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ABSTRACT

A major challenge in understanding nanoplastic toxicity (or nanoparticles in general) lies in establishing the causal relationships
between its physical properties and biological impact. This difficulty can be attributed to surface alterations that follow the formation
of a biological complex around the nanoplastic, as exemplified by protein coronae. The protein corona is known to be responsible for
the biological response elicited, although its own structure and attributes remain unknown. We approach this knowledge gap by inde-
pendently studying the structure of soft and hard coronae using neutron scattering techniques. We investigated the formation and the
structure of corona proteins (human serum albumin and lysozyme) and the resulting protein corona complexes with polystyrene
nanoplastics of different sizes (20 and 200 nm) and charges. Soft corona complexes (regardless of protein type) adopted a structure
where the nanoplastics were surrounded by a loose protein layer (∼2–3 protein molecules thick). Hard corona complexes formed
fractal-like aggregates, and the morphology of which is known to be harmful to cellular membranes. In most cases, hard-corona
coated nanoplastics also formed fractal-like aggregates in solution. Nanoplastic size affected the structures of both the protein corona
and the intrinsic protein: more significant conformational change was observed in the hard corona proteins around smaller nanopar-
ticles compared to larger ones, as the self-association forces holding the nanoplastic/protein complex together were stronger. This also
implies that protein-dependent biochemical processes are more likely to be disrupted by smaller polystyrene nanoplastics, rather than
larger ones.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0000404

I. INTRODUCTION

The emergence of nanotoxicology has led to many studies inves-
tigating the physiological effects of engineered nanomaterials.1,2

While exposure to engineered nanoparticles can be managed with
rigorous safety regulations or safer designing, unintentional exposure

may impose greater health risks than the engineered nanomaterials.
Plastic nanoparticles (nanoplastics) are an exemplary case of
unintentional exposure in humans through drinking water and
seafood.3,4 It is known that bulk and microplastics in the environment
fragment to nanoplastics, which will lead to increased environmental
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concentrations in the future. Nanoplastics have also been shown to
bioaccumulate5 and adversely affect marine6 and mammalian organ-
isms7 (and possibly, humans8).

The key to understand toxicity mechanisms is to determine
the causal relationships between nanoparticle properties and the
biological outcomes (e.g., cellular response and immunological
response).9 It is well established that nanoparticle properties are
significantly altered by the association of biological molecules on
the nanoparticle’s surface (e.g., protein corona).10 The presence of
a protein corona is also understood to play a role in further interac-
tions with other biological entities.10 However, the chemical and
biological bases of these effects are unclear, and a critical knowl-
edge gap has been recognized for this bio-interface.9

This work approaches this problem by resolving the structure
of both protein coronae formed around polystyrene (PS) nanoplas-
tics and the corona-forming proteins. More specifically, model
protein coronae are formed using human serum albumin (HSA)
and lysozyme (LYS) proteins instead of using in vivo or in vitro iso-
lates. This allows for the characterization of molecular details by
removing the numerous variables that may be found in an isolate
system. Generally, protein coronae are classified into two types—
densely bound protein layer (hard corona) and loosely bound layer
(soft corona).11 The model system allows the study of soft coronae
separately from the hard coronae, which would be challenging to
do in vivo and in vitro studies.

We have previously identified electrostatic interactions to be
the main driving force of HSA protein corona formation around
PS nanoplastics.12 This work acts as an extension to understand
nanoplastic size effects and the effect of protein types on the for-
mation and structure of soft and hard protein coronae. PS nano-
particles of two different sizes (∼20 and 200 nm, namely, PSsmall
and PSlarge) and with different surface charges (− and +) are used
to assess the influence of size on the formation of protein coronae.
The choice of nanoplastic is motivated by the relative abundance of
PS in the environment and its reported adverse physiological
effects, which make the results acquired from this model system
biologically relevant.13 HSA was chosen due to its occurrence in
both soft and hard protein coronae,14 as well as its abundance in
human plasma. Nanoplastics are likely to interact with mucus prior
to entering the plasma system; thus, LYS is also used in this work
to represent mucus proteins. Furthermore, HSA and LYS carry
opposite surface charges (net negative and net positive for HSA
and LYS at pH 7.4, respectively), which allow to explore the protein
corona with different sets of PS nanoplastics and proteins.

