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ABSTRACT: Microparticles of polyethylene and polypropylene
are largely found in aquatic environments because they are the
most produced and persistent plastic materials. Once in biological
media, they are covered by a layer of molecules, the so-called
corona, mostly composed of proteins. A yeast protein extract from
Saccharomyces cerevisiae was used as a protein system to observe
interactions in complex biological media. Proteins, acting as
surfactants and providing hydrophilic surfaces, allow the dispersion
of highly hydrophobic particles in water and stabilize them. After
24 h, the microplastic quantity was up to 1 × 1011 particles per liter, whereas without protein, no particles remained in solution.
Label-free imaging of the protein corona by synchrotron radiation deep UV fluorescence microscopy (SR-DUV) was performed. In
situ images of the protein corona were obtained, and the adsorbed protein quantity, the coverage rate, and the corona heterogeneity
were determined. The stability kinetics of the microplastic suspensions were measured by light transmission using a Turbiscan
analyzer. Together, the microscopic and kinetics results demonstrate that the protein corona can very efficiently stabilize
microplastics in solution provided that the protein corona quality is sufficient. Microplastic stability depends on different parameters
such as the particle’s intrinsic properties (size, density, hydrophobicity) and the protein corona formation that changes the particle
wettability, electrostatic charge, and steric hindrance. By controlling these parameters with proteins, it becomes possible to keep
microplastics in and out of solution, paving the way for applications in the field of microplastic pollution control and remediation.

■ INTRODUCTION
Environmental issues related to plastic pollution have gained
increasing attention in recent years, which led to an
accumulation of a large amount of data concerning the extent
and the nature of this pollution. When plastics are discharged
in an aqueous environment, they are degraded because of UV
light, mechanical stress, or by microorganisms, leading to the
fragmentation of the materials.1−5 The resulting plastic
particles have a higher available surface, increasing the
possibility to interact with biomolecules. Recently, the number
of small microplastics (MPs, <20 μm) and nanoplastics (NPs,
<100 nm to <1 μm depending on the community) has raised
major concerns.6−8 The presence of microplastics has been
reported in all ecosystems. In a very recent study, the authors
estimated that there are ∼25 trillion pieces of MPs in the
world’s upper oceans.9

The final fate of these microplastics depends on their
degradability and colloidal behavior in the environment,
namely, their tendency to cream, sediment, and aggregate.
Three aspects should be considered to understand the colloidal
stability of microplastics. The first one corresponds to MP
intrinsic properties: it was shown that the size, density, and
surface charge strongly impact the vertical behavior of MPs in a
water column.10,11 Aging may modify these intrinsic properties
through surface oxidation, chain breakage, or monomer release.

The second parameter is the electrostatic stabilization that is
directly driven by the medium composition. When particles are
in a salted solution, an electrical double layer is formed by
counterions, creating an energy barrier (DLVO theory12,13)
that promotes particle stabilization. This electrostatic stabiliza-
tion is more or less important according to the charge density.
In a dispersion medium, the nature and quantity of charged
compounds as well as pH modify the particle/particle
interactions, impacting their colloidal stability.14,15 Above the
critical coagulation concentration (CCC), the electrostatic
repulsions are not sufficient,16 leading to aggregation and
eventually creaming or sedimentation depending on the MP
density.

The last key parameter in the MP fate is the nature and the
quantity of the adsorbed molecules on the MP surface,
sometimes described as ecorona or biocorona and composed
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of inorganic salts and humic acids, proteins, lipids, and nucleic
acids.17

In addition to a density increase and surface charge
modulation, it was observed that these corona could change
the wettability of hydrophobic MPs, leading to a transition to a
more hydrophilic surface favoring MP sinking.18,19 The
absorption of small molecules, such as hydrophobic pollutants,
within the polymer matrix is also possible. However, it is
expected that the solid−liquid interface formed by the
adsorbed molecules and the electrical double layer will play a
major role in the colloidal stability of the particles.

There is an urgent need to understand the colloidal behavior
of microplastics. In this domain, knowledge has been gained
from the field of nanotoxicology.20 Indeed, micro- and nano-
objects do not remain naked in the environment or in
organisms but become rapidly covered by a layer of
biomolecules, the so-called corona. Proteins, which are a
major component of this corona,21 give a novel biological
identity to these particles, changing their toxicity,22,23 their
environmental fate24−27 and, of interest here, their colloidal
and aggregation properties. This aspect has been extensively
studied in inorganic nanoparticles.28−30

Studies on synthetic polystyrene nanoparticles (“latex”),
which have often been used as model particles for micro- and
nanoplastics, suggest that the protein corona can also alter the
colloidal behavior of MPs.11,31,32 However, little data are
available on the microscopic characterization of the protein
corona that forms in complex biological environments and its
effects on the colloidal stability of hydrophobic microplastics.

In this work, we tried to understand (i) to what extent
proteins can stabilize microplastics in solution and (ii) if this
stabilization depends on the properties of the protein corona.

We analyzed the protein corona’s characteristics in situ using
label-free protein imaging, and we investigated how it affects
the colloidal stability of initially naked microplastics. Poly-
ethylene (PE) and polypropylene (PP) microplastics, with a
diameter <20 μm, were chosen because PE and PP are the
most produced and the most long-lived components of actual
plastic pollution. Furthermore, the particles have a hydro-
phobic surface, which is more relevant with respect to real
plastic waste than the polystyrene particles currently used in
most studies.31,33,34 The chosen protein system is a Yeast
Protein Extract (YPE) from Saccharomyces cerevisiae containing
about 6000 different proteins.35 The yeast protein extract was
more specifically used because it remains the better-known
complex protein mixture (structures of thousands of
biomolecules described, isoelectric points, abundance). All
important protein families are present (ribosomes, cytoskele-
ton, metabolism) and the most abundant ones in the yeast
extract are indeed the most probable to be found in the realm
of life and afterward in the environment.36

Bovine serum albumin (BSA), which is a very well-known
protein whose structure and adsorption properties are largely
described in the literature, was also used here as a model
protein for comparison purposes.37

■ MATERIALS AND METHODS
Microplastics’ Characterization. The microplastics used are a

gift from Clariant (Germany), under the reference Ceridust 3610
(PE) and Ceridust 6050M (PP). They were characterized using the
following techniques: optical microscopy, small-angle X-ray scattering
(SAXS), X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FTIR), and Raman confocal microscopy.

