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HIGHLIGHTS

e Ingested PLA particles showed several
biotransformations in the gastrointes-
tinal tract.

e PLA exposure leads to structural and
functional alterations in human gut
microbiota.

e Microbial biofilms on PLA MPs surface
suggest colonic microbiota colonization.

o Bifidobacteria and pullulanase activity
seems to be associated to PLA ingestion.

e Exposure to bioplastics and their po-
tential health effects merits critical
investigation.
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ABSTRACT

The accumulation of microplastics (MPs) in the environment as well as their presence in foods and humans
highlight the urgent need for studies on the effects of these particles on humans. Polylactic acid (PLA) is the most
widely used bioplastic in the food industry and medical field. Despite its biodegradability, biocompatibility, and
“Generally Recognized As Safe” (GRAS) status, recent animal model studies have shown that PLA MPs can alter
the intestinal microbiota; however, to date, no studies have been reported on the possible gut and health con-
sequences of its intake by humans. This work simulates the ingestion of a realistic daily amount of PLA MPs and
their pass through the gastrointestinal tract by combining the INFOGEST method and the gastrointestinal simgi®
model to evaluate possible effects on the human colonic microbiota composition (16S rRNA gene sequencing
analysis) and metabolic functionality (lactic acid and short-chain fatty acids (SCFA) production). Although PLA
MPs did not clearly alter the microbial community homeostasis, increased Bifidobacterium levels tended to in-
crease in presence of millimetric PLA particles. Furthermore, shifts detected at the functional level suggest an
alteration of microbial metabolism, and a possible biotransformation of PLA by the human microbial colonic

Abbreviations: MPs, microplastics; PS, polystyrene; PE, polyethylene; PVC, polyvinyl chloride; PET, polyethylene terephthalate; PLA, polylactic acid; FESEM, field
emission scanning electron microscopy; SSF, simulated salivary fluid; SGF, simulated gastric fluid; SIF, simulated intestinal fluid; TSA, trypticase soy agar; TSC,
tryptose sulphite cycloserine; SCFAs, short-chain fatty acids; ASVs, amplicon sequence variants.
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community. Raman spectroscopy and field emission scanning electron microscopy (FESEM) characterization
revealed morphological changes on the PLA MPs after the gastric phase of the digestion, and the adhesion of
organic matter as well as a microbial biofilm, with surface biodegradation, after the intestinal and colonic phases.
With this evidence and the emerging use of bioplastics, understanding their impact on humans and potential
biodegradation through gastrointestinal digestion and the human microbiota merits critical investigation.

1. Introduction

The extensive use of plastic products over recent decades, with the
lack of multinational/global approaches for recycling and upcycling, has
led to the irreversible accumulation of plastics of various sizes and
blends in most environments and ecological niches (Allen et al., 2022;
Gewert et al., 2015). Microplastics (MPs), plastic particles smaller than
5 mm that can be intentionally manufactured on that scale (primary
MPs) or derived from larger plastics (secondary MPs), contaminate all
known ecosystems, reaching the human body mainly by ingestion,
although other possible routes have been proposed (Kutralam-Munias-
amy et al., 2023; Malafaia and Barcel6, 2023; Ramsperger et al., 2023;
Senathirajah et al., 2021).

The detection of MPs in commonly consumed food and beverages,
and in the food system (Rubio-Armendariz et al., 2022; Toussaint et al.,
2019; Wen et al., 2022), as well as in human feces (Schwabl et al., 2019;
Yan et al., 2022a; Zhang et al., 2021b; Zhang et al., 2021c) supports the
hypothesis of their interaction with the digestive system. However, to
date, only a handful of publications have addressed the consequences of
MP ingestion and gastrointestinal digestion for humans or their potential
effects on the gut microbiome and overall health. The studies conducted
so far in mice and other animal models have reported that ingested MPs
could decrease the richness and diversity of intestinal bacterial com-
munities, as well as alter their taxonomic composition and metabolic
function (Jin et al., 2019; Lu et al., 2018; Ouyang et al., 2021; Zhang
et al., 2021d; Zhao et al., 2021). However, these works rarely evaluate
the digestion process and have been almost exclusively focused on du-
rable, petroleum-based, and non-biodegradable polymers such as poly-
styrene (PS; Qiao et al., 2021), polyethylene (PE; Chen et al., 2022a),
and polyvinyl chloride (PVC; Chen et al., 2022b). In vitro models that
mimic the physiological conditions occurring during human digestion
are useful tools to investigate changes, interactions, and bioaccessibility
of nutrients, drugs, and non-nutritive compounds, including nano-
materials and plastics of different sizes (Cueva et al., 2019; Fournier
et al., 2021; Jiménez-Arroyo et al., 2023). However, the understanding
of MPs-gut interactions in physiological model systems is also limited to
a few types of MP polymers—mainly polyethylene terephthalate (PET)
and PS—and some gut conditions, mainly static digestion and, to a lesser
extent, the inclusion of colonic fermentation (Godoy et al., 2020; Huang
et al., 2021a; Tamargo et al., 2022; Tan et al., 2020).

In recent decades, the environmental and public health impact of
plastics and MPs has become an undeniable critical challenge, which has
led to the development of biodegradable polymers. Polylactic acid (PLA,
[-C(CH3)HC(=0)0-1,), with an annual production of ca. 0.4 million
tons per year, is the most commonly used bio-based polymer or “bio-
plastic,” which can be found in food packaging, 3D-printed gadgets,
disposable plastic tableware materials and textile fibers, as well as in
biomedical devices and surgical procedures because of its biodegradable
and bioresorbable nature (DeStefano et al., 2020; Farah et al., 2016;
Pang et al., 2010). PLA biocompatibility has been known for decades
and has been tested both in vitro and in vivo (Athanasiou et al., 1996;
Elmowafy et al., 2019). Furthermore, to the best of our knowledge, no
accumulation in the human body has ever been described by this poly-
mer when used in low concentrations. However, some behavioral
changes and biochemical dysfunctions caused by PLA MPs have recently
been demonstrated in different aquatic animals, such as tadpoles
(Malafaia et al., 2021), adult zebrafish (Chagas et al., 2021b), larval
zebrafish (de Oliveira et al., 2021), and larval dragonflies (Chagas et al.,

2021a). Furthermore, exposure to PLA MPs also significantly affects
intestinal microbial communities of animal intestines, e.g., zebrafish,
Danio rerio (Duan et al., 2022) and earthworms, Eisenia fetida (Yu et al.,
2022). Therefore, despite its GRAS (Generally Recognized As Safe) sta-
tus, the potential effects of PLA MPs’ ingestion and digestion at the gut
level must be assessed.

We hypothesized that ingestion of PLA MPs and their accumulation in
the digestive tract could affect gastrointestinal digestion processes and the
gut microbiome in vitro under realistic conditions. Therefore, the aim of
this work is to study the impact of gastrointestinal digestion and colonic
fermentation on PLA MPs from a bidirectional viewpoint. Thus, we pro-
vide scientific evidence about the modifications and effects of millimetric
and micrometric PLA ingested in a realistic amount during their passage
through the human digestive tract. Upper digestion was simulated in a
standardized in vitro static model and colonic-microbial fermentation in
the Dynamic SIMulator of the Gastrolntestinal tract (simgi®) [https:
//www.cial.uam-csic.es/simgi/index_eng.html]. Furthermore, changes
in gut microbiota composition (microbial counts and 16S rRNA gene-
based metagenomic analysis), microbial activity (lactate and short-
chain fatty acid production), and PLA particles morphology, as well as
microbial aggregation/colonization on them, were evaluated in the
different digestion phases (oral, gastric, intestinal, and colonic).