II. MATERIALS AND METHODS

A. Materials

Ultrapure water (resistance = 18.2 MΩ cm) was used to
prepare all the aqueous solutions used in this work. For neutron
experiments, D2O was sourced from the Australian Nuclear Science
and Technology Organisation (ANSTO). The polystyrene nanoplas-
tics were purchased from Thermo Fisher New Zealand, unless oth-
erwise stated. Negatively charged polystyrene nanoparticles
[200 nm, PS(−)large] were synthesized in house (the method is
described elsewhere).15 The nanoplastics were dialysed twice, over a
period of 24 h, against ultrapure water or D2O for neutron

scattering experiments. Lyophilized HSA (albumin from human
serum, essentially fatty acid free) and LYS (from hen egg white)
were sourced from Merck. Tris (Merck) and NaCl (ECP, 99.5%)
were used to make a buffer solution at pH 7.4.

B. Formation of PS/protein corona complexes

The complexes were formed by mixing the equal parts of PS
nanoplastics and proteins at desirable concentrations dispersed in
Tris (10 mM) buffer with NaCl (10 mM) at pH 7.4. The complexes
were equilibrated for a minimum of 30 min.

C. Circular dichroism spectroscopy

Circular dichroism (CD) experiments were performed on a
Chirascan spectrometer (Applied Photophysics, UK) over the range
of 180–360 nm, at 0.5 nm intervals, using a quartz cuvette of
1.0 mm path length (Hellma cells Pacific, Singapore). The spectra
were recorded for the samples (400 μl) at a scan rate of 0.5 s per
point and 1.0 nm bandwidth. A set of five scans were averaged
prior to data conversion into absolute CD values. HSA and PS
nanoplastics were dispersed in 10 mM Tris buffer, without saline,
at pH 7.4. The raw CD signal (θ) was then converted to mean
residual ellipticity ([θ]MRE) using

[θMRE] ¼ MRWθ

Crl
,

where MRW is the mean residual weight of the protein, Cr is protein
concentration, and l is the cuvette path length (1.0 mm). Spectral
deconvolution was performed using the CONTIN algorithm16 with a
reference set of SP17517 available on DICHROWEB.16

D. Dynamic light scattering

Particle size distribution and zeta potential analyses were
carried out on a Malvern Instruments Nanozetasizer ZS equipped
with a 633 nm laser. The size distribution of PS nanoplastics and
HSA in Tris (10 mM) buffer (NaCl, 10 mM) at pH 7.4 was mea-
sured in the non-invasive back scatter (NIBS) mode, with the pho-
tomultiplier detector placed at 173° relative to the incident beam, a
measurement path length of 3.00 mm and an attenuation factor of
9. The measurements comprised of 15 runs, with three repeats
combined to provide average results.

E. Ultra-small-angle neutron scattering/small-angle
neutron scattering

Small-angle neutron scattering (SANS) measurements were
carried out on BILBY, the time-of-flight SANS instrument, at
ANSTO, Lucas Heights, Australia.18 Samples were suspended in
two different deuterated buffers (d-buffer) at the following H2O:
D2O ratio; 25% and 100%. The use of 25% D2O buffer aimed to
contrast-match PS particles, rendering them essentially invisible to
neutrons. The samples (9.0 mgml−1 for PS and 3.0 mgml−1 for
proteins) were placed in a 1.0 mm path-length quartz Hellma cell.
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The value of q is defined as

q ¼ 4π sin θ
λ

,

where λ is the wavelength of the incident neutron beam and 2θ is the
angle of scattering. For PSsmall and proteins, neutrons with wave-
lengths between 2 and 20 Å were collected on two-dimensional detec-
tor panels positioned at 7.000 (rear), 4.500 (horizontal curtains), and
3.500m (vertical curtains) from the sample (q-range =∼0.002–
0.340 Å−1, Δλ/λ = 12.4%–14.3%). For PSlarge and PS/corona com-
plexes, the rear detector was moved to 17.000m from the sample
(q-range =∼0.001–0.340 Å−1, Δλ/λ = 9.0%–14.3%). Data were
reduced using the Mantid data analysis package.19

