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Environmental Significance Statement for:

Effect of protein corona on nanoparticle-plasma membrane and nanoparticle-biomimetic
membrane interactions

Ubiquitous nanoscale environmental pollutant particles represent a serious hazard to public health. The
toxicity of nanoparticles can be affected by formation of protein coronas around these particles in
biological environments. The effect of the protein corona needs to be assessed not only in vitro, but also
with simplified models to find the mechanism underlying how the corona modulates nanomaterial-
biomembrane interactions. Our study using cell lines, isolated cell membranes, and biomimetic
membranes made from natural lipid extract demonstrates the protective role of the protein corona in non-
specific nanomaterial-biomembrane interactions. This comparison between plasma membranes and
biomimetic membranes establishes the limits of model membranes as tool in predicting the potential
health risks of nanoparticles.
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Abstract

Nanomaterial contamination in the environment poses severe threats to public health and wellness.
Understanding interactions between nanoparticles and biomembranes is pivotal to understanding the
physiological effects of nanomaterials. The prevailing understanding is that a protein corona forms around
nanoparticles upon their entering biological systems. The effect of the protein corona on the membrane-
nanoparticle interaction has not been comprehensively investigated. Here, we report a systematic study to
better understand the effects of the protein corona on nanoparticle-biomembrane interactions with both
plasma membranes (293T cell line) and biomimetic membranes. Giant plasma membrane vesicles (GPMVs)
and giant unilamellar vesicles (GUVs) fabricated from organ lipid extracts (brain, heart, and liver) served
as biomimetic models in our study. Reduced charged-nanoparticle adhesion to both plasma and biomimetic
membranes with the presence of the protein corona suggests that the protein corona interferes with the
electrostatic interaction between nanoparticles and biomembranes. These similar trends of nanoparticle
adhesion among the membranes indicated that model membranes can capture this electrostatic interaction
with similar responses as plasma membranes. However, the membrane integrity subsequent to the
interaction was different between the two systems, indicating the limitations of model membranes in
recreating the complexity and dynamics of plasma membranes. As the first systematic study correlating
nanoparticle interactions with cell membranes, isolated cell membranes, and synthetic vesicles from natural
lipid extracts, we demonstrated that biomimetic membranes can serve as excellent analogues to cell
membranes in providing fundamental insights regarding the electrostatic interaction between nanoparticles
and biomembranes.

Introduction

Nanomaterial contamination in the environment is present in forms such as ultrafine soot and nanoplastics.
Ultrafine soot with adverse respiratory health effects is heavily emitted from diesel and gasoline exhaust.
The hazardous accumulation of nanoplastics in aquatic and terrestrial environment originates not only from
production and usage lifecycle degradation of extensively used plastics, but also from the fragmentation in
landfills. Engineered nanomaterials, with applications in biosensors, bioimaging and drug delivery, are also
becoming increasingly deployed. Given the increasing presence of nanomaterials in day-to-day experience,
the potential hazards posed to biological systems by nanoparticles have become a notable concern. The
interplay between nanoparticles and cells can lead to cellular accumulation of nanoparticles, compromised
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plasma membrane integrity, as well as mitochondrial and lysosomal damage.!-? These potentially cytotoxic
effects are determined by nanoparticle characteristics such as size, shape, charge, and surface chemistry.?

Nanoparticles adsorb proteins and other biomolecules upon entering biological fluids due to their high
surface energy. The associated proteins, called the protein corona, modify the surface properties of the
nanoparticles, providing them with biological properties distinct from those they would have in their
pristine state, thereby altering the fate of nanoparticles in biological systems.* > There remain many open
questions regarding the role of the protein corona.® It has been generally believed that the protein corona
protects cells against reactive surfaces of nanoparticles and increases the safety of nanomedicines.” ® But
Obst and her colleagues found that the protein corona does not significantly decrease cellular uptake of
nanoparticles into macrophages.’ In some cases, the protein corona can even activate surface receptors and
lead to undesired immune responses.!® ! It is well known that the initial step in cellular uptake of
nanoparticles is dominated by interfacial interactions between the plasma membrane and nanoparticles, and
the cytotoxicity of nanoparticles has been related to this interaction.!> !> Therefore, a systematic knowledge
of the nanoparticle-plasma membrane interaction is the key to understanding this nano-bio interfacial
phenomena and the impact of the protein corona on cells.

