial 16 S primer set [33], universal 18 S rDNA primer set [34],
and fungal specific ITS1/ITS4 primer [35]. The PCR-amplified products were purified and ligated with
a pGEM-T easy cloning vector system (Promega, USA) and transformed into OneShot E. coli cells
(Invitrogen, Carlsbad, CA, USA) [31,36]. The transformed cells were used for plasmid isolation and
purification (Millipore plasmid isolation kit, Millipore, Bedford, USA) [31]. Macrogen Inc. (Amsterdam,
Netherlands) sequenced the plasmids. The BLASTN bioinformatics tool was used to obtain the
phylogenetic analysis [32]. Alternatively, bacterial isolates were also identified using the BIOLOG
system (BIOLOG, Hayward, USA) [37].

2.2. Plastic Polymers and Their Pretreatment

LLDPE and LDPE films (density at 20 �C: 0.88–0.96 g·mL�1; thickness: 70 and 40 µm for LLDPE
and LDPE, respectively) as well as PS (containing traces of a decolorant agent and about 2000 ppm of a
release agent) were produced by Versalis S.p.A., Italy. PVC (containing plasticizers whose formulation
is confidential) was produced by Gruppo Fabbri Spa., Italy. All plastic polymers were delivered by the
Department of Civil, Chemical, Environmental, and Materials Engineering, University of Bologna,
Italy. PE films were prepared as a neat formulation of the polymer films, avoiding the use of stabilizers
and additives.

The Centre National de la Recherche Scientifique, Clermont-Ferrand, France, performed the
pretreatment of LLDPE and LDPE. The materials were submitted to an oxidative pretreatment. The goal
of this process was to enhance the hydrophilic character of the studied plastics through hydroxyl and
carbonyl chemical groups fixation due to radical oxidation reactions. To ensure going far enough in
the oxidative degradation mechanism, new unusual treatments have been set up by cycling di↵erent
oxidative steps. All these treatments and their conditions have been extensively described in a previous
paper [31]. After the treatments, the materials were characterized by FTIR and by melt viscoelasticity
to assess the molecular weight evolution [31].

2.3. Biodegradation Tests

Aerobic liquid-medium cultures were used to test the capability of microorganisms to degrade
plastic polymers. Virgin LLDPE, LDPE, PS, and PVC, as well as pretreated LLDPE and LDPE films,
were used in the experiments [38]. The protocol used in the biodegradation experiments with fungal
and bacterial strains was the same as that described by Novotny et al. [31]. Small pieces (20–30 mg) of
polymer films were used. First, grease was removed from their surface by immersion in 70% ethanol
(10 min., 120 rpm) which also sterilized the polymers. Then, the plastic films were washed with sterile
water, dried, and pre-weighed under sterile conditions to be able to determine the weight reduction at
the end of the experiment. The sterilization of all media was made by autoclaving (120 �C, 20 min)
(Systec VX-5, Systec GmbH, Germany).
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The biodegradation by fungal strains was carried out aseptically in liquid Czapek Dox medium
pH 6.8. After inoculation, the cultures were incubated at 28 �C and aerated by air di↵usion. The fungal
static cultures were stirred manually every other day. Fungal cultures grown for seven days in MEG
medium (5 g·L�1 malt extract, 10 g·L�1 glucose, pH 4.5) were homogenized (Ultra Turrax T25, IKA
Labortechnik, Staufen im Breisgau, Germany) and used as 5% (V/V) inoculum for the above Czapek
Dox cultures.

The biodegradation by Bacillus amyloliquefaciens occurred under aseptic conditions in liquid BH
medium pH 7.0 (Fluka, Germany), to which 1 g·L�1 glucose was added. The medium itself did not
contain any carbon source and, thus, it was adjusted by adding a small amount of glucose to support
the cometabolic process and maintain the bacterial culture viable and active during biodegradation.
The aeration was ensured by shaking at 120 rpm using an orbital shaker (ELMI orbital shaker DOS-20
L, ELMI Ltd., Rı̄ga, Latvia). The bacterial inoculum (5%, V/V) was grown overnight (shaken culture,
28 �C, BK medium pH 6.8).

