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Soil-biodegradable plastic has been increasingly used as mulches in agriculture, which provides not only

agronomical benefits but also in situ disposal and biodegradation options. However, soil-biodegradable

plastic mulches inevitably fragment into micro- and nanoplastics during biodegradation, which can reside

in soils or migrate into deep soils, where they may not degrade readily due to reduced microbial activity.

To date, little is known about the transport of soil-biodegradable micro- and nanoplastics in soils. Here, we

studied the transport of soil-biodegradable nanoplastics (∼200 nm) made of polybutylene adipate

co-terephthalate (PBAT) in unsaturated sand (proxy for soil). Specifically, we studied the mobility of pristine

and weathered PBAT nanoplastics in the absence and presence of proteins (positively charged lysozyme

and negatively charged bovine serum albumin, pH = 7.7). We found that (1) both pristine and the weathered

PBAT nanoplastics were mobile; (2) positively charged lysozyme formed protein-coronas around PBAT

nanoplastics and inhibited the transport; and (3) decreased water saturation promoted the retention of

PBAT nanoplastics via physical straining. These results suggest that soil-biodegradable nanoplastics

fragmented from soil-biodegradable plastic mulches are mobile and may readily migrate into deep soil

layers, but positively charged proteins and unsaturated flow would prevent such transport via formation of

protein-corona and physical straining.

1 Introduction
Plastic pollution has become an environmental threat,
affecting not only aquatic but also terrestrial ecosystems.
Recently, agricultural soils have been identified as a unique
hotspot of plastic pollution, receiving plastics from multiple
agricultural practices, including biosolids application,
compost amendments, waste water irrigation, and plastic
mulching.1–3 Plastic pollution of agricultural soils may impair
soil function or impede plant growth, threatening food safety
and security.4,5 Thus, solutions are urgently needed to reduce
the input of plastics into agricultural soils from these
agricultural practices while maintaining their benefits. Under
such a scope, increasing attention has been paid to soil-
biodegradable plastic mulches, which provide not only
satisfying agronomical performance but also in situ disposal
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and biodegradation options, and thus are regarded as an eco-
friendly alternative to conventional plastic mulches.6

Soil-biodegradable plastic mulches are designed to be
intentionally incorporated into soils after the growing season.
Upon application and soil-incorporation, soil-biodegradable
plastic mulches gradually fragment into macro-, micro-, and
nanoplastics (plastic particles with size >5 mm, 100–5 mm,
and <100 nm, respectively7,8), and are metabolized by soil
microorganisms and converted into CO2, H2O, and microbial
biomass.9,10 This soil-biodegradable feature implies that soil-
biodegradable plastic mulches, unlike conventional plastic
mulches, do not produce persistent micro- and nanoplastics
in soils. However, the biodegradation does not occur
instantaneously, but instead, may take several years
depending on the properties of soil-biodegradable plastic
mulches as well as the environmental conditions.11–13

Therefore, it is inevitable for soil-biodegradable plastic
mulches to generate soil-biodegradable micro- and
nanoplastics that temporarily reside in soils.8

Studies have shown that soil-biodegradable micro- and
nanoplastics may cause similar negative impacts to soil
ecosystems as conventional micro- and nanoplastics. For
example, Schöpfer et al.14 observed a decrease in the number
of offspring and body length of a soil-dwelling nematode
(Caenorhabditis elegans) when they were exposed to
suspensions that contained 1, 10, or 100 mg L−1 of either
polyethylene microplastics or biodegradable microplastics
made of polylactic acid (PLA) and polybutylene adipate
co-terephthalate (PBAT) on agar plates; but the results were
not consistent among all treatments. Qi et al.15 found that
both soil-biodegradable (PBAT) and low-density polyethylene
microplastics increased saturated hydraulic conductivity and
field capacity while decreased bulk density of a sandy soil at
concentrations >1% w/w. However, the applicability of these
studies is yet to be validated, because little is known about
the amount of soil-biodegradable plastic introduced into the
environment as well as the fate and transport of soil-
biodegradable micro- and nanoplastics in the environment.

To fill this knowledge gap, we studied the effects of UV-
weathering and protein-corona on the transport of soil-
biodegradable nanoplastics under unsaturated flow
conditions. We selected a soil-biodegradable plastic mulch
made of PBAT to generate soil-biodegradable nanoplastics,
considering that PBAT is the most commonly used synthetic
polymer in soil-biodegradable plastic mulch, owing to its
biodegradability in soils and similarity in physical properties
to linear low-density polyethylene. UV-weathering and
formation of protein-corona are common environmental
modifications that occur to soil-biodegradable plastics during
biodegradation, and these modifications have been shown to
significantly change surface properties, stability, and mobility
of conventional and soil-biodegradable nanoplastics.16–18 The
effect of UV-weathering was studied with pristine and
weathered soil-biodegradable nanoplastics and the effect of
protein-corona was studied with positively charged proteins,
i.e., lysozyme, as well as negatively charged proteins, i.e.,