To date, the interpretation of nanoparticle-membrane behaviors in in vitro experiments is still not well
established due to the complex and dynamic nature of cell membranes. Simplified biological model
membranes are advantageous to perform focused studies and systematic investigations of the nanoparticle-
biomembrane interface.'* Giant unilamellar vesicles (GUVs) and giant plasma membrane vesicles (GPMV5s)
are representative free-standing model biomembranes: they are bottom-up and top-down approaches for
mimicking plasma membranes, respectively. GUVs are fabricated from tunable lipid ingredients and can
be designed to present representative lipid compositions in plasma membranes.'> 1 GPMVs are blebs
isolated from cells that have a composition similar or identical to that of the plasma membrane; they largely
preserve the plasma membrane’s physical properties while being free from contamination of organelle
membranes.'” ¥ These simple and stable model membranes have shown clear similarities with in vitro
studies in terms of non-specific interactions with nanoparticles,'® particularly not only validating pathways
of nanoparticle internalization but also strongly correlating membrane distortion with cell viability.?%2! Our
previous studies utilizing GUVs have further unveiled the an adhesion-based mechanism contributing to
toxicity of charged nanoparticles.? 23

It is important to correlate cellular process with biophysical phenomena to identify general mechanisms
underlying the cellular process.?* Here we report a comprehensive attempt to investigate the impact of the
protein corona on non-specific interactions between charged nanoparticles and plasma membranes by
establishing a correlation between plasma membranes and biomimetic membranes. We selected
representative nanoplastic polystyrene nanoparticles (PNPs) for our study. In addition to examining charged
PNP interactions with cell surfaces, we used GUVs fabricated from natural lipid extracts and GPMVs from
293T cells. We observed interactions between the membranes and PNPs with and without a protein corona,
and further compared PNP adsorption to membranes as well as membrane integrity upon PNP interaction.
Through this study, we have confirmed the general protective effect of protein corona in non-specific
electrostatic nanoparticle-biomembrane interactions. This systematic study also suggests that model
membranes are reliable platforms to explore the nano-bio interface, providing fundamental information for
nanomaterial design in clinical and environmental applications.

Materials and methods
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Materials. Green fluorescent 100 nm diameter polystyrene nanoparticles were purchased from Magsphere,
CA. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC), cholesterol as well as brain, heart, and liver total lipid extract were purchased from Avanti Polar
Lipid, AL. 1,1’-dioctadecyl-3,3,3",3'- tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD)
and CF633 labeled wheat germ agglutinin (CF633-WGA) were purchased from Biotium, CA. Phosphate
buffered saline (PBS), Dulbecco’s phosphate-buffered saline with calcium and magnesium (DPBS),
penicillin/streptomycin, L-glutamine, and trypsin were obtained from Corning, NY. Dulbecco's modified
Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco, MA. DAPI stain, 10
kDa rhodamine-dextran, BCA assay kit and LDH assay kit were purchased from ThermoFisher Scientific,
MA. Human male type AB serum (H4522) was purchased from Sigma Aldrich, MO. 293T cell line was
obtained from the American Type Culture Collection (ATCC), VA. Other reagents were purchased from
Sigma Aldrich, MO.

Protein corona preparation and quantification. 5 mg/mL PNPs (15 nM) were incubated in human male
type AB serum (Sigma Aldrich, MO) for 30 min at 37 °C under gentle shaking. Unbound proteins were
separated from PNP—protein complexes with centrifugation (16,100 g, 20 min). Pellets were then washed
three times with PBS buffer and then resuspended in PBS buffer; PNPs with protein corona (PNP/corona)
were hereby obtained. Unbound proteins in the supernatant were quantified by a bicinchonicic acid (BCA)
assay for each wash. Using a PNP-absent control sample with the same starting concentration of human
serum, the amount of proteins extracted by PNPs can be calculated through the BCA assay results.