The PS/hard corona complexes were suspended in 100% D2O
buffer and analyzed using the Kookaburra ultra-small-angle neu-
trons scattering (USANS) instrument at ANSTO.20 The samples
were loaded in 1.0 mm path-length demountable cells. For both
SANS and USANS experiments, buffer solutions (Tris 10 mM,
NaOH 10mM) with pH 7.4 were used. The sample data were col-
lected in the q-range of 0.000035–0.001 Å−1 using a sample aper-
ture diameter of 12.5 mm and a neutron wavelength of 4.74 Å. The
measured scattering signals were then processed in Gumtree (using
Python scripts written for Kookaburra) and desmeared using an
Igor macro developed by the NIST Center for Neutron Research.
These desmeared data were then combined with SANS data.
Neutron scattering curves were analyzed using SasView software
(http://www.sasview.org/).

III. RESULTS AND DISCUSSION

A. Particle characterization and secondary structures
of soft and hard corona proteins

The particle size distribution of the nanoplastics was first eval-
uated with dynamic light scattering (DLS) for each nanoplastic.
Table I presents the summary of hydrodynamic diameter and poly-
dispersity index (PDI), all of which suggest that the nanoplastics
are moderately monodisperse (∼PDI = 0.1 or lower).

The CD spectra of HSA in the presence of PS(+) nanoplastics
(small and large) and HSA alone were measured, and the secondary
structure of the protein was resolved by deconvolution. Our previ-
ous work observed partial loss of secondary structure for hard
corona proteins, while soft corona protein showed insignificant dif-
ferences compared to the native state.12 HSA is expected to form
hard coronae around PS(+) as HSA and PS(+) carry opposite
surface charges at pH 7.4. Deconvolution showed a reduction in

the amount of α-helix content, consistent with the formation of a
hard corona on association with the PS(+) in both cases (Fig. 1).
However, the extent of unfolding was found to be nanoplastic size
dependent—interactions with PS(+)small caused α-helicity unfold-
ing by approximately 30%, while the PS(+)large facilitated only
∼7%. When HSA participated in the soft corona around PS(−),
there were no observable differences compared to the secondary
structure of the native state.12 A summary of secondary structures
of HSA can be found in Table II.

Similarly, the secondary structure of LYS was investigated,
before and after exposure to PS nanoplastics. Unlike HSA, LYS
carries a net positive charge at pH 7.4, suggesting that the LYS/PS
(−)small will form a complex with a hard protein corona with con-
sequent protein structure change [PS(−) could only form soft
corona complex with HSA]. Conversely, we tested the structural
integrity of LYS (for which the resolved secondary structure is
comparable to the literacture21) when participating in soft corona
formation with PS(+) nanoplastics.

TABLE I. Summary of hydrodynamic diameters of PS nanoplastics in the presence/absence of protein corona measured by DLS. The corresponding polydispersity indices are
shown within the parentheses.

Nanoplastic only HSA LYS

PS(−)small 32 nm (PDI = 0.1) 34 nm (PDI = 0.09) Soft corona >5000 nm (PDI = 1.0) Hard corona
PS(−)large 226 nm (PDI = 0.02) 230 nm (PDI = 0.02) >5000 nm (PDI = 1.0)
PS(+)small 39 nm (PDI = 0.11) >5000 nm (PDI = 1.0) Hard corona 42 nm (PDI = 0.13) Soft corona
PS(+)large 229 nm (PDI = 0.01) 315 nm (PDI = 0.02) 236 nm (PDI = 0.02)

FIG. 1. Comparison of CD spectra of untreated HSA (red), PS(+)small/HSA
(blue), and PS(+)large/HSA hard corona (green) at pH 7.4. The CD spectrum of
PS(−)/HSA is previously published (Ref. 12).
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When LYS is mixed with PS(−), the CD spectra showed sig-
nificant changes compared to LYS alone (Fig. 2). The secondary
structure determined by spectral deconvolution (Table III) showed
the reduction in α-helix content and increase in the random coil
associated with the formation of a hard corona, as expected. Again
the size effect played a significant role in the extent of unfolding
α-helix, with PS(−)small causing greater degree of unfolding than
PS(−)large. Conversely, although a slight shift in the CD spectra is
found for PS(+)/LYS mixtures, spectral deconvolution showed pres-
ervation of the secondary structure, consistent with the formation
of a soft protein corona, as expected.