bovine serum albumin. We also compared the transport of
the soil-biodegradable nanoplastics with that of commercially
available polystyrene nanospheres, as polystyrene
nanospheres have been studied intensively in the literature
to elucidate the mechanisms controlling fate and transport
of nanoplastics in the environments.16,17,19 We hypothesized
that (1) UV-weathering enhances the transport of soil-
biodegradable nanoplastics because the plastic surface
becomes more negatively charged; (2) the positively charged
lysozyme hinders the transport; and (3) the negatively
charged bovine serum albumin promotes the transport.

2 Materials and methods
2.1 Nanoplastics and proteins

Pristine soil-biodegradable nanoplastics with mean particle
size of ∼200 nm were prepared via fragmentation and
filtration from a black soil-biodegradable plastic mulch film
made with PBAT (BioAgri, BioBag Americas, Dunedin, FL).
Weathered PBAT nanoplastics with mean particle size of
∼200 nm were prepared by exposing pristine soil-
biodegradable particles to 840 h of radiation in an Atlas
SunTest CPS+ solar simulator equipped with a 1 kW xenon
arc lamp (wavelength: 300–800 nm, 650 W m−2) (Atlas
Material Testing Technology LLC, Mount Prospect, IL). Stock
solutions of pristine and weathered soil-biodegradable
nanoplastics were obtained at concentrations of 200 mg L−1

and 180 mg L−1, respectively. Details about the preparation
methods are given in the ESI,† Section S1.

Carboxylate-modified polystyrene (PS-COOH) nanospheres
(220 nm in diameter, PC02N, Lot Nr. 6481, Bangs
Laboratories, Inc., Fishers, IN) were purchased to prepare the
stock solution of PS-COOH nanoplastics (500 mg L−1). The
PS-COOH nanospheres were used as reference material
against which the transport of the PBAT nanoplastics were
compared, as PS-COOH nanospheres have been commonly
used as model nanoplastics to study the fate and transport in
the literature.16,17,19

Protein stock solutions of 1000 mg L−1 were prepared from
positively charged lysozyme (LSZ, molecular weight is 14.3
kDa, isoelectric point is pH 11, L6876, MilliporeSigma,
Burlington, MA) and negatively charged bovine serum
albumin (BSA, molecular weight is 66.5 kDa, isoelectric point
is pH 4.7, A8806, MilliporeSigma, Burlington, MA). All stock
solutions were freshly prepared with deionized water and
kept at 4 °C before the transport experiments.

2.2 Characterization of nanoplastics

We determined the weathering effect on PBAT particles with
Attenuated Total Reflectance Fourier-transformed Infrared
Spectroscopy (ATR-FTIR, IRAffinity-1, Shimadzu Co., Tokyo,
Japan; MIRacle ATR, PIKE Technologies, Madison, WI) and
collected FTIR spectra of pristine and weathered PBAT
particles. To characterize the interaction between
nanoplastics and proteins, we first conducted aggregation
and sedimentation tests right after suspending pristine PBAT
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nanoplastics, or weathered PBAT nanoplastics, or PS-COOH
nanoplastics (each at 50 mg L−1) in a background solution
(0.4 mM NaHCO3 and 9.6 mM NaCl, pH = 77 ± 0.5) in the
absence or presence of proteins (10 mg L−1 of LSZ or BSA).
The background solution was chosen to provide a controlled
ionic strength and pH.

Dynamic light scattering (DLS) measurements were
conducted with a Zetasizer Nano ZS (Malvern Instruments
Ltd., Malvern, UK) to obtain aggregation profiles of PBAT and
PS-COOH nanoplastics for 60 min. Electrophoretic mobility
of the nanoplastics was measured at the end of DLS
measurements on the same sample with the Zetasizer and
converted to ζ-potentials with the Smoluchowski equation.
Contact angles were determined with the sessile drop method
with different liquids and with a goniometer (Drop Shape
Analysis System, DSA100, Krüss GmbH, Hamburg, Germany)
following the protocol described in Shang et al.20 (see ESI†
Section S2 for more details).

Sedimentation of the three nanoplastics was examined by
measuring the absorbance of the nanoplastic suspensions
with UV-vis spectrometry (wavelength of 240 nm for pristine
and weathered PBAT nanoplastics and 260 nm for PS-COOH
nanoplastics, UV-vis spectra and concentration calibration
curves are shown in Fig. S1 and S2†). Nanoplastics
suspensions (50 mg L−1, 3 mL) with and without proteins
were pipetted into a quartz cuvette with 10 mm path length,
which was then inserted into the spectrometer and the
absorbance was measured at 5 min intervals for 60 min.

