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Abstract
Although the risks of microplastics in environmental exposure and human health are being increasingly
studied, little is known about the behavior of “eco-friendly” bioplastics in humans, especially their effects
on our gastrointestinal tract. Here we demonstrate that enzymatic hydrolysis of bio-based polylactic acid
(PLA) microplastics rapidly generates an excess of nanoplastic particles by competing for triglyceride-
degrading lipase during gastrointestinal processes. These tiny nanoparticles are oligomers formed by
hydrophobic-driven self-aggregation, and upon exposure the oligomers and their associated
nanoparticles can bioaccumulate in in vitro and several in vivo organs, including the liver, intestine, and
even in the brain. Severe intestinal damage and inflammation are also observed, the toxic effect of which
is mostly pronounced from hydrolyzed oligomer products. Furthermore, the oligomers’ potential protein
target screening using large scale pharmacophore model reveals that oligomers can interact with matrix
metallopeptidase 12 protein (MMP12), which is further validated using protein binding assay. A close
mechanistic study reveals high binding affinity of oligomers to the catalytic zinc ion finger domain,
leading to MMP12 inactivation and mediating the adverse bowel inflammatory effect following PLA
oligomer exposure. Since biodegradable plastics are highly proposed as one solution for the global
plastic problem, understanding the gastrointestinal fate and toxicity of bioplastics, will provide ground-
breaking data on bioplastics as a substantial risk to human health.

Introduction
Microplastics (MPs) are ubiquitous in aquatic and terrestrial environment and the world’s most pressing
environmental concerns 1, 2, due to their potential risk to the environment and human health 3, 4. MPs can
not only be transferred in the environment and bioaccumulate through food chain, but also directly
inhaled or ingested to human body. Studies estimating MP consumption via oral intake, the most
common and major route 5, ranges from 74,000–121,000 particles annually by humans around the world
6. Accordingly, MPs have been detected in human stools 7, serum 8, and placenta 9. Once MPs are
ingested, serious physical and physiological threats may occur, including DNA damage, lipid peroxidation,
gastrointestinal irritation, oxidative stress, and reproductive complications 10. Studies in fish and mouse
models have also shown that exposure to MPs can lead to a dysbiosis of the gut microbiota and a lipid
metabolism disruption 5, 11, 12. The mechanisms leading to these effects are often unknown, but many
studies have probed the culprit being microplastics’ physical damage, reduced feeding amount, or the
leaching of toxic chemicals 3.

To alleviate plastic pollution, biodegradable plastics have been introduced as an environmentally friendly
alternative to conventional plastics, as they can be readily degraded by microbial activity 13. For example,
polylactic acid (PLA), the most commonly used type of bioplastic, is used to manufacture food
packaging materials, disposable plastic tableware, and delivery carriers for biomedical applications 14.
The production of PLA has increased steadily over the years, and is expected to exceed 300,000 tons by
2024 15. Degradable plastics are expected to be completely mineralized in the environment 16, yet the
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degradation of PLA requires specific conditions such as high temperature (58–80°C), high humidity (> 
60%) and oxygen-rich environment 17, hence the degradation of PLA has been proven to take longer than
expected under natural environmental conditions 18. Due to its relatively slow degradation rate, PLA can
remain in vivo for typically 3–5 years 19.

Studies in human and mouse model have shown PLA-based implantation triggered inflammatory
reaction 20. Some notable risks caused by PLA MPs have been demonstrated in zebrafish and
earthworms 21, 22, albeit no specific underlying mechanism has been uncovered. Notwithstanding that the
toxicological effects of the ingested biodegradable PLA warrant further study, our knowledge on how the
bio-transformations of biodegradable microplastics (BMPs) in the gut may affect human health is still in
its infancy. Our understanding of the extent to which these chemical structures of BMPs may be altered
by this interaction under physiological conditions of low pH and enzymes, thereby increasing their
bioreactivity and enhancing protein and cell surface interaction with BMPs is still lacking.