2. Materials and methods
2.1. Polylactic acid (PLA) microplastics origin

The net PLA commodity was used without additional processing
additives that could distort its crystallinity or chemical reactivity. Two
microparticle sizes were selected for the study: as received commercial
granular PLA millimetric pellets or PLAg (PLA, ErcrosBio® LL 650,
Ercros, Spain, d ca. 5 mm) and milled micrometric PLA or PLAm (d =
240 + 65 pm) obtained by blade milling of PLAg in liquid nitrogen
(FRITSCH Pulverisette 11, Germany).

2.2. PLA characterization

Original PLAg pellets and derived PLAm MPs, as well as samples of
both types of PLA collected during the stages of gastrointestinal diges-
tion (oral, gastric, and small intestine phases) and after 72 h colonic
fermentation were characterized using microscopic and spectroscopic
techniques. The samples were gold coated (=200 A) for size and
morphology examination by field emission scanning electron micro-
scopy (FESEM) (Hitachi S-4700, Japan) at 5 keV and optical analysis in a
Multimode Optical Profilometer (Zeta-20, Zeta Instruments, USA).
Before coating, to better observe possible biofilms formed on the PLAg
and PLAm surface and preserve the microbial structure, colon samples
were washed twice with sterile PBS 1x and fixed for 3 h in a solution of
2 % glutaraldehyde (Sigma-Aldrich, USA) and 1 % paraformaldehyde
(Sigma-Aldrich) in sterile PBS 2x. The samples were conserved in ab-
solute ethanol at 4 °C until analysis.

The structural changes of PLA caused by the cryomilling procedure as
well as by gastrointestinal digestion and colonic fermentation were
evaluated by micro-Raman mapping using a Renishaw InVia Qontor
spectrometer. Each spectrum comprised 120 accumulations of 1 s with a
laser power of 1.5 mW. First, the surface of each sample was mapped on at
least 60 points with a 514 nm excitation line laser using a 50 x microscope
objective to generate data representative of the state of the sample. Then,
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at selected points of each sample, where PLA surfaces showed spectral
changes, a depth profile was measured at 1 pm steps from the surface to
the bulk with a 405 nm excitation line laser using a 100x microscope
objective in confocal configuration. Every sample was mapped on at least
20 points per depth layer to generate a representative depth profile.

2.3. Invitro static gastrointestinal digestions

The selected PLAg and PLAm MPs dose for gastrointestinal digestion
was based on the estimated mean dietary consumption value for
humans, 0.166 g/intake, as in our previous study on PET MPs (Tamargo
et al., 2022) (Fig. 1). Gastrointestinal digestions were performed using
the INFOGEST method (Brodkorb et al., 2019) in triplicate. Briefly, the
MPs were suspended in Milli-Q water until 2 g of food dose was reached.
To simulate the oral phase, they were mixed at 1:1 with simulated
salivary fluid (SSF) and incubated on an orbital shaker for 2 min at
37 °C. Then, simulated gastric fluid (SGF) and commercial porcine
pepsin were added, providing an enzymatic activity of 2000 U/mL in the
final digestion mixture. The pH was adjusted to 3, and the samples were
incubated for 120 min at 37 °C with continuous agitation. After the
gastric stage, simulated intestinal fluid (SIF) was added and the digested
samples were set to pH 7. Finally, the intestinal phase was simulated by
adding bile salts and pancreatin to reach 100 U/mL of trypsin activity
and 10 mM of bile salts in the final mixture, which was incubated in the
same conditions for 120 more minutes. To stop the digestion process, the
samples were immediately frozen for 24 h and kept at —20 °C until
posterior use in colonic fermentations.

(pag | —— [ pLam | . .
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2.4. Invitro colonic fermentation using simgi®

Colonic fermentations using human colonic microbiota were con-
ducted in the simgi® system in triplicate. Simgi® is a computer-
controlled dynamic simulator of the gastrointestinal tract comprising
five successive reactors that can reproduce gastrointestinal digestion
and colon fermentation (Cueva et al., 2015). In this study, the three
colonic reactors were used as three independent batch reactors kept at
37 °C and 150 rpm in anaerobic conditions for colonic fermentation
simulation. The pH was maintained at 6.3 by automatically adding 0.5
M NaOH and HCl in each reactor. Flow rates, compartment volumes, pH,
and temperature were computer-controlled during the experiments.
Each reactor was filled with 300 mL of Gut Nutrient Medium (GNM)
containing arabinogalactan (1 g/L), citrus peel pectin (2 g/L), xylan (1
g/L), potato starch (3 g/L), glucose (0.4 g/L), yeast extract (3 g/L),
peptone (1 g/L), mucin (4 g/L), and L-cysteine (0.5 g/L). Each of the
three colonic compartments was inoculated with a 20 % (w/v) fresh fecal
suspension from a different healthy volunteer (fecal inoculum) prepared
as described by Tamargo et al. (2018) to study the colonic fermentation
of volunteers 1, 2 and 3. Immediately, the reactors were fed with a single
dose (0.166 g) of one of the different digested samples: digested PLAm,
digested PLAg, or the blank of gastrointestinal digestion (as a colonic
fermentation control). The colonic fermentation conditions were kept
for 72 h. Samples from the three simgi® reactors were collected before
feeding (0 h) and after colonic fermentation for 24, 48, and 72 h. The
experimental protocol with fecal human samples was approved by the
Ethics Committee of the Spanish National Research Council (CSIC)
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Fig. 1. Experimental set-up of the study.



C. Jiménez-Arroyo et al.

(registration code AGL2015-64522), and was consistent with the
Declaration of Helsinki. The signed informed consent of the donors was
obtained at the time of enrolment.

2.5. Colonic microbiota analysis

2.5.1. Plate counting

Immediately after each sampling step, tenfold serial dilutions of
PLAg, PLAm, and control simgi® samples were plated on different types
of selective media as described before (Tamargo et al., 2018). Briefly,
Trypticase Soy Agar (TSA) (Difco™, BD, USA) was used as media for
total aerobes plate counting, Wilkins Chalgren agar (Difco™, BD) for
total anaerobes, MacConkey agar (Difco™, BD, USA) for Enterobacteri-
aceae; Enterococcus agar (Difco™, BD, USA) for Enterococcus spp., MRS
agar (pH = 5.4) (Pronadisa, CONDA, Spain) for lactic acid bacteria,
Tryptose Sulfite Cycloserine agar (TSC) (Pronadisa, CONDA, Spain) for
Clostridium spp., BBL CHROMAgar Staph aureus (Difco™, BD, USA) for
Staphylococcus spp., Bifidobacterium agar modified by Beerens (Difco™,
BD, USA) for Bifidobacterium spp., and LAMVAB for specific fecal
Lactobacillus spp. All plates were incubated at 37 °C for 24 to 72 h under
anaerobic conditions (BACTRON Anaerobic Environmental Chamber,
SHELLAB, USA), except for BBL CHROMAgar Staph aureus and TSA,
which were incubated under aerobic conditions. Plate counting was
performed in triplicate and the data was expressed as log (CFU/mL).

2.5.2. DNA extractions from colonic samples and Illumina MiSeq
sequencing

Two milliliter samples from PLAm, PLAg, and control simgi® re-
actors at different sampling times were used for DNA extraction using
the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany). The V3-V4
region of the 16S ribosomal RNA gene was amplified using forward 5’-
CCTACGGGNBGCASCAG-3' and reverse 5-GACTACNVGGGTATC-
TAATCC-3' primers. The two-step Illumina® PCR protocol was followed
to prepare the libraries, and the samples were submitted to 2 x 500 bp
paired-end sequencing with an Illumina® MiSeq instrument (Illumina®,
USA). The RStudio v.1.3.1093 software was used to process the files
with raw reads from the Illumina® instrument. The fastqc files were
filtered for reads of low quality and the presence of alien DNA using
DADA2. The DADA2 algorithm was also employed to denoise, join
paired-end reads, and filter out chimeras in the raw data (Callahan et al.,
2016a; Callahan et al., 2016b). This algorithm allows the differentiation
of even a single nucleotide, helping to form Amplicon Sequence Variants
(ASVs). Taxonomic assignment was performed using the naive Bayesian
classifier implemented in DADA2 using Silva v.138 as a reference
database (Quast et al., 2013), with a bootstrap cut-off of 80 %. A total of
1511 ASVs were found. Biodiversity, expressed in terms of alpha-
diversity, was estimated using ASVs by calculating the Observed,
Shannon, and Simpson indices through the “Phyloseq” package. Beta
diversity was evaluated using a Bray-Curtis dissimilarity matrix repre-
sented by non-metric multidimensional scaling (NMDS).

