POLITECNICO DI TORINO
Repository ISTITUZIONALE

Degradation of Microplastics in an In Vitro Ruminal Environment

Original

Degradation of Microplastics in an In Vitro Ruminal Environment / Tassone, Sonia; Issaoui, Rabeb; Balestra, Valentina;
Barbera, Salvatore; Fadda, Marta; Kaihara, Hatsumi; Glorio Patrucco, Sara; Pragliola, Stefania; Venditto, Vincenzo;
Abid, Khalil. - In: FERMENTATION. - ISSN 2311-5637. - ELETTRONICO. - 11:8(2025), pp. 1-15.
[10.3390/fermentation11080445]

Availability:
This version is available at: 11583/3003524 since: 2025-09-30T15:15:10Z

Publisher:
MDPI

Published
DOI:10.3390/fermentation11080445

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

14 May 2026



fermentation

Article

Degradation of Microplastics in an In Vitro
Ruminal Environment

Sonia Tassone 1'*

Hatsumi Kaihara 1, Sara Glorio Patrucco

check for
updates
Academic Editor: Claudia Braga

Pereira Bento

Received: 24 June 2025
Revised: 21 July 2025
Accepted: 23 July 2025
Published: 31 July 2025

Citation: Tassone, S.; Issaoui, R.;
Balestra, V.; Barbera, S.; Fadda, M.;
Kaihara, H.; Glorio Patrucco, S.;
Pragliola, S.; Venditto, V.; Abid, K.
Degradation of Microplastics in an In
Vitro Ruminal Environment.
Fermentation 2025, 11, 445.
https://doi.org/10.3390/
fermentation11080445

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Rabeb Issaoui

2(), Valentina Balestra 3(2, Salvatore Barbera 100, Marta Fadda 4@,

1, Stefania Pragliola >, Vincenzo Venditto 5(° and Khalil Abid 1-*

Department of Agricultural, Forest and Food Sciences, University of Turin, Largo P. Braccini 2,

10095 Grugliasco, Italy; salvatore.barbera@unito.it (S.B.); hatsumi.kaihara@unito.it (H.K.);
sara.gloriopatrucco@unito.it (5.G.P.)

Independent Researcher, Tunis 1068, Tunisia; rabeb.issaoui@etudiant-issbat.utm.tn

Department of Environment, Land and Infrastructure Engineering, Politecnico di Torino, Corso Duca degli
Abruzzi, 24, 10129 Torino, Italy; valentina.balestra@polito.it

Quantum Metrology and Nano Technologies Division, Istituto Nazionale di Ricerca Metrologica (INRiM),
Strada delle Cacce 9, 10135 Torino, Italy; fadda.marta93@gmail.com

Department of Chemistry and Biology “A. Zambelli”, University of Salerno, Via Giovanni Paolo II, 132,
84084 Fisciano, Italy; spragliola@unisa.it (S.P.); vvenditto@unisa.it (V.V.)

*  Correspondence: sonia.tassone@unito.it (S.T.); khalil.abid@unito.it (K.A.)

Abstract

Microplastic (MP) pollution is an emerging concern in ruminant production, as animals are
exposed to MPs through air, water, and feeds. Ruminants play a key role in MP transmis-
sion to humans via animal products and contribute to MP return to agricultural soil through
excreta. Identifying effective strategies to mitigate MP pollution in the ruminant sector is
crucial. A promising yet understudied approach involves the potential ability of rumen
microbiota to degrade MPs. This study investigated the in vitro ruminal degradation of
three widely distributed MPs—low-density polyethylene (LDPE), polyethylene tereph-
thalate (PET), and polyamide (PA)—over 24, 48, and 72 h. PET MP exhibited the highest
degradation rates (24 h: 0.50 &= 0.070%; 48 h: 0.73 £ 0.057%; and 72 h: 0.96 =+ 0.082%),
followed by LDPE MP (24 h: 0.03 £ 0.020%; 48 h: 0.25 £ 0.053%; and 72 h: 0.56 % 0.066%)
and PA MP (24 h: 0.10 & 0.045%; 48 h: 0.02 & 0.015%; and 72 h: 0.14 £ 0.067%). These
findings suggest that the ruminal environment could serve as a promising tool for LDPE,
PET, and PA MPs degradation. Further research is needed to elucidate the mechanisms
involved, potentially enhancing ruminants’ natural capacity to degrade MPs.