Size distributions were determined using the Feret diameter
measured using a modified inverted microscope (Zeiss Observer Z1,
Germany) and analyzed using Fiji.38

The specific surface area was measured by SAXS. The data
correspond to an average of three measurements on dry powders
under vacuum carried out on a Xeuss 2.0 copper setup from Xenocs
(France) with 3,600 s counting times and a sample-to-detector
distance of 2.5 m.

The microplastics were also imaged by confocal Raman microscopy
using a WITec alpha300 RA instrument (Oxford Instruments,
Germany). Microplastics were deposited on a CaF2 substrate
(ESCO Optics). Raman images of 30 μm × 30 μm areas were
acquired using a 532 nm excitation wavelength, 100× objective (NA
0.9), 600 g/mm grating, 10 mW laser power, 0.1 s exposure time, and
0.3 μm step. The corresponding bright-field image was taken in
reflection mode with the same objective. The absence of laser damage
was controlled by accumulating single spectra on the same spot for 50
s at the same power. Data were treated using WITec Project Five
software. Cosmic rays were removed automatically and manually. The
background was subtracted using shape functions. Raman images
were obtained by automatically generating spectral components using
the True Component Analysis feature, and the average Raman
spectrum of each component was extracted. Bright-field and Raman
images were exported to Fiji software.

FTIR spectra were obtained using a Bruker Tensor 27 IR
(Germany) with a Specac’s Golden Gate ATR accessory allowing
pressing of the powder with a diamond cone; 128 scans were acquired
from 500 to 5000 cm−1 with a resolution of 1 cm−1 and a scanning
rate of 10 kHz.

XPS measurements were acquired using a Kratos Axis Ultra DLD
spectrometer (U.K.) with monochromatic Al Kα excitation
(1486.7eV) and a charge compensation system. Survey spectra were
acquired at an analyzer pass energy of 160 eV and high-resolution
spectra at a pass energy of 40 eV. The binding energy scale was
calibrated to the C 1s line at 284.8 eV. The data were processed with
CasaXPS software to calculate the percentages of atomic concen-
trations. The peak fitting was performed after subtracting a Shirley
background. Peak areas were corrected by taking into account the
Scofield sensitivity factors.

DRX measurements were performed at 40 kV and 30 mV (linear
detector mode PIXel integration in continuous motion) on the “X-ray
Diffraction and Diffusion” platform of IMMM following the classical
measurement protocols for the powder geometry ″Bragg−Brentano″.
Protein Preparation. Yeast protein extracts were prepared from

the S. cerevisiae strain BY4742 (Euroscarf), with adaptations of the
protocol previously described.39,40 Cells were grown with shaking at
30 °C in the YPD complete medium (10 g L−1 bacto yeast extract, 20
g L−1 bacto peptone, and 20 g L−1 glucose). Cells were collected by
centrifugation, resuspended in phosphate-buffered saline (PBS)
containing 5% of glycerol and a cocktail of protease inhibitors (1×
EDTA-free from Thermo Fisher Scientific and 1 mM PMSF), and
broken using a French press. The extract was centrifuged (4000 rpm,
15 min, 4 °C and 14,000 rpm, 40 min, 4 °C), and the supernatant
containing hydrosoluble proteins were recovered.

Bovine serum albumin (BSA) was prepared using lyophilized
proteins from Sigma (reference A7030). It was gently dissolved in
water under stirring until a concentration of 30 g L−1 was reached,
and then the solution was dialyzed using a 3.5 kDa cutoff (Spectra/
Por) and centrifuged (15,000g, 5 min). Before each use, the BSA
solution was centrifuged at 15,000g for 5 min and its concentration
was checked using UV−vis spectrometry.
Adsorption Isotherms. Initially, the microplastics remained at

the surface of aqueous solutions but, when proteins were introduced,
their dispersion was observed, indicating that proteins are adsorbed.
Equilibrium adsorption isotherms were performed by the depletion
method: the amount of adsorbed proteins was calculated by
subtracting the nonadsorbed protein from the total protein content.
A fixed concentration of microplastics (10 g L−1) was mixed with
varying concentrations of proteins ranging from 0.01 to 0.7 g L−1 for
YPE and 0.005 to 0.1 g L−1 for BSA in phosphate buffer (a mixture of
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Na2HPO4 and NaH2PO4, references 28,029.292 and 28.015.294 from
VWR Chemicals) at 100 mM and pH 7.0.

The exposure time was chosen to allow the visible dispersion of
MPs in solution (4 h for YPE and 72 h for BSA). This time indeed
corresponded to the stabilization of the protein concentration in
solution after its decrease by adsorption. After gentle mixing at 4 °C,
the samples were centrifuged to remove the MPs by creaming. For
YPE, the protein content of the supernatants was measured using the
Bradford method41 (Sigma, reference B6916). For BSA, the
concentrations were obtained by fluorescence spectroscopy (ex-
citation: 279 nm, emission: 300−500 nm, slit width 4 nm, volume of
the cuvette 200 μL). A calibration curve was measured to determine
the BSA concentration from the intensity of the emission.

To compare our measurements with data found in the literature,
the isotherms were fitted using a Langmuir model (eq 1).

m
m K C

K C1ads
ads

ads
=

· ·
+ · (1)

where m∞ (mg m−2) is the amount of adsorbed protein (expressed in
mass per surface area to take into account the specific surface
differences between MPs) and C (g L−1) is the concentration of
nonadsorbed proteins. The deduced constants are m∞ (mg m−2), the
maximum amount of adsorbed proteins and Kads (L g−1), the
adsorption constant (proportional to the MP/protein affinity). The
saturated layers were prepared at 0.5 g L−1 for YPE and 0.1 g L−1 for
BSA, whereas the unsaturated one was prepared at 0.07 g L−1 for YPE
Surface Tension. The surface tensions were measured with 20 μL

of pendant drops after 180 s equilibrium using the Young−Laplace
model. The results correspond to the average and standard deviations
of three replicates.
Creaming Kinetics. Dispersions of solid particles are metastable,

so they evolve to reach a state with the lowest free energy.42 This
results in a solution phase separation with creaming or sedimentation
according to the particle density.

