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The tiny particles of atmospheric ultrafine particles (PMg ) will
rapidly bind with large amounts of proteins to form a protein
corona when entering human blood. However, PMg; is a highly
heterogeneous mixture. Do different insoluble particles in PMg 4
have different adsorption behaviors for proteins? In this work, we
investigated the adsorption of plasma proteins on black carbon
nanoparticles (BC NPs) and silica nanoparticles (SiO, NPs) which
represented the airborne particles from different sources. It was
found that the BC NPs and SiO, NPs adsorbed plasma proteins to
form protein coronas, thereby changing the hydrated particle
size and the surface charge of these two NPs. The composition of
the protein coronas had some commonalities but also
differences. The interactions between the NPs and the corona
proteins were mainly dependent on the abundance of proteins in
the plasma. Four main proteins (human serum albumin,
fibrinogen, apolipoprotein A-l, and immunoglobulin G) were
adopted to investigate the effects on the protein secondary
structure induced by the NPs. The results concluded that
electrostatic interactions might play a key role in adsorption-
induced structural changes. The findings of this research
highlighted that there were differences in the protein corona
formed by different insoluble particles in PM. There is an urgent
need to understand the impact of particle variability on the

overall toxicity assessment of PM.

1. Introduction

There is growing evidence that atmospheric ultrafine
particles (PM, ,), as well as airborne engineered nanoparticles
(NPs), can across biological barriers, such as the air-blood
barrier and the blood-brain barrier, and then be transferred
to different organs, causing a series of diseases."™ Once they
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Environmental significance

Few studies pointed out that atmospheric particulate matter (PM) can
bind with proteins to form a protein corona, which then activates the
protein’s activity, changes the physicochemical properties of particles
and influences the cytotoxicity. However, PM is a heterogeneous
mixture, and the adsorption of proteins to different particles in PM has
rarely been taken into account. In this work, we present the
composition of protein coronas of different particles and the
interactions between the protein and the particles. From this
perspective, our study likely contributes to the understanding of PM
heterogeneity and indicates the uncertainties in PM particle research.
Moreover, our study reveals that binding to fine particles significantly
modifies the secondary structure of proteins. Therefore, further
understanding of how proteins interact with airborne particles and
where the binding sites are will be helpful for risk assessment of PM.

enter complex physiological fluids, these tiny particles will
rapidly bind with large amounts of biomolecules, a
phenomenon known as “biomolecular corona” or “protein
corona”.*” The protein corona imparts biological properties
of the particles, thus directly influencing the transport,
distribution, recognition, clearance processes of the particles
and toxicity response within the organism.>”

The formation of a protein corona is a dynamic process.
During the transport and fate of NPs in physiological body
fluids, proteins with lower affinity are gradually replaced by
proteins with higher affinity.* Therefore, the abundance, type
and nature of proteins are considered to be the dominant
factors influencing the formation of protein coronas.®® On
the other hand, the physical and chemical properties of the
particles, including their composition, size, surface curvature,
surface charge and hydrophobicity, also have a great effect
on the formation of protein coronas.' It has been recognized
that bare NPs tend to adsorb more proteins, whereas surface
functionalization with polymers (e.g., polyethylene glycol,
polyvinylpyrrolidone, dextran) would reduce the binding of
proteins.'' However, whether the size and surface properties
of the particles determine the composition and structure of
the protein corona is still controversial.">™"> And the binding
and dissociation kinetic processes of proteins and particles
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remain unclear.* Overall, a distinct understanding of the
underlying mechanisms of protein corona formation by
particle-protein interactions has not yet been achieved.

Previously, Song et al. found that atmospheric fine
particulate matter (PM, ;5) could adsorb blood proteins, and
that the protein corona composition significantly changed
with mouse bronchoalveolar lavage fluid pre-incubation.'®
They also investigated the adsorption behaviours of
individual corona proteins on PM,s. However, the
composition of insoluble particles in PM, 5 is complex and
varies greatly. Do different insoluble particles in PM, 5 behave
differently when interacting with proteins? In the present
work, we chose black carbon nanoparticles (BC NPs) and
silica nanoparticles (SiO, NPs) to represent the insoluble
particle fractions in PM,; from different sources. Black
carbon is one of the main components of PM,; and its
sources are mainly associated with fossil dyes, industrial
solid fuels, and biomass combustion.” And SiO, is the main
component of PM, 5 from natural sources.'® Meanwhile, it is
also noteworthy that SiO, is an important industrial raw
material. The level of airborne SiO, can be much higher in
mining plants, pottery factories, glass factories, etc.’®*°
Although some research had been carried out on the protein
coronas of BC NPs or SiO, NPs, here, we mainly focus on
exploring whether there are commonalities or differences in
the composition of the two NPs with different chemical
compositions and surface properties when forming protein
coronas in plasma, and try to uncover the key drivers of NP-
protein interactions. In addition, the effects of binding of
both NPs to certain proteins on the secondary structure of
proteins are compared simultaneously. The interesting
outcomes complement the knowledge of the protein coronas
of insoluble particles with different compositions in PM and
highlight the importance of identifying the biological effects
of heterogeneous particles in PM.