In this study, we explored the transformation and toxicity of PLA as a model BMP in the human gut. PLA
MPs can be digested by the lipase enzyme in gastrointestinal tract, resulting in millions of nanoplastics.
Moreover, biophysical and computational methods were employed to demonstrate that the hydrolysis
product oligomers can organize themselves into nanoplastics. The biodistribution and histopathology of
hydrolysis products were further studied in vitro and in vivo using cell and animal models. The potential
protein targets of oligomers in causing inflammation were also investigated. In sum, in contrast to the
conventional stable plastics, our work reveals that the unexpected degradation products including
oligomers and nanoplastics from PLA bioplastics by gut enzymes have potential health risks that call for
continued research and potential regulation.

Results
PLA MPs Degradation Through In vitro Digestive Model.

We first tested the degradation of PLA MPs under different digestive fluids. After artificial in vitro
digestion in the stomach and intestinal fluids sequentially, the scanning electron microscopic (SEM)
images revealed the PLA MPs’ roughened surfaces (Fig. 1a), which may indicate biodegradation. SEM
images also reveal the presence of hundreds of spherical particles with diameters of approximately 200
nm in suspension within the visual filed (Fig. 1b). To determine which fluid was responsible for this
breakdown, MPs were digested by stomach and intestinal fluids separately. On the surface of PLA MPs
submerged in gastric fluid, no significant surface modification was noticed, whereas the surface of PLA
MPs treated in intestinal fluid exhibited a comparable degree of degradation (Fig. S1). Hence, we
hypothesized that lipase could hydrolyse PLA in the intestinal fluid likely due to the carboxylic ester
linkages of PLA and the abundance of hydrolytic enzymes-lipase. The PLA-microplastics were
biodegraded in PBS containing lipase at 37°C for three days, which is the amount of time required for
food to pass through the digestive tract. In accordance with SEM analysis, the surface of the sample
became more abrasive as the incubation time increased (Fig. 1c, Fig. S2). Further, the mass of PLA MPs
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decreased rapidly to 85% of their initial mass after 6 hours (Fig. 1d). Buffer solution pH reduction was
only observed in extremely high dose (100 mg/ml) group (Fig. S3). As a control, no change in mass and
solution pH was observed for the conventional polystyrene (PS). In addition, there was no substantial
change in the molecular and crystalline structures of residual PLA MPs before and after lipase treatment
as confirmed by the gel permeation chromatography (GPC), Differential Scanning Calorimeter (DSC), X-
ray diffraction (XRD), and Fourier-transform infrared (FTIR) spectroscopy (Figs. S4-S7).

To further evaluate the interaction between PLA and digestive lipases, we employed triglycerides as a
positive control and examined the enzymatic competition for lipases. PLA demonstrates binding to
digestive lipases and preventing triglyceride breakdown via competitive binding (Fig. 1e), yet no effect
was observed in the supernatant of conventional PS plastics. In order to trace the uptake and
translocation of plastic particles in complex biological media, PLA MPs were further fluorescently labelled
by covalently reacting with fluorescein isothiocyanate (FITC) (Fig. 1f). The florescence intensity in the
culture medium’s supernatant is used as a proxy to evaluate the PLA degradation. The florescence signal
enhanced significantly in the supernatant when PLA and lipases were used together compared to when
treated alone, demonstrating PLA breakdown (Fig. 1g).

Nanoplastics released during digestion and its formation mechanism.

The Nanoparticle Tracking Analysis (NTA) of the medium supernatant revealed that the number of PLA-
nanoplastics peaked at 8×108 particles/ml at 2 hours (Fig. 2a, Fig. S9). To determine the chemical nature
of the released nanoparticles, atomic force microscopy-IR (AFM-IR) was conducted on the isolated
nanoplastics generated from PLA MPs. The IR results confirmed that the formed nanoparticles were PLA,
as illustrated by its characteristic band at 1770 cm− 1 wave number corresponding to C = O stretching
(Fig. 2b). The average size of PLA-nanoparticles was 200 nm after 2 h and 50 nm after one day of
enzymatic hydrolysis (Fig. 2c), and plateaued over the next two consecutive days.