A Turbiscan LAB stability analyzer (Formulaction, France) was
used to measure the destabilization kinetics of MPs in water. It
corresponds here to a creaming phenomenon because of the low
density of PE and PP (Scheme 1). A laser beam vertically scans the
sample, and a detector measures the transmitted (detector at 0° from
the incident laser) and the backscattered (detector at 135°) intensity
at regular time intervals. It provides a qualitative observation of the
kinetics of MP destabilization phenomena.

The light transmission values were averaged from a 5 to 18 mm
sample height to extract the creaming kinetics. The mixtures of 10 mL
were homogenized for 4 h at 3 rpm and 4 °C and analyzed during 24
h.
MPs Counting. Kova slides (Kova International) were used for

particle quantification to determine the concentration of dispersed
MPs; 10 μL of solution (MPs with proteins) was introduced, and
images of five squares containing 0.1 μL each were taken with a Dino-
Lite digital microscope (AM7515MT8A, Taiẅan) with an ×800
magnification. Fiji software was used for image analysis.
SR-DUV Imaging. We used SR-DUV imaging to systematically

analyze the properties of the protein corona in situ by its intrinsic
fluorescence, without labeling. The images were obtained on the
DISCO beamline (Zeiss Observer Z1 inverted microscope, Germany,
with a replacement of the intermediate lenses that were not

transparent in UV,43,44 Synchrotron SOLEIL). The MPs were imaged
in visible light because of their low intrinsic fluorescence with UV
excitation (Figure S10), whereas the proteins were imaged using
tryptophan and tyrosine fluorescence (excitation wavelength: 265 nm,
emission wavelength: [329-351 nm]). The theoretical maximal spatial
resolution can be calculated using the Rayleigh criterion (eq 2).

r 0.51
NA

= (2)

where r is the Rayleigh criterion or spatial resolution, λ is the
excitation wavelength, and NA is the numerical aperture. The
objective was a 100× Zeiss Ultrafluar with a numerical aperture of
1.25; therefore, the theoretical maximal resolution is r = 108 nm. The
fast bleaching of protein fluorescence demonstrates that the
overlapping contributions can be neglected. A correction was applied
to remove the beam heterogeneity (eq 3 and Supporting
Information).

corrected image
raw image background

illumination background of illumination
=

(3)

The illumination corresponds to an image obtained without the
sample and filter.

For YPE, two protein concentrations were chosen (0.07 and 0.5 g
L−1) to represent, according to the adsorption isotherms, the MP
behavior before protein surface saturation and the MP behavior when
proteins form a saturated layer. For BSA, only a saturation condition
has been studied (0.1 g L−1). In all cases, the MP concentration was
10 g L−1. The samples were analyzed in situ without washing. A
dilution step (dilution factor: 4) was realized for the samples
containing 0.5 g L−1 proteins only to reduce the fluorescence
background.

Different positions in the decantation column were compared.
Because of a stability difference according to the type of MP, we
collected the infranatant after 24 h of creaming for PE and after 3 h
for PP MPs, which have lower colloidal stability.

Student t-tests were used to test the significance of the results. For
a p-value < 0.05, the difference was considered significant.
Zetametry. ζ potentials were measured on dispersed particles

from creamed samples (at rest during 24 h) on a Malvern Zetasizer
using DTS1060 cells and the Smoluchowski method. PP and PE
suspensions were prepared as described in DUV microscopy and
diluted in phosphate buffer (100 mM, pH 7, dilution factor: 10).
Creaming Acceleration. PE particles were introduced in solution

using 0.5 g L−1 YPE in phosphate buffer at 100 mM, pH 7 and mixed
during 4 h at 3 rpm and 6 °C. To accelerate the destabilization of
stable dispersions, the infranatant was collected after waiting for 60 s.
Then, we compared the two treatments known to destabilize proteins:
salt45 and temperature.46 Ammonium sulfate (Prolabo, reference
21.332.362) was introduced in the two concentrations until saturation
(14% and 70% w/v), and the samples were homogenized at 3 rpm, 4
°C for 10 min. For the thermal treatment, the sample was heated at 80
°C for 1 h. After 24 h of creaming using one of the two protocols, the
dispersed MPs were collected and their concentrations were
determined. The results were compared with a reference sample,
without a destabilization procedure.

Scheme 1. Representation of the Dispersion State without or with Proteins and the Evolution in Time of a Dispersed System
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■ RESULTS AND DISCUSSION
Characterization of Microplastics. In addition to optical

microscopy (Supporting Information Figure S1, S2, Table S1),
microplastics were characterized using several methods. FTIR
spectra provide information on the composition, X-ray
photoelectron spectroscopy (XPS) on the surface chemistry,
and Raman microscopy and small-angle X-ray scattering
(SAXS) on the polymer internal structure at different scales,
respectively, micrometer and nanometer. The specific surface
area of the MPs was determined by SAXS.

We must notice that, if the particles present the irregular
rounded shape (Supporting Information Figure S1) found for a
significant proportion of environmental microplastics, they are
not completely representative of microfibers which is also an
abundant plastic micropollution.47

No additives were detected in any of the MPs by FTIR
(Supporting Information Figure S3). Both MPs showed the
characteristic spectra known for semicrystalline PE48 and PP.49

DRX analysis (Supporting Information Figures S4 and S5)
showed that both orthorhombic and monoclinic phases were
present in PE MPs, with little amorphous material (<10%),
which can explain the relatively high density of particles (0.97).
PP MPs presented the signal characteristics from isotactic
polypropylene, while no amorphous phase could be detected.

Only carbon was found on the PP surface by XPS
(Supporting Information Figures S6 and S7), whereas for
PE, in addition to carbon, oxygen was detected, representing
0.9% of the signal. This signals a limited oxidation of the
surface of PE microplastics.