2. Materials and methods

2.1 Materials and human plasma

BC NPs and SiO, NPs were purchased from XFNANO
(Nanjing, China). Phosphate buffered saline (PBS) and fetal
bovine serum (FBS) were purchased from Gibco (USA).
Ammonium bicarbonate (NH,HCO;) was purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Acetonitrile (ACN, HPLC grade) and formic acid (FA, LC-MS
grade) were purchased from Aladdin (Shanghai, China).
Human albumin  (HSA), fibrinogen (Fg),
apolipoprotein  A-I (ApoA-I), immunoglobulin G (IgG),
dithiothreitol (DTT), iodoacetamide (IAA) and trypsin were
purchased from Sigma-Aldrich (USA). Blood samples were
taken from three male healthy individuals, in accordance
with the ethical guidelines of the Declaration of Helsinki.
The institutional review boards at the Affiliated Drum Tower
Hospital, Medical School of Nanjing University approved the
study. Informed consents were obtained from human
participants of this study. The samples were centrifuged at

serum
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3000 rpm to pellet blood cells. The supernatant was pooled
and stored at —80 °C as the human plasma sample.

2.2 Characterization of BC and SiO, NPs

The morphologies of the BC and SiO, NPs were characterized
by a field emission transmission electron microscope (FE-
TEM) (Tecnai G2 F20 S-TWIN, FEI, USA) operating at 200 kv,
as the NPs samples were suspended in alcohol and then
deposited onto Cu grids. The sizes of the two NPs were
measured using Image] software. The NP samples were
degassed at 100 °C under vacuum overnight, and then
Brunauer-Emmett-Teller (BET) surface area analysis was
performed on a fully automated rapid specific surface and
porosity analyzer (ASAP2460, Micromeritics, USA) based on
N, adsorption-desorption measurements. The
hydrophilicities of the BC NPs and SiO, NPs were
characterized by a video-supported contact angle measuring
instrument (OCA20, Dataphysics, Germany). The NP samples
were firstly pressed into disks, and then the contact angles
were recorded by dynamically measuring the angles between
water droplets and the surface of the disks at room
temperature. The functional groups on the surfaces of the
two NPs were characterized by Fourier transform attenuated
total reflectance infrared spectroscopy (FTIR) (Nicolet iS10,
ThermoFisher Scientific, USA) using the KBr pellet method.
After the NP samples were deposited on a silicon wafer
sample holder, X-ray diffractometry (XRD) (D8 ADVANCE,
Bruker, Germany) was used to determine their crystal
structures, with Cu Ko radiation at an operating voltage of 40
kv and current of 40 mA. The Raman spectrum of the BC
NPs was collected by a laser confocal Raman microscope
(invia-Reflex, Renishaw, UK) using a 633 nm laser.

2.3 NP-protein corona complex preparation

The BC NPs and SiO, NPs were incubated with 10% human
plasma in 10 mL centrifuge tubes at 37 °C for 4 h. The
plasma solution was diluted with phosphate buffered saline
(PBS, pH 7.4) to keep the final NP concentration at 1 mg
mL™". To obtain the NP-protein corona complexes, the
suspensions were centrifuged at 12 000 rpm for 10 min using
a high-speed refrigerated centrifuge (CR21N, Hitachi, Japan).
And the precipitates were then resuspended three times with
PBS and centrifuged to thoroughly remove the unadsorbed
proteins. At the same time, the NPs incubated in PBS without
human plasma were prepared as the controls, and the rest of
the steps were the same as above. All experiments were
conducted at least three times.