Interestingly, transmission electron microscopy (TEM) imaging revealed the formation of nanoplastics
with several central cores, indicating that the particles may be self-aggregated as opposed to a single
free-form particle (Fig. 2d). The size of the aggregated nanoplastic decreased significantly following
dilution from dynamic light scattering (DLS) measurements (Fig. 2e). We also observed the size reduction
of nanoparticles after adding Tween 20. To determine if PLA oligomers are capable of self-aggregation,
we dissolved a synthesized oligomer with a molecular weight of 900 into PBS at a final concentration of
5 mg/ml, and a microscopic investigation revealed the presence of a significant number of particles
(Fig. 2g). The GPC analysis of acetonitrile-dissolved nanoparticles in PBS supernatants showed presence
of tiny peaks in the lower molecular weight range (~ 900 Da) in the digested PLA (Fig. 2h), which are
most likely leftover ester oligomers from the depolymerization. Further analysis of the precise oligomer
units using high-resolution mass spectrometry indicated that 8-unit oligomer shows the greatest
abundance (Fig. 2i), although accurate quantification cannot be performed due to a lack of standards.
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In addition, we used molecular dynamic (MD) simulations to analyze the self-interactions of PLA
oligomers, and revealed that affinities of this interaction were strongly dependent on the number of units,
because the increasing number of units contributed to the hydrophobic interactions (Fig. 2j, Figs. S10-
S11). This is consistent with the observed molecule weight in the HRMS and GPC analysis. The impact of
the released PLA oligomers on the biological activity of lipase was also examined. MD simulations
demonstrated that PLA oligomer occupied the active site of lipase by hydrogen bonding with the catalytic
triad of Ser153, His264, and Asp177 (Fig. 2k, Fig. S12). Similarly, the affinities of PLA oligomers–lipase
interactions were also highly dependent on the number of units, as increasing the number of units
contributed to the formation of stronger hydrogen bonds (Fig. S13). The distance between the carboxyl
carbon of PLA and the hydroxyl oxygen of Ser153 was closer than that of triglyceride, indicative of more
accessible nucleophilic attack. Meanwhile, the binding affinity of triglyceride to the catalytic site is weaker
than that of PLA oligomer due to the absence of a hydrogen bond.

In addition, in order to demonstrate how PLA oligomer binds to the catalytic site of lipase, we performed
quantitative calculations for different catalytic conformations of PLA oligomer (Fig. S14). The transition
state of PLA oligomer has a relative energy barrier of 0.11 eV, suggesting that once lipase’s Ser153
nucleophilically approaches the carboxyl group, the subsequent catalytic steps may occur spontaneously.
In sum, upon approaching to the catalytic site of lipase, PLA promotes stable binding at the catalytic site
by hydrogen bonding, which not only prevents lipase from connecting to triglyceride but also reduces
lipase activity.

The uptake of generated nanoparticles and oligomers in vitro and in vivo.

We further predicted the bioavailability of PLA oligomers with different units using ADMETlab 2.0 server.
The results revealed that shorter oligomers of PLA have advantageous bioavailability (Fig. S15). Next, to
study whether the released nanoplastic or the oligomers can be taken up by liver cells in vitro, we treated
the human liver cancer cell line HepG2 cells with fluorescence PLA-nanoplastics and fluorescence
oligomer. Both images displayed high signal intensity and predominant intracellular localization, with
PLA oligomers show higher signal (Fig. 3a). Those results suggested that both nanoparticles and
oligomers can enter the cell in vitro.

To further understand the in vivo relevance of exposure to PLA-MPs, we administered mice with
fluorescent PLA-MPs and fluorescent oligomer for one week and traced the tissue biodistributions of
florescence products and the fate of PLA-MPs and oligomer in intestine content. Based on the current
data that humans are estimated to ingest tens of thousands to millions of MP particles annually, or on
the order of several milligrams daily 6, we selected 1.0 mg/day PLA MPs and oligomers as the dose for
mouse experiments. The fluorescence result showed that PLA was widely distributed in various tissues
throughout the mouse body (Fig. 3b). Further, the ingested PLA MPs are fragmented into small fragments
in the intestine of mice at submicron size (Fig. 3c), confirming the fragmentation and depolymerization
process in vivo, though our florescence microscope could not resolve the particles in the nano scale. The
signals for PLA-nanoparticles and oligomers mainly concentrated in the liver and intestinal/colon region
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(Fig. 3d). Moreover, further ex vivo imaging analysis confirmed this observation (Fig. 3e). We also
observed moderate signal abundance in the brain samples of both groups. Early experimental and
predication data both suggested the penetration of the blood brain barrier of PLA oligomer 23, 24. MP
sizes were clearly visible as distinct fluorescent spots in the liver, gut, and brain of exposed mice. In
comparison, stronger signal in liver and intestine were observed in mice treated with oligomer compared
with PLA MPs mice.