The nanoplastics, with and without protein-corona formed
after 60 min contact time, were imaged with transmission
electron microscopy (FEI Titan 80–300 kV Environmental
Transmission Electron Microscope, ETEM, FEI Company).
Suspensions were prepared by mixing the stock solutions to
the appropriate concentrations as described above. A drop of
the nanoplastic suspension was then taken with a pipette
and drop-casted onto a TEM copper grid containing a Lacey
carbon film and continuous layer of ultra-thin carbon film. A
Kimtech paper wipe was used to wick the suspension through
the Lacey carbon and deposit the nanoplastics on the carbon.
The TEM grid was subsequently placed into a TEM holder
and inserted into the vacuum of TEM. The observations were
carried out at 300 kV, in a conventional TEM mode. The
image acquisition was performed with a CCD camera (Gatan
UltraScan1000 2k × 2k) in Gatan Digital Micrograph.

2.3 Column setup

The transport experiments were carried out with the same
unsaturated flow system used in our previous studies.21,22

Briefly, the system consisted of a Plexiglass column (5 cm
inner diameter and 15 cm length), a perforated bottom metal
plate covered with a 20 μm nylon membrane (NM-E #635,
Gilson Company, Inc., Lewis Center, OH), and a hanging
water tube connected at the bottom of the metal plate to
provide suction and establish unsaturated flow in the
column. Inflow was injected with a peristaltic pump and a

12-needle sprinkler at the top of the column, and outflow
was sampled with a fraction collector. The Plexiglass column
was dry-packed with silica sand (grain size: 250–425 μm,
washed with 2 M HCl and deionized water, 3382-05,
Mallinckrodt Baker, Inc., Phillipsburg, NJ) in 1 cm
increments. The packing resulted in a bulk density of 1.70 g
cm−3 and porosity of 0.36 cm3 cm−3. Two tensiometers were
installed on the side of the column at 4 cm and 11 cm from
the top to monitor the matric potential, which was recorded
with pressure transducers connected to a datalogger (CR23X,
Campbell Scientific Inc., Logan, UT).

2.4 Transport experiments

Once the unsaturated flow system was set up, deionized
water was introduced until a steady unsaturated flow
condition (effective saturation: S = ∼45 or 85%) was
established, i.e., when the two tensiometers show the same
readings (representative tensiometers readings are illustrated
in Fig. S3†). Then, a tracer experiment was conducted by
injecting 0.2 mM NaNO3 for ∼1 pore volume followed with
deionized water for ∼4 pore volumes. By analyzing NaNO3

concentration in the outflow with UV-vis spectrophotometry
at 220 nm, we obtained tracer breakthrough curves, which
were then fitted with the standard convection–dispersion
equation in Hydrus-1D23 to calculate the dispersion
coefficient (D). After the tracer experiment, the column was
flushed with 3 pore volumes of the background solution, and
followed with the transport experiment of PBAT nanoplastics
(experimental conditions, including flow rates and water
contents are summarized in Table S1, ESI†).

For the transport experiment, we introduced nanoplastics
(pristine PBAT or weathered PBAT or PS-COOH, 50 mg L−1) in
the absence or presence of proteins (LSZ or BSA, 10 mg L−1)
suspended in the background solution into the column. All
inflow suspensions of nanoplastics were freshly prepared
from the stock solutions and sonicated for 10 min right
before the transport experiment. After ∼1 pore volume, the
column was flushed with the background solution for 4 pore
volumes. Concentrations of nanoplastics in the outflow were
measured with UV-vis spectrophotometry at a wavelength of
240 nm for PBAT nanoplastics and 260 nm for PS-COOH
nanoplastics (3 mL in a quartz cuvette with 10 mm path
length), and neither the positively charged LSZ nor the
negatively charged BSA interfered with the absorbance of
nanoplastics (absorbance of LSZ and BSA at 240 and 260 nm
was 0, see the spectra in Fig. S4†). Breakthrough curves of
nanoplastics were plotted as normalized effluent
concentrations (C/C0, where C is the effluent concentration,
C0 is the initial concentration) as a function of pore volume.

2.5 Interaction energy calculations

We calculated the total interaction energy between
nanoplastic particles and between nanoplastics and collector
surfaces (i.e., sand–water interfaces and air–water interfaces)
with the classical Derjaguin–Landau–Verwey–Overbeek
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(DLVO) theory and the extended DLVO theory that included
the Lewis acid–base interaction energy. In addition, we
calculated the total interaction energy with the modified
DLVO theory to consider the steric interaction exerted by the
formation of protein-corona. Details of the interaction energy
calculations are given in the ESI,† Section S2.