Keywords: low-density polyethylene; microplastics; polyamide; polyethylene terephthalate;
rumen microbiota; ruminal degradability

1. Introduction

Plastic pollution has emerged as one of the most critical environmental challenges of
the 21st century. Global plastic production has surged from 2 million Mg in 1950 to over
400 million Mg annually, with cumulative waste generation expected to reach 11 billion Mg
by 2025 and 26 billion Mg by 2050 [1]. Despite global efforts to manage this crisis, current
recycling systems remain inefficient—only 9% of plastic waste is recycled, while 22% is
mismanaged, 49% landfilled, and 20% incinerated, leaving the majority (91%) to persist in

the environment [1]. Without intervention, plastic waste could exacerbate ecological and
health risks.
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Once released into the environment, plastics undergo progressive fragmentation
through physical and chemical degradation processes, including ultraviolet photodegrada-
tion (sunlight breaks polymer bonds), mechanical abrasion (wind, waves, and sediment
wear down plastic), oxidative degradation (oxygen reactions weaken plastic structure),
and abiotic weathering (temperature fluctuations and hydrolysis contribute to breakdown),
generating microplastics (MPs, plastic with dimensions between 1 pm and 5 mm) [2,3].
Nowadays, MPs are ubiquitous, representing a serious concern for both aquatic and ter-
restrial ecosystems; in addition, their small size and hydrophobic surfaces allow them to
adsorb toxic chemicals, including persistent organic pollutants and heavy metals, ampli-
fying their harm [4]. This contamination poses a dangerous threat to both animal and
human health [5].

Ruminants, mainly including cattle, sheep, and goats, are significant participants to the
global MPs cycle due to their widespread farming practices and digestive physiology. These
animals are primarily exposed to MPs through three major pathways: MPs suspended in
the air, particularly in intensive farming environments, can be inhaled by livestock, leading
to respiratory and systemic exposure; ingestion via drinking water from water sources
contaminated with MPs, including surface runoff from plastic-laden agricultural fields;
and consumption of contaminated feed often containing MPs from degraded agricultural
plastics, soil contamination, or processing/packaging materials [6,7]. MPs on farms may
also derive from the fragmentation of commonly used plastics, primarily composed of
low-density polyethylene (LDPE) or polyamide (PA) [3,8]. Potential sources include agri-
cultural plastics such as hay bale wraps, silage covers, mulching films, irrigation pipes,
and plastic-coated fertilizers used in feed production and crop cultivation [8,9]. Moreover,
ruminants can ingest large plastic debris that could be broken down into MPs during the
digestion process [2].

MPs were found inside ruminant bodies (blood, follicular fluid, and sperm) indicating
systemic circulation and potential reproductive risks [10-12]. MPs can be passed to humans
through the consumption of contaminated animal products such as milk (due to mammary
gland uptake) and edible tissue (via bioaccumulation in muscle and organs) [12-15]. MPs
can also return to the environment from ruminants through their feces [15-17]. Human
exposure to MPs through animal-derived food products is expected to increase due to
the rising global demand for animal-based foods, driven by population growth, which
is projected to reach 9.7 billion by 2050 [18,19]. It is important to note that, given current
scientific and technological limitations, there are no effective methods for the large-scale
collection or removal of MPs from the environment. Despite their widespread presence,
strategies for reducing or degrading MPs in situ remain largely undeveloped, making
intervention and remediation extremely challenging at this time. Therefore, it is crucial to
identify effective strategies to mitigate MP pollution in ruminant sectors. One promising
but understudied solution could come from the ruminants themselves.

In vitro studies have demonstrated that rumen microbiota possess the capacity to
hydrolyze various synthetic polyester MPs, including both powder and film forms of
polyethylene terephthalate (PET), the biodegradable polyester polybutylene adipate-co-
terephthalate, and the bio-based polyester poly(ethylene furanoate) [20-22]. Notably, the
hydrolytic activity observed in whole rumen fluid was substantially higher than that
achieved using purified enzymes or supernatants from individual microbial isolates, in-
dicating the synergistic effect of the complex microbial community present in the rumen.
The initial stage of polyester degradation was detected within 24 h of incubation, under-
scoring the rapid onset of microbial activity [20]. Furthermore, both in situ and in vitro
investigations by Galyon and colleagues [21] have substantiated the ability of rumen mi-
crobiota to degrade additional biodegradable polyesters, such as polyhydroxyalkanoates
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and poly(butylene succinate-co-adipate), whether these polymers were tested individually
or as blends. In these studies, the onset of degradation was similarly observed within the
first 24 h, further confirming the efficiency and versatility of rumen microbial consortia in
initiating the breakdown of diverse polyester-based plastics [22].