2.6. Colonic metabolism analysis

Two milliliter samples of PLAm, PLAg, and control simgi® reactors
were used at different sampling times to determine lactate and short-
chain fatty acids (SCFA). The samples were centrifuged at 10,000 rpm
and 4 °C for 10 min and the resulting supernatants were filtered by 0.22
pm. Lactate was analyzed by ionic chromatography and SCFAs by
GC-MS (Cueva et al., 2015; Garcia-Villalba et al., 2012).

2.7. Statistical analysis

A two-way ANOVA test and the Games-Howell post hoc test were
used for all statistical analyses to study differences between samples
(PLAm, PLAg, and the control) and their changes at colonic fermentation
time. Significant differences were determined considering p-adjust
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<0.05 with the XLSTAT Statistic software for Microsoft Excel, 2022.3.1
(Addinsoft-SARL, USA). A functional prediction was conducted with the
Tax4Fun2 package in R statistical software version 4.2.2 and RStudio
2022.07.2 (https://www.r-project.org/), using the Ref99NR dataset. For
the statistical analysis of functional prediction, the non-parametric
Wilcoxon test with Bonferroni correction was applied. The results
were considered statistically different from the control when q < 0.05.

3. Results

3.1. Effect of gastrointestinal digestion and colonic fermentation on PLA
morphology

Changes in the PLA surface after each gastrointestinal digestion step
were examined by FESEM (Fig. 2). Raw PLAg polymer, as rounded
pellets with dimensions of a few millimeters (ca. 3.4 mm), shows a
relatively smooth surface (Fig. 2A), with defects generated by the cut-
ting process and attrition during the pellets processing and trans-
portation. An examination at higher magnifications reveals the presence
of regions with small spherulites characteristic of PLA crystallization
(Fig. 2A insert). The cryomilling process to generate PLAm produces
irregular surfaces (Fig. 2B) with folds and tears characteristic of a ma-
terial fracture with plastic deformation. PLA has a mechanical resistance
similar to that of polymeric materials, such as PET. However, its elon-
gation at break is much lower; therefore, it is a rigid polymer with brittle
breakage fracture (Sangeetha et al., 2018). The PLA glass transition
temperature is ca. 58 °C, and therefore cryomilling does not prevent
plastic deformation during the microparticle generation processes
because local heating cannot be avoided. After the oral phase, crystalline
deposits are apparent on the PLA surfaces, but no other significant
changes were observed (Fig. 2C, D). During the roughness of the gastric
phase, the surface was altered, and pits and pores were formed on the
surface of both PLAg and PLAm, probably because of the hydrolysis of
some ester bonds in the acid media of the digestion process (Fig. 2E, F).
However, the size and concentration of the perforations appear depen-
dent on the particle texture: thus, they were few but large for PLAg,
whereas they were small but numerous for PLAm. Both the appearance
of pores and the modification of the surface roughness are consistent
with an increasing degradation of polymeric materials. After the intes-
tinal phase, salt and organic matter deposits are apparent on the particle
surfaces of both series (Fig. 2G, H). Finally, the colonic fermentation
stage renders high morphological particle irregularity, uncovering a
more extended surface degradation of PLA particles. Furthermore,
organic matter deposits and a microbial biofilm were observed on the
polymer surface. The formation of this biofilm suggests colonization of
the particles by the colonic microbiota (Fig. 2I-L).

3.2. Effect of gastrointestinal digestion and colonic fermentation on PLA
structure

The degradation and crystalline state of PLA was monitored by
Raman spectroscopy (Fig. 3). The assignment of PLA Raman bands can
be found elsewhere (Yuniarto et al., 2016). The strong Raman mode at
873 em ™!, corresponding to backbone vs. C-COO in PLA, has been used
to normalize Raman spectra (Kister et al., 1998, 2000). Sixty represen-
tative spectra of PLAg show no appreciable differences (Fig. 3A), in line
with the homogeneity observed in FESEM. In the case of PLAm before GI
stages, the slight variability between the 60 Raman spectra (Fig. 3B)
indicates structural changes in PLA due to the cryomilling process, in
line with the incipient modification illustrated by FESEM. The Raman
spectra of PLAg and PLAm samples after the oral phase (Fig. 3C and D,
respectively) hardly show any difference in their fresh counterparts, in
line with FESEM micrographs that only show the accumulation of some
salts at the surface of the particle, whereas the materials remain essen-
tially unchanged. The Raman spectra of PLAg after gastric and intestinal
digestion and colonic fermentation stages (Fig. 3E, G, I) indicate again
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Fig. 2. Field emission scanning electron micrographs (FESEM) of the surface of polylactic acid (PLAg, millimetric, left, and PLAm, micrometric, right) before (A-B)
and after every step of digestion (oral, C-D; gastric, E-F; intestinal, G-H; and colonic, I-J, with the corresponding magnifications in K-L, phases).
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Fig. 3. Raman spectra at 60 representative points of PLA (PLAg, millimetric, left, and PLAm, micrometric, right) in the original state (A-B), after oral (C—D), gastric
(E-F), intestinal (G-H) and colonic (I-J) phases. Spectra normalized to the Raman band at 873 cm™..
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no clear extended alteration of PLAg, in agreement with the localized
nature of the surface alterations observed by FESEM. In contrast,
incipient inhomogeneity is apparent in PLAm after gastric stage
(Fig. 3F), in line with the incipient modifications discovered by FESEM.
The Raman bands at 1218, 1181, and 1091 cm ™", associated with O-C-O
ester group vibration modes, and Raman band at 514 cm ™!, associated
with crystalline PLA, show some intensity variability, along with the
Raman bands near 1770 and 1454 cm ™}, associated with the carbonyl
group and with the methyl in-plane asymmetric wagging of the ester
group (Qin and Kean, 1998). These inhomogeneities are extensive after
the small intestine phase (Fig. 3H), particularly in the carbonyl region,
near 1770 cm ™1, and the methyl modes in the 1460-1200 cm ™! window.

Some incipient amorphous carbon deposits are already apparent (the
broad feature in the 1250-1650 cm ™~ window, which area is presented
below as Ajg01); these are clear and extensively present on PLAm after
colonic fermentation (Fig. 3J). The intensity of amorphous carbon de-
posits changes significantly from one spectrum to another, that is, from
one spot to another during the mapping of these samples. This may be
associated with differences in the amount of amorphous carbon residue
deposited at different points. This is analyzed by confocal depth Raman
profile measurements (Fig. 5).

Several Raman modes are associated with the crystallinity degree of
PLA (amorphous, semicrystalline, or crystalline); their relative in-
tensities are used as descriptors of crystallinity variations. The band at
ca. 397 cm™! is associated with amorphous PLA structures, whereas the
band at ca. 409 cm™~! is associated with crystalline PLA (Smith et al.,
2001). Thus, the 397/410 intensity ratio in Fig. 4A is related to the
degree of amorphicity. This parameter indicates that the PLAm series is
more amorphous and has a broader crystallinity distribution than PLAg.
In addition, PLAm crystallinity passes through a relatively low gastric
phase during the simulated human digestion. A similar result is obtained
with the analysis of the Raman modes near 923 and 711 cm ™!, which are
absent in amorphous samples but grow in semicrystalline PLA (Vano-
Herrera and Vogt, 2017). The relative intensities of 923 and 711 cm!
Raman bands vs. that of 873 cm ! internal reference, illustrated in
Fig. 4B and C, respectively, show lower semi crystallinity in PLAm vs.
PLAg series, and a local minimum of semi crystallinity for PLAm after
the gastric phase. The Raman band near 1770 cm ™! is a complex overlap
of PLA carbonyl group signals with different degrees of crystallinity
(Kister et al., 1998). The relative area of the 1770 cm ™! band vs. internal
reference at 873 cm ™! is not significantly different between and within
PLAg and PLAm samples, but the higher dispersion of values in PLAm
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illustrates a broader distribution of states, in agreement with the rest of
descriptors.