B. Aggregation behavior and structure of protein
corona

The PDI of PS/protein corona complexes was estimated using
DLS (Table I). For PS/soft corona complexes, a subtle increase in

the hydrodynamic diameters was observed (typically 2–6 nm com-
pared to PS nanoplastics), consistent with changes observed in our
previous work.12 When hard coronae formed around PS nanoplas-
tics, larger colloidal aggregates were observed (>5000 nm, beyond
the size resolution of DLS), except for the PS(+)large/HSA hard
corona system. In this case, large aggregate did not form, and the
hard corona formation increased the hydrodynamic diameter by
90 nm. The result highlights that the extent of aggregation is less
than those observed for other types of PS/hard corona particulates.

The geometry of the nanoplastics, proteins, and nanoplastic/
protein complexes was studied by combined SANS and USANS
measurements. First, the geometry of the PS nanoplastics alone was
modelled using a spherical model22 (Table IV). In the case of soft
protein corona complex, we have shown that the attractive interac-
tion also needs to be considered when modeling scattering

TABLE II. Secondary structure of HSA, in the presence and absence of PS(+)
nanoplastics, resolved by the deconvolution of CD spectra. The fitting uncertainties
are shown within the parentheses.

α-Helix
β-sheets
and turns Unordered

Untreated HSA 45 (2)% 26 (2)% 31 (2)%
Hard
corona

HSA with PS(+)small 12 (2)% 48 (2)% 40 (1)%
HSA with PS(+)large 38 (1)% 28 (3)% 34 (2)%

FIG. 2. CD Spectra of LYS, untreated, and treated with PS (−) (left) and treated with PS(+) (right) at pH 7.4.

TABLE III. Secondary structure of LYS, in the presence and absence of PS nano-
plastics, resolved by the deconvolution of CD spectra. The fitting uncertainties are
shown within the parentheses.

α-Helix
β-sheets
and turns Unordered

Untreated 35 (3)% 33 (1)% 32 (4)%
Hard corona PS(−)small 9 (2)% 40 (2)% 41 (2)%

PS(−)large 25 (3)% 37 (4)% 38 (1)%
Soft corona PS(+)small 31 (3)% 35 (1)% 34 (1)%

PS(+)large 32 (1)% 34 (2)% 34 (2)%
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intensity.12 For this, the model combining a spherical and sticky
hard sphere23 was sufficient to describe the scattering intensities.
The composite model used the additional parameters, namely, a
perturbation value (defined as the square well potential) and sticki-
ness (the attractive force)24 to facilitate the feature in the mid-q to
low-q region (∼0.001–0.01 Å−1) as shown in Fig. 3. A thorough

analysis and justification for the use of the composite model are
found in our previous work.12 On comparing the soft corona
formed around the PS(−)small and PS(+)small, the strength of
surface adhesion (stickiness) was found to be stronger for PS(+)
small/LYS than PS(−)small/HSA soft corona (Table IV). The calcu-
lated net charges of HSA (−14) and LYS (+8) could explain the dif-
ference in the extent of attractive interactions [i.e., HSA and PS(−)
small would experience stronger repulsive interactions than LYS
and PS(+)small, which lessen the degree of attractive interactions].
Despite the difference in the attractive interactions, successful
fitting with the same model demonstrated the structural similarity
in these soft corona complexes, despite the differences in PS charge
and protein types.

Combined USANS/SANS plots are presented for PS/hard
corona complexes (Fig. 3). Due to colloidal aggregation (evident in
DLS results, Table I), the USANS experiment aimed to capture the
structural features that appeared below ∼1.0 × 10−3 Å−1 (Fig. 3).
Specifically, for the fractal structure, the USANS region (∼5.0 × 10−5–
1.0 × 10−3 Å−2) allows for a better estimate of the fractal dimension
and correlation length in fractal structures. Both, PS(−)/LYS and PS
(+)/HSA hard corona complexes, showed an upturn in the low-q
region, consistent with the hard corona structure observed for PS(−)
small/HSA hard corona complex in our previous work.12 A summary
of fitting parameters is found in Table V.

The scattering intensity from PS particles was contrast-matched
(at 25% D2O) to highlight the structural features of protein coronae
(Fig. 4). The SANS profiles of the protein and PS particles were also

FIG. 3. SANS/USANS profiles of PSsmall (red), PSsmall/soft corona complexes (blue), and PSsmall/hard corona complexes (green).