Given the urgent need to address microplastic pollution in livestock systems, and the
promising yet insufficiently explored capacity of rumen microbiota to degrade MPs, this
study aimed to evaluate the in vitro degradation potential of rumen microbiota against
three widely prevalent MPs: low-density polyethylene, polyamide, and polyethylene
terephthalate. This study assumes that the rich rumen microbiota can contribute the
degradation of MPs, as it contains enzymes such as cutinases, which are typically involved
in cutin hydrolysis. Since certain polymers, like polyethylene terephthalate, share structural
similarities with natural fibers, it is hypothesized that the microbiota may also be capable
of breaking them down. This represents the first study aimed at exploring the potential of
the rumen as a MPs biodigester.

2. Materials and Methods
2.1. Microplastic Samples

LDPE, PA, and PET MPs were provided by a private company specialized in the
production and sale of thermoplastic polymers. MPs were particles with a length-to-
diameter ratio of less than 3, in accordance with the classification outlined by the European
Chemicals Agency [23]. All three polymers were white and declared the absence of any
additives. The company provided the analysis certificates for the three MPs (ISO 13320 [24]).
LDPE MP had an average real value of granulometry of 643 & 80 um and a density
of 0.918 g/ cm® (ISO 1183 [25]). PA MP had an average real value of granulometry of
993 £ 100 um and a bulk density of 0.45 g/ cm? (ASTM D1895 method A [26]). PET MP had
an average real value of granulometry of 522 4 221 um and a bulk density of 0.57 g/cm?
(ASTM D1895 method A).

The MP size distributions are presented in Figure 1 along with a stereomicroscope
(EZ4, Leica, Leica Microsystems GmbHm Wetzlar, Germany) picture for each polymer.

Frequency (%)
10

0 250 500 750 1000 1250 1500 1750 2000 2250
MP size (um)

Figure 1. Microplastic (MP) size distribution (in um) of LDPE (low-density polyethylene), PET
(polyethylene terephthalate), and PA (polyamide) provided by a private company on the left. Stere-
omicroscope pictures of LDPE, PET, and PA MPs used in the experiment on the right.



Fermentation 2025, 11, 445

40f 15

2.2. Rumen Fluid Collection and Buffer Rumen Fluid Preparation

An experimental run was conducted weekly for three weeks, with 2 L of rumen
fluid collected from three healthy Piedmontese bulls immediately after slaughter at a
slaughterhouse, following the standardized protocol of Fortina et al. [27]. All donor bulls,
approximately 16 months old, were fed the same daily diet consisting of 2 kg of barley
straw, 4 kg of ryegrass hay, and 10 kg of concentrate. The concentrate contained 68.9%
corn meal, 11.7% soybean meal, 5.9% beet pulp, 5% bran, 1% soybean oil, 1% extruded
flaxseeds, 0.5% hydrogenated fat, 3.5% calcium carbonate, 0.5% buffer, 0.9% multi-acid,
and 1% urea. The rumen fluid was transported to the laboratory in a pre-warmed thermic
bottle at 39 °C within 20 min to preserve its integrity. Upon arrival, the rumen fluid was
filtered through three layers of cheesecloth and mixed with the buffer solution described
in the “In Vitro True Digestibility using the ANKOM DAISY! Incubator (Method 3)” [28]
under continuous CO; flushing at 39 °C to simulate the ruminal environment.

2.3. Microplastics Degradability in In Vitro Ruminal Environment

In vitro ruminal fermentation to assess LDPE, PET, and PA MP degradability by rumen
microbiota was performed with the Ankom Daisy! Incubator (ADY, Ankom Technology
Corporation Fairport, Macedon, NY, USA), a thermostatically controlled chamber (at
39 °C) containing 4 rotating digestion jars that simulate the ruminal environment. The
protocol followed was an adaptation of the method for feed digestibility provided by
ANKOM Technology, “In Vitro True Digestibility using the ANKOM DAISY!! Incubator
(Method 3)” [28].