PLA oligomers induced inflammation in the liver and intestine.

In order to understand the effect of PLA following acute oral exposure, the major accumulated tissues
were then selected for toxicological examination. Representative histological sections of livers, small
intestine and colon from mice were examined (Fig. 3f). Histopathological analysis revealed that mice
treated with PLA-MPs produced inflammation and infiltrate in the livers, small intestine, and colon.
Similarly, PAS staining of colon detected abolished goblet cell hyperplasia and mucus production in
comparison with controls. Likewise, oligomer also caused these adverse effects, albeit with a higher
efficacy. Biochemical analyses of proinflammatory cytokines, TNF-α, in the tissues of liver, small intestine,
and colon all showed significant elevation and hence is consistent with the histological data (Fig. 3g).

Possible protein targets of oligomers in inducing inflammation.

To figure out the potential mechanism for the inflammation, we first tested whether the bowel micro-
environment pH was modulated as PLA digestion may release acidic group after hydrolysis. The result
showed minimal potency changes in the buffer solution at the given doses (Fig. S3), suggesting that
acidity is unlikely to explain the toxicity. We further hypothesized that oligomers regulate inflammation by
directly interacting with some targeted inflammation regulating proteins. Albeit no available data in the
literature on PLA oligomer-protein interaction, the protein binding affinity of octamer with 16,646 proteins
using pharmacophore models (Fig. 4a, Table S2) were screened by consolidating GPC results and mass
spectrometry data. The result showed that the PLA 8 units-Matrix Metallopeptidase 12 (MMP12)
displayed the highest fitness score value of 1.974. Computational analysis further showed that the
affinity strength to MMP12 catalytic site corresponding to oligomer unit length topped after 10 units
(Fig. 4b, Figs. S16 and S17). We further discovered that as the PLA units increased, the carboxyl oxygen
of PLA could interact with zinc ions via electrostatic attraction. Such electrostatic force starts to
attenuate significantly as the oligomer unit number reaches 11. Thus, it is hypothesized that that there
are no favourable hydrophobic and hydrogen-bonding interactions between PLA oligomers and MMP12,
and that their attraction is mostly due to the electrostatic contact between carboxyl oxygen and zinc ions.

To further validate this interaction experimentally, isothermal titration calorimetry (ITC) was conducted
and the result showed that the calculated binding affinity Kd of the MMP12-pure PLA oligomer (Fig. 4c)
and hydrolysis products (Fig. 4d) interaction was 13.3 µM and 67.8 µM, respectively. MMP12, as an
enzyme to degrade extracellular matrix components, has a crucial role in regulating the response of
inflammation 25. For example, MMP12 dampens inflammation via terminating complement activation
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and increases phagocytosis 26. To study the immunotoxicity of oligomer, we measured the MMP-12
bioactivity, C3a, C5a, and TNF-α production by raw264.7 macrophages treated with a series of doses of
oligomer. Cell viability were not affected by PLA-MPs, pure PLA oligomer, PLA hydrolysis products
oligomer, or PLA-nanoplastics under tested doses (Fig. S18), yet MMP12 bioactivity was attenuated when
treated with PLA oligomer of soluble hydrolysis products, accompanied by elevation in C3a, C5a, and
TNF-α levels (Figs. 5b, 5d). Exposure to PLA-MPs and PLA-nanoplastics demonstrated a tendency of
MMP12 bioactivity reduction, and C3a, C5a, and TNF-α escalation (Figs. 5a, 5c). Our in vivo phenotypic
data confirmed the findings that mice treated with PLA MPs and PLA oligomers demonstrated similar
MMP12 bioactivity decrease, but increase in C3a and C5a levels in the liver, small intestine, and colon
(Figs. 5e-5g). Notably, oligomers resulted in more significant inflammatory effect, which further confirms
the immune regulation effect of oligomers.