TABLE IV. Fitting parameters for the spherical model (for PS particles) and the
spherical model with sticky hard sphere model (for PS/soft corona complex). Fitting
uncertainties are shown in parentheses. The neutron scattering length density (nSLD)
of PS and PS/corona complexes was fixed at 1.33 and 2.0 × 10−6 Å−2, respectively.

Diameter
(nm) Perturbation Stickiness

PS(−)small 113 (1) N/A N/A
PS(−)/HSA
Soft corona complex

135 (fixed) 0.10 (fixed) 0.12 (0.02)

PS(−)large 1110 (0.7) N/A N/A
PS(−)large/HSA
Soft corona complex

1130 (fixed) 0.10 (fixed) 0.10 (0.02)

PS(+)small 111 (1) N/A N/A
PS(+)/LYS soft
corona complex

137 (fixed) 0.10 (fixed) 0.275 (0.06)

PS(+)large 1085 (0.7) N/A N/A
PS(+)large/LYS
Soft corona complex

1100 (fixed) 0.10 (fixed) 0.106 (0.04)
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collected to ensure the absence of residual scattering (supporting
information39). The PS(+)small contrast-matched SANS profiles of
LYS soft and hard coronae resemble those from the PS(−)small/HSA
soft corona system,12 showing that the HSA and LYS protein corona
around small PS particles do have structural similarities.

Given that the free-standing LYS does not scatter with this
contrast (supporting information39), the appearance of a clear
SANS profile provides the evidence of LYS participating in the soft
corona with a defined structure. A Guinier–Porod model with a
spherical approximation (s = 0) was used to extract two physical
parameters, Rg, and Porod exponents, D (supporting informa-
tion39), where the D values correspond to the roughness of the
surface (with D = 4 representing a perfectly smooth interface).25,26

For PS(+)small nanoplastics alone, the modeling gives Rg = 136
(±0.01) Å and D = 4.1 (±0.007), reflecting a smooth surface. PS(+)
small/LYS soft corona complexes were found to form a structure
with Rg = 148 Å (±0.02) Å with D = 3.4 (±0.009), a difference in Rg
that can be converted to radius of 15.5 Å (with spherical approxi-
mation). This is equivalent to 2–3 molecule thick assuming that the
LYS face to nanoplastic surface sideway (LYS dimensions are
5.7 × 18 Å). Additionally, the resolved D values suggest that the

surface morphology of LYS soft corona layer is rough. These calcu-
lated parameters imply that the soft corona layer consists of
patches of proteins loosely bound from the nanoplastic surface for
the case of LYS.

For LYS participating in the hard corona complex, a core–
shell fractal model27 was used—the model assumes a core–shell
sphere as a repeating unit. Here, the nSLD of the core (PS particles)
and the solvent were fixed at 1.33 × 10−6 Å−2, while the protein
shell thickness and nSLD were fitted (Table VI). The fitted thick-
ness (7.0 ± 0.3 Å) was comparable to that of the dimension of LYS
(5.7 × 18 Å), indicating tight binding on the PS surface. Fractal
dimensions (2.5 ± 0.01) and correlation length (10 600 ± 250 Å)
accommodated the upturn feature in the SANS low-q region and
showed that the proteins, themselves, also form fractal-like geome-
tries within the hard corona complex.

Corona structures on large PS particles were also investigated
to explore the particle size effect (Fig. 5). Both SANS profiles of PS
(−)large/HSA and PS(+)large/LYS soft corona complexes were suc-
cessfully fitted by the composite model, which accommodated the
complexes that their smaller analogs formed. Consistently, the
fitted “stickiness” was lower than those of PSsmall/soft corona
complexes (Table IV), showing a decreasing trend in interparticle
attractive interactions as the PS particle size increases.

A steep upturn is observed at the USANS low-q region
(<10−3 Å−1) with the PS(−)large/LYS hard corona complex (Fig. 5),
which is the characteristic of the hard corona structure (fitting
parameters can be found in Table V). Intriguingly, neither DLS
(Table I) nor USANS/SANS (Fig. 5 right) experiments for PS(+)
large/HSA hard corona complex supported the large aggregate forma-
tion. Here, the fractal model could not capture the scattering features
that appeared in the USANS mid-low-q range (<2.0 × 10−3 Å−1).
With the Guinier region appearing at ∼3.0 × 10−4 Å−1 [the radius of
gyration (Rg) =∼4500 Å, supporting information39], this hard corona
complex appeared to have fewer particles gathered together. Instead
of the fractal model, a pearl necklace model28 described the bundles
of PS(+)large particles adhered to HSA molecules. The fitted edge
separation (PS–PS separation from the centers of the spheres) was

TABLE V. Fitting parameters for the fractal model (PS/hard corona complex) are
summarised. Fitting uncertainties are shown in parentheses.