In brief, each jar (1, 2, 3, and 4) was loaded with LDPE, PET, and PA MP samples, each
previously weighed (500 mg) and sealed in F57 ANKOM bags (25 um pore size; Ankom
Technology Corporation Fairport, Macedon, NY, USA) using a thermos-sealer. Each jar
contained 6 replicate bags for each polymer and 2 empty bags totaling 20 bags per jar. Jars
1, 2, and 3 were filled with buffered rumen fluid (1600 mL of buffer solution and 400 mL of
rumen fluid) and 20 g of dried and 2 mm ground diet provided to the rumen fluid donor
bulls (TMR). Jar 4, intended to assess potential MP loss, contained only the buffer solution
(1600 mL). Before the incubation, each jar was saturated with CO; to maintain anaerobic
conditions. The bags were removed after 24 h of incubation from jar 1, after 48 h from jar 2,
and after 72 h of incubation from jar 3. From jar 4, which contained 6 bags of each polymer
type and only the buffer solution, two bags per polymer were removed at 24, 48, and 72 h
of incubation to assess potential MP weight loss. At the end of each incubation period, both
bags with MPs and empty bags were removed and washed in cold tap water (15 min) to
clean them from buffered ruminal fluid residues. After washing, samples were dried at
60 °C in a forced-air oven for at least 6 h. The experimental design is illustrated in Figure 2.

MP degradability, corrected for any variation in empty bag weight, was measured by
weight loss [29,30] using a five-decimal place precision balance (CP225D, Sartorius AG,
Gottingen, Germany) and calculated as follows:

(MP weightprelnc - MP weightPostIncCarrected)
MP weightpremc

MP degradability (%) : ( ) x 100

where
MP weightpreryc = (MP + Bag) weightpyernc — Bag weight

MP weightpostine = (MP + Bag) weightpostin. — Bag weight

MP weightpstinccorrected = MP weightpsiine — (Rumen fluid residue on the bag + MP loss) weight
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Rumen fluid residue on the bags and MP loss were quantified using a control group
—Dbags containing MPs incubated with buffer solution, without ruminal fluid. Additionally,
MPs were visually inspected under a stereomicroscope before and after incubation to assess
physical changes.

Rumen Fluid + Buffer + TMR
Buffer + TMR

VAN

. 6 bags with 0.5g of PET

. 6 bags with 0.5g of LDPE
. 2 empty bags

Figure 2. Summary of microplastics biodegradability in vitro ruminal fermentation. LDPE = low-density

ANKOM DAISY" INCUBATOR
(T=39°C, pH = 6.8)

—

polyethylene; PET = polyethylene terephthalate; and PA = polyamide.

2.4. Chemical Analysis of LDPE Microplastic Before and After Ruminal Degradation

The chemical structure of LDPE MP, aimed at detecting ruminal fluid activity, was
investigated using multiple analytical techniques.

Fourier Transform Infrared (FI-IR) Analysis: Infrared spectra of LDPE MP samples
before and after degradation were recorded using a Tensor 27 Bruker spectrometer (Ettlin-
gen/Rheinstetten, Germany, 2.0 cm ! resolution) equipped with a deuterated triglycine
sulfate detector and a Ge/KBr beam splitter. The frequency scale was internally calibrated
t0 0.01 cm™! using a He-Ne laser (Helium-Neon laser, Thorlabs Inc., Newton, NJ, USA).
Thirty-two signal scans were averaged to minimize noise. Prior to analysis, samples were
prepared by evaporating a toluene polymer solution onto KBr plates at room tempera-
ture. The deposits were vacuum-dried at room temperature, and solvent evaporation was
monitored via FI-IR analysis.

Carbon-13 Nuclear Magnetic Resonance (3C NMR) Analysis: NMR spectra of LDPE
MP samples were obtained using a Advance 300 spectrometer (Bruker Biospin GmbH,
Rheinstetten, Germany, '3C, 75 MHz) at 353 K. Samples were prepared by dissolving 10 mg
of LDPE MP in 0.5 mL of tetrachloro-dideuteroethane (TCDE), with hexamethyldisiloxane
(HMDS) as the internal chemical shift reference.

Size Exclusion Chromatography (GPC/SEC) Analysis: Molecular weight distribution
and dispersity were determined by gel permeation chromatography (GPC) at 140 °C
using 1,2 4-trichlorobenzene as the solvent. Polystyrene standards with narrow molecular
weight distributions were used for calibration. Measurements were conducted on a PL
GPC 210 system with four 4 PL-Gel Mixed A Columns, a refractive index detector, and a
DM 400 data manager (Viscotek, Church Stretton, Shropshire, UK).