3 Results and discussion
3.1 Physicochemical and colloidal properties of nanoplastics

3.1.1 UV-weathering changes surface properties of PBAT
nanoplastics. FTIR analysis revealed that the solar radiation
induced weathering of the PBAT particles (Fig. 1A).
Compared to the pristine PBAT particles, the weathered PBAT
particles had a lower relative intensity of characteristic peaks
at 1710 cm−1 (CO stretch), 1267 cm−1 (C–O stretch), and
726 cm−1 ((CH2)4 bend). In addition, the carbonyl index,
which is the ratio of the carbonyl peak (CO) at 1710 cm−1

to the reference methylene peak (CH2) at 1452 cm−1,
decreased from 7.3 to 5.9 after the solar radiation, indicating
that the weathered PBAT particles had undergone photolysis
and/or hydrolysis.24,25 Additionally, the weathering effect is
demonstrated by the more negative ζ-potential of weathered

PBAT nanoplastics in the absence of proteins (−14.5 ± 2.0
mV, mean ± standard deviation, n = 9) relative to that of the
pristine PBAT nanoplastics (−11.5 ± 2.5 mV) (Fig. 1B).
Further, the weathering decreased the water contact angle of
PBAT particles from 70 ± 3° to 61 ± 1.3° (mean ± standard
deviation, n = 12). These results agree well with previous
studies where UV-weathering has been found to introduce
more O-containing functional groups, thus increasing the
negative charge and decreasing the hydrophobicity of
nanoplastics.16,18

Despite the different ζ-potential and hydrophobicity, both
pristine and weathered PBAT nanoplastics did not aggregate
and remained stable in the background solution
(Fig. 1C and D), indicating an overall repulsive interaction
between nanoplastics. Indeed, the interaction energies were
calculated to be repulsive between PBAT nanoplastics with
the classical DLVO theory, with the energy barriers being 2.9
kT and 5.7 kT for pristine and weathered PBAT, respectively
(Fig. S5A†). Although relatively low, the energy barriers would
be higher if surface roughness and non-spherical geometry of
nanoplastics were considered in the classical DLVO
calculations, thus becoming sufficient for the stability of
PBAT nanoplastics.27–29 However, the total interaction

Fig. 1 Physicochemical and colloidal properties of nanoplastics. (A) FTIR spectra of pristine and weathered PBAT particles; (B) ζ-potentials, (C)
aggregation profiles, and (D) sedimentation curves of pristine PBAT nanoplastics, weathered PBAT nanoplastics, and PS-COOH nanospheres in
the absence and presence of LSZ or BSA (10 mg L−1). FTIR spectra show the average of nine measurements, and characteristic peaks are
assigned according to Hayes et al. (2017).26 ζ-Potentials show mean ± standard deviation of nine measurements, and different letters indicate
significant differences between no protein, LSZ, and BSA for one type of nanoplastics (Tukey's multiple comparison, p = 0.01). Aggregation
profiles and sedimentation curves are averages of four measurements, and insert shows a magnification of the y-axis in the aggregation profiles.
ζ-Potentials, aggregation profiles, and sedimentation curves were determined in the background solution consisting of 0.4 mM NaHCO3 and 9.6
mM NaCl (pH = 7.7 ± 0.5). PBAT: polybutylene adipate co-terephthalate; PS-COOH: carboxylate-modified polystyrene; LSZ: lysozyme; BSA:
bovine serum albumin.
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energies became less repulsive for pristine and weathered
PBAT (−0.007 and 0.09 kT, respectively), when the
hydrophobic interaction was included in the form of Lewis
acid–base free energy of adhesion (Fig. S5B†). This suggests
that considering hydrophobic interaction leads to
underestimation of the high stability of pristine and
weathered PBAT nanoplastics; thus, we did not include the
hydrophobic interaction between nanoplastics in further
DLVO calculations.

3.1.2 Interactions between nanoplastics and proteins. The
pristine PBAT, weathered PBAT, and PS-COOH nanoplastics
interacted differently with the positively charged LSZ and the
negatively charged BSA. As shown in Fig. 1B, the ζ-potential of
pristine PBAT nanoplastics was not significantly affected by the
presence of proteins (ζ-potentials = −10.0 ± 1.6 mV and −11.9 ±
1.8 mV, p = 0.28 and p = 0.88 in the presence of LSZ and BSA,
respectively). However, the ζ-potential of weathered PBAT
nanoplastics increased in the presence of LSZ (−6.5 ± 2.4 mV, p
< 0.01), but remained unchanged in the presence of BSA (−13.3
± 3.9 mV, p = 0.66). Compared with the pristine and weathered
PBAT nanoplastics, the PS-COOH nanospheres had a
substantially lower ζ-potential (−58.2 ± 2.3 mV), which can be
attributed to the carboxylate functionalization of the
nanospheres. Similar to the weathered PBAT nanoplastics, the
PS-COOH nanospheres showed an increase in ζ-potential in the
presence of LSZ, and even a charge reversal was observed (6.7 ±
0.8 mV, p < 0.001). These results suggest that the positively
charged LSZ increases ζ-potentials of the nanoplastics,
especially when the nanoplastics are more negatively charged,
while the negatively charged BSA did not affect ζ-potentials of
the nanoplastics.