Discussion
Biodegradable plastics has been proposed as one major solution for the conventional “persistent” plastic
issue; however, whether these replacements pose a substantial risk to human health is far from being
understood. Humans ingest a substantial amount of bioplastics, and once ingested our gastrointestinal
tract can directly alter their initial chemical structures, thus modifying their lifetimes, bioavailability, and
biological effects. Although bioplastics has been known to be degraded in the natural environment, our
knowledge on how gut transformations of bioplastic and its associated human health is still at early
stage. Here we show that the mass of PLA MPs rapidly reduces by 6% of the initial thickness after 2 h of
biodegradation with gut enzymes. PLA nanoplastics are produced rapidly during lipase degradation
under digestive conditions from PLA MPs. The fact that PLA can be the substrates for triglycerides
lipases has significant human relevance and health concern. The release of nano-sized bioplastic
particles is faster than expected, with peak PLA nanoplastics formation after only two hours’ enzymatic
hydrolysis, as opposed to the longer time needed for other bioplastics 27, 28 and conventional plastics 29,

30. Our observations suggest that nanoplastics released from a biodegradable polymer during digestion
is in more complex ways than has been previously appreciated.

In addition, we propose a novel potential formation mechanism of nanoplastic during the digestion,
which may be manifested with greater toxicity than the micro-sized plastic particles. During the
enzymatic hydrolysis process, hydrolytic products such as oligomers are also released and self-
assembled into nanoplastics. UV and high-temperature water fragmentation are significant daily
processes that contribute to the in situ formation of nanoparticles, but mostly in the few hundred nm
range and with smaller quantity 4, 31, 32, 33. These results provide a new finding that human gut might
contribute to the much smaller nanoplastic (~ 50 nm) during passing through digestive system. Limited
in vitro and in vivo data imply that absorption patterns and uptake efficiency often increase with particle
size reduction 34. The particles (< 0.1 µm) may be capable of accessing all organs, crossing cell
membranes 34, the placenta 35, and also the brain 35. This incredibly small nanoplastics allows them to
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permeate the gastrointestinal tract more easily, allowing them to enter the circulatory system, reaching
other tissues, and further induce intestinal health risks, such as inflammation.

Another intriguing result in this study is the mechanism underlying PLA oligomer’s deleterious effect and
its mode of action. Here, we have demonstrated direct inhibitory effects of PLA oligomers on lipase
activity. The PLA can effectively compete for binding with lipases against the designated substrate
triglycerides. Research on conventional microplastics have shown that lipid digestion was greatly
reduced by using five MPs, including PS, PET, polyethylene, polyvinyl chloride, and poly(lactic-co-glycolic
acid) 36. PS MPs are suggested to generated large quantity of lipid-MPs hetero-aggregates, and lipase
was persistently adsorbed to the PS surface hence decrease in activity. However, the quantity of PLA is
generally much smaller than the dietary fat and the human implication on the digestion and absorption
of lipids still needs more validation at population scale.

We further examined these generated nanoplastics and fragmented oligomers for toxicological effects.
Several studies have demonstrated the ability of nanoplastics to distribute into the blood, placenta, brain,
and feces 5, 8, 9, 37, whereby the exposure particle size was sufficiently small to achieve bio-translocation.
Our work further shows that oligomers seem to be more bioavailable in cells. Higher biodistribution of
PLA oligomers was observed in brain compared with their original BMPs. This might be attributed to the
size advantage of PLA nanoparticles or oligomers capable of passing the BBB and transcytosis by
microvascular endothelial cells 23. These computational results also indicated that shorter polymer chain
lengths are more easily accumulated due to small molecular size. Nonetheless, data on the formation
and toxicity of oligomers is quite lacking for the polymers. Despite the properties of pristine polymers, all
plastics especially the biodegradable types, even those with chemical stabilizers, will eventually degrade
in the environment 38. Some previous studies have revealed that the oligomers in the polymer are likely
the main contributors for the polymer toxicity 39, 40. Our study hereby reinforces a previously
underestimated dynamic in the plastic pollution threat, with the implication that biological fragmentation
of microplastics may be widespread within ecosystems and human. As such, the harmful effects of
plastic pollution must take into consideration not only the physical effects of microplastics and
nanoplastics per se, but also the potential cellular effects of plastics oligomer and the bio-magnification
impacts on the ecosystem thereon.