Diameter
(nm)

Fractal
dimension

Correlation
Length (Å)

PS(−)small/LYS
Hard corona
complex

130 (fixed) 2.28 (0.01) 59 800 (2500)

PS(+)small/HSA
Hard corona
complex

130 (fixed) 2.44 (0.04) 11 100 (3350)

PS(−)large/LYS
Hard corona
complex

1130 (fixed) 2.94 (0.04) 94 500 (2130)

FIG. 4. PS contrast-matched SANS profiles of PS(+)
small/LYS soft corona complex (blue) fitted with a core–
shell fractal model and PS(+)small/HSA hard corona
complex (Green) fitted with a Guinier–Porod model. A
SANS profile of PS(+)small fitted with the Guinier–Porod
model is shown as a comparison.
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2170 Å (±8 Å), which coincided with the diameter of the PS(+)large
particles. The model also predicted that the bundle consists of 20 PS
particles (±5), forming a necklace-like shape. This, in comparison to
the fractal shape, is more linear, much less branched, and small. With
the given resolved size and linearity of this complex, we hypothesize
that this necklace morphology is a “seed” for forming a fractal struc-
ture if further aggregation occurs (Table VII).

C. Discussion

We have previously observed the transition of soft to hard
HSA corona around PS(−)small by modifying the pH from 7.4 to
5.0.12 We attributed the shift in the nature of protein corona to the
increase in electrostatic interactions resulting from the loss of
charges on negatively charged amino acids (e.g., aspartic acid and
glutamic acid), along with the gain of positive charges by histidine.
This work aimed to study soft and hard protein corona at pH 7.4
by modifying a combination of the surface charges of PS nanoplas-
tics and proteins. We observed structural similarity between PS

(−)/HSA and PS(+)/LYS soft corona complexes—the proteins were
loosely decorated on the PS surface. Like PS(−) and HSA, PS(+)
and LYS carry the same net charges, although the ionizable
amino acids (both positive and negative) (Fig. 6) and PS(+) surface
maintain some degree of attractive interactions. The precise distri-
bution and patterning of these charges are likely to affect the
higher order association of the proteins in the soft corona complex
and the propensity for higher order aggregation for hard corona
complexes.

Coulombic force borne from the electrostatic interactions is
known to play a major role in driving attractive interactions for col-
loidal particles.30 It is expected that the strength of Coulombic
force is the main parameter in deciding the structural regime of the
corona complexes: more “fluidic” soft corona complex and more
“dense” hard corona complexes. Additionally, nanoparticle aggre-
gation is aided by the attractive interaction between unfolded
corona proteins from different nanoparticles.31 However, the con-
tribution is expected to be small, in this instance, due to the small
extent of protein unfolding observed.

FIG. 5. USANS/SANS profiles of large (∼200 nm) PS nanoplastics (red), PS/soft corona complexes (blue), and PS/hard corona complexes (green).

TABLE VI. Fitting parameters of the PS contrast-matched SANS profiles of PS(+)small/LYS hard protein corona complexes. A spherical core–shell fractal model was used
for the hard corona complex. Fitting uncertainties are shown in parentheses. The radius and nSLD of the core (PS particles) were fixed at 113 Å and 1.33 × 10−6 Å−2,
respectively, while the nSLD of the solvent was set to be 1.33×10−6 Å−2.

Protein shell thickness (Å) nSLD of the protein shell (10 × 10−6 Å−2) Fractal dimension Correlation length (Å−1)

PS(+)small/HSA
Hard corona

7.0 ± 0.3 1.95 ± 0.03 2.5 ± 0.01 10 600 ± 250
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Although unexplored in this work, our previous study12 inves-
tigated the effect of varying protein concentration on the morphol-
ogy of hard corona complexes. It was noted that an increasing
concentration led to a decreasing trend in the fractal dimension
(the work explored the upper concentration limit of 15 mgml−1).
Considering the similarity in the system investigated (proteins and
nanoplastics), one would also expect to see a decreasing trend in
the fractal dimension for the systems explored in this work.