When the biodegradation experiment was terminated, the plastic films were washed (2% SDS
solution, 2 h) to get rid of the attached microbes. Then, they were washed with ethanol (70% V/V)
and deionized water. The degradation was measured as the weight reduction of the dry samples.
The samples were measured in triplicates, always including an abiotic control.

2.4. Physicochemical Analyses

2.4.1. FTIR Analysis

The recording of the infrared spectra of the polymer film samples was as described in [31].
The ATR FTIR spectra of virgin and pretreated LLDPE films obtained before and after the fungal

degradation were measured at room temperature [31].

2.4.2. TGA Analysis

The analysis conditions are described in detail by Novotny et al. (2018) [31]. The temperature
calibration of the equipment followed the protocol suggested by the producer.

2.4.3. GPC Analysis

The number average molecular mass (Mn) and molecular mass distribution index (Mw/Mn) were
measured in 1,2,4–trichlorobenzene containing Santanox-R stabilizer (conditions: 135 �C, flow rate
1 mL·min�1, Alliance GPCV 2000 chromatograph, HT (39,500–30,000) and HT6E (5000–1,000,000)
columns, refractive index- and viscometer detectors), as described by Novotny et al. (2018) [31].
Polystyrene standards with a mass range of 580–3,790,000 were used to obtain the calibration curve.
K = 0.0004 and ↵ = 0.74 were used in the calculation [31].

2.4.4. Scanning Electron Microscopy (SEM)

The samples (thin slices of a plastic film) were cut into 5 ⇥ 5 mm2 sections with scissors.
After slitting, the samples were mounted onto aluminum stubs and gold-coated (Automatic Sputter
Coater JEOL JFC-1300, JEOL USA, Inc., coating time 20 s). The samples were scanned using a JEOL
JSM-6610LV (Japan) in a high vacuum mode and SEI (secondary electron image). The working
distance (WD) was 15 mm, accelerating voltage 12 kV, and spot size 30 for all scanned samples.
The magnifications used were 500⇥, 2000⇥, and 5000⇥.

3. Results and Discussion

3.1. Isolation and Identification of Microorganisms

New bacterial and fungal strains capable of growth and survival on plastic polymers were isolated
from the surface of plastic polymer wastes collected at six environmentally di↵erent sites. A total of
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26 bacterial strains were identified using the 16 S rRNA eubacterial primer set (Table 1). Similarly,
18 fungal strains were identified using 18 S rRNA and the ITS sequencing of 18 S rRNA (Table 2).
Bacteria of the genus Bacilllus dominated in the compost-, anaerobic sludge- and landfill samples,
whereas no similar predominance by a single genus could be observed among the isolated fungal
organisms. The prescreening with Azure B based on the strains’ decolorization e�ciency, evaluated
visually on dye-containing agar media (NA) and in liquid medium (BK), was used to select the
following strains: the fungal strains Trichoderma hamatum (University of Ostrava collection no. HF4,
GenBank accession no. FR87271), Trichaptum abietinum (University of Ostrava collection no. CA,
GenBank accession no. J768676), Byssochlamys nivea (University of Ostrava collection no. FK1, GenBank
accession no. M83256.1), Byssochlamys nivea (University of Ostrava collection no. JM5, GenBank
accession no. GU733368.1), and the bacterial strain B. amyloliquefaciens (University of Ostrava collection
no. JB4, GenBank accession no. KT185076). Those strains provided the most e�cient and rapid
decolorization response and were further tested for the capability to degrade virgin and pretreated
LLDPE, LDPE, PS, and PVC. The results obtained with B. amyloliquefaciens JB4 are reported in a parallel
paper [31].

Table 1. Bacterial strains isolated from various environments. The strains were identified using
BLASTN search with 16 S rRNA gene sequences, and their GenBank accession nos. of the closest
relative are given in brackets.