The higher degradation of PLAm regarding PLAg would be associ-
ated with its higher surface-to-volume exposure, which is fostered by the
textural features generated during cryomilling. Because PLAm series
were more sensitive to digestion-induced alterations than PLAg, a
confocal Raman depth profile analysis was performed on representative
PLAm samples, after oral and intestine stages, to assess if the observed
phenomena are essentially surface-related -as expected- or may reach
the bulk. However, whereas PLAg is more stable than PLAm, FESEM
demonstrated the formation of holes at its surface (Fig. 2E), and the most
intense variations of PLA Raman modes are associated with the presence
of amorphous carbonaceous deposits on the surface (Fig. 3J), which
would suggest that the structural modifications are at the PLA-carbon
deposit interface region. Therefore, we also explored PLAg with confocal
Raman microscopy in search of representative chemical modifications
on the microplastic surface. Given the transparency of PLA, the ca. The 1
pm confocal volume cannot prevent the signal from areas outside the
confocal region. Fig. 5 illustrates the Raman depth profiles of digested
PLAm, the Raman area of the representative Raman band at 1601 cm™!
(A1601) and the amorphicity descriptors as a function of the distance
above (positive Z values) or below (negative) the surface. Oral PLAm
shows little change with depth scan and no presence of amorphous
carbonaceous species in the range from 4 pm inside the particles (Z =
—4) up to 4 pm above the surface (Z = 4), except for a couple of spectra
(Fig. 5A, B). The semi crystallinity indicators Iy11/Igy3 and Iga3/I7gs3
reveal no significant variability (Fig. 5D), and there is also no increase in
amorphous PLA, associated with the intensity ratio of the 397/410 cm ™!
Raman bands (Fig. 5C). The scenario is different after gastric digestion
(Fig. 5E), where amorphous carbon deposits are apparent; the normal-
ized Raman area of carbonaceous species is low inside PLAm particles,
but increasingly important above the surface (Fig. 5F). Semi crystallinity
has hardly any fluctuation in the regions where carbon deposits are
present, with few spots showing higher semi crystallinity, but without a
clear trend (Fig. 5H). The Raman spectra show no development of
amorphous PLA, as measured by the I397/141¢ ratio (Fig. 5G). The stage
of the small intestine resulted in the most apparent modifications, both
in the structure of PLAm and in the accumulation of carbon species
(Fig. 5I). The area of the representative Raman band near 1601 cm !
(A1601) is the highest in the samples studied and, again, much more
intense above the PLAm surface than inside the particle (Fig. 5J). The
1601 cm™! band grows in parallel with several weaker bands in the

B Colonic phase

PLAg PLAmM

*
o :

loy3/ 173
o o
S 8
o—oofffle
.
wosco B 000 001 0 @
-

16

14 D R
12
R .
© 1.0
< .
=S o8 .
R
q.:': 0.6 < *
_
Uit +++T+ TT : +
0.2 ° *

0.0

Fig. 4. Raman descriptors for PLA amorphicity based on the relative intensities or areas of the Raman bands at 397 vs. 410 cm™~* (A), at 923 vs. 873 cm ™! (B), at 711

vs. 873 cm ™! (C), and at 1770 vs. 873 cm™* (D).
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Fig. 5. Depth profile Raman evaluation for PLAm after oral phase (A-D), gastric phase (E-H), and intestinal digestion (I—K). A, E, I: Raman spectra as a function of
penetration depth. B, F, J: area of the 1601 cm™~! Raman band of amorphous carbon deposits. C, G, K: relative intensity of the Raman band at 397 vs. 410 cm ™},
amorphicity indicator. D, H, L: relative intensities of the Raman bands at 923 and 711 cm ™! regarding the reference band at 873 cm ™!, semi-crystallinity indicators.

Spectra normalized to the Raman band at 873 cm™*.

2300-2100, 2020-1950, 1850-1700, 1500-1300, 1300-1100, carbonaceous deposits. There is no evolution to an amorphous PLA

1000-850, and 800-700 cm ™! regions, associated with biofilm (Cialla- phase (I397/141¢9 ratio in Fig. 5K). Therefore, carbonaceous deposits
May et al., 2022; Horiue et al., 2020; Pezzotti, 2021). PLAm particles appear associated with a loss of crystallinity at the surface toward
after small intestine digestion exhibit much higher semi crystallinity semicrystalline PLA; there is no signal of further deconstruction toward
(Ig73/I711 and Igy3/lgps in Fig. 5L) than after gastric or oral phases, amorphous domains in any digestion stage.

concentrated near the surface, associated with the presence of
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3.3. Impact of PLA digestion on the colonic microbiota

As a first approach, the effect of PLA MPs on the colonic microbiota
was evaluated by plate counting in nine culture media (Table 1). From a
microbiological viewpoint and because of plate counting limitations,
differences were only considered if they were statistically significant and
with a Alog (CFU/mL) > 1 (Gil-Sanchez et al., 2018). Compared to the
control, Volunteer 1 showed differences at 0 h in the counts of lactic acid
bacteria for PLAg and in Staphylococcus spp. for PLAm. At 24 h, there
were differences for both PLAm and PLAg in members of the Entero-
bacteriaceae family, with lower and higher levels compared to the con-
trol, respectively. At 72 h, PLAg showed higher levels in lactic acid
bacteria counts. However, no differences were found regarding the
control in any sample/time from volunteers 2 and 3.

Table 1
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16S rRNA gene-based sequencing analysis and subsequent study of
microbial diversity and composition were conducted. Regarding biodi-
versity, significant differences were found in the alpha-diversity indexes
(Shannon and Simpson) and beta diversity, depending on the volunteer
(Table S1 and Fig. S1). For Volunteer 1, PLAm led to a decrease in
Shannon and Simpson alpha-diversity indexes at 48 h, the same result
was at 24 h with PLAg and at 24 h and 48 h with PLAm in Volunteer 3.
Regarding beta diversity, changes on structure of microbial commu-
nities over time for Volunteer 1 were similar for the three conditions,
except for PLAm at 48 h. For volunteers 2 and 3, the conditions of PLAm
and PLAg showed a different composition between them and the control
at 24 h, also different at 48 h for PLAg in Volunteer 2 and at 72 h for
PLAm in Volunteer 3. Regarding phylo-genetic analysis, results revealed
differences in the relative proportions of some taxa after PLA MP

Evolution of the main microbial groups with colonic fermentation time evaluated by plate counting in nine culture media. Lowercase letters denote statistically
significant differences between colonic fermentations within bacterial group. Differences regarding the control that are statistically significant (p < 0.05) and with

Alog (CFU/mL) > 1 are marked in gray.