2.4 Characterization of NP-protein corona complexes

The NP-protein corona complexes and their corresponding
control NPs obtained by incubation, washing and
centrifugation were then characterized as follows. The
functional groups on the surface of NP-protein corona
complexes were characterized by a Nicolet iS10 FTIR
spectrometer (ThermoFisher Scientific, USA) using the KBr
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pellet method. The NP-protein corona complexes and the
control NPs were placed on electrically conductive carbon
tape, and their X-ray photoelectron spectra (XPS) were
measured on an XPS spectrometer (ESCALAB 250 Xi,
ThermoFisher, USA), with monochromatic Al Ka radiation at
a pass energy of 50 eV and spot size of 400 pm. Besides, the
samples were freeze-dried prior to FTIR and XPS detections.
The hydrodynamic diameters of the NP-protein corona
complexes and the control NPs in PBS with NP
concentrations of nearly 100 ug mL™" were analyzed by
dynamic light scattering (DLS) (90 Plus, Brookhaven, USA).
The zeta potential of the dispersions was measured by a
Zetasizer (Nano-Z, Malvern, UK). The dispersions were
sonicated for 3 min prior to the DLS and zeta potential
measurements, which were conducted at room temperature
at least three times.

2.5 Characterization of protein corona compositions

The proteins were firstly analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). According to
previous studies,>** the NP-protein corona complexes were
directly vortexed with SDS-PAGE loading buffer for 30 min
and heated at 95 °C for 5 min. Then the samples were
centrifuged at 8000 rpm for 10 min to discard the
precipitated NPs. And the supernatants containing the
proteins of the hard coronas were collected and applied in
equal volumes (25 pL) to an SDS-PAGE gel (5% spacer gel and
12% separation gel). The proteins were separated by
electrophoresis at 80 V for 30 min and then at 120 V for 1 h.
The gels were stained with Coomassie brilliant blue G250
(Beyotime, China) to visualize the proteins.

Additionally, the proteins were digested in-gel for liquid
chromatography-mass spectrometry/mass spectrometry (LC-
MS/MS) analysis according to the standard procedures.?
Briefly, the gels were cut into pieces and loaded into 1.5 mL
centrifuge tubes. After being washed three times with 50%
ACN/100 mM NH,HCO; for 10 min to remove the dye, the
gels were dried by a centrifugal concentrator for 5 min. Then
the gels were immersed in 10 mM DTT/50 mM NH,HCO; for
1 h (gradually increased the temperature to 56 °C). After
centrifugation, the supernatant was aspirated, and the gels
were immersed in 55 mM IAA/50 mM NH,HCO; at room
temperature in the dark for 30 min. Subsequently, the gels
were washed with 10 mM NH,HCO; for 10 min, followed by
washing with ACN for 10 min, and the steps were repeated
twice. Then the supernatant was discarded and the gels were
dried by the centrifugal concentrator. 10 ng uL™ trypsin/10
mM NH,HCO; was added and incubated on ice for 30 min.
The excess trypsin solution was aspirated and additional 10
mM NH,HCO; was added to cover the swollen gels, which
were then incubated at 37 °C overnight. Peptides were
extracted with 60% ACN/5% FA by an ice bath ultrasound for
10 min and the supernatant was collected. The collected
supernatant was dried in a vacuum concentrator and re-
solubilized with 1% FA. Finally, the peptides were analyzed

This journal is © The Royal Society of Chemistry 2024
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by a LC-MS/MS system (TripleTOF 5600+, AB Sciex, USA). The
peptides were loaded onto a Durashell C18 column (4.6 mm
x 150 mm, 5 pm). Peptides were separated by LC after 65
min solvent gradient from 95% A + 5% B to 10% A + 90% B
(A: 20 mM ammonium formate, B: 20 mM ammonium
formate-80% acetonitrile). A triple TOF 5600 mass
spectrometer fitted with a Nanospray III source (AB Sciex,
USA) was utilized to acquire mass spectrometric data. The
conditions of the mass spectrometer were programmed as
follows: ion spray voltage of 5.5 kV, curtain gas of 30 Psi, m/z
from 350 to 1250, and accumulation time of 0.25 s. The
proteins in the human plasma sample (at a 10%
concentration) used were analyzed as the control.

2.6 Bioinformatics

The raw MS/MS data files were processed by ProteinPilot™
software version 4.2 (AB Sciex, USA). Peptides with a <1%
false discovery rate (FDR) and a 95% confidence interval (CI)
were selected for protein identification. The MaxQuant
software version 1.5.3.17 was adopted to obtain a label-free
quantification for the relative percentages (%) of proteins in
the corresponding corona samples and the used human
plasma sample. Intensity-based absolute quantification
(iBAQ) was calculated to represent the relative protein
amounts within the group. Molecular weight (MD), isoelectric
point (pI), and grand average of hydropathicity (GRAVY)
analyses of the proteins were conducted by using an online
protein analysis tool (http://web.expasy.org/protparam/).