Very few toxicological studies investigated the health effects of PLA microplastics, let alone the under-
reported metabolites PLA-oligomers, hence this study provides a new molecular understanding of the PLA
degraded oligomers in the etiology of bowel inflammation. We have observed severe inflammation in the
intestine and colon in the mice exposed to PLA MPs. Of note, the observed inflammation is likely induced
by the oligomers, due to hydrolysis and re-formation, rather than the direct particle fragments from PLA. It
was held that the biodegradation of PLA can lead to massive immune cell infusion and inflammation 41,
due to the acidic properties of their degradation products. However, the pH of the digestive fluid remains
unchanged in our experiment, suggesting a minimal role of pH in the inflammation in the intestinal,
consistent with other studies on the neutral pH of the intestinal environment of orally delivered
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poly(lactic-co-glycolic) acid nanoparticles (12 mg/kg/animal/day orally for 21 day) 42. Using octamers as
a major oligomer in the PLA hydrolysis, we used in silico ligand-protein interaction models to screen the
possible targets among most well-known pharmaceutical target proteins. Together with experimental
validation, we have confirmed that inactivation by PLA oligomers of the key immune modulators MMP12
may provide a novel explanation of PLA’s role in immune modulation. MMP12 is identified as a key
mediator that sets the stage for resolution of inflammation due to its major role in controlling the tissue
tightness and permeability. MMP12 inactivates complement C3 to reduce complement activation and
inactivates the chemoattractant anaphylatoxins C3a and C5a 26. Such direct PLA oligomers-MMP12
interplay offers new insight for the inflammation induced by PLA (Fig. 6). Further investigations are still
warranted to examine the role of MMP12 inhibition by other oligomers and its human health relevance.

To the best of our knowledge, assessments of human exposure to microplastics have not included short
chain microplastic polymers, nor the potentially toxic oligomers. Consumer plastic products, including
polypropylene feeding bottles 4, silicone-rubber baby teats 33, nylon bags and hot beverage cups 43, and
plastic teabags 44 may have released trillions of nanoplastics, but not included further breakdown of
nanoplastics, and even the potentially more toxic oligomers. This may have underestimated the total
exposure volume to microplastics. Our results, taken together, add to the understanding on how
degrading products of biodegradable plastics can act as toxic pollutants towards organisms.

Methods

Lipase hydrolyses PLA MPs
The lipase (20 mg/ml) in PBS were prepared by filtering insoluble fraction using 0.45 µm Acrodisc syringe
filter. Subsequently, filtered lipase were exposed to the indicated doses of PLA MPs at 37°C. Sodium azide
was used as an antibacterial agent. MPs spiked in inactivated lipase were used as the control. Lipase
was deactivated by heating in water bath at 90°C for 10 min. The degraded PLA MPs were carefully
filtered from the solution, and washed with 1% SDS, distilled water, and ethanol, then dried in a desiccator
containing silica gel. At each indicated time, the changes in appearance, mass, GPC, DSC, XRD, FTIR of
degraded PLA MPs, and the change in pH of buffer solution were evaluated. Lipase specific activity was
assayed by using lipase kit (Nanjing Jiancheng Bioengineering Institute, No. A054-1).