VOLUNTEER 1

Time . Total . Enterococcus Lactic acid Clostridium Staphylococcus Intestinal Bifidobacterium
Sample Total aerobic . Enterobacteriaceae . .
(h) anaerobic spp. bacteria spp. spp. Lactobacillus spp.
PLAm 4.33+0.17' 7.49+0.02° 3.90 £0.03 % 433+0.03F 514+021% 4.33+0.10° 5.34+0.06° 4.30+0.04" 6.64£0.57 ¢
0 PLAg 491+0.127 6.96+0.59° 4.63+0.03° 4.14+0.028 6.23+0.40° 4.06+0.06° 446+0.11¢ 4.05+0.02°¢ 6.49 +0.50¢
Control 5.00+0.04f  7.50+0.24° 450+0.12 422+0.04f 495+0.20° 4.37:0.03° 4.27+0.08¢ 4.02+0.16¢ 6.98+0.05¢
PLAm 5.94+0.12¢ 8.93+0.08? 3.69+0.09° 5.68+0.06¢ 7.66+0.09? 7.32+0.04° 5.54 +0.03 > 5.06 +0.06 ° 7.36 £0.07 ¢
24 PLAg 7.07+0.13° 9.01+0.17° 6.74 +0.08 ° 6.65+0.04% 7.22+0.14% 7.33+0.05° 6.35+0.07 * 5.15+0.10° 7.22+0.02 <
Control 6.22+0.10 9.11+0.15? 4.98+0.05° 6.17+0.02° 7.34+0.12% 7.24+0.06* 6.02 +0.08" 4.92+0.08° 7.18 £0.07 ¢
PLAm 6.61+0.05%° 8.94+0.03 269+036° 6.5+0.11% 7.01+0.11° 7.41+0.03° 6.44+0.09° 4.38+0.04" 7.67 £0.06 *®
48 PLAg 6.11+0.00¢ 8.75%0.05% 2.76 £0.15° 5.49+0.11% 7.29+0.07*® 7.33+0.07° 5.56 +0.02 > 4.49+0.05° 7.33+£0.05°¢
Control 6.27+0.08<  8.62+0.25% 291+0.13° 6.16 £0.08" 6.27+0.07¢ 7.25+0.10° 5.72£0.05° 4.04+0.13¢ 7.25+0.08 «
PLAm 5.42+0.02¢ 8.48+0.06% 3.28+0.06° 534+0.04° 6.19+0.08°¢ 7.05+0.19° 5.78 £0.30° 3.08+0.13¢ 8.15+0.14°
72 PLAg 6.39+0.06° 8.39+0.04% 2.20+035° 6.37+0.21% 6.43+0.06°¢ 7.12+0.07° 6.39+0.15% 3.19+0.06 ¢ 7.59 +0.11 ¢
Control 5.87+0.11% 839+0.01% 2.60+030° 5.78+0.02¢ 594+0.12¢  7.08+0.15° 5.94+0.21° 2.53+0.21¢ 7.92+0.08°
VOLUNTEER 2
Time Sample Total aerobic Total ) Enterobacteriaceae Enterococcus Lactic af:|d Clostridium spp. Staphylococcus Intestm‘al Bifidobacterium
(h) anaerobic spp. bacteria spp. Lactobacillus spp.
PLAm 6.09%+0.09¢ 8.27+0.06" 5.50 +0.04 ° 5.73+0.02°¢ 6.98+0.18>  7.71+0.05°¢ 6.03+0.01°¢ 5.02+0.06° 7.91+0.12%¢
0 PLAg 5.94+0.03 ¢ 8.28+0.07° 5.52+0.03" 5.69+0.07¢ 7.10+0.11% 7.94+0.06" 5.92+0.03¢ 5.08+0.07° 7.98+0.07"
Control 6.05 +0.08¢ 8.31+0.05° 5.51+0.03" 5.72+0.04¢ 7.19+0.02% 8.02+0.06" 5.91+0.03°¢ 5.33+0.06 % 7.99+0.13 2
PLAm 7.29+0.05% 9.15+0.03? 6.68 £0.05? 6.96+0.03° 7.49+0.07° 8.64+0.01° 7.09+0.02° 5.41+0.05° 8.39+0.04°
24 PLAg 7.23+0.04%® 9.08+0.04? 6.62+0.04° 6.90+0.02* 7.45+0.04° 8.54+0.02° 7.13+0.06° 5.32+0.02 % 8.28+0.07 %
Control 7.30+0.042 9.14+0.02? 6.72+0.03? 6.93+0.04% 7.31+0.04% 8.65+0.04° 7.06+0.08 * 5.28 +0.06 2° 8.44+0.02°
PLAm 6.83+0.26° 8.54+0.06" 4.87 £0.04 ¢ 6.90+0.00* 7.08+0.07° 7.59 +0.04 < 6.92+0.15% 3.11+0.10¢ 8.40+0.03°
48 PLAg 7.10+0.07% 8.48+0.06° 4.74+0.02° 6.95+0.05° 7.20+0.10%® 7.77+0.04% 7.10+0.182 3.47+0.08¢ 8.25+0.04
Control 7.14+0.09% 8.51+0.13° 4.75+0.15°¢ 6.95+0.17° 7.05+0.13®  7.99+0.05° 7.01+£0.11% 4.04+0.12°¢ 8.29 +0.08 *®
PLAm  6.60%0.09 ¢ 8.28+0.02° 4.53+0.03¢ 6.51+0.08®> 5.77+0.07°¢ 7.47 £0.05 ¢ 6.61+0.07°" 2.00 £0.00 ¢ 7.44+0.01°¢
72 PLAg 6.80+0.17° 8.30+0.07° 4.24 £0.05 ¢ 6.63+0.03" 6.28+0.06¢¢ 7.55+0.02< 6.94 +0.03 * 1.43+1.25¢ 7.56 +0.07
Control 6.97+0.07°  8.49+0.04° 4.10+0.07 ¢ 6.60+0.09° 5.85+0.15%  7.96+0.09 > 6.67 £0.06° 2.59+0.26 % 7.90 +0.00
VOLUNTEER 3
Time Sample Total aerobic Total . Enterobacteriaceae Enterococcus Lactic aFId Clostridium spp. Staphylococcus Inteshn‘al Bifidobacterium
(h) anaerobic spp. bacteria spp. Lactobacillus spp.
PLAm 5.82+0.11°¢ 8.07+0.04°¢ 5.74 +0.04 ¢ 5.14+0.13% 7.09+0.02% 7.46+0.03¢ 5.62+0.10¢ 0.00 +0.00 7.46+0.05 ¢
0 PLAg 6.27+0.07° 8.18%0.04¢ 5.94+0.03° 5.05+0.08% 7.35+0.05% 7.54+0.04% 5.72 £0.03 ¢ 0.00 +0.00 7.56 £0.05¢
Control 5.88+0.09 ¢ 8.14 £0.08 © 5.65 +0.04 ¢ 5.28+0.04¢ 7.21+0.04° 7.48+0.03° 5.58+0.03¢ 0.00 +0.00 7.51+0.02°¢
PLAm 7.32+0.13® 9.05+0.08? 5.60+0.30° 7.13+£0.08° 6.95+0.05° 8.51+0.07° 7.33+£0.02° 0.00 +0.00 8.45+0.04°
24 PLAg 7.54+0.12° 870%0.02% 5.91+0.03* 7.24+0.11° 7.38+0.07° 8.36%0.02% 7.34+0.02° 0.00 +0.00 8.43+0.06°
Control 7.41+0.06° 8.61+0.04" 5.84 +0.06 ** 7.29+0.06% 7.11+0.10%® 8.49+£0.04° 7.41+0.04° 0.00 +0.00 8.44£0.02°
PLAm 7.29+0.03® 8.50%0.06" 2.99+0.11°¢ 6.21+0.09° 3.49+0.05° 8.22+0.05° 6.58+0.02°¢ 0.00 +0.00 7.92£0.06°
48 PLAg 7.42t0.07° 871+0.02% 3.03+£0.12 %f 6.18+0.03° 3.54+0.06° 8.53+0.04? 7.12+0.07° 0.00 +0.00 8.23+£0.09 *®
Control 7.40+£0.03° 8.59+0.05° 2.46+0.15° 6.11+0.13% 3.54+0.10¢ 8.36+0.05% 6.70 £0.03° 0.00 +0.00 8.29+0.03°
PLAm 6.65+0.04® 7.55+0.06¢ 3.38£0.07°% 4.86+0.07¢ 3.37+0.08° 7.66+0.02 391+0.13° 0.00 +0.00 6.46 £0.05¢
72 PLAg 7.13:0.11% 8.04+0.07° 3.52+0.09 ¢ 5.48+0.04¢ 3.53+0.07° 7.90+£0.05°¢ 4.25+0.07 ¢ 0.00 +0.00 7.22+0.09°¢
Control 6.83+0.02° 7.54+0.06¢ 2.83+0.13 ¢ 4.87+0.24% 3.40+0.13°¢ 7.08+0.11°¢ 3.84+0.10¢ 0.00 +0.00 7.26 +0.08 ©
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fermentation. At the phylum level (Table 2), and regarding Volunteer 1,
after PLAm fermentation, there was an increase in Proteobacteria
members at 48 h and a decrease in Actinobacteriota at 72 h, compared to
the control. For Volunteer 2, PLAg showed a reduction in Bacteroidota
levels at 24 h, but increased proportions of Desulfobacteria at 24, 48,
and 72 h. Furthermore, although the relative abundance of Actino-
bacteriota at 0 h was higher for PLAg than for the control, no further
differences were found later. After the colonic fermentation of the
smaller PLAm MPs, only the abundance of Desulfobacterota increased at
24 h. Considering Volunteer 3, Bacteroidota proportions increased in
PLAm samples at 24, 48, and 72 h. Proteobacteria proportions were
lower than the control for PLAg at 24 h, but revealed higher levels at 72
h for PLAm, whereas Firmicutes decreased at 48 and 72 h. However, the
initial abundance of Actinobacteria was lower for both PLAg and PLAm
compared to the control, which could be related to the heterogeneous
nature of the sample and associated potential technical differences in the
inoculum of the sample.