The analysis of PE and PP MPs by confocal Raman
microscopy showed a homogeneous structure and composition
for PP particles, while local spectral differences were observed
for PE particles at the micrometer scale (Figure S8). Three
spectral components sharing the same vibrational bands but
different intensity ratios were identified by analyzing the
hyperspectral images of PE MPs (Figure S8A), while only one
component was identified for PP MPs using the same method
(Figure S8B). All peaks in the PP components correspond to
what is expected for this polymer.50 To compare the different
PE components, we normalized the Raman spectra to the
vibrational bands at 1294 cm−1 and 2882 cm−1 corresponding
to the CH2 twisting and CH2 asymmetric stretching of PE,
respectively. Differences in the intensity were observed for
bands at 1062 and 1129 cm−1 assigned to νas(C−C) and
νs(C−C), respectively, and at 1416, 1440, and 1464 cm−1

assigned to δ(CH2) with a contribution of ω(CH2). It was

shown that the intensity of these vibrational modes is closely
related to the structure and crystallinity of PE.51,52

In our analysis, the PE 1 component is characterized by a
lower intensity of CH2 vibrational modes at 1418 cm−1

previously assigned to an orthorhombic structure, and a higher
intensity of the CH2 bending mode at 1440 and 1464 cm−1

associated with the amorphous structure, whereas the opposite
trend is observed for the PE 3 spectrum. The lower intensity of
the C−C asymmetric and symmetric stretching of PE 1
compared to PE 3 is interpreted as an increase of trans
chains.51 We concluded that PE 3 corresponds to the
orthorhombic phase and PE 1 to the minor amorphous
phase, while PE 2, which is intermediate between these two, is
tentatively assigned to the monoclinic component. Interest-
ingly, the mapping of PE 1, PE 2, and PE 3 components
delineates subdomains inside PE microplastics but not
between particles, suggesting that a heterogeneous polymeric
structure prevails in PE microplastics.

Small-angle X-ray scattering (SAXS) measurements are
represented in Supporting Figure S9 along with the curve
representing I·q4 vs q, where I corresponds to the absolute
scale scattering intensity (in cm−1 units) and q to the scattering
wave vector (in Å−1). A clear plateau appears for q values lower
than 2.5 × 10−2 Å−1 and corresponds to a q−4 dependence of
the SAXS apparent intensity that arises from the scattering of
the interface between the polymer particles and air. From the
plateau intensity level (noted lim(I·q4)), we calculated the
specific surface area expressed in m2 g−1 (Table S2), using an
interface scattering length density contrast Δρb (9.4 and 8.72
for PE and PP, respectively, in 1010 cm−2 units) and the mass
density ρm (0.97 for PE and 0.9 for PP in g cm−3), from eq 4.53

I q

b

lim( )

2 ( )
q

m
0

4

m
2=

·

(4)

The values obtained in this way (Table S2) are measured
independently of the powder compactness. The comparison of
these values with the calculated surface areas for perfect
spheres using the measured radii (respectively, 1.5 and 0.7 m2

g−1 for PE and PP) shows that the particle surface is rather
smooth with low roughness.

For the PP powder, a correlation peak was also observed at q
= 8 × 10−2 Å−1. It reveals, following the Hosmann model, a
system of stacked lamellae of crystallized polymer chains that
are constituents of larger-scale spherulites, separated by
amorphous domains.54 This lamellar organization is expected
for such plastic materials and has already been docu-

Figure 1. Adsorption isotherms of YPE and BSA on PP (purple) and PE (green) microplastics. Experimental dots and error bars correspond to the
average and standard deviation of three biological replicates. The fits were obtained using a Langmuir model.
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mented.55,56 Such a spatial organization is too small to be
observed by confocal Raman microscopy.
Proteins Adsorb on Microplastics. MPs have a low

density and strong hydrophobicity. Therefore, the particles
stay on the surface of aqueous solutions and avoid contact with
water, even under vigorous stirring. When proteins are added
to the solution, MPs are dispersed in the bulk solution
(Scheme 1 and Supporting Figure S11) since proteins adsorb
on the MP surface and act as surfactant systems. To quantify
protein adsorption, we measured the adsorption isotherms of
YPE (Figure 1, left) and BSA (Figure 1, right) on PP and PE
MPs in phosphate buffer 100 mM at pH 7.

The adsorption isotherms were fitted using a Langmuir
model, a widely used two-parameter isotherm model, which
assumes that adsorption is reversible and limited to one
molecular layer, to compare our data with values reported in
the literature for a large range of proteins and solid substrates.
Here, m∞ corresponds to the maximum amount of adsorbed
protein (per unit area) in mg m−2 and Kads to the adsorption
constant in L g−1, proportional to the affinity.

For both protein systems, the results indicate that a
saturated protein layer, the corona, is formed at high protein
concentrations on PE and PP MPs. The m∞ values correspond
to nanometric layers of protein (see Table S5), much thinner
than known ecoronas.17

The more salient observation is that, from the values of m∞,
the corona appears significantly thicker on PP than on PE MPs
(Table 1). Even if data on protein adsorption on PP are scarce

in the literature, this tendency was also observed for purified
proteins, with a serum albumin coverage of about 1.8 times
higher on PP films compared to polystyrene films.57 The
surface chemistry is slightly different between PE and PP MPs

(Figure S7) with only carbons on the PP surface, whereas there
are oxidation sites on the PE surface. This could explain in part
the difference in the quantity of adsorbed proteins.
m∞ is higher for YPE than for BSA (Table 1), which can be

explained by the contribution of large protein complexes in the
extract (e.g., ribosomes, transcription factors, chaperones). The
adsorption constants Kads are significantly higher for BSA than
for YPE on both MPs, indicating a stronger global affinity of
purified BSA in comparison with the average affinity of the
total set of proteins in YPE, which produces a more diverse
corona.