Soft corona complexes shared similar structural features for
both sizes of PS particles (∼20 and 200 nm), although the strength
of the attractive force between the complexes was weaker for the
large particles. The effect of the nanoplastic size appeared more
noticeably for PS/hard corona complexes. First, the extent of the
change in secondary structure was greater for PS particles than
large upon the formation of hard corona complex. The observation
was consistent regardless of protein types (Tables II and III).
Nanoplastics have been found to disrupt the secondary structure of
proteins.32 However, this is contrary to some of the reports in the
literature33,34—larger particles are typically reported to cause
greater degree of unfolding of the secondary structure than smaller
particles, at least for the two sizes explored in this work. It is possi-
ble that HSA and LYS required more extensive conformational
change to be able to bind to the curved surface (smaller particles).
Furthermore, the hard corona complex structure was altered
[particularly for PS(+)large/HSA] to a smaller and more linear
morphology (best described by a pearl necklace model).

The aggregated structure is thought to be linked to the increased
cellular uptake for some cells.35 The tendency for smaller nanoplas-
tics to aggregate upon protein corona formation may explain the
increased uptake.

Additionally, this study implies that smaller nanoplastics more
plausibly create corona protein oligomers and larger aggregates
compared to larger nanoplastics (although specifying the quater-
nary structures of corona proteins were outside the scope of this
work). Both non-plastic nanoparticles and nanoplastics are known
to provide a platform for corona proteins to modify their own qua-
ternary structure into undesirable forms.36,37 Linse et al.37 observed
the enhanced formation of β2-microglobulin oligomers, following
their interaction with nanoplastics. Crucially, oligomeric states can
then form amyloid-like protein aggregates, which are thought to be
responsible for hemodialysis-associated amyloidosis (specifically, in
the case of β2-microglobulin).38

IV. SUMMARY AND CONCLUSIONS

Two types of proteins, HSA and LYS, and four nanoplastics,
PS(−)small, PS(−)large, PS(+)small, and PS(+)large, were used to
create PS/soft and hard corona complexes at pH 7.4, and the
corona protein and complex structures were evaluated. For soft
corona complexes, regardless of the particle size, charge, and
protein type, the secondary structures of the proteins were unaf-
fected. The preservation of their structural integrity can be attrib-
uted to the lack of tight binding to the nanoplastic surface. Despite
the absence of tight binding, SANS experiments showed the forma-
tion of PS/soft corona complexes. These complexes were described
by a spherical shape with attractive interactions. The PS
contrast-matched experiment revealed that the LYS soft corona layer
is ∼15 Å, equivalent to one to two molecule thickness. In contrast, a
conformational change was observed for the PS/hard corona com-
plexes. Due to the strong attractive interactions between PS nano-
plastics and proteins, colloidal aggregation was observed (best
described by a fractal structure). The extended and branched nature
of the fractal structure is known to be harmful to some biological
entities such as cell membranes. Although the nanoplastic size did
not affect the overall structure [except for PS(+)large/HSA hard
corona], the attractive force experienced by PS/corona complexes
was weaker for large nanoplastics. This was measured by the degree
of conformational change upon HSA or LYS hard corona formation,
and the mitigation of the stickiness (strength of attractive force) in
comparison with the soft corona complexes formed around small
nanoplastics. Specifically, for PS(+)large/HSA hard corona com-
plexes, a pearl necklace structure was formed, which we hypothesize
to be the “seed” for more extended and branched structures.
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TABLE VII. Relevant fitting parameters for the pearl necklace model to describe the
USANS/SANS profile of PS(+)large/HSA hard protein complex. Fitting uncertainties
are shown in parentheses.

PS(+)large/HSA hard corona

Edge separation (Å) 2170 ± 8
String thickness (Å) 10 (fixed)
Number of pearls 20 ± 5

FIG. 6. Crystal structure (1DPX) (Ref. 29) of LYS from two different angles with
color codes (red for positively chargeable amino acids and blue for negatively
chargeable amino acids), highlighting the potential sites for PS particles to par-
ticipate in an electrostatic interaction.
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