Microbiota analysis at the genus level also showed differences be-
tween volunteers (Table S2). For Volunteer 1, PLAm showed an increase
in the relative abundance of members of the UCG-002 and UCG-003
genera at 48 h, and Bacteroides, Megasphaera, Desulfovibrio, Clostridium
sensu stricto 1, and Tyzzerella at 72 h. Furthermore, PLAm MPs
fermentation promoted a decrease in the abundance of Oscillospira and
Lachnospiraceae UCG-010 members at 24 h; Faecalibacterium, Cat-
enibacterium, Tyzzerella, and Allisonella at 48 h; Slackia at 48 and 72 h;
and Senegalimassilia and Veillonella at 72 h. The higher proportion of
Bacillus for the PLAm condition is also noticeable at 0 h, although this
difference is not maintained over time. However, PLAg increased UCG-
003 at 24 and 72 h, Prevotella and Desulfovibrio at 48 h, Clostridium senso
stricto 1 at 48 and 72 h, and Veillonella at 72 h. On the contrary, the
levels of Faecalibaterium, Parabacteroides, and Erysipelotrichaceae UCG-
003 and Allisonella at 48 h and Slackia and Oscillospira levels at 72 h
decreased. Considering Volunteer 2, there were several differences at 0
h. Collinsella and Desulfovibrio were more abundant in PLAg and PLAm
than in the control, whereas there was less abundance of Parabacteroides
and Odoribacter in PLAg and PLAm and Escherichia/Shigella in PLAg
compared to the control. For longer colonic fermentation times, PLAm

Table 2
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increased Collinsella and Bilophila at 24 h, and decreased Bacteroides,
Lachnospiraceae UCG-010 and Odoribacter at 24 h; Parabacteroides at 24
and 72 h; Escherichia/Shigella and Lachnospiraceae UCG-010 at 24, 48,
and 72 h; Oscillibacter, Desulfovibrio, and Colidextribacter at 48 h; Bar-
nesiella at 48 and 72 h; and Lachnospiraceae ND3007 group and Fla-
vonifractor at 72 h. In the case of PLAg, an increase was observed in
members of Faecalibacterium at 24 h; Preyotellaceae NK3B31 group at 48
h; Collinsella and Bifidobacterium at 24 and 48 h; and Bilophila at 24, 48,
and 72 h. Furthermore, PLAg decreased Bacteroides at 24 h, Escherichia/
Shigella at 24 and 72 h, Parabacteroides and Odoribacter at 24, 48, and 72
h, Barnesiella at 48 h, and Lachnospiraceae ND3007 group at 72 h.
Finally, the results of Volunteer 3 differed from those of the other vol-
unteers. At 0 h, the proportion of Adlercreutzia was lower in PLAg and
PLAm than in the control. PLAm fermentation increased the relative
abundance of Bacteroides and Parabacteroides at 24, 48, and 72 h, Slackia
at 48 h and Parasutterella at 72 h, but decreased Megasphaera at 24 and
72 h; Christensenellaceae R-7 at 24, 48, and 72 h; Parasutterella at 24 h;
and UCG-002 at 72 h. However, in PLAg samples, Megasphaera, Slackia,
Alistipes, and Lachnoclostridium increased at 24 h; however, a decrease
was observed in Oscillibacter at 24 and 48 h, as well as in the Sub-
doligranulum, Parasutterella, and Christensenellaceae R-7 group at 24 h.
Furthermore, at 0 h there were differences compared to the control, as
Bacteroides relative abundance was higher, but Lachnospira, Senegal-
imassilia, and Christensenellaceae R-7 group relative proportions were
lower for both types of MPs.

When comparing the three volunteers, there was few statistically
significant differences in at least two of them. The relative abundance in
Bacteroides showed an increase at 72 h after PLAm treatment in volun-
teers 1 and 3, and, although it was not statistically significant, the same
trend was observed in Volunteer 2. Furthermore, PLAg decreased the
relative abundance of Parabacteroides at 48 h in volunteers 1 and 2, but
this effect was not detected in Volunteer 3. Moreover, Lachnospiraceae
UCG-010 decreased at 24 h in the presence of PLAm in volunteers 1 and
2.

To investigate the colonic metabolism, SCFA and lactate were
analyzed (Tables S3 and S4). In Volunteer 1, the concentration of acetic
and total SCFA at 0 h was slightly lower in PLAg than in PLAm and

Phylum level. Mean relative abundances (%) and standard deviation for the three volunteers at different colonic fermentation times. Only phyla with a mean
relative abundance >0.5 % were considered. Statistical differences (p-adjust <0.05) regarding the control and PLAg/PLAm for each volunteer are highlighted

(gray) as well as those common between volunteers (orange).