Fermentation 2025, 11, 445

6 of 15

2.5. Statistical Analysis

Data from three experimental runs (1 = 240) were analyzed using RStudio (version
2022.07.2) to assess the ruminal degradation of LDPE, PET, and PA MPs over different
incubation periods (24, 48, and 72 h). As the data did not follow a normal distribution,
non-parametric tests were employed. For each type of MP and incubation time, a Wilcoxon
test was applied using the “wilcox.test” function from the “stats” package (version 4.2.2) to
determine whether degradability differed significantly from zero. To compare degradability
among LDPE, PET, and PA MPs across incubation times, the Kruskal-Wallis test was
applied using the “kruskal” function from the “agricolae” package (version 1.3-5). Pairwise
comparisons were adjusted using the Bonferroni correction to account for multiple testing.
Results are reported as means & SE. Data visualization was carried out using the “ggplot2
package” (version 3.5.1).

3. Results

As illustrated in Figure 3, PET MP exhibited the highest level of ruminal degrada-
tion, followed by LDPE and PA MPs. At 24 h, PA and LDPE MPs demonstrated similar
degradation rates. For PET MP, degradability was significantly different from zero at
all three incubation times (p < 0.0001). Moreover, the degradability of PET MP at 72 h
was significantly greater than at 24 h, with values of 0.50 £ 0.070%, 0.73 % 0.057%, and
0.96 £ 0.082% at 24, 48, and 72 h, respectively. Regarding LDPE MP, degradability was
significantly different from zero at 48 h (p = 0.001) and 72 h (p < 0.001), showing a significant
increase over time (24 h = 0.03 £ 0.020%; 48 h = 0.25 4+ 0.053%; and 72 h = 0.56 + 0.066%).
However, the degradability of LDPE MP at 72 h was only comparable to that of PET MP at
24 h. In contrast, PA MP exhibited a degradability significantly different from zero only
at 24 h (p = 0.020), but values remained close to zero throughout the incubation period
(24 h =0.10 £ 0.045%; 48 h = 0.02 £+ 0.015%; and 72 h = 0.14 £ 0.067%). Although the
weight loss at 72 h was greater than at 24 h, the high variability precluded the degradability
from being statistically significant at this time point. The apparent decrease in PA degrada-
tion at 48 h represents normal experimental variation, as confirmed by the lack of statistical
significance. This temporary fluctuation does not affect the overall findings, which show
that PA exhibits strong resistance to degradation throughout the 72 h timeframe.

Figure 4 presents stereomicroscope pictures of LDPE, PET, and PA MPs before and
after an incubation of 0, 24, 48, and 72 h. The stereomicroscope images show a progressive
darkening or browning effect, specifically in the PA MP samples, that becomes increasingly
apparent at the 48 and 72 h time points compared to the initial 0 and 24 h samples. This
color change is very light in both the LDPE and PET MPs samples, which maintain a
relatively consistent appearance across all time points.

From a chemical perspective, although ruminal environments are known to initiate
the degradation of polymers such as PET and PA MPs [20,31], their impact on LDPE
MP remains poorly understood [22,32]. To address this knowledge gap, comprehensive
analyses were conducted on LDPE MP residues recovered after incubation with ruminal
fluid. These analyses included FT-IR, '*C NMR spectroscopy, and GPC/SEC performed at
multiple incubation time points for comparative evaluation. FI-IR spectroscopy highlights
the presence of functional groups that can be generated on the surface of LDPE MP samples
due to the ruminal degradation processes [32-35].
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0.75
g
o Polymer
= y
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Q
a
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Figure 3. Ruminal degradability (%) of PET (polyethylene terephthalate), LDPE (low-density
polyethylene), and PA (polyamide) polymers during in vitro incubation with buffered rumen fluid
(incubation times: 24, 48, and 72 h). To test whether degradability was significantly greater than 0%,
a Wilcoxon test was applied (* = p-value < 0.05). To compare degradability differences among the
three polymers across incubation times, a Kruskal-Wallis test was applied (a—d = p-value < 0.05).

Oh 24h 48h 72h

LDPE

0..]10./20.]30 mm 0../10.]20.]30 mm 0../10./20.]30 mm 0..]10.]/20.]30 mm

PET

[0..]10.]20.130 mm |0..]10.120.]130 mm 10..]10.20.]30 mm [0..]10.]20.130 mm
AT x T g " -y

¥ %

PA

0..]10.]20.]30 mm 0..]10.20.130 mm 10..110.]20.|30 mm 0..]10./20.|30 mm

Figure 4. Stereomicroscope pictures of LDPE (low-density polyethylene), PET (polyethylene tereph-
thalate), and PA (polyamide) MPs in the in vitro incubation with rumen fluid (incubation times:
0,24,48,and 72 h).