Protein corona elution and SDS-PAGE. Proteins were eluted from PNP/corona particles by adding elution
buffer (95% 2X Laemmili buffer, 5% beta-mercaptoethanol, BioRad) and heating at 95 °C for 5 min. Then
eluted proteins were separated by centrifuging out the PNPs (16,100 g, 25 min). Proteins harvested from
0.1 mg (0.3 pmol) PNPs were analyzed by SDS-PAGE using precast 4%-20% Mini-PROTEAN TGX
polyacrylamide gels (BioRad). Color prestained protein standard (11-245 kDa) (BioLabs) was used as a
molecular weight marker and the gels were run for 30 min at 200 V in Tris-Glycine-SDS buffer. Gels were
then stained using Coomassie Blue Protein stain.

Proteomic analysis. To avoid noise introduced by surfactant in the LC-MS system, Laemmili buffer cannot
be used for protein elution, so here we used a paramagnetic bead isolation method separate from the one
for SDS-PAGE.? Protein corona was eluted from 0.5 mg (1.5 pmol) PNPs by adding 500 uL 8M urea
buffer, heating at 95 °C for 20 min. Proteins were then reduced by incubating with 5 mM dithiothreitol
(DTT) at 45 °C for 30 min. Alkylation was induced by incubating with 25 mM iodoacetamide (IAA) at
room temperature for 30 min in dark followed by quenching with 10 mM DTT. 30 pL each of Sera-Mag
Beads A (Thermo CAT No. 09-981-121) and Sera Mag Beads B (Thermo CAT No. 09-981-123) were
combined and washed with 200 pL of water 3 times. 500 pg of beads were added to each 500 pL protein
sample. 500 uL of ethanol was added and samples were incubated for 8 min at room temperature.
Supernatant was then removed. 200 uL 70% ethanol was added and incubated for 30 min twice, and the
supernatant was removed each time. 180 pL of ethanol was added and the supernatant removed. Samples
were reconstituted in 100 uL of digestion buffer (50 mM HEPES, pH 8, 10 ug trypsin) and incubated
overnight at 37 °C. The samples were sonicated to improve peptide recovery. The supernatant was collected
and dried in a SpeedVac. Samples were resuspended in 100 pL of 0.1% Trifluoroacetic acid (TFA) and
desalted on C18 STAGE tips, and eluted with 30% Acetonitrile, 0.1% TFA. Eluates were dried,
resuspended in 10 pL of 0.1% Formic Acid and injected onto an EasynLC1200 which was directly
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electrosprayed into a Q-Exactive Plus Mass Spectrometer. RAW data was processed on Proteome
Discoverer 2.2 with human FASTA file downloaded from UniProt.

DLS and zeta potential measurement. DLS and zeta potential measurements were taken on a Wyatt Mobius
mobility instrument. Samples of PNPs in PBS were prepared at a concentration of 0.5 mg/mL (1.5 nM).
Samples of PNPs in cell culture media were prepared by adding PNPs (1 mg/mL in PBS, 3 nM) to the
culture media at a concentration of 0.1 mg/mL (0.3 nM), the samples were equilibrated for 5 min before
the measurements. Measurements were taken at 25 °C with 5 s run time. Diameters and zeta potentials are
reported as averages and standard deviations of ten and three acquirements, respectively.

Cell culture and imaging. 293T cells were cultured in complete cell culture medium (cMEM), consisting
of DMEM supplemented with 10% FBS along with 1% penicillin/streptomycin and 2 mM L-glutamine.
Cells were grown in a 5% CO, incubator at 37 °C, passaged using trypsin. Cells were treated with PNPs by
replacing culture medium with DMEM containing 0.1 mg/mL PNPs (0.3 nM). For imaging, cells were
fixed with 4% paraformaldehyde, and stained with 1 pg/mL DAPI and 5 pg/mL CF633-WGA, then
observed with a spinning disk confocal microscope (Nikon Eclipse TiE equipped with a Yokogawa
confocal head). Quantification of PNP adhesion was achieved by measuring the intensity of green
fluorescence colocalized with the cells, and this intensity was calibrated versus a control group where PNPs
were absent to eliminate background fluorescence. Mean fluorescence was normalized based on the cell
area.