2.7 Circular dichroism (CD) analysis

The secondary structures of proteins affected by the NPs were
determined according to previous literature reports.>*>> The
NPs were mixed with four model proteins, BSA, Fg, ApoA-l,
and IgG in an equal volume at 37 °C for 2 h, respectively.
Both the NP suspensions and the protein solutions were
diluted with PBS to keep the final concentration at 1 mg
mL™". After incubation, the secondary structures of the
proteins were collected by CD spectroscopy (Chirascan,
Applied Photophysics, British). The changes in the content of
a-helix, B-sheet, and B-turn of the proteins after interaction
with the BC NPs and SiO, NPs were calculated by the online
CD analysis server DICHROWEB (http://dichroweb.cryst.bbk.
ac.uk/). All experiments were conducted at least three times
to ensure the reproducibility of the results.

3. Results and discussion
3.1 Characterization of NPs

The surface morphologies of the BC NPs and SiO, NPs were
characterized by TEM. As shown in Fig. 1a-d, the BC NPs
and SiO, NPs both exhibited spherical shape with about 20
nm diameters, and agglomeration of both NPs was obvious.
Moreover, according to the high-resolution TEM images in
Fig. 1b and d, the BC NPs had a lattice stripe with a distance
of 0.34 nm, which corresponded well with the (002) crystal
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Fig. 1 TEM images of BC NPs (a and b) and SiO, NPs (c and d). XRD patterns of BC and SiO, NPs (e). Raman spectra of BC NPs (f). FTIR spectra of
BC and SiO, NPs (g). Contact angles of BC NPs (h) and SiO, NPs (i) at 0 ms of water droplet deposition.

plane of graphite carbon,*® while the SiO, NPs were
amorphous. The XRD patterns of these two NPs were then
confirmed. As shown in Fig. 1le, the peak at 26° of the BC
NPs originated from the (002) crystal plane of graphite and
the other peak with a weaker diffraction intensity at 44°
corresponded to the (100) crystal plane of graphite.>® As for
SiO, NPs, there was only one peak at 22°, suggesting that
they were amorphous silica and not crystalline silica.”” Fig. 1f
shows the Raman spectrum of the BC NPs, and the peaks of
the D-band (~1360 cm™) and G-band (~1600 cm™") could be
observed, indicating that the BC NPs had a graphite-like
structure with carbon atoms arranged in sp® hybridization
but disordered between different layers.*® Petzold et al.
previously pointed out that the black carbon was generally a
fractal chain-like aggregate consisting of small carbon
spheres with diameters of 10-50 nm, whose specific surface
area was typically greater than 10 m> g™' and sometimes
possibly more than 100 m> g™.?° Then the specific surface
areas of the BC NPs and SiO, NPs were further evaluated by
N, adsorption-desorption measurements. The BET surface
areas of the BC NPs and SiO, NPs were 103.8 m> g™' and
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174.5 m> g™', respectively. Furthermore, FTIR was employed
to characterize the functional groups of the BC NPs and SiO,
NPs (Fig. 1g). In the FTIR spectrum of BC NPs, there were
two weak peaks at 3400 and 1650 cm ™', which were ascribed
respectively to the stretching vibration and the bending
vibration of the O-H bond in water. As for SiO, NPs, in
addition to the two hydroxyl peaks at 3400 and 1650 cm *,
there are peaks at 1099, 963 and 800 cm™', which were
assigned respectively to the Si-O-Si stretching vibration, Si-
OH stretching vibration and Si-O symmetric stretching
vibration.>” The results demonstrated that the BC NPs and
SiO, NPs did not have specific modifications and would be
predominantly physically adsorbed in subsequent protein
adsorption investigation. The hydrophilicities of the BC NPs
and SiO, NPs were also characterized. As shown in
Fig. 1h and i, the contact angles of the two NPs were both
below 90° at 0 ms of water droplet deposition, and the SiO,
NPs (with a contact angle of 19.3°) were more hydrophilic
than the BC NPs (with a contact angle of 66.9°) due to the
hydroxyl groups on the surface of the SiO, NPs. Then the two
NPs were rapidly wetted (Fig. S17).