Volunteer 1
Time (h) 0 24 48 72
Sample Control PLAg PLAm Control PLAg PLAm Control PLAg PLAm Control PLAg PLAmM
Bacteroidota 52.26+2.71 48.83+5.07 52.47+1.40|49.66+2.88 38.05+1.93 53.00+1.39|38.09+1.19 39.25+1.82 37.99+2.76(28.15+1.95 31.04+4.08 35.59+0.53
Actinobacteriota | 0.61+0.14 0.76+0.29 0.58+0.11 | 2.19+0.17 4.38+1.02 1.24+0.27 | 447+0.58 294+0.27 2.62+0.66 | 542+0.28 3.65+1.66 | 1.21+0.07
Proteobacteria 6.21+0.40 6.34+2.22 540+0.07 |[12.22+0.86 15.08+1.01 10.61+0.17| 9.85+0.56 10.22+0.04 14.22+1.68|13.95+0.86 13.13+2.35 11.98+1.03
Firmicutes 38.72+1.80 41.80+2.53 39.90+1.17(33.14+1.41 39.00+2.18 31.90+0.47 |46.06 +1.45 4457 +1.52 41.95+0.85|47.86+1.26 48.85+1.18 4593 +1.42
Desulfobacterota | 2.17+0.40 2.24+0.70 1.57+0.03 | 259+0.63 3.46+0.51 3.02+0.57 | 1.49+0.18 2.97+0.08 3.07+0.92 | 444+1.02 3.29+1.19 5.14+0.76
Volunteer 2
Time (h) 0 24 48 72
Sample Control PLAg PLAm Control PLAg PLAm Control PLAg PLAm Control PLAg PLAmM
Bacteroidota 41.51+1.32 3895+1.11 41.31+1.29(49.80+0.92 42.26+0.44 45.58+1.05|45.85+0.87 40.41+0.39 48.83+2.82|41.71+0.64 36.39+0.72 41.29+0.75
Actinobacteriota | 1.12+0.16 2.49+0.23 2.42+0.39 | 297+0.20 6.73+0.31 530%0.74 | 3.05+0.15 6.30+0.57 2.81+0.76 | 430+0.35 7.19+0.82 4.98+0.15
Proteobacteria 15.33+0.79 14.05+0.45 12.39+1.04|10.73+0.44 10.68+0.37 10.57+0.21|10.26+0.07 10.34+0.25 8.02+0.48 | 9.04+0.43 9.58+0.39 7.68+0.55
Firmicutes 36.86+0.71 38.76+1.06 37.81+0.48(31.99+1.14 34.28+0.63 32.62+1.26|35.69+0.70 35.96+0.64 36.29+2.22(39.77+0.48 40.27 +0.59 41.97 +1.35
Desulfobacterota | 3.67+0.10 4.67+£0.23 5.29+0.49 | 430+0.29  5.74+0.08 5.60£0.23 | 485+0.14 | 6.58+0.03 3.62+0.20 | 471+0.25 6.18+0.08 3.68+0.36
Verrucomicrobiota| 1.49+0.18 1.07+0.08 0.75+0.16 | 0.14+0.03 0.26+0.05 0.17+0.02 | 0.25+0.02 0.38+0.02 0.42+0.06 | 0.32+0.02 0.36+0.04 0.38+0.02
Volunteer 3
Time (h) 0 24 48 72
Sample Control PLAg PLAmMm Control PLAg PLAm Control PLAg PLAmM Control PLAg PLAM
Bacteroidota 39.06+2.66 45.46+0.91 48.63+2.07|37.38+1.69 40.40+0.74 4841+1.18|34.31+0.65 29.33+10.30 40.60+0.33 (33.63+2.43 29.56+0.30 49.87 +2.25
Actinobacteriota | 7.26+0.79 1.74+0.19 1.82+0.62 |14.74+0.81 14.02+0.37 16.41+1.33|15.78+1.46 17.48+3.75 18.38+2.03|11.15+2.57 14.65+0.82 11.61+1.53
Proteobacteria 5.07+0.41 6.42+0.27 6.14+0.38 |10.81+0.67 6.21+0.36 8.79+0.67 ([10.29+1.38 9.76+4.90 9.05+0.58 | 6.08 +0.46 7.58+0.22 11.04 +0.20
Firmicutes 46.86+2.22 45.52+0.47 42.61+1.60|34.22+1.90 37.39+0.70 25.03+1.96 | 37.06+0.87 37.54+6.08 30.28+1.46|46.38+0.87 45.03+0.90 26.21 £ 0.65
Desulfobacterota | 1.63+0.03 0.77+0.05 0.72+0.13 | 2.83+0.26 1.96+0.02 1.36+0.22 | 2.46+0.33 1.94 +1.45 1.66+0.03 | 271+0.30 3.07+0.48 1.26+0.04
Verrucomicrobiota| 0.10+0.03 0.06+0.01 0.06+0.01 | 0.01+0.01 0.01+0.01 0.00+0.00 | 0.03£0.01 3.94+6.80 0.00+0.01 | 0.03£0.01 0.03+0.01 0.00+0.00
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control. Furthermore, the PLAm sample showed a higher concentration
of lactate than the PLAg and control samples at 0 h. However, there were
no remarkable differences at other times. Differences between samples
in volunteers 2 and 3 were found for neither SCFA nor for lactate.

To evaluate whether some bacterial metabolic pathways and func-
tions could be associated with PLA MPs modification or degradation, a
bioinformatic functional prediction analysis from 16S rRNA gene
sequencing analysis data was performed, considering samples from the
three volunteers together to identify general trends. Results of Tax4Fun2
functional prediction are shown in supplementary Tables 5 and 6, both
at gene/functions and pathways levels at the different fermentations
timepoints (Tables S5 and S6). However, only a few pathways and
functions were remarkable, highlighting the steroid degradation
pathway, related to xenobiotic biodegradation and metabolism, which
was more represented in PLAm samples at 48 h than in the control.
Regarding specific functions, the results pointed to a higher relative
abundance of a sequence assigned to pullulanase activity in PLAg sam-
ples at 24 h.

4. Discussion

Due to the complexity of human studies with MPs and ethical re-
strictions, to date, very few studies have attempted to deepen the po-
tential effects of such particles on the human gastrointestinal tract and
human health. As an approximation to face these limitations, some work
has investigated the impact of MPs on the colonic microbiota using
human gastrointestinal in vitro simulators, such as studies of Huang
et al. (2021b) and Fournier et al. (2023a, 2023b), which simulated the
microbial colonic fermentation of PE MPs, the latter under infant and
adult conditions. However, the previous steps of gastrointestinal diges-
tion were not considered, and these may also alter the properties of MPs’
particles, thus leading to different effects on gut and colonic-microbial
communities. Therefore, Yan et al. (2022b) and Tamargo et al. (2022)
simulated the complete gastrointestinal digestion of PET MPs under
dynamic conditions, revealing a negative effect of their ingestion on the
colonic microbiota, as well as a possible effect of gastrointestinal
digestion and colonic-microbial fermentation processes on these MP
particles. The results obtained with PET, a polymer from fossil resources,
may not be directly applied to other polymers. This would require
further studies. Biodegradable and bioresorbable plastics produced from
renewable resources, such as PLA, are entering this arena as a poten-
tially safer and more sustainable performer. To the best of our knowl-
edge, this is the first study on the potential effects of human
gastrointestinal digestion of millimetric and micrometric PLA. Further-
more, we consider the impact that digestion and colonic fermentation
processes could have on representative bioplastic particles and vice
versa, the effects these may have on human gut microbial communities
at the compositional and functional level, and therefore on human
health. Thus, this study is a necessary step in assessing the possibility of
replacing petroleum-derived polymers with reported toxic effects on the
health and environment by other polymers that may a priori, be essen-
tially harmless because of their biodegradability, but which have not
been evaluated to date.