The aggregation tests further corroborated the different
interactions of the three nanoplastics with LSZ and BSA. The
aggregation profiles show that the hydrodynamic diameter of
the pristine and weathered PBAT nanoplastics remained
constant in the background solution in the presence of LSZ
and BSA (Fig. 1C). Although not inducing aggregation, LSZ
and BSA increased the hydrodynamic diameters of pristine
and weathered PBAT nanoplastics by about 20 nm, except for
LSZ and weathered PBAT, where the diameter increased by
about 50 nm (Table S2†). Similarly, the PS-COOH
nanospheres did not aggregate in the presence of BSA, but
BSA increased the hydrodynamic diameter of the PS-COOH
nanospheres from 222 to 230 nm (Table S2†). However, in
contrast to the pristine and weathered PBAT nanoplastics,
the PS-COOH nanospheres aggregated in the presence of
LSZ, as indicated by the increasing hydrodynamic diameter
over time, reaching 2200 nm after 60 min. Consistent with
the aggregation results, the sedimentation tests showed that
the pristine and weathered PBAT nanoplastics remained
stable in the presence of proteins, and only the PS-COOH
aggregated and settled out in the presence of LSZ (Fig. 1D).

The observed increase in hydrodynamic diameters is likely
due to the formation of a protein-corona around the
nanoplastics, as reported for polystyrene nanospheres in
previous studies.17,19,30 TEM imaging revealed that in the

absence of proteins, both pristine and weathered PBAT
nanoplastics had oblong or round shape with irregular edges
(Fig. 2A and B), while standard PS-COOH nanoplastics were
perfectly spherical (Fig. 2C). The intrinsic sizes of the three
nanoplastics matched their hydrodynamic diameters (197 ± 12
nm for pristine PBAT, 196 ± 11 nm weathered PBAT, and 222 ±
7 nm for PS-COOH nanoplastics, mean ± standard deviation, n
= 4). Both LSZ and BSA were found to attach onto the surfaces
of nanoplastics, and formed a protein-corona (Fig. 2D–F).
Besides, the positively charged LSZ seemed to form a more
complete protein-corona around nanoplastics than the
negatively charged BSA (Fig. 2D and E), which is likely due to
the attractive electrostatic forces between positively charged
LSZ and negatively charged nanoplastics.19,31

Previous studies have shown that protein-coronas can
introduce steric repulsive interactions between colloidal
particles and thus stabilize colloidal particles, including
nanoplastics.32–34 Indeed, when the steric force was included
in the DLVO calculation, the total interaction energy became
more repulsive and even an infinite energy barrier developed
between nanoplastics (Fig. S6†). However, in the presence of
BSA, the classical DLVO theory already predicted a high
stability of pristine PBAT, weathered PBAT, and PS-COOH
nanoplastics, suggesting a primary role of the electrostatic
force while a secondary role of the steric force in particle–
particle interaction.

Further, the repulsive steric interaction contradicted our
observation that PS-COOH nanospheres aggregated in the
presence of LSZ. This indicates that other mechanisms, for
instance, electrostatic interaction and the attractive patch–
charge interaction, were responsible for the aggregation of
PS-COOH nanospheres.17 A similar finding was reported by
Dong et al.,19 who found that polystyrene nanospheres (200
nm) aggregated substantially in the presence of LSZ. They
attributed the aggregation to the attractive patch–charge
interaction, where the incomplete and uneven coverage of
LSZ on nanospheres led LSZ-rich areas of nanospheres to
complex with LSZ-poor areas of other nanospheres. However,
the attractive patch–charge interaction can not explain the
stability of the pristine and weathered PBAT nanoplastics in
the presence of LSZ, which is likely due to the limited charge
modification induced by LSZ for PBAT nanoplastics. Overall,
these results suggest that although LSZ and BSA formed
protein-coronas around nanoplastics, the protein-coronas did
not exert sufficient steric forces to enhance the stability of
nanoplastics, but rather could hinder electrostatic repulsion.