Figure 5 presents the FI-IR spectra of LDPE MP residues recovered after 24, 48, and 72 h
of incubation in ruminal fluid, along with spectra of LDPE MP incubated in the buffer
for 72 h and untreated LDPE MP. The upper portion of Figure 5 illustrates the spectral
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Trasmittance

Trasmittance

region between 4000 and 2000 cm~!, while the lower portion covers the 2000-400 cm ™!
range. Additionally, the 24 h sample was included to assess early indications of degradation
trends, if there were any.

JUL 72 h ruminal sol. LDPE

48 h ruminal sol. LDPE

\JIL i 72 h buffer LDPE

' J W 24 h ruminal sol. LDPE
J.
N untreated LDPE

T
3900

T T - T

T T T T T T
3600 3300 3000 2700 2400 2100

Wavenumber (cm™)

N 72 h ruminal sol. LDPE

_L - A ; 48 h ruminal sol. LDPE

AA,JL ; A —— 24 h ruminal sol. LDPE

A 5 A/ 72 h buffer LDPE

j\k —Ar~ untreated LDPE

T

T
1800

T T T

T T T
1500 1200 900

Wavenumber {cm_')

Figure 5. Fourier transform infrared spectra of LDPE (low-density polyethylene) samples at
0,24, 48, and 72 h of incubation in buffered rumen fluid exhibit peaks exclusively at the charac-
teristic absorption bands of the polymer. The upper figure illustrates the spectral region between
4000 and 2000 cm !, while the lower figure covers the 2000-400 cm~1! range.

The analysis confirmed the presence of the LDPE polymer in all samples. Notably,
the spectra of residues from rumen fluid incubation (24-72 h) and buffer incubation (72 h)
were identical, showing only characteristic LDPE MP absorption bands without detectable
structural modifications. Specifically, these spectra exhibited peaks exclusively at the
characteristic absorption bands of LDPE polymer, including peaks at 2918 and 2850 cm ™!

-1

(asymmetric and symmetric C-H stretching vibrations); at 1472 and 1463 cm ™", associated
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with CHj scissoring vibrations; and at 729 and 720 cm ™1, attributed to CH, rocking vibra-
tions [36,37]. No oxidative signatures (e.g., carbonyl groups) were observed. In contrast,
the untreated LDPE MP sample displayed additional non-polymeric peaks (~1050 cm 1)
likely from additives, a finding inconsistent with the supplier’s certified specifications.

The results obtained from the FT-IR analysis were further confirmed by '3C NMR spec-
troscopy, which has been used to investigate the microstructure of the polymer chains. The
13C NMR data showed that no significant alterations occurred in the polymer microstructure
following the incubation in rumen fluid. As an illustrative example, in Figure 6, the spectra
of untreated and degraded LDPE MP residues after 72 h of incubation are compared.

Untreated LDPE — S
o~
3
W - - o~ o u’.
§ § & g 3 N
g 8 3 & g
| |
M
FRTIRTP R TIPRBVTR P! FORE NUR L PSR RERT e
40 % 2 em
i @ R L ]
r . ’ r r r X " , r . - . . ;
LDPE after 72 h in buffered rumen fluid
) 3
]
o ow = - ~ - @
g T 5 49 8 o &
] ®% N &l e N
g 93 o9 g 8 o
M-.WMWMMWJwW“I WLWWM
a0 20 pem |
”*
| T T T T | T T T T i T T T T =
150 100 50 ppm

Figure 6. 13C NMR spectra of LDPE (low-density polyethylene) samples—either untreated or incu-
bated for 72 h in buffered rumen fluid—show no significant alterations in the polymer microstructure
after incubation. * Solvent: tetrachlorodideuteroethane; scale: hexamethyldisiloxane.

Size Exclusion Chromatography analysis was carried out to evaluate whether exposure
to the ruminal environment could influence the molecular weight of the PE MP samples.
It is known that degradation processes can sometimes lead to an increase in the average
molecular weight, potentially due to the preferential degradation or loss of lower-molecular-
weight chains [38-40].
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However, the spectra of the untreated LDPE MP sample and the LDPE MP sample
incubated in buffered rumen fluid for 72 h (Figure 7a,b) show no significant differences in
either the average molecular weight or dispersity. This indicates that incubation in rumen
fluid does not induce a reduction in polymer molecular weight, nor does it lead to the
extraction of low-molecular-weight chains. It should be noted that SEC does not provide
information on low-molecular-weight additives, i.e., compounds with molecular weights
significantly lower than those of the polymer chains.