This journal is © The Royal Society of Chemistry 2024
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3.2 Characterization of protein coronas on the surface of NPs

The protein coronas formed on the surface of the BC NPs
and SiO, NPs were explored. Fig. 2a and b show the TEM
images of the BC NP-corona and SiO, NP-corona complexes.
Unexpectedly, due to the small size of the BC NPs and SiO,
NPs, though the agglomeration of NPs was slightly improved
after incubation with human plasma, the protein layer

Communication

around the NPs could not be directly displayed by TEM.
However, the dispersion of the NP suspensions was
significantly improved after incubation with human plasma,
which can be visualized in Fig. 2c. FTIR was carried out to
provide reliable functional group information on the protein
coronas. As shown in Fig. 2d, in the FTIR spectra of BC NP-
corona and SiO, NP-corona complexes, three peaks at 1651,
1532, and 1398 cm™ were generated, which corresponded to
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Fig. 2 TEM images of BC NP-corona (a) and SiO, NP-corona (b). Digital photos of BC NPs, BC NP-corona, SiO, NPs and SiO, NP-corona after
sonication and then standing for 5 min (c). FTIR spectra of BC NP-corona, SiO, NP-corona and human plasma (d). XPS full scan spectra and
relative atomic concentrations on the surface of BC NPs and BC NP-corona (e), and SiO, NPs and SiO, NP-corona (f). Detail C 1s XPS spectra of
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BC NP-corona, SiO, NPs and SiO, NP-corona (k).
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the stretching vibration of C=O0, the bending vibration of N-
H, and the stretching vibration of C-N in -CO-NH-,
respectively.>* XPS was performed to further verify the formed
protein coronas around the NPs based on the existing
elements and their bonded forms. In the XPS full scan
spectra of the BC NP-corona (Fig. 2e) and SiO, NP-corona
(Fig. 2f), intense peaks of N 1s, O 1s and S 2p in the BC NP-
corona were generated, and the intensities of C 1s, N 1s
peaks were increased in the SiO, NP-corona. On the other
hand, an increase in the corresponding relative atomic
concentrations on the surfaces of the BC NP-corona and SiO,
NP-corona could also be observed. It suggested the
formation of protein coronas. And the peak of Na 1s in the
BC NP-corona and SiO, NP-corona was probably from the
residue of inorganic salts after PBS washing. High-resolution
C 1s spectra of the BC NPs, BC NP-corona and SiO, NP-
corona are shown in Fig. 2g-i. The spectrum of C 1s can be
deconvoluted into peaks with binding energies corresponding
to C-C (~284.8 eV), C-N (~285.7 eV), C-O (~286.1 eV) and
C=0 (~288.5 €V).***' The appearance of C-N and C=0
peaks illustrated that a certain amount of plasma proteins
was adsorbed on the surface of the incubated NPs, in
accordance with the FTIR result.

Meanwhile, after incubation with human plasma, the
surfaces of the BC NPs and SiO, NPs were different from
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native NP forms. Fig. 2j shows the hydrodynamic diameters
of the BC NPs, SiO, NPs and their derived protein corona
complexes. The average size of the SiO, NPs was slightly
larger than that of the BC NPs due to the hydroxyl group on
the surface of the SiO, NPs. The average sizes of both NPs
were increased by adsorption of plasma proteins, which
could be attributed to the hydrophilic nature of the protein
layers and the fact that the proteins adsorbed on the surface
of the NPs slowed down the diffusion of the NPs. And the
zeta potential value of the BC NPs decreased from 27.7 + 1.1
mV to 10.0 + 0.8 mV, while the zeta potential value of the
SiO, NPs increased from -20.3 + 1.3 mV to -2.2 + 1.7 mV
(Fig. 2k), suggesting adsorption of plasma proteins onto the
BC NPs and SiO, NPs.

3.3 Characterization of protein corona compositions

Plasma proteins in the BC NP-corona and SiO, NP-corona
complexes were separated by SDS-PAGE. Notably, high-
abundance proteins on the SiO, NPs were changed compared
with that on the BC NPs (Fig. 3, red box). It suggested that
the formation of the protein corona was affected significantly
by the surface property of the nanomaterial. Meanwhile, in
addition to human plasma, FBS was adopted as an
incubation environment reference (Fig. 3, lanes 2 and 6). The
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Fig. 3 SDS-PAGE analysis of corona proteins on the surface of the BC NPs (a) and SiO, NPs (b). Heat map of the major protein compositions of

the BC NP-corona and SiO, NP-corona complexes (c).
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result showed that the abundance of proteins in human
plasma and FBS was different, and fewer bands were
observed in protein coronas formed with FBS than in those
formed with human plasma. Therefore, adopting FBS to
predict the protein corona composition of nanoparticles
would miss some information and could not reflect the real
status in the human blood environment.