3.2 Transport of nanoplastics

3.2.1 Unsaturated flow conditions and breakthrough
curves. Fig. S7† shows representative tracer breakthrough
curves under two saturations. The mass recovery of all tracer
breakthrough curves were around 100%, indicating that there
was no immobile water in the column. Besides, the tracer
breakthrough curves were well fitted with the standard
convection–dispersion equation (R2 > 0.98), meaning that
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the unsaturated flow conditions were steady and uniform
during the experiments. Further, the fitted dispersion
coefficients under the lower water saturation (D = 0.98 ± 0.09
cm2 min−1, n = 12, S = ∼45%) were larger than that under the
higher water saturation (D = 0.12 ± 0.03 cm2 min−1, n = 12, S
= ∼85%), suggesting a more important role of dispersion
under low water saturation.35

Fig. 3 shows the breakthrough curves of nanoplastics at two
saturations in the absence or presence of proteins. The pristine
PBAT, weathered PBAT, and PS-COOH nanoplastics arrived at
similar times in the effluents as the tracer, indicating that size
exclusion did not occur during the transport.36,37 The pristine
and weathered PBAT nanoplastics were mobile under all
experimental conditions, with the recovery in the effluent (Meff)
ranging from 45 to 98% (Table S1†). The PS-COOH nanospheres
were also mobile when no protein or BSA was present (Meff =
80–99%); however, they became immobile in the presence of
LSZ (Meff = 0%). There was no difference in the ζ-potentials of
the particles between in- and outflow, suggesting that the
protein-corona was stable over the duration of the experiments.

3.2.2 Higher mobility under higher water saturation. The
higher water saturation promoted the transport of pristine
PBAT, weathered PBAT, and PS-COOH nanoplastics in the
absence and the presence of proteins, except for PS-COOH
nanospheres with LSZ, which were completely immobile
(Fig. 3 and Table S1†). Higher water saturation of porous
media enables more and bigger accessible pore spaces, thus
reducing the probability of nanoplastics to interact with and
attach onto solid–water interfaces.38,39 In addition, higher
water saturation corresponds to less amount of air phase in

porous media, limiting the attachment of nanoplastics onto
air–water interfaces as well as reducing any physical retention
related to air–water interfaces or solid–water–air lines, such
as pore straining, film straining, and wedging.40,41 Further,
the higher water saturation in our experiments also led to a
higher pore water velocity (Table S1†), and thus less time for
nanoplastics to interact with either the sand–water interfaces
or the air–water interfaces.21,42

Under the higher water saturation, the pristine PBAT,
weathered PBAT, and PS-COOH nanoplastics had a recovery
of near 100% in the effluents in the absence of proteins (93–
98%, Table S1†). This indicates that physical retention of
nanoplastics did not occur profoundly under the higher
water saturation when there was no protein, which is
expected given that the particle to collector size ratio is
around 0.0007, far smaller than the threshold ratio for pore
straining (0.0017) and wedging (0.005).43–45 In addition, the
near 100% recovery suggests that nanoplastics did not attach
onto the sand–water interface nor the air–water interface.22

Indeed, the classical DLVO calculation revealed a repulsive
interaction energy for the three types of nanoplastics
interacting with the sand–water interface and the air–water
interface (Fig. S8A and B†).

In comparison to the near 100% recovery under the higher
water saturation, nanoplastics had a less recovery under the
lower saturation in the absence of proteins (78–88%, Table
S1†). Because it was unfavorable for nanoplastics to attach
onto the sand–water and the air–water interfaces, we
attributed the less recovery of nanoplastics to physical
retention processes, e.g., film straining and retention at the

Fig. 2 TEM images of nanoplastics in the absence and presence of proteins. (A) Pristine PBAT nanoplastics in the background solution; (B)
weathered PBAT nanoplastics in the background solution; (C) PS-COOH nanoplastics in the background solution; (D) pristine PBAT nanoplastics
with LSZ in the background solution; (E) pristine PBAT nanoplastics with BSA in the background solution; (F) PS-COOH nanoplastics with LSZ in
the background solution. The background solution consisted of 0.4 mM NaHCO3 and 9.6 mM NaCl (pH = 7.7 ± 0.5). PBAT: polybutylene adipate
co-terephthalate; PS-COOH: carboxylate-modified polystyrene; LSZ: lysozyme; BSA: bovine serum albumin.
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sand–water–air triple line, which become more important as
water saturation decreases.38,46

3.2.3 Inhibited transport of nanoplastics in the presence
of LSZ. The presence of positively charged LSZ inhibited the
transport of pristine PBAT and weathered PBAT nanoplastics,
as indicated by the lower peak concentrations of the
breakthrough curves and the lower recovery (Fig. 3B and E
and Table S1†). For PS-COOH nanospheres, the presence of
LSZ even led to the complete retention under low and high
water saturations (Fig. 3F). Similarly, it was reported that LSZ
inhibited the transport of TiO2 nanoparticles47 and
polystyrene nanospheres19 in saturated porous media. Several
mechanisms can be responsible for the inhibited transport of
nanoplastics in the presence of LSZ, and we discuss these
mechanisms in the following paragraphs.