For YPE, the m∞ coverage values are comparable to the ones
measured on silica nanoparticles exposed to a similar protein
extract.58 Kads are slightly higher for MPs compared to silica,
but we must keep in mind that the comparison of Kads is more
complex as this adsorption constant depends on the size and
the local curvature of the particles and not only on material
surface properties.59,60

For BSA, Kads and m∞ are in the same range as those
obtained with other purified proteins such as transferrin,
macroglobulin, and hemoglobin on raw and flat polymer
surfaces.61,62

In the following experiments, we selected two exposure
conditions to analyze the stabilization of MPs in solution by
proteins: (i) a protein concentration lower than the isotherm
plateau, corresponding to an unsaturated protein layer on MPs
(UL) and (ii) a protein concentration equal to the isotherm
plateau, corresponding to a saturated layer on MPs (SL).
Proteins Stabilize Microplastic Dispersions. As pre-

viously explained, the adsorption of proteins allows MPs to
enter aqueous media. The wettability of MPs in the presence of
proteins can be connected to their action as surfactants (Table
S3). The stability of MP dispersions was characterized by the
measurement of creaming kinetics using a Turbiscan analyzer,
to compare the surfactant power of proteins according to the
protein nature, corona saturation, and MP composition.

The transmission profiles shown in Figure 2 provide
information on the dispersion state of PE and PP MPs with
and without proteins as a function of time. The minimal
transmission corresponds to an opaque sample with a lot of
dispersed particles, whereas a translucent one exhibits maximal
light transmission and corresponds to a low amount of
dispersed MPs. From the transmission profiles in Figure 2, we
observed the presence of a lag phase, a creaming phase, and an

Table 1. Maximum Adsorption (m∞) and Adsorption
Constants (Kads) of YPE and BSA on PE and PP
Microplastics Determined from Adsorption Isotherms using
a Langmuir Model

m∞ (mg m−2) Kads (L g−1)

YPE PE 4.8 ± 0.9 8.5 ± 2.7
PP 10.6 ± 1.1 9.5 ± 4.2

BSA PE 1.5 ± 0.1 5.102 ± 1.102

PP 2.6 ± 0.2 8.102 ± 3.102

Figure 2. Creaming kinetics of PE and PP microplastics with and without proteins measured by turbidimetry. The light transmission was averaged
from a 5 to 18 mm sample height and is represented as a function of time (one measurement every 30 min during 24 h). The stabilization effects of
unsaturated layers (UL) and saturated layers (SL) of YPE (line) and BSA (dots) proteins are compared.
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eventual stabilization phase. The corresponding characteristic
times were determined (Table S4). The lag phase is the time
during which the transmission is stable, before a strong
transmission evolution due to the creaming process itself. The
lag phase also corresponds to a decrease of backscattering
intensity (Supporting Information Figure S12), which can be
associated with particle aggregation or clarification of the
solution.63,64 Then, if the analysis time is sufficient for the
system, we can identify a stop of creaming corresponding to
the stabilization phase.

For PE and PP MPs without proteins, transmission is
maximum from the start of the analysis (90%), which indicates
that there are no MPs in solution. With proteins on the
contrary, transmission is null at time 0, indicating that the MPs
are well dispersed in solution. The kinetic evolution then
depends on the samples, for which three different behaviors
were observed (Figure 2):

(i) For a protein SL on PE (YPE and BSA), transmission
remains close to zero during all of the experiment time,
indicating that a high-weight fraction of MPs remained
in the solution for at least 24 h. A clarification of the
dispersion was, however, observed in backscattering,
which suggests a rapid creaming of the largest objects,
either remaining after mixing or formed by particle
aggregation.

(ii) For a protein UL on PE, the transmission is recovered
after a long lag phase, indicating the passage from a
concentrated to a diluted regime.64 The backscattering
data (Supporting Figure S12) show the same behavior as
SL, suggesting as well the creaming of the largest
particles. The slopes of the creaming phase equation
(Table S4) show that the creaming is significantly slower
for protein UL on PE than for PP even with an SL.

(iii) Finally, for both SL and UL on PP, the lag phase is very
short, followed by a rapid increase up to a plateau value
of the transmission. In the final state, we observed the
presence of a gradient of particles in backscattering,
corresponding to their progressive individual migration
toward the air−liquid interface. This effect was specific
to PP. No gradient was visible in backscattering for PE.

These results show differences in stability: most PP particles
are immediately unstable in all of the studied conditions,
whereas PE particles are still stable after 24 h when covered by
a protein SL. This indicates that the protein layer has a strong
stabilizing effect when the layer is saturated, but is less efficient
for PP particles, possibly due to their larger size and lower
density (dPP = 0.90 and dPE = 0.97). We also observed that,

after creaming of PE or PP, it is possible to disperse them again
very quickly just by homogenization of the sample (data not
shown).

The data obtained by turbidimetry are difficult to connect to
particle numbers. To obtain quantitative information about the
number of stabilized MPs after 24 h, we determined their
concentration by optical microscopy using counting chambers
(Figure 3A). This approach allows us to count MPs stabilized
by a saturated protein layer down to a diameter of 1−2 μm.
Normalizing the measured particle number with respect to
their theoretical Stokes creaming velocity (see Figure 3B and
Table S5) allows us to unravel the different contributions of
density, size, and protein corona Three observations can be
made: (i) PE particles are stabilized in higher numbers
compared to PP, and this effect is mainly due to their
difference in Stokes behavior; (ii) a saturated corona (SL)
favors MP dispersion independently of their Stokes behavior;
and (iii) despite a lower quantity of adsorbed proteins (Figure
1), the model BSA layer allows a better dispersion and
stabilization of MPs.

The number of particles in Figure 3A reaches 1 × 1011 MPs
per liter for PE. This is in the same range as the number of
polyethylene nanoparticles released by facial scrubs65 (3 × 1011

L−1) and single-use beverage cups66 (5 × 1011 L−1) for normal
use, which suggests that a CCC in this range may exist for
MPs. However, in the environment, the quantity of MPs is
much lower from 10−5 to 105 L−1 according to the sites and
method of sampling.67−69

In Situ Imaging of the Protein Corona on Micro-
plastics. To understand why more particles can be dispersed
depending on the corona saturation and type of polymer,
(Figure 3), we analyzed the microscopic properties of the
protein layer that forms on dispersed PE and PP MPs in UL
and SL conditions. This in situ analysis was done using the
intrinsic fluorescence of aromatic residues in proteins by
synchrotron radiation deep UV (SR-DUV) fluorescence
microscopy, allowing for single particle analysis with a
theoretical spatial resolution of 0.11 μm (see Materials and
Methods section).