0.7
0.6
0.5
% o4
ol
2 \
'é 0.3 \
\
0.2
.1
. (a)
o - - -
2 3 4 5 6 7
LogM
Results Calibrations
Mw 62.400 g/mol
Mn 13.000 g/mol Flow Marker 2761 mL
Mw/Mn 48 Mass Costant 077 mL Vimg
Mz 194 400 g/mol
Mp 39.000 g/mol Performance
My 50800 g/mol
Ivmwd 092 dug Flow Marker 2729 mL
Buk CH3 /1000C 231 Mass Recovery 87 %
Buk SCB /1000C 208 Plate Count 17.376
0.7
0.6
0.5
§ 0.4
—
b=
% 0.3

02 \

“ NG

2 3 4 Log 5 6 7
Results Calibrations
Mw 62.100 g/mol
Mn 13200 g/mol Flow Marker 2761 mL
Mw/Mn 48 Mass Costant 0.77 mL V/img
Mz 197.700 g/mol
Mp 39.900 g/mol Performance
My 52200 g/mol
mwd 094 dug Flow Marker 2729 mlL

Buk CH3 /1000C 242 Mass Recovery 84 %
Buk SCB /1000C 220 Plate Count 17.222

Figure 7. GPC/SEC trace of LDPE (low-density polyethylene) sample: (a) untreated sample;
(b) incubated in buffered rumen fluid for 72 h.

4. Discussion

This study offers one of the first insights into the potential of rumen microbiota to
degrade synthetic polymers—specifically LDPE, PA, and PET MPs—under conditions
closely resembling the ruminal environment. The results demonstrated that PET MP
exhibited the highest degradability (0.96 & 0.082% after 72 h), followed by LDPE MP
(0.56 £ 0.066% at 72 h) and PA MP (0.10 & 0.045% at 24 h).
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The higher degradability of PET MP compared to LDPE and PA MP can be attributed to
the similarities in structure between PET MP and cutin [20,31]. Rumen microbiota naturally
produces cutinases (EC 3.1.1.74), enzymes that hydrolyze cutin—a primary component of
plant cuticles situated between the primary cell wall and the surface wax [20,41]. Both cutin
and PET MP are polyesters containing ester bonds, making them susceptible to hydrolysis
by cutinases [31]. The observed degradation of PET MP is consistent with the findings of
Quartinello et al. [20], who demonstrated that rumen microbiota could partially degrade
PET MP, along with two other bio-based polyesters, PBAT and PEF. In their study, the
degradability of PET MP increased with prolonged incubation times (24, 48, and 72 h),
consistent with our results. The rumen’s microbial consortium appears more effective
than isolated enzymes, explaining why PET MP degradation exceeds rates reported for
purified cutinases [20]. The specificity for PET MP over LDPE and PA MP aligns with the
absence of ester bonds in polyethylene and polyamide structures, making them resistant to
cutinase-mediated hydrolysis [20].

LDPE MPs are generally considered chemically inert. However, efforts have been
made to isolate microorganisms capable of degrading LDPE MPs, with selected microbial
strains emerging as a potential solution for waste biodegradation. LDPE polymer is highly
recalcitrant to degradation due to its hydrophobic, saturated C-C backbone and high
molecular weight [42]. Rumen microbiota may introduce carbonyl (C=0) or hydroxyl
(-OH) groups via partial oxidation, detectable by FT-IR [43], and cause a limited reduction
in molecular weight, suggesting a slow depolymerization [38]. Wanapat et al. [32] reported
a 2.66% mass loss in LDPE MP after prolonged in vitro ruminal incubation (30 days, rumen-
derived Pseudomonas aeruginosa) and a 0.80% loss after 10 days, which aligns with our
findings after 3 days of exposure. Our results revealed a low but statistically significant
weight loss (0.56% at 72 h); in contrast, the in situ trial by Galyon et al. [21] reported no
detectable degradation of LDPE macroplastics. Huerta Lwanga et al. [44], by SEM imaging,
revealed surface pitting but no bulk erosion. Additives (e.g., antioxidants, UV stabilizers)
in commercial LDPE polymers further inhibit microbial action [45]; moreover, degradation
is highly dependent on rumen retention time (typically 24—48 h for cattle) and particle size
(microplastics > macroplastics) [32,39]. The chemical analysis of the effects of the ruminal
environment on LDPE MP by three different approaches (FT-IR, 13C NMR, and GPC/SEC)
indicates that ruminal fluid incubation did not reduce polymer molecular weight or release
low-molecular-weight chains. Notably, GPC/SEC analysis cannot detect low-molecular-
weight additives (i.e., compounds with molecular weights far below the polymer range).
These results suggest that LDPE MP retains its molecular integrity under tested conditions,
demonstrating a high resistance to rumen-mediated degradation. Thus, the observed mass
loss in LDPE MP samples is likely attributable to the extraction of additives from the
polymer matrix rather than substantive polymer degradation.