First, the positively charged LSZ neutralized the surface
charge of the negatively charged pristine PBAT, weathered

PBAT, and PS-COOH nanoplastics (Fig. 1B), which would
reduce the repulsive force for nanoplastics to attach onto the
sand–water interface as well as the air–water interface. As
expected, the energy barriers were considerably reduced on
the sand–water interface for the pristine PBAT, weathered
PBAT, and PS-COOH nanoplastics in the presence of LSZ (Fig.
S8C†). However, for the air–water interface, the DLVO
calculation only predicted a small energy barrier for PS-
COOH nanoplastics, but an infinite energy barrier for the
pristine and weathered PBAT nanoplastics (Fig. S8D†). This
suggests that the pristine and weathered PBAT nanoplastics
were unlikely to attach onto the air–water interface.

To further verify whether LSZ could promote the
attachment of PBAT nanoplastics onto the air–water
interface, we did subsequent wetting after the steady-state
transport experiments for the pristine and weathered PBAT
nanoplastics at the low water saturation (experimental details

Fig. 3 Breakthrough curves of nanoplastics under unsaturated flow conditions. (A–C) Pristine PBAT nanoplastics in the absence or presence of
LSZ or BSA (10 mg L−1); (D–F) weathered PBAT nanoplastics in the absence or presence of LSZ or BSA (10 mg L−1); (G–I) PS-COOH nanoplastics in
the absence or presence of LSZ or BSA (10 mg L−1). S: effective water saturation; C: nanoplastic concentration in the outflow; C0: initial nanoplastic
concentration in the inflow; pore volume = outflow volume/(θv × column volume). Blue and green shadings indicate the injection and elution
phases of nanoplastics, respectively. PBAT: polybutylene adipate co-terephthalate; LSZ: lysozyme; BSA: bovine serum albumin; PS-COOH:
carboxylate-modified polystyrene.
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are given in Section S3, ESI†). We hypothesized that the
subsequent wetting would remobilize any nanoplastics
attached on the air–water interface. However, neither the
pristine nor the weathered nanoplastics were remobilized
during the subsequent wetting (Fig. 4), corroborating the
DLVO calculation that the pristine and weathered PBAT
nanoplastics did not attach onto the air–water interface.

Compared to the pristine and weathered PBAT nanoplastics,
the PS-COOH nanospheres were predicted by the classical DLVO
theory to attach more readily onto the sand–water and the air–
water interface in the presence of LSZ (Fig. S8C and D†). This is
expected, because in the presence of LSZ, the PS-COOH
nanospheres became positively charged and even aggregated.
Other than the more favorable attachment, physical straining
would also occur for the PS-COOH nanospheres due to their
large aggregate size; however, physical straining is unlikely to
occur for the pristine and weathered PBAT nanoplastics, which
did not aggregate in the presence of LSZ. The hydrodynamic
diameter of the PS-COOH nanospheres was 857 nm at the
beginning of the transport experiments (Fig. 1C), resulting in a
particle–collector ratio of 0.0025 that exceeds the threshold for

pore straining (particle–collector ratio of 0.0017) under saturated
conditions.43 Similarly, Dong et al.19 also attributed the
enhanced retention of 200 nm polystyrene nanospheres in the
presence of LSZ to decreased repulsive interaction and straining.

3.2.4 Transport of nanoplastics not affected by BSA. In
contrast to the positively charged LSZ, the negatively charged
BSA did not inhibit nor enhance the transport of the pristine
PBAT, weathered PBAT, and PS-COOH nanoplastics (Fig. 3
and Table S1†). It is expected that BSA would not inhibit the
transport of nanoplastics, given that BSA could not promote
aggregation and thus also not physical straining of
nanoplastics, nor could it significantly reduce the
electrostatic repulsion and therefore the attachment of
nanoplastics onto the sand–water interface or the air–water
interface (Fig. S8E and F†). In fact, BSA has been reported
previously to enhance the transport of colloidal particles (e.g.,
biochar colloids, kaolinite colloids, and nanoplastics),
because BSA forms protein-coronas around colloidal particles
and thereby exerts steric repulsion that prevents colloidal
particles from attaching onto the sand–water interface or the
air–water interface.19,48,49 Although our results show that BSA
formed protein-coronas around nanoplastics, the presence of
BSA did not further enhance the transport of nanoplastics,
indicating that BSA-induced steric interaction did not
contribute to the mobility of nanoplastics. Thus, as in the
case without proteins, in the presence of BSA, the pristine
PBAT, weathered PBAT, and PS-COOH nanoplastics could
only be retained via physical straining in the unsaturated
sand column under the lower water saturation.

3.2.5 Comparison of mobility between PBAT and PS-
COOH nanoplastics. In the absence of proteins or in the
presence of BSA, the pristine and weathered PBAT
nanoplastics showed similar mobility as the PS-COOH
nanoplastics under the two water saturations
(Fig. 3A, C, D, F, G and I and Table S1†). The similar mobility
is, on the one hand, due to the similar sizes of the three
types of nanoplastics, a size too small to be affected by
physical straining (Fig. 1C). On the other hand, despite their
differences in surface charges, the pristine PBAT, weathered
PBAT, and PS-COOH nanoplastics all experienced sufficient
repulsion that prevented the attachment onto the sand–water
interface and the air–water interface (Fig. S8A, B, E and F†).