Physical and chemical characterizations of PLA hydrolysis
products
The profiling of PLA hydrolysis products was conducted using a high performance liquid
chromatography (HPLC) system (Agilent Technologies, Singapore) coupled to a 6550 Q-TOF (Agilent
Technologies, Singapore), in accordance with one previous study 45. Briefly, the samples were separated
using one reverse phase chromatography and analyzed using electro-spray ionization positive mode
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together with data-dependent MS/MS fragmentation acquisition. The predicted oligomers ranging from
one to ten units were extracted from the high-resolution data and further confirmed with tandem mass
spectrometry (MS/MS) fragmentation pattern. Prior to sample analysis, the solution was filtered first with
a 1.0 µm PTFE filter to remove the plastic particles and then with a Vivaspin® 20, 3 kDa MWCO Poly-
ethersulfone membrane (Merck, Singapore) to remove the enzymes in the solution by membrane
ultrafiltration in a centrifuge. PLA-nanoplastics (free in suspension) were obtained by filtering using 1.0
µm syringe filter. The nanoplastic was characterised by SEM (FESEM, JEOL JSM-7600F) and
transmission electron microscope (TEM, FEI Titan G2 60–300). Dynamic light scattering (DLS)
measurements were done with a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). Nanoparticle
tracking analyses (NTA) measurements were performed using a NanoSight NS300 (Malvern Instruments,
Malvern, UK) equipped with a 488 nm laser. The Atomic Force Microscopy-Infrared Spectroscopy (AFM-
IR) data were collected with a NanoIR2-fs (Bruker Corporation) instrument to study the type of
nanoplastics.

In vivo PLA MPs and PLA oligomers challenge.
The animal studies were conducted under protocols approved by the Animal Ethics Committee of the
Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences (AEWC-RCEES-2021001).
Five-week-old male mice (n = 5 mice, each treatment) were housed in stainless-steel cages and
acclimated for 1 week at 25 ± 4°C, 50 ± 5% relative humidity, and a 12/12 h light/dark cycle. Food and
water were provided ad libitum. 10 mg FITC-labelled PLA MPs and FITC-labelled PLA oligomers were
dispersed in 5 mL PBS, then 0.5 mL of the mixed solution was given once daily (1.0 mg/day) by oral
gavage for 7 days. PBS only was used as a negative control. Mice was sacrificed one day after exposed
to MPs. Organs including brain, liver, spleen, kidneys, small intestine, and colon were collected for
biodistribution and histopathology studies.

In vitro PLA MP and PLA oligomer challenge.
RAW264.7, a mouse macrophage cell line, was cultured in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 µg/ml
streptomycin at 37°C in a humidified incubator containing 5% CO2. RAW 264.7 macrophages were
exposed to test PLA MPs, PLA nanoplastics, PLA hydrolysis products oligomers, and PLA oligomers or
dimethyl sulfoxide (DMSO; 0.1% final concentration) for 24 h. Cell viability was measured using the MTT
assay. The bioactivity of MMP12, and the concentrations of C3a, C5A, and TNF-α in culture supernatants
were determined using ELISA kits.

Statistical Analysis.
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Data presented as the mean ± standard error of the mean (and S.E.M) represent at least three
independent experiments. For experiments using mice, we calculated the difference between groups
using Student’s t test or a one-factor analysis of variance (ANOVA) with Duncan's post-hoc test. The
significance level was set at *p < 0.05, and **p < 0.01.
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Figures

Figure 1
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Human gastrointestinal tract digests PLA MPs. a Scanning electron microscope (SEM) images of PLA
MPs after 3 days of digestion without (-) and with (+) enzyme. b SEM images of PLA-nanoplastics (free in
supernatant) formed during the digestion. c SEM images of PLA MPs after 1 day and 3 days of
biodegradation by lipase. d Changes in the mass of the PLA MPs and PS MPs during the biodegradation
by lipase. e Changes in the activities of lipase during interaction with PLA MPs and PS MPs hydrolysis
products collected after 2 hours of biodegradation. f Schematic diagram of the synthesis of fluorescein
isothiocyanate (FITC)-Labeled PLA polymer. g Changes in the fluorescence signal in the supernatant
during the biodegradation FITC-Labeled PLA MPs by lipase. Data are presented as the mean ± SEM of
triplicates *p < 0.05, **p < 0.01 (ANOVA). Abbreviations: MPs, microplastics; PLA, poly-lactic acid.