Environmental Origin Strain Identity (GenBank Accession No.) Q-Coverage,
% (Error Value)

Compost (Grenoble, France)

Vibrio sp. (DQ146981.1) 99 (0)
Clostridium roseum (KM999946.1) 71 (0)

Bacillus sp. (JX202600.1) 100 (0)
Bacillus sp. (KJ162135) 100 (0)

Mulching Film From
Soil (Belgium) Pseudomonas poe (JN897284) 100 (0)

Plastics From Soil Along
Highway (Belgium)

Delftia sp. (KF896097) 100 (0)
Uncultured Klebsiella sp. (JN873189) 100 (0)

Compost
(Schendelbeke, Belgium)

Achromobacter sp. (KP670417.1) 100 (1.00 ⇥ 10�112)
Vibrio sp. (DQ146981.1) 99 (0)

Bacillus licheniformis (KM226937.1) 97 (0)
Bacillus amyloliquefaciens JB4 (KT185076) 1 100 (0)

Bacillus amyloliquefaciens (KJ469792.1) 100 (0)
Bacillus amyloliquefaciens (KJ545589) 100 (0)
Bacillus amyloliquefaciens (CP006890) 100 (0)

Bacillus amyloliquefaciens (CP010556.1) 99 (0)
Bacillus pumilus (DQ275671.1) 97 (0)
Bacillus subtilis (KJ865584.1) 100 (0)
Bacterium ZI-9 (JQ342232.1) 99 (0)

Sludge From Anaerobic
Digester (Treviso, Italy)

Bacillus sp. (CP009938.1) 100 (0)
Bacillus sp. (EF582419) 100 (0)

Bacillus amyloliquefaciens (KJ545589) 100 (0)

Plastics From Landfill
(Styron, Germany)

Bacillus cereus (KF805048) 100 (3.00 ⇥ 10�164)
Bacillus sp. (FJ596521.1) 100 (0)

Bacillus subtilis (KJ604979.1) 100 (0)
Klebsiella oxytoca (CP003218) 100 (0)

Alcaligenaceae sp. (AB847924.1) 99 (0)
1 The strain written in bold was further tested for the capability to degrade various plastic polymers, and the results
are reported in a parallel paper [31].



Processes 2020, 8, 467 6 of 14

Table 2. Fungal strains isolated from various environmental samples. The strains were identified using
a BLASTN search with the rRNA gene (18 S sequence, ITS sequence), and their GenBank accession nos.
of the closest relative are in brackets.

Environmental
Origin

18 S Sequence ITS Sequence

Strain Identity
(GenBank Access. No.)

Q–Coverage, %
(Error Value)

Strain Identity
(GenBank Access. No.)

Q–Coverage. %
(Error Value)

Compost Sample
(Grenoble, France) - - Filobasidium floriforme (KF971359) 100 (0)

Mulching Film
from Soil (Belgium)

Fusarium oxysporum
(KF562839) 100 (0) Fusarium oxysporum (JF776163) 100 (0)

Mucor circinelloides
(JQ014009) 100 (0) Mucor circinelloides (HQ285608) 99 (0)

Fusarium oxysporum
(KF562839) 100 (0) Fusarium oxysporum (KC202938) 100 (0)

Trametes sp. (FJ515315) 99 (0) Uncultured Fungus (KF800596) 100 (0)

Plastics from Soil
Along Highway

(Belgium)

Uncultured fungus
(AB534505) 100 (0) Fusarium sp. (JQ388248) 100 (0)

Hypocrea muroiana
(JN941682) 100 (0) Trichoderma hamatum HF4 1 (FR872741) 100 (0)

Uncultured fungus
(GU306002) 99 (0) Thanatephorus cucumeris (FR670341) 100 (0)

Plastic Samples
from Composting

Plant (Belgium)

- - Galactomyces geotrichum (DQ683112) 100 (0)

Trichaptum abietinum CA
1 (FJ768676) 100 (0) Uncultured fungus (JF721422) 100 (0)

Byssochlamys nivea FK1 1

(M83256.1) 100 (0) - -

Pseudallescheria sp.
(FN666094.1) 99 (0) Pseudallescheria sp. (AY939802.1) 99 (0)

- - Pseudallescheria boydii (AY213683.1) 99 (0)

- - Trametes suaveolens (KE573015) 99 (0)

Trametes sp. (FJ51531) 99 (0) Trametes gibbosa (KC525203) 100 (0)

Pseudallescheria ellipsoidea
(U43911) 100 (0) Scedosporium apiospermum (JN207446) 100 (0)

Graphium sp. (FJ176832) 100 (0) - -

Sludge
(Treviso, Italy)

Byssochlamys nivea JM5 1

(GU733368.1) 99 (0) - -

1 The strains written in bold were further tested for the capability to degrade various plastic polymers (cf. Table 3).

Table 3. Plastic polymer weight reductions obtained with preselected isolates of fungi in two-month
biodegradation tests in liquid medium cultures using various synthetic polymers.