4.1. Impact of gastrointestinal digestion and microbial colonic
fermentation on PLA particles

The FESEM results suggest that the gastrointestinal digestion process
changes the morphology of PLA MPs, at least at its surface, and that this
modification seems dependent on polymer size. Raman spectra associate
these morphological changes with a loss of crystallinity, which is more
apparent on PLAm than on PLAg, and is intense after transits of the small
intestine and colon. After the gastric phase, the particles showed surface
modifications as different pits and pores that appeared in both PLAg and
PLAm MPs, which could result from exposure to acid conditions (pH 3).
In this sense, previous works have described that simulated human
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gastric digestion affects the morphology of PS and HDPE MPs, possibly
increasing the contact surface area and improving the exposure of sur-
face functional groups, which may affect its interaction with various
compounds (Krasucka et al., 2022). Furthermore, Liu et al. (2020)
described the relevance of pH in PLA biodegradation, since PLA
degraded faster at pH 3 than at neutral pH. However, not only could pH
be responsible for this effect but also the type and concentration of
gastric enzymes as well as simulation conditions that could affect
polymer degradation rate (Agarwal, 2020). After the intestinal phase, no
morphological changes were observed apart from a layer of organic
matter deposited on the surface, supporting the hypothesis of the for-
mation of a “protein corona” (Stock et al., 2020), related to the deposit
of the contents of the intestinal fluid over the MPs, as previously
observed with PET MPs (Tamargo et al., 2022). Furthermore, organic
matter and a microbial biofilm covered both types of PLA after the
colonic fermentation, suggesting colonization of the particles by the
colonic microbiota. Some studies have described the adhesion of mi-
croorganisms to the surface of MPs due to their ability to deposit nu-
trients and organic matter on their surface (Oberbeckmann et al., 2015),
developing microbial biofilms over time that are significantly different
in structure and composition from the surrounding environment (Zettler
et al.,, 2013; Zhang et al., 2021a). In fact, microorganisms have been
detected on the surface of PLA MPs after their immersion in the aquatic
environment (Bhagwat et al., 2021; Nguyen et al., 2023). In this sense,
digestive fluids are rich in organic material, so that, once deposited on
the surface of MP, they could favor the adhesion of the colonic micro-
biota. Raman spectroscopy reveals an incipient build-up of amorphous
carbonaceous species at PLA simultaneously with the presence of
organic material on the surface of microplastics. Our results are in line
with previous works, where a biofilm was detected in PET and PE MPs
after the colonic fermentation in the simgi® and the Mucosal Artificial
COLon (M-ARCOL) models, respectively (Tamargo et al., 2022; Fournier
et al., 2023a, 2023b). In the case of PET MPs, the authors hypothesized
that the microbiota adhesion to the surface could have a degrading ac-
tivity; however, to the best of our knowledge, no microbial proteins or
enzymatic activities have been related with MPs metabolism or
biodegradation on human gut microbiota. The potential biodegradation
or transformation of MPs by gut microbial communities could promote
the release of additives or plastic-derived metabolites that could also
affect human health with unknown effects (Jiménez-Arroyo et al.,
2023). Thus, as a field in its infancy, further investigation is imperative
to decipher the impact of these microbial biofilms on PLA MPs structure,
the possible transformation and/or biodegradation by human gut
microbiome, and potential metabolites produced, as the well as molec-
ular mechanisms responsible.

4.2. Impact of PLA MPs on the colonic microbiota

Our microbiological analyses showed different microbial profiles
and trends over time, depending on the volunteer. The human gut
microbiome is a complex and diverse ecosystem, with an important
interindividual and intraindividual variability depending on different
life points, lifestyle, and even days (Vandeputte et al., 2021). Compo-
sition varies among healthy individuals, without a clear standard of
healthy gut microbiome composition (Fassarella et al., 2021; Hutten-
hower et al., 2012; Lloyd-Price et al., 2016). The reasons for this di-
versity remain elusive, although diet, environment, medication, health
status, genetics, and early microbial exposure of the host are well-known
implicated factors (Huttenhower et al., 2012) that could explain the
different microbial profiles at the initial time of the three healthy vol-
unteers of similar age and lifestyle. Furthermore, despite some resilience
of the gut microbiome (Fassarella et al., 2021), its response to a chal-
lenge/intervention depends on the initial composition and functionality
profile of the individual (Klimenko et al., 2022; Schmidt et al., 2018),
which could explain the different observed trends. 16S rRNA gene
sequencing analysis revealed different microbial profiles between



C. Jiménez-Arroyo et al.

colonic fermentation of different PLA size series and control condition,
highlighting taxons at phylum and genus levels. However, no similar
tendencies or positive or negative effects were observed for the three
volunteers at any digestion stage, except for the Bifidobacterium genus.
Few studies have observed the effects of PLA MPs on gut microbiota.
Duan et al. (2022) and Yu et al. (2022) reported changes in the relative
abundances of some taxa after exposure to PLA MPs in zebrafish and
earthworms, respectively. However, to date, no studies have tested the
impact of these particles on the human gut. The properties of PLA that
have made it suitable for countless medical applications in humans (Li
et al., 2022) explains why we have found no changes in most of the
microbial communities. These results suggest that, despite the slight
modulation observed in microbial communities, the presence of the
biodegradable PLA biopolymer on human gut does not exert a negative
effect on the human gut microbiome.

Bifidobacterium members showed a tendency to increase their rela-
tive proportions in presence of PLAg for the three volunteers, reaching
the highest proportion at 24 h for volunteers 1 and 2, and at 48 h for
volunteer 3. An explanation could be that Bifidobacterium members may
have biointeractions with the PLA surface, an effect that may be more
pronounced in the case of PLAg due, at least in part, to the smoother
surface. In the human body, intestinal epithelial cells are covered by a
thick mucus layer, which is crucial for bacterial adhesion and coloni-
zation, as well as for interactions between intestinal microbes and host
(Harata et al., 2021). This is a process in which Bifidobacterium members
play a key role due to their ability to produce different molecules such as
exopolysaccharides, glycosidases, moonlight factors, extracellular vesi-
cles, or fimbriae, favoring the adhesion and colonization of the intestinal
mucosa (Nishiyama et al., 2021) in the absence of an epithelial or mucus
layer in colonic fermentation. Moreover, co-existence with other intes-
tinal bacteria can stimulate the production of extracellular vesicles,
providing adhesive advantages for Bifidobacterium (Nishiyama et al.,
2020). However, the increase in Bifidobacterium members after PLAg
exposure also follows the detection, by functional bioinformatic pre-
diction, of an increase in the relative proportions of a function related to
pullulanase activity at 24 h. In this sense, it has been described that
members of Bifidobacterium use specific polysaccharide-degradation
pathways, which vary depending on the strain/species (Nishiyama
et al., 2021). Several studies have commented on the pullulanase ac-
tivity of strains of Bifidobacterium in the human gut (Ryan et al., 2006;
Yang et al., 2021). Pullulanase, an important debranching enzyme, has
been widely used to hydrolyze the a-1,6 glucosidic bonds in starch,
amylopectin, pullulan, and related oligosaccharides, enabling complete
and efficient conversion of branched polysaccharides into small
fermentable sugars during the saccharification process (Hii et al., 2012;
Xu et al., 2021). Furthermore, PLA can be in the form of copolymers with
pullulan or chitosan (derived from pullulan) to improve its thermores-
ponsive properties (Basu et al., 2016; Maharana et al., 2015). This
pullulanase activity could degrade linkages of polysaccharide branches
of PLA copolymers, or because of the polymeric nature of PLA, it could
degrade PLA branches into smaller derivative molecules that could
provide a carbon source or nutritional advantage to members of Bifi-
dobacterium, which explains their relative levels of increase. Members of
the Bifidobacterium are well known for their positive effects on human
health, being one of the most used species/strains as probiotics (Derrien
et al.,, 2022). However, the mechanisms underlying the relationship
between this observed increase in Bifidobacterium levels and PLAg, as
well as potential effects of PLA on gut microbiome and health, are un-
clear, so we must therefore analyze this effect with caution. Further-
more, this predicted pullulanase activity, with the increase in other
functions related to the degradation of xenobiotics detected by bio-
informatic functional prediction, could be responsible for the biodeg-
radation and transformation of PLAg and PLAm surfaces observed by
FESEM. Raman has detected changes in vibrational modes associated
with the O-C-O ester group vibration in the 1000-1220 cm™! window.
However, no systematic study has addressed this possibility, so future
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research should be oriented to test the PLA degrading ability of these
putative microbial enzymes and to further investigate the presence of
PLA and other MPs degrading activities on the human gut microbiome.

5. Conclusions

In this study, gastrointestinal digestion and colonic fermentation of
millimetric and micrometric PLA were investigated for the first time.
PLA underwent superficial changes during gastrointestinal digestion.
After colonic fermentation, slight alterations were found in the micro-
bial communities of the gut, notably the Bifidobacterium genus, which
increased for millimetric PLA particles. Microbial biofilms formed on the
PLA microplastics surface suggest the colonization of the particles by the
colonic microbiota. More studies must verify the observed trends to
investigate the possible biodegradation of PLA by the intestinal micro-
biota and the potential derived metabolites, and to decipher the long-
term effects of PLA MPs on human microbiota and health.
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