PA MP degradability in the ruminal environment appears to be low as PA poly-
mers (nylon-6, nylon-6,6) are generally resistant to abiotic hydrolysis due to their high
crystallinity and strong hydrogen-bonded networks [46] but can occur via the enzy-
matic action of microbial proteases/amidases [20]. Rumen microbiota (e.g., Clostrid-
ium, Prevotella) secrete enzymes that cleave the PA’s amide linkages, though rates are
low [31]. Brunner et al. [47], by NMR, detects oligomer formation (e.g., e-caprolactam
from nylon-6), confirming partial depolymerization. FI-IR studies show the carbonyl
index (C=0) increases over time, suggesting oxidative surface degradation [43]. Also,
additives (e.g., plasticizers) in commercial PA plastic may inhibit microbial activity [20],
so degradation is highly dependent on the PA type (aliphatic vs. aromatic) and rumen
conditions (pH, retention time). Our results demonstrated minimal degradation, likely



Fermentation 2025, 11, 445

12 of 15

attributable to the short incubation period (24—48 h), which was selected to reflect typical
rumen retention times.

The progressive darkening or browning effect in the PA samples that becomes increas-
ingly apparent at the 48 and 72 h time points compared to the initial 0 and 24 h samples
suggests several possibilities: Chemical degradation, as PA MP may be more susceptible
to oxidative processes or other chemical reactions under the experimental conditions [48];
surface modifications and browning could indicate changes in surface chemistry or the
formation of degradation products [49]; a material specific response, as only PA shows this
effect while LDPE and PET remain unchanged, suggesting this is a polymer-specific phe-
nomenon rather than a general experimental artifact [39]. This visual change in the PA MP
is particularly important because it provides a clear, observable indicator that some form of
transformation is occurring during the incubation period. The time-dependent nature of
the browning (appearing after 24 h and intensifying by 72 h) suggests this is a progressive
process that could have implications for understanding microplastic behavior and fate in
environmental or biological systems. The unknown cause highlights an important area for
further investigation, as understanding this browning mechanism could provide insights
into PA microplastic stability and potential environmental or biological interactions.

Microplastics are now ubiquitous in the environment, and currently, no effective
methods exist to collect and destroy them before their progressive breakdown into even
more hazardous nanoplastics. Nanoplastics pose greater risks because they can readily
penetrate cellular membranes in animals, humans, and plants. Our previous research exam-
ined the effects of microplastic ingestion on ruminant fermentation dynamics and related
indicators [50-52], but we had not yet explored a potentially crucial ecological service that
ruminants may provide for humanity. While all organisms, including ruminants, inevitably
consume microplastics, the unique rumen environment may offer degradation capabilities
that could help address this global challenge. This study confirms that ruminants can
indeed degrade certain microplastics, albeit to a limited extent. These findings open an
important research avenue focused on harnessing these natural, widespread biological
systems as potential bioreactors for reducing environmental microplastic contamination.

5. Conclusions

This preliminary study investigated the ability of rumen microbiota to degrade
three different microplastics—low-density polyethylene, polyethylene terephthalate, and
polyamide —under in vitro conditions. The results revealed significant differences in
degradation efficacy, with PET MP exhibiting the highest susceptibility to microbial break-
down, while LDPE and PA MP showed marked resistance. These findings highlight the
potential of rumen microbial consortia as a biological tool for mitigating MP pollution.
Future research should focus on elucidating the underlying mechanisms, including the
identification of hydrolysis by-products generated during biodegradation, as well as the
specific microorganisms and enzymes involved. Expanding investigations to include other
commonly occurring environmental MP polymers will be essential, along with determining
whether complete mineralization is achieved and evaluating the potential health risks
associated with MP-derived by-products in ruminants. A deeper understanding of these
processes could ultimately enhance the natural degradative capacity of ruminants, which
are chronically exposed to MPs through their diet, water, and environment.
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