Plastic Polymers Character of Polymers Microorganism Weight Loss (%) Abiotic Control (%)

LLDPE
Virgin Trichoderma hamatum HF4 2.2 ± 1.2 1.3 ± 0.8

Pretreated
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3.2. Biodegradation of Polymer Plastic Films Measured by Gravimetric Analysis

The results of the gravimetric analysis after the degradation experiments are shown in Table 3.
T. hamatum exhibited a weight reduction rate of about 4% (w/w) with the pretreated LLDPE after
two months. The weight reduction obtained in the abiotic control was ten times lower. In the case
of virgin and pretreated LDPE, the weight losses obtained with T. hamatum were 0.5%–1.3% (w/w),
slightly exceeding the values obtained in the abiotic controls. Compared to the degradation rates
obtained with virgin LLDPE and LDPE, the improvement of the biodegradability by the pretreatment
of LLDPE and LDPE was rather low (Table 3). The biotic weight losses observed were similar to those
reported after a 90-day degradation of
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and Lasiodiplodia [38,39]. Similarly, Briassoulis et al. [6] reported weight reductions of 0.7% and
6.7% (w/w) of prooxidants-containing LLDPE-P1 mulching films that were exposed to soil conditions
for 19 months. On the other hand, wood- and litter-saprotrophic fungi isolated from lake-floating
plastic debris were reported not to be able to degrade PE in the form of PE powder in mineral agar
medium [40].

PS was highly resistant to biodegradation by T. hamatum, the degradation rate after two months
being only 0.9% (w/w) (Table 3). The extremely low degradability of PS is in agreement with the reports
of other authors [41].

By far, the highest degradation rates were obtained with PVC (Table 3). Four different
microorganisms were tested, and the weight reductions were in the range of 15% to 20% (w/w),
whereas the abiotic control showed a weight loss of 9.9% (w/w). PVC polymer usually contains additives
such as stabilizers, plasticizers, and lubricants, sometimes in large quantities of up to 30% in weight.

The predominant plasticizers used in PVC are phthalic acid esters that are well biodegradable
by bacteria and fungi [42,43]. In keeping with other studies documenting that these additives are
primarily attacked by microorganisms [44] and that their removal is responsible for the weight reduction
observed in biodegradation experiments [45], we concluded that the weight reductions observed after
the exposure to the fungi shown in Table 3 were probably caused by the removal of the additives.
The weight reduction values obtained in our experiments with PVC films (Table 3) were comparable to
those measured with PVC cables in landfill simulation experiments [45].

The SEM observations showed that the fungal degradation of PVC by T. abietinum and T. hamatum
representing a weight loss of 17.5% to 20% (W/W) (Table 3) resulted in a smooth surface comparable
to that of the abiotic control films (9.9% weight loss) (Figure 1a,c,d). In comparison, the bacterial
degradation by B. amyloliquefaciens (18.3% weight loss) described by Novotny et al. (2018) [31] produced
an uneven surface of the PVC films with intertwined fibrils (Figure 1b). The bacterial and fungal attacks
thus seem to have a di↵erent character. The cracks in the film after the degradation by T. abietinum
indicated that the PVC film became brittle after degradation, suggesting a possible glass transition [44],
and its outer layer seemed to peel o↵ as a result of the fungal attack (Figure 1c).

Higher standard deviation values in some degradation experiments (Table 3) probably resulted
from small amounts of microbial biofilms that remained attached to the polymer surface after washing.
Another factor that also contributed to large standard deviation values was the fragmentation of
some plastic polymer films, namely the pretreated LDPE, PS, and PVC, into small pieces during
biodegradation. Briassoulis et al. [6] mentioned a similar problem in soil experiments.