Additionally, the pristine and weathered PBAT
nanoplastics had similar mobility in the absence of proteins,
suggesting that UV-weathering did not promote the transport
of PBAT nanoplastics. This, however, is inconsistent with
previous studies where UV-weathering has been found to
enhance the transport of micro- and nanoplastics (e.g.,
polylactic acid, polyvinyl chloride, and polystyrene) via
introducing O-containing functional groups.50,51 In our study,
we indeed found that the weathered PBAT contained more
O-functional groups than the pristine PBAT (Fig. 1A), but the
weathered PBAT did not have higher mobility. This can be
attributed to the high mobility of the pristine PBAT
nanoplastics themselves, which outweighed the contribution
of UV-weathering.

Fig. 4 Breakthrough curves of nanoplastics during steady-state flow
and wetting. (A) Pristine PBAT nanoplastics in the presence of LSZ (10
mg L−1); (B) weathered PBAT nanoplastics in the presence of LSZ (10
mg L−1). S: effective water saturation; C: nanoplastic concentration in
the outflow; C0: initial nanoplastic concentration in the inflow; pore
volume = outflow volume/(θv × column volume); pore volume*: θv is
set to the porosity for the wetting phase. The blue and green shadings
indicate the injection and elution phases of nanoplastics during the
steady-state, respectively, and the yellow shading indicates the wetting
phase. PBAT: polybutylene adipate co-terephthalate; LSZ: lysozyme.
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In the presence of LSZ, the pristine and weathered PBAT
nanoplastics had profoundly higher mobility than the PS-
COOH nanoplastics (Fig. 3B, E and H). This difference can be
attributed to the distinct ways in which the three types of
nanoplastics interacted with LSZ. As discussed before, LSZ
induced surface charge reversal and aggregation of the PS-
COOH nanoplastics, thus led to the complete retention of the
PS-COOH nanoplastics; while LSZ only increased surface
charges of the pristine and weathered PBAT nanoplastics,
resulting in enhanced retention. However, compared to the
weathered PBAT nanoplastics, the pristine PBAT nanoplastics
were retained more in the presence of LSZ, despite that the
surface charge of the pristine PBAT nanoplastics was less
affected by LSZ. This is likely due to less interaction between
LSZ and the pristine PBAT nanoplastics that freed more LSZ
to attach onto the sand–water interfaces, providing additional
attachment sites for the pristine PBAT nanoplastics. To test
this hypothesis, we first flushed the sand column with LSZ
and then injected the pristine PBAT nanoplastics into the
column (experimental details are given in Section S4, ESI†).
Indeed, we found that LSZ was completely retained in the
sand column (Fig. S10A†) and the transport of the pristine
PBAT nanoplastics was inhibited in the sand column in
which LSZ were completely retained (Fig. S10B†).

4 Conclusions
Biodegradable plastics have attracted a lot of attention due to
their promising potential to replace conventional plastics for
many products, particularly single-use items, such as plastic
cutlery, shopping bags, and plastic mulch films. However,
recent studies have shown that soil-biodegradable plastics
generate more abundant micro- and nanoplastics than
conventional plastics during biodegradation in the
environment, and concern has been raised about the
environmental impacts of these soil-biodegradable micro- and
nanoplastics. These soil-biodegradable micro- and nanoplastics
will reside in soils only temporarily as they continue to
biodegrade into CO2, H2O, and microbial biomass; but
nonetheless, they may negatively impact soil and
environmental health before they completely degrade. It is also
possible that these soil-biodegradable micro- and nanoplastics
move off from their intended end-of-life location, i.e., the
topsoil, where biodegradation is highest, and translocate to
locations where biodegradation is less favorable.

Here, we show that soil-biodegradable nanoplastics made of
PBAT are highly mobile in sandy porous media; but when
plastics are exposed to environmental conditions, eco-corona
formation will change surface properties and transport
behavior. Negatively charged proteins will not affect the
transport behavior of the nanoplastics; however, the coverage
of positively charged protein-coronas can change the surface
charge of the nanoplastics, and thereby render nanoplastics
less mobile. In addition, our study shows that decreasing water
saturation hinders the transport of soil-biodegradable
nanoplastics, and thus unsaturated soils will be more prone to

retain the nanoplastics in the topsoil, where microbial activity
is the highest and biodegradation of the plastic particles will
be most prevalent. Future research is still needed to advance
our understanding about the fate and transport of soil-
biodegradable plastics in the environment, and to ensure
informative adoption and sustainable use of soil-biodegradable
plastic products.
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