Next, we used LC-MS/MS to qualitatively analyze the major
protein compositions of the BC NP-corona and SiO, NP-
corona complexes. As shown in Tables 1 and 2, the
compositions of the protein coronas of the two NPs had
commonalities but also differences. Fig. 3c visually shows the
relative percentages of these major proteins within the group,
which can be due to the different interactions between the
NPs and the proteins. And most of these proteins in the
protein coronas were also abundant in the human plasma
sample (Fig. S27).

We classified these proteins according to their biological
functions®* as immunoglobulins (IgH@protein, IgG H chain),
lipoproteins (apolipoprotein A-I, apolipoprotein A-IV, beta-2-
glycoprotein 1), coagulation proteins (fibrinogen alpha chain,
fibrinogen beta chain, fibrinogen gamma chain,
antithrombin-1II, kininogen-1, histidine-rich glycoprotein),
complement proteins (complement C1q, C4b-binding protein
alpha chain), acute phase (alpha-1-antitrypsin, PRSS3
protein), tissue leakage (vitronectin) and other plasma
components (serum albumin, alpha-2-HS-glycoprotein,
vitamin D-binding protein, pigment epithelium-derived
factor). Similarly, these protein corona compositions on other
nanomaterials were also observed in previous studies.'*?*

The biological functions of the proteins bound to NPs
were closely related to the fate of NPs in living organisms.
For example, apolipoproteins were mainly involved in the
transport and metabolism of lipids and cholesterol; when
apolipoproteins bind to NPs, they could selectively interact
with cell membrane surface receptors and affect the cellular
uptake of NPs.** Regarding immunoglobulins, as well as
complement proteins, they were proteins associated with

Table 1 Analysis of the major proteins and their properties in the protein
corona of BC NPs

Uniprot ID Protein name MW (Da) pI  GRAVY

P02768 Serum albumin 69367 5.92 -0.354
P02679 Fibrinogen gamma chain 51512 5.37 -0.588
P02675 Fibrinogen beta chain 55928 8.54 -0.758
P02671 Fibrinogen alpha chain 94973 5.70 -0.822
A1A508 PRSS3 protein 26487 6.87 -0.113
Q6GMX6  IGH@protein 51083 8.91 -0.316
P01009 Alpha-1-antitrypsin 46737 5.37 -0.183
S6BGF5 IgG H chain 25600 8.83 -0.171
P06727 Apolipoprotein A-IV 45372 5.28 -0.789
P04003 C4b-binding protein alpha chain 67033 7.15 -0.477
P01008 Antithrombin-IIT 52602 6.32 -0.278
P02774 Vitamin D-binding protein 52918 5.32 -0.336
P01042 Kininogen-1 71957 6.34 -0.757
P02765 Alpha-2-HS-glycoprotein 39340 5.43 -0.190
P02749 Beta-2-glycoprotein 1 38298 8.34 -0.274

This journal is © The Royal Society of Chemistry 2024
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Table 2 Analysis of the major proteins and their properties in the protein
corona of SiO, NPs

Uniprot ID Protein name MW  pl  GRAVY
P02647 Apolipoprotein A-I 30778 5.56 —0.717
P02675 Fibrinogen beta chain 55928 8.54 -0.758
P02679 Fibrinogen gamma chain 51512 5.37 —0.588
P02671 Fibrinogen alpha chain 94973 5.70 -0.822
Q6GMX6 IGH@protein 51083 8.91 -0.316
S6BGF5 IgG H chain 25600 8.83 -0.171
A1A508 PRSS3 protein 26487 6.87 -0.113
P04004 Vitronectin 54305 5.55 -0.723
P06727 Apolipoprotein A-IV 45372 5.28 —0.789
P02768 Serum albumin 69367 5.92 -0.354
P36955 Pigment epithelium-derived factor 46312 5.97 -0.164
P02745 Complement Cl1q 26017 9.26 -0.381
P04196 Histidine-rich glycoprotein 59578 7.09 -0.957
P01042 Kininogen-1 71957 6.34 -0.757
P02749 Beta-2-glycoprotein 1 38298 8.34 -0.274

humoral immunity. The adsorption of complement factors
onto NPs might facilitate the clearance of NPs from the blood
by macrophages and trigger inflammatory responses.**?°
Prozeller et al. found that binding of a few immunoglobulins
to the surface of NPs could trigger complement activation
and regulation.?” In addition, it has been identified that NPs
could interact with coagulation factors and disrupt the
balance  between  anticoagulant and  procoagulant
mechanisms.*®*° Jin et al also found that PM,s could
directly interact with the plasma protein FXII (Hageman
factor), causing conformational changes that lead to its shear
activation, which in turn triggered the downstream activation
of kinase cascades.’® Thus, it is evident that the effect of
adsorbing different types of proteins on the biological effects
of NPs could be very complex.