3.3. Biodegradation of Polymer Plastic Films by T. Hamatum Measured by Physicochemical Methods

3.3.1. FTIR Analysis

The pretreated LLDPE film samples obtained by degradation with T. hamatum were analyzed by
ATR Fourier transform infrared spectroscopy, and then those spectra were compared, respectively, with
the pretreated- and virgin LLDPE that were not subjected to the microorganisms’ actions. A relatively
strong band with a maximum at 1715 cm�1 corresponding to the stretching vibrations of C = O
groups was observed in the spectrum of the pretreated LLDPE (Figure 2, line A). It is known that the
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appearance of the carbonyl band in the FTIR spectrum of the pretreated LLDPE sample is associated
with the presence of carboxylic acid, aldehyde, ketone, ether, or ester groups which arose during the
pretreatment of virgin LLDPE by exposing it to
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The results indicated a slight decrease of the intensity of the C = O band in the case of the LLDPE
sample analyzed after a two-month exposure to T. hamatum (Figure 2, line C) in comparison to the
sample collected after the pretreatment (Figure 2, line A) and to the abiotic control (Figure 2, line B).
This observation indicated a slight decrease of the quantity of LLDPE oligomers functionalized with
carbonyl groups in the sample measured after a two-month exposure to T. hamatum (Figure 2, line C).
This e↵ect might be caused by the ability of the fungus to attack and assimilate the C =O-functionalized,
low-molecular-weight LLDPE oligomers, which led to a decrease of the quantity of such oligomers
on the film surface of the LLDPE sample studied. A similar e↵ect was observed when the pretreated
LLDPE was exposed to B. amyloliquefaciens [31]. A decrease of the carbonyl index was also reported
after a 19-month soil burial of pretreated LLDPE-P1 films [6] or after a 2- to 6-week exposure of aged,
oxo-biodegradable, pro-oxidant-containing LDPE to Pseudomonas aeruginosa [46].

In the case of the biodegradation of pretreated LDPE (data not shown), the structural di↵erences
between the pretreated sample and the sample after a two-month treatment by T. hamatum were almost
invisible, which indicated a very poor biodegradation ability of this polymer by the microorganism.

3.3.2. GPC Analysis

The FTIR results suggesting a microbial attack on functionalized, low-molecular-weight LLDPE
oligomers (Figure 2) are in agreement with the measurements of the changes of the average molar masses
of pretreated LLDPE samples before and after a two-month biodegradation. The GPC measurements
showed that the average molar mass of the virgin LLDPE sample decreased after the
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(200 KGy doses)/thermal treatment of the sample (Table 4, entries 1 and 2). Additionally, the observed
higher dispersity index Mw/Mn indicated the formation of polymer chains that di↵ered in their lengths,
including low-molar-mass oligomers.

Table 4. GPC analysis of virgin- and pretreated LLPDE films exposed or not exposed to T. hamatum.

Polymer Treatment Conditions Mn (g·mol�1) Mw (g·mol�1) Mw/Mn

Virgin LLDPE No exposure 75,500 163,400 2.16

Pretreated LLDPE No exposure 1900 32,200 16.9

Pretreated LLDPE Abiotic control 2700 38,500 14.25

Pretreated LLDPE 60-day exposure 2700 38,000 14.07

Mn, number average molecular weight; Mw, weight average molecular weight; Mw/Mn, polydispersity index.
The abiotic control was not exposed to T. hamatum but was incubated for two months in the biodegradation medium
under similar conditions.

The molar masses of both the pretreated LLDPE sample after biodegradation and the LLDPE
abiotic control sample slightly increased, together with the reduction of the dispersity index (Table 4,
entries 3 and 4). Such results can be explained by a migration of water-soluble, low-molar-mass,
C = O-functionalized LLDPE oligomers into the medium or water. Moreover, it is worth emphasizing
that in the case of LLDPE samples, after 60 days of exposure to T. hamatum, the dispersity index
decreased in comparison with the abiotic control sample. Such a phenomenon can be explained as
follows. Due to the presence of the oxygen functional groups (e.g., carbonyl groups) on the surface
of the LLDPE film samples, T. hamatum could attack this surface and progressively enhance the
biodegradation by the further cleavage of the LLDPE polymer chains and by the formation of an
additional amount of low-molar-mass LLDPE oligomers. Both the initial functionalization and the
biodegradation process were mostly limited to the surface of the LLDPE film samples. Therefore,
O-functional oligomers with a low molar mass, formed both as a result of �-irradiation and of the
additional two-month action of T. hamatum (due to their greater polarity and greater a�nity for the
culture medium), could easily be released from the LLDPE film samples into the liquid medium,
and could also be assimilated by microorganisms. The migration and/or assimilation of oligomers
from the tested LLDPE samples resulted in the loss of low-molecular-weight polymer chains, which
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caused an increase of the molecular homogeneity of the sample, a decrease of the dispersion index
(Mw/Mn), and an increase of the average molar mass of the LLDPE film obtained by the two-month
exposure to T. hamatum, as confirmed by the GPC analysis (Table 4, entry 4).