The stabilized MPs were collected in solution (without the
cream) after 4 h of mixing followed by a creaming of 24 h for
PE and 3 h for PP. In the case of PP, this duration corresponds
to a transitory system where enough stable particles were
available for analysis. For longer durations, creaming becomes
predominant.

The visible and DUV fluorescence images of the YPE
protein corona formed on PE and PP MPs are shown in Figure
4. In the first fluorescence image (30 s), the fluorescence

Figure 3. (A) Number of stable PE and PP microplastics per liter in phosphate buffer 100 mM, pH 7.0 after 24 h of creaming. (B) Same data after
normalization by theoretical Stokes velocities (see Table S5).
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intensity comes mainly from the adsorbed proteins following
excitation at 265 nm, with limited contributions from the MPs
themselves, as shown by the three-dimensional (3D)
excitation−emission maps of PE, PP, and proteins measured
in the same conditions (Figure S10). To confirm that the setup
can map the fluorescence of the protein corona on single MPs,
we performed a bleaching experiment. The evolution of the
fluorescence during 37 min of continuous DUV illumination of
PE and PP microplastics with a saturated YPE corona (SL) is
shown in Figure 4. A clear decrease of the fluorescence
intensity localized on the particles was observed due to the
photobleaching of tryptophan fluorescence. Interestingly, no
substitution of the bleached proteins by fluorescent-free
proteins from the surrounding solution was observed in this
time scale. SR-DUV imaging is thus well adapted for the in situ
imaging of the protein corona on MPs at a micrometer scale.

Using this setup, we imaged the YPE and BSA protein
corona on PE and PP MPs in solution for an acquisition time
of 30 s. A minimum of 30 particles were analyzed in each
condition.

Three parameters were calculated by image analysis:
• The relative protein quantity determined from the

fluorescence intensity after particle delineation as a
function of the protein concentration in solution. This
parameter corresponds to the number of pixels for one
particle multiplied by their intensity and divided by the
particle surface (eq S1). It is not possible to compare the
relative protein quantity on PE and PP, as we cannot
exclude some fluorescence quenching by one material or
another, or to compare BSA and YPE because of
different intrinsic fluorescence properties.

• The particle coverage corresponds to the area covered
by proteins (excluding free proteins in solution) divided
by the particle surface (eq S2). A sufficient quantity of
adsorbed proteins is necessary to obtain a good signal-
to-noise ratio allowing precise thresholding.

• The corona heterogeneity corresponds to the standard
deviation of the pixel fluorescence intensity of adsorbed
proteins (eq S3).

The relative protein quantity is shown in Figure S13 for
YPE-SL and -UL conditions. For both MPs we observe a
higher relative protein quantity in saturation conditions (p-
values = 6.2 × 10−3 for PE and 7.8 × 10−3 for PP). This result
shows that, on average, the macroscopic behavior observed
with the adsorption isotherms is coherent with observations at
the microscopic scale, even though the amount of adsorbed

proteins can vary from the least covered particles to more
covered ones by 10 times. Such a wide distribution of
intensities is not unknown.70

The protein coverage rate of YPE and BSA on PE and PP
MPs is shown in Figure 5A. The median coverage rate is >1 in
almost all conditions. We observe a distinct behavior for one
condition only: YPE unsaturated corona on PE. In that case,
the coverage rate is <1 and significantly lower than for the YPE
saturated condition (p-value = 1.1 × 10−2) with a value below

Figure 4. In situ SR-DUV imaging of the YPE protein corona stabilizing PE and PP microplastics in solution in SL conditions. Left: visible image of
PE (top) and PP (bottom) microplastics. Left to right: DUV fluorescence images during continuous DUV illumination from 0 to 37 min (λexcitation
= 265 nm, λemission = [329-351] nm). All of the images are shown at the same scale (scale bar 10 μm).

Figure 5. Protein corona properties on PE and PP microplastics in SL
and UL conditions measured by SR-DUV imaging of single particles.
(A) Protein coverage rate of YPE and BSA. Number of analyzed
particles from left to right: 39, 53, 131, 58, 32, and 42 (**p < 0.05).
(B) Heterogeneity measured as the intensity standard deviation of
adsorbed YPE and BSA fluorescence. Number of analyzed particles
from left to right: 40, 53, 133, 61, 32, and 42 (**p < 0.05).
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1 (signature of a partial layer). This result suggests that a
partial protein coverage, which is an unsaturated protein layer
with partially uncovered plastic surfaces, was observed at a
microscopic scale for PE but not for PP in macroscopically
unsaturated conditions. This result suggests also, on average,
that either adsorption is less efficient on the PE surface than on
the purely hydrophobic PP surface, or that PP particles that are
not fully covered by proteins are not stable enough and are
trapped in the cream instead. Even if these hypotheses must be
tempered because of the variability observed between particles,
they highlight possible differences between macroscopic
observations and the heterogeneity observed at the micrometer
and single-particle scale.

This result shows that this imaging method is capable of
identifying changes in the corona structure. It also shows, by
comparison with Figure 3, that a complete corona is not
mandatory for the stabilization of PE MPs.

The corona heterogeneity, calculated as the standard
deviation of the fluorescence intensity of adsorbed proteins,
is shown in Figure 5B. PE and PP samples with a BSA corona
show the most striking differences, with PE particles exhibiting
a lower corona heterogeneity compared to PP. Combined with
the indication of m∞, this suggests a completely different
organization in the BSA corona on PE and PP. It is tempting to
connect the high degree of homogeneity (Figure 5B) and the
high coverage (Figure 5A) to the fact that the PE sample with
BSA also has the highest amount of stable particles after 24 h.
(Figure 3)

More generally, for the same material, a higher relative
protein quantity and protein coverage at the microscopic scale
are related to a higher number of stabilized and dispersed MPs
(Figure 3). The comparison between the total amount of
adsorbed proteins on PE and PP (by macroscopic measure-
ments) also shows that the absolute amount of adsorbed
proteins is not a predictor of the stabilizing effect, as PP
adsorbs more proteins per unit area but is less stable than PE
MPs. Alternatively, the corona structure may play a key role in
MP stabilization, thus requiring other approaches to analyze
the protein corona at a microscopic scale.