Figure 2

Characterization of PLA-nanoplastic formation. a Concentration of PLA-nanoplastics measured by
nanoparticle tracking analysis (NTA). b AFM-IR (atomic force microscope-infrared spectroscopy) spectra
of PLA-nanoplastics. c Dynamic Light Scattering (DLS) diameter of PLA-nanoplastics with different
biodegradation time by lipase. d Transmission electron microscope (TEM) of PLA-nanoplastics. e. Effect
of dilution and tween 20 (1%) on the size of PLA-nanoplastics. g Microscopic images of aggregation of
PLA oligomers with MW of 900 g/mol at the concentration of 5 mg/ml. h Gel permeation
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chromatography (GPC) analysis of PLA hydrolysis products. i HPLC-Q-TOF-MS analysis of PLA
hydrolysis products. j Trajectories depicting the aggregation of PLA oligomers with 8 units at 0 and 100
ns. PLA oligomers were shown as spherical model (carbon, cyan; oxygen, red; hydrogen, white). k
Conformation of the complex formed between PLA oligomers with 8 units and lipase at 0 and 100 ns.
Lipase was shown as ribbon model, PLA oligomers was shown as stick model. Carbon, pink; oxygen, red;
hydrogen, white. Ser153, Asp177 and His264 were shown as element stick model (carbon, cyan; nitrogen,
blue; oxygen, red). Data are presented as the mean ± SEM of triplicates.

Figure 3

Biodistribution and histopathology of PLA nanoplastics/oligomers in vitro and in vivo. a Uptake of
fluorescently labelled PLA-nanoplastics and PLA-oligomers by HepG2 cells. Mean fluorescence intensity
(MFI) was also analyzed. b Biodistribution of PLA hydrolysis products and PLA oligomers in mice. c
Fluorescent images of fragmented PLA MPs in intestinal content. WM: whole microplastics, FM:
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fragmented microplastic. d Fluorescent images of tissues excised from mice. e Accumulation of PLA
hydrolysis products and PLA oligomers in mouse tissues (liver and brain). f Representative images of
H&E-stained (neutrophils, yellow arrows; lymphocytes, light green arrows; red blood cells, black arrows;
cells infiltration, teal arrows; intestinal villi, brown arrows; lamina propria separation, blue arrows) liver,
small intestine, and colon sections. Colon sections were stained with periodic acid-Schiff (PAS) to
measure goblet cell hyperplasia and mucosal secretion. g ELISA results for TNF-α in liver, small intestine,
and colon tissues. In vitro: Data presented as the mean ± SEM of triplicates. In vivo: Data presented as
mean ± SEM of 5 mice per group. *p < 0.05, **p < 0.01 (ANOVA).

Figure 4

PLA oligomers inactivate MMP12. a A pharmacophore model used to screen for 16,646 potential target
proteins against the PLA oligomers with 8 units, among which top 25 matched proteins were plotted. The
highest scores aligned with MMP12. PLA oligomer is represented by sticks. b Conformation of the
complex formed between PLA oligomers with 8 units and MMP12 at 0 and 100 ns. MMP12 shown as
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lightblue ribbon model, PLA oligomers shown as spherical model. Carbon, lightblue; oxygen, red;
hydrogen, white. His218, His222 and His228 shown as lightblue stick model (carbon, lightblue; nitrogen,
blue), Zinc ions shown as purple spherical model. c, d Kd values of the interaction between MMP12 and
PLA oligomer (MW: 900 g/mol) c and PLA hydrolysis products d were determined using ITC binding
assay.

Figure 5
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MMP12 inactivation-mediated intestinal inflammation induced by PLA oligomer. a-d Effects of PLA MPs
on: a, PLA soluble hydrolysis products b, PLA-nanoplastics c, PLA-oligomers d on MMP12 activity, and
C3a, C5a, TNF-α production in RAW 264.7 cells. e-g ELISA results for MMP12 activity, and C3a, C5a
production in liver e, small intestine f, and colon tissues g. In vitro: Data presented as the mean ± SEM of
triplicates compared with DMSO vehicle control. In vivo: Data presented as mean ± SEM of 5 mice per
group. *p < 0.05, **p < 0.01 (ANOVA).

Figure 6

Graphic summary. When PLA bioplastics are ingested, gastrointestinal lipase rapidly depolymerizes them
into oligomers which could either exist as themselves or self-assemble as nanoplastics, permeating the
gastrointestinal tract and entering the circulation. Oligomers could further inactivate MMP12 leading to
inflammation in the intestinal system, providing new insight into ingested PLA bioplastics induced
inflammation.
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