3.3.3. TGA Analysis

Figure 3 shows the TGA curves of the pretreated LLDPE films incubated for 20, 40, and 60 days
with T. hamatum and the corresponding abiotic controls. For comparison, the curves of the virgin
and pretreated LLDPE films are also shown. The pretreatment of LLDPE that included a combined
e↵ect of
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irradiation and a high temperature caused a huge decrease of the LLDPE thermal stability,
which can be ascribed to the formation of functional groups (hydroxylic, carboxylic, etc.), as also
evidenced by the FTIR analysis (Figure 3; also cf. Novotn˛ et al. [37]), which accelerated the thermal
deterioration. Nevertheless, the formation of functional groups was limited to the LLDPE surface and
probably produced low-molecular-weight, polar segments that solubilized in the culture medium.
This is evidenced by the abiotic control curves obtained after a 60-day exposure to the culture medium
in the absence of T. hamatum, which were very similar to the virgin LLDPE curves. The trend was
somewhat di↵erent in the presence of the fungus, where the pretreated LLDPE sample incubated for
20 days was the least thermally stable of all the samples. This suggested that the oxidized groups
produced by irradiation were preferentially attacked by the fungus, with a further cleavage of polymer
chains. This e↵ect was, however, limited to the LLDPE film surface, since the thermal stability of the
samples incubated with T. hamatum was progressively enhanced with time as the functional groups
produced by irradiation were consumed by the fungus.

Figure 3. TGA curves of the
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-irradiation (200 kGy)/temperature 90 �C pretreated LLDPE exposed
to biodegradation by T. hamatum for 20, 40, and 60 days, measured under nitrogen atmosphere
(10 �C·min�1). Virgin LLDPE (black), pretreated LLDPE (red), pretreated LLDPE exposed to
biodegradation by T. hamatum for 20 (blue), 40 (green), and 60 days (orange), abiotic control (cyan).
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Figure 4 shows the TGA curves of the pretreated LDPE films incubated for 60 day with T. hamatum
and the corresponding abiotic control. The curves of the virgin and pretreated LDPE films are also
shown for comparison. Those latter curves demonstrate that the main e↵ect of the pretreatment was a
lowering of the thermal stability of LDPE. This e↵ect was probably due to the production of oxidized
groups and cleavage reactions on the polymer chains. However, in contrast to the pretreated LLDPE
(Figure 3), the 60-day incubation in the growth medium, either in the presence of the fungus or in
its absence (abiotic control), did not increase the thermal stability of the LDPE films. This finding
suggested that the UV irradiation did not generate polymer segments small enough to solubilize in the
aqueous culture medium, nor did it generate functional groups enhancing the fungal attack.

Figure 4. TGA curves of the UV irradiation (seven days)/temperature 60 �C pretreated LDPE exposed
to biodegradation by T. hamatum for 60 days, measured under nitrogen atmosphere (10 �C·min�1).
Virgin LDPE (black), pretreated LDPE (red), pretreated LDPE exposed to biodegradation by T. hamatum
for 60 days (orange), abiotic control (cyan).

4. Conclusions

A total of 26 and 18 bacterial and fungal strains colonizing weathered plastics in the environment
were isolated, from which the fungus T. hamatum exhibited the largest weight loss-based biodegradation
activities, which were confirmed, in the case of the pretreated LLDPE, by physicochemical analyses.
However, even long-term contact with the plastics microenvironment resulting from the colonization of
their surface, which was expected to lead to an all-round adaptation to these environmental conditions,
provided strains with a generally low plastic-polymer degradation capacity, which documented the
strong resistance of plastic polymers to biodegradation. The pretreatment of LLDPE and LDPE resulting
in the formation of functional groups on the PE surface was able to slightly increase the degradability.



Processes 2020, 8, 467 12 of 14
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