The direct imaging (i.e., without labeling) of adsorbed
proteins by SR-DUV fluorescence provides an interesting
insight into the study of the protein corona structure. Indeed,
previous in situ corona studies relied either on complex
microscopic strategies or on radiation diffusion technics.71−73

Such techniques are appropriate for thickness measurements,
but they rarely give access to inter- and intraparticle corona
heterogeneities, a parameter that may be crucial to understand
the biological response.74

Why Do Some Microplastics Cream Faster than
Others? In the studied samples, some particles were stable
in solution for several days, while others were quickly
destabilized and creamed. Our observations suggest that the
most stable MPs are always isolated particles, as no aggregates
were visible in the suspension by optical microscopy (for
hundreds of observed particles). By contrast, we observed a
mixture of aggregates (Figure 8, discussed later) and isolated
particles in the cream. Here, we investigated whether the
corona properties were different between these two families of
isolated particles (dispersed versus creamed). The saturated
condition (SL) was chosen to carry out this study.

The protein coverage rate measured for dispersed or
creamed PE and PP MPs is shown in Figure 6A. The coverage
rate is significantly different between the dispersed and the

creamed PE particles with YPE: the median is, respectively,
1.25 and 1.0 with a p-value = 1.7 × 10−2, corresponding to a
thicker protein layer on the dispersed PE compared to the
creamed PE. By contrast, for PP with YPE or BSA, and for PE
with BSA, the coverage rate, around 1, is not significantly
different for the two populations. Therefore, this parameter is
not the main determinant for MP creaming/dispersion.

The corresponding corona heterogeneity is shown in Figure
6B. No significant difference is observed between the dispersed
and the creamed particles for one type of protein for this
indicator.

Then, we measured the MP size in the dispersed phase and
in the creamed phase (Figure 6C). It appears that the particles
are systematically smaller in the infranatant than in the cream

Figure 6. Comparison between dispersed microplastics (in the
infranatant, white box) and creamed PE and PP microplastics (gray
box) by SR-DUV imaging of single particles. Number of analyzed
particles from left to right: 133, 36, 53, 67, 32, and 55. (**p-value <
0.05). (A) Protein coverage rate. (B) Protein corona heterogeneity.
(C) Feret diameters.
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with a p-value of 1.3 × 10−6, 4.7 × 10−5, and 2.0 × 10−6,
respectively, for BSA on PE, YPE on PE, and YPE on PP.
Moreover, PP MPs, which exhibit lower stability in aqueous
solutions, are both larger and less dense than PE. Therefore,
smaller and denser MPs are more stable in solution, which is in
accordance with the Stokes law.75

These results demonstrate that protein adsorption is
necessary for the dispersion of microplastics and their
stabilization, but that particle size and density are nonetheless
important parameters favoring their destabilization and
creaming.

In addition to isolated particles, microscopic observations of
the creamed MPs revealed for YPE three complex assemblies:
MP aggregates, MP bridging by protein aggregation without
direct MP−MP contact, and air bubbles surrounded by MPs
(Figure 7). If these MP assemblies form in the solution, they
can increase the kinetics of creaming because of the increase in
the object size (aggregation, bridging) or the decrease in the
object density (air bubbles). Alternatively, if they form after
creaming, they can stabilize the creamed MPs, making it even
more difficult to resuspend them, unless the biological
component is degraded by other mechanisms.

All of these complexes include proteins, as shown by the
fluorescence image of tryptophan and tyrosine residues. The
stabilization of bubbles by MPs in the cream is driven by the
protein corona since it is not observed in the absence of
proteins or MPs in solution. Like a Pickering emulsion where
liquid drops are stabilized by insoluble particles at their
interface in another liquid phase, here, a gas bubble is
stabilized over long periods by protein-covered plastic
particles. In aquatic environments, scum is formed because
of waves that introduce air in the superficial water layer where
bubbles can be further stabilized by biomolecules, potentially
forming the same type of assemblies. Therefore, it is likely that
MPs in environmental waters, stabilized by a protein corona or
ecocorona, also stabilize air bubbles formed by flows. Such
microbubbles then become highly susceptible to aerosolization
of MPs from the water to the air compartment. This transfer

mechanism could contribute in part to the presence of MPs in
the atmosphere.76

Can We Use the Corona to Remove Microplastics
from a Solution? Removing plastics from drinking water is
becoming necessary due to the amount of microplastics
detected and their potential health effects.77 Presently, most
strategies focus on filtration. Because of the sensitivity of the
MP colloidal stability with respect to the protein corona shown
in this work, we consider that one strategy to abate
microplastics may be altering the protein corona to induce
MP creaming (for MPs with densities <1) or sedimentation
(for MPs with densities >1) and their subsequent removal
from water. This strategy is similar to the ones used in wine
fining: proteins are artificially introduced in the solution to trap
tannins by coprecipitation.78

To test this strategy with PE MPs, we selected two methods
that are known to promote protein destabilization: (i)
precipitation induced by high salt contents, (ii) thermal
denaturation, leading to protein aggregation. We used
ammonium sulfate at two concentrations on one hand, and
heating for 1 h at 80 °C on the other hand. Ammonium sulfate
was chosen because it is known to induce protein precipitation
through electrostatic screening without denaturation. MPs
were dispersed (4 h of mixing) in solution prior to treatments
in the conditions YPE-SL. We analyzed the quantity of stable
MPs after the destabilization treatment followed by 24 h of
creaming using the counting chambers (Figure 8). For 14% w/
v of ammonium sulfate (equals to 25% salt saturation,45 1.1
M), we only observed a slight decrease in the number of stable
MPs (4 × 1010 for the reference and 3 × 1010 particles/L after
ammonium sulfate addition). With 70% (NH4)2SO4 (100%
saturation, 5.3 M), MPs are strongly destabilized, resulting in
the creaming of about 95% of MPs after 24 h. A similar effect
was observed following the thermal treatment at 80 °C for 1 h.

Salting out and thermal treatments quickly destabilize the
MP dispersion.