3.4 Interaction of nanoparticles with proteins

The interactions between nanomaterials and proteins
mainly include electrostatic interactions, hydrophobic
interactions, hydrogen bonding interactions, van der Waals
interactions and covalent interactions with some specific
chemical bonds.*" The covalent interactions could be
neglected as there was no functional group present on the
surface of the BC NPs. Tables 1 and 2 give the pI values
of the corona proteins. Overall, most of the proteins
enriched in the protein coronas of the BC NPs and SiO,
NPs displayed a negative charge (pI <7). Moreover, the
number of positively charged proteins among the major
proteins in the SiO, NP-corona complexes was slightly
higher than that in the BC NP-corona complexes, which
might be due to the electrostatic interactions between
negatively charged SiO, NPs and the proteins. Wu et al
demonstrated that most of the proteins in the protein
corona formed around Mxene nanosheets from human
plasma were negatively charged and assessed that the
contribution of pI of the proteins was not significant by
adopting a random forest classification model.*?
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Tables 1 and 2 also present the GRAVY values of the
corona proteins. A positive value of GRAVY indicates that
there are more hydrophobic amino acids than hydrophilic
amino acids in the protein, which 1is generally
hydrophobic, and a higher positive value indicates a
higher degree of hydrophobicity, and vice versa. Notably,
the major proteins in the protein coronas of the BC NPs
and SiO, NPs were hydrophilic proteins. Since both the
BC NPs and SiO, NPs were hydrophilic, this implied that
hydrophilic interactions might be involved. However, there
are still conflicting conclusions about the effect of surface
hydrophilicity of NPs on protein corona composition.
Some studies suggested that hydrophilicity played a key
role in protein corona composition,'™'*>*>** whereas some
studies considered that NPs had hydrophobic surfaces
that could bind more proteins.*>*® This contradiction
may be due to the different evaluations of protein
hydrophilicity. On the other hand, the hydrophilicity of
proteins is determined by the constituent amino acids,
yet there are limited studies on the interaction sites of
NPs with proteins. Cha et al employed a machine
learning approach to predict the binding sites of carbon
nanotubes and human myeloperoxidase at hydrophilic
tyrosine residues (no. 293 and 313) and arginine residues
(no. 307 and 294).* Promisingly, the contradictory
understandings could be resolved with the help of
artificial intelligence approaches.
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In conclusion, the compositions of the protein coronas of
the BC NPs and SiO, NPs depend mainly on the abundance
of proteins in human plasma. The surface charge of the NPs
influenced the electrostatic interaction with proteins, but
probably less significantly. Bewersdorff et al. showed that the
effect caused by differences in the surface charge of Au NPs
with different surface modifications was not significant
compared to the effect of different shape differences on
protein corona formation.*® Tenzer et al. similarly found that
neither the size nor the charge of the protein significantly
determined the protein corona fingerprint characteristics.™
These previous results suggested that electrostatic
interactions were not the major driving force in regulating
protein coronas. There might be a contribution of
hydrophilic interactions in protein corona formation, but
more research is needed to identify the binding sites of
nanomaterials and proteins.

3.5 Effect of nanoparticles on the secondary structure of
proteins

The interactions with NPs may lead to an increase or
decrease in the secondary structure of proteins such as
a-helix, B-sheet, p-turn, etc.**>* Based on the identification
results of protein corona composition, four major proteins,
HSA, Fg, ApoA-l, and IgG, were selected to investigate the
interaction of the BC NPs and SiO, NPs with the proteins and
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Fig. 4 CD spectra of HSA (a), Fg (b), IgG (c), ApoA-I and (d) proteins, and after interaction with the BC NPs and SiO, NPs.
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the effects on protein secondary structure. These four
proteins were also the main constituents of protein coronas
binding to other nanomaterials.****>*