For the salting out, the fact that 1.1 M ammonium sulfate
has no effect suggests that it does not act solely by electrostatic

Figure 7. Bright-field (top) and DUV fluorescence (bottom) images of microplastic assemblies observed after PP creaming in YPE solution:
aggregates of MPs with their protein corona (A), bridging of MPs by protein aggregation, without direct MP−MP contact (B), and air bubbles
surrounded by MPs (C). All of the observations were done with YPE.
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screening but also likely by enhancing the hydrophobic
effect.79,80 For the thermal treatment, destabilization is
probably caused by protein denaturation and bridging between
particles, favoring creaming.

These destabilization tests show that, by controlling the
protein corona, it becomes possible to accelerate PE MP
creaming to collect and eliminate them more easily than with
innovative though complex filtration schemes.81 Indeed, the
combination of corona formation with the thermal treatment
presented here may be very simple to implement for drinking
water where industrial solutions of depollution are not
available.

Would the same strategy work for nanoplastics? One can
assume that the largest surface area of nanoplastics would also
favor the adsorption of proteins, and hence the possibility to
control their stability in solution by direct action on the
protein corona.
What are the Underlying Dispersion/Stabilization

Mechanisms? Studies on purified proteins have shown the
role of the protein corona on nanoparticle stability in
solution.11,24,32,82,83 Depending on the protein charge and
the salt concentration in the medium, it is possible to induce
nanoparticle aggregation or, on the contrary, stabilization in
solution. It has also been shown that a complete corona, at the
macroscopic scale, is required to ensure steric stabilization.82

However, information at the microscopic scale of particles is
scarce.

In the case of MPs mixed with a protein extract composed of
thousands of different proteins, we observed that protein
adsorption favors the dispersion and the stabilization of
hydrophobic MPs in aqueous media.

We tried to explain these observations using the four main
phenomena described below.
Surface Tension. The studied MPs are particularly

hydrophobic. In water, they stay at the air/water interface to
minimize interfacial free energy.84 Another way to minimize
the interfacial energy is the interaction with surfactants:
amphiphilic molecules surround the MPs, creating a bridge
between hydrophobic particles and water. Adsorbed proteins
act as a biological surfactant (Table S3) that makes the
polymer surface more hydrophilic. In the case studied here, the
lowest surface tension provided by adsorbed proteins allows

for MP penetration in aqueous solutions, once they are
covered with their partial or full protein layer.85

Physical Properties of Particles. Size and density remain
the most important properties to predict MP behavior once
they have entered the water. Indeed, PP particles, that are
larger and less dense, disperse systematically to a lower
concentration and cream faster (Figure 3A, Table S4).
However, the protein corona can modulate this Stokes
behavior (Figure 3B). Indeed, the migration speed measured
by Turbiscan is, in most cases, significantly lower than the one
predicted by the Stokes law alone (even taking into account
the corona thickness, see Table S5) and depends on the corona
quality. As a result, PP particles, when covered by a high-
quality corona in terms of thickness and homogeneity, such as
a BSA corona, can disperse in a comparable concentration as
PE covered by a low-quality one.
Electrostatic Repulsion. Colloidal stabilization phenom-

ena are usually explained by the DLVO theory.12,13 Even
though the studied MPs are uncharged polyolefins, when
proteins adsorb on their surface, the objects become charged.
These charges create a DLVO potential barrier, which ensures
electrostatic repulsions that may prevent MP aggregation.

We indeed observed a slight decrease in particle stability
with 1.1 M ammonium sulfate (Figure 8), but this effect is
small compared to the generally observed CCC (in the range
of a few tens or hundreds mM, depending on the ion valence
and the particle properties).82,86,87

Furthermore, ζ potential measurements on PE (such
measurements were not possible on PP owing to their faster
creaming) show that partial and complete YPE layers have the
same potential even though they do not present the same
stabilization and that this potential is too low (−10 mV) to
provide an efficient stabilization by itself.

Another observation suggesting that DLVO is not sufficient
to explain the stability is the creaming reversibility. Indeed, for
destabilization caused by a lack of electrostatic repulsions,
particles are irreversibly aggregated. In our case, the creaming
is reversible and particles are quickly redispersed by gentle
homogenization.

These three elements suggest the existence of an additional
stabilizing mechanism.
Steric Hindrance. Steric hindrance may provide the key

stabilization mechanism. A recent publication suggests a
similar effect for polymer brushes and protein corona, ensuring
a steric repulsion of the particles.14 Proteins are also polymers
and can generate a steric hindrance if they are adsorbed on
particles.83,88

Steric hindrance can explain why the corona presenting the
highest coverage rate (Figure 6A) is also associated with MPs
that will be dispersed at the highest concentration. Steric
hindrance will also be less efficient if the corona is not
complete (allowing bridging between particles).89

We also introduced in this work some notions about the
corona quality. It encompasses the traditional notion of
saturation that comes from isotherm measurements but is not
limited to it. Here, we add the notions of coverage rate and
homogeneity, two parameters that require a microscopic
description of the corona and single particle analysis. In this
respect, purified proteins, like BSA seem to produce a corona
of higher quality than complex protein extracts.

In the context of colloidal stabilization, the quality of the
corona allows uniform charge repartition as well as an
important density of the polymer chain, ensuring electrostatic

Figure 8. Number of stable PE microplastics after the destabilizing
treatment by high ammonium salt concentration or high temperature
followed by 24 h of creaming.
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and steric repulsions, respectively. However, the importance of
the corona quality probably extends beyond this context, and it
may also be a determinant in its own stability and in the
biological response it can trigger.

■ CONCLUSIONS
In this study, we showed that the protein corona enables the
dispersion of an important quantity of low density and highly
hydrophobic MPs. Proteins act as surfactants that make the
surface more hydrophilic and deagglomerate microplastics,
allowing them to acquire a colloidal behavior as stabilized
single particles. By generating sufficient repulsions, the protein
corona allows hydrophobic MPs to remain dispersed in the
aqueous suspension during long periods. Moreover, the
stabilization increases with the quality of the protein corona,
a parameter we could define at a microscopic scale by in situ
label-free imaging of the protein corona on single particles in
solution.

The microplastic stability is complex and depends on
different mechanisms among which are the wettability, the
particle intrinsic properties, and the steric hindrance. By
controlling these parameters and the properties of the protein
corona, it becomes possible to manipulate microplastics in and
out solutions, a strategy that can be investigated for the
removal of the MP pollution.
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