The CD profiles of native HSA, Fg, IgG, ApoA-I, and those
after adsorption with the BC NPs and SiO, NPs are shown in
Fig. 4. The changes in the a-helix, f-sheet, and p-turn contents
of the four model proteins before and after interaction with
NPs were analyzed by the DICHROWEB server.”>>® As shown in
Table 3, it was noticed that the NPs had the least effect on the
change of the secondary structure of HSA compared to the
other three proteins. Comparing the differences between the
two NPs, the SiO, NPs had a greater effect on the secondary
structure of IgG compared to the BC NPs, while the BC NPs
had a greater effect on the secondary structure of ApoA-I
compared to the SiO, NPs. Since IgG is positively charged and
ApoA-I is negatively charged at pH 7.4, the negatively charged
SiO, NPs and the positively charged BC NPs altered the
secondary structure of IgG and ApoA-I via electrostatic
interactions. Meanwhile, it could be observed that IgG showed
a significant increase in o-helix content and a decrease in
B-sheet content after interaction with the SiO, NPs. This might
be attributed to the weakening in the electrostatic repulsion
between protein peptide chains in response to the electrostatic
interactions of the NPs and the peptides tended to adsorb
stably on the surface of the NPs.””*® However, Fg and ApoA-l
showed a decrease in a-helix and an increase in 3-sheet content
after interaction with the BC NPs. It meant that the binding of
the NPs and Fg and ApoA-I could cause the unfolding of the
proteins. Sengupta et al. reported that the interaction between
Fg and carbon nanomaterials was influenced by charge-
transfer between them, which caused a transition from a-helix
to B-sheet and induced the protein unfolding, thus enhancing
protein adsorption and conformational entropy.”® Secondary
structural changes in proteins would eventually alter their
function.®® For example, Deng et al. found that the interaction
of Au NPs with Fg could lead to unfolding of the protein
skeleton, which promoted interaction with the integrin
receptor Mac-1 and activated the NF-kB signaling pathway.®!
Therefore, figuring out the effects on protein conformation by

Communication

NPs can help to understand the toxicity of NPs upon their entry
into body fluids.

4. Conclusions

In this work, BC NPs and SiO, NPs were chosen to represent
the insoluble particle fractions of combustion and natural
origin in PM, respectively. Both the BC NPs and SiO, NPs
would adsorb proteins from the human plasma to form
protein coronas, thereby changing the hydrodynamic size
and surface charge of the NPs. The compositions of the
protein coronas of the two NPs have commonalities but also
differences. The interactions between the NPs and proteins:
(a) mainly depended on the abundance of proteins in
plasma; (b) electrostatic interactions had an effect, but was
not the main driving force; (c) hydrophilic interactions might
contribute, and there is a great need to find out binding sites
of proteins on NPs. Furthermore, four model proteins, HSA,
Fg, ApoA-I, and IgG, were selected to investigate the effects
on the protein secondary structure produced by the
adsorption of BC NPs and SiO, NPs. Among them, HSA was
least affected, while for Fg, ApoA-I, and IgG, the o-helix,
B-sheet, and B-turn contents were changed to different
degrees after binding to BC and SiO, NPs. The surface charge
of NPs might play a key role in causing changes in protein
secondary structure. This investigation reveals the differences
in protein corona composition and the effects on protein
structure of different insoluble particles. The differences in
protein corona formation by insoluble particles of different
compositions may have an important impact on the toxic
effects of the particles, and future work is needed to better
assess the contribution of the heterogeneity of insoluble
particles in PM to the toxic effects produced. From another
perspective, the exposure of insoluble particles in PM can
occur through various external or internal routes. Therefore,
the formation of protein coronas by insoluble particles in
different encountered biological fluids (such as alveolar fluid,
cerebrospinal fluid, etc.) should also be of concern, for a
more reliable and comprehensive PM toxicity assessment.

Table 3 Analysis of the contents of a-helix, 3-sheet and B-turn in the secondary structure of four model proteins after adsorption on the surface of BC

NPs and SiO, NPs

o-Helices (%)

3-Sheets (%)

Protein State oR op Pr o Turn (%) Unordered (%)
HSA HSA 40 £ 2 11+0 11+1 9+0 9+0 201
HSA-BC 41 +1 11+1 10+£2 9+1 101 20+2
HSA-SiO, 43 £2 11+1 9+1 8+2 10+1 21+3
Fg Fg 25+0 26 +4 0+0 2+1 70 41 +3
Fg-BC 22 £2 17 +£2 2+3 2+2 8+0 49 +3
Fg-SiO, 34+6 5+1 34+3 1+2 2+3 24 +2
1gG 1gG 14+3 4+1 23+1 14+£0 9+0 33+2
I1gG-BC 32+5 7+2 13+5 13+2 4+1 310
1gG-SiO, 79+4 12+ 3 0+0 0+0 0+0 9+1
ApoA-1 ApoOA-I 48 + 0 14 +1 4+0 5+0 100 190
ApoA-I-BC 32+1 4+1 19+1 12+ 0 8+1 230
ApoA-1-SiO, 47 +2 130 6+2 6+2 9+1 19+1

Note: og: regular a-helix; op: distorted a-helix; fr: regular p-strand; fp: distorted B-strand.

This journal is © The Royal Society of Chemistry 2024
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