Cell viability MTT assay. 293T cells were cultured in 96-well plates overnight with a seeding density of
1%10° cell/mL in 0.1 mL ¢cDMEM, followed by incubation with 0.1 mg/mL PNPs (0.3 nM) in DMEM or
cMEM at 37 °C for 4 h and 15 h. Untreated cells were used as a negative control. The incubation media
was then replaced with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma
Aldrich, MO) dissolved in cMEM (0.5 mg/mL) to start the assay. Formazan was allowed to form during 4
h incubation at 37 °C. The formed formazan was dissolved in DMSO and absorbance at 550 nm was
measured with a microplate reader (Synergy H1; BioTek). Each sample was analyzed in four replicates. No
interference of the PNPs present in solution with MTT was found in the absorbance measurement.

Lactate dehydrogenase (LDH) release assay. 293 T cells were cultured in 96-well plates overnight with a
seeding density of 1x10° cell/mL in 0.1 mL ¢cDMEM, and then treated with 0.1 mg/mL PNPs (0.3 nM) in
DMEM or cMEM, incubating at 37 °C for 4 h and 15 h. LDH assays were carried out according to the
manufacturer's instruction. The percentage of released LDH was normalized by the amount of LDH from
complete lysis of control cells. Four replicates were used for each condition. And no noticeable assay
activity between PNPs and LDH assay buffer was found.

GPMYV preparation. At 70%-80% cell confluence, GPMVs were isolated by chemical induced cell blebbing
with 25 mM paraformaldehyde and 2 mM dithiothreitol in DPBS buffer for 1 h at 37 °C. The membrane
dye DiD was added to the GPMV suspension at a concentration of 5 pg/mL.

GUYV preparation. The GUVs were prepared by the agarose rehydration method.?® The agarose hydration
method was selected as it avoids oxidative degradation of lipids as in the alternative electro-formation
method, and it is more capable of incorporating charged lipids thus preserving most of the natural lipid
compositions.?’” Despite the possible existence of agarose residue encapsulated in the GUVs,?® our study
focuses on the interplay on the surface of the membranes, agarose hydration method is preferred in our
study. Our previous work with agarose hydration shows that vesicles made via this method maintain
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expected liquid-liquid phase segregation behavior, suggesting that any agarose present introduces minimal
biophysical artifacts.?® 3 Brain, heart and liver total lipid extract were dissolved in chloroform; heart total
lipid extract requires addition of 10 wt% cholesterol to form GUVs. The lipid solution was deposited on 2
wt% agarose-coated coverslips. After chloroform evaporation, PBS buffer was added to rehydrate the lipid
film. The membrane dye DiD was incorporated in the rehydration buffer with a final concentration of 5
pug/mL. The lipid film was rehydrated at 37 °C for 30 min and GUVs were harvested afterwards.

Microscopy imaging of model vesicles and quantification. Microscopy images were taken with a spinning
disk confocal microscope (Nikon Eclipse TiE equipped with a Yokogawa confocal head). PNPs and calcein
can be captured with 491 nm laser excitation, 10 kDa rhodamine dextran can be captured with 561 nm laser
excitation and DiD dye with 640 nm. To avoid crosstalk between different dyes, emission signals were
collected independently in serial mode. Images were acquired at constant laser power and exposure time.
Model membrane samples were held in glass-bottom multiwell plates treated with bovine serum albumin
(BSA) and rinsed three times with PBS. Images were taken at the equatorial plane of each vesicle.

For PNP adhesion observation, the GPMV or GUV suspension was loaded into BSA-treated wells and then
incubated with 0.1 mg/mL (0.3 nM) PNPs. PNP adhesion was observed and recorded after incubation at
room temperature for 4 h and 15 h. Control groups left out PNPs, but same volume of PBS buffer was added
instead. Quantification of PNP adhesion was achieved by measuring the intensity of green fluorescence
colocalized with the membranes (the outer contour and inner contour of each vesicle were identified, and
the intensity of nanoparticle fluorescence was measured only between these two contours). The
fluorescence was then normalized based on the circumference of the membrane at the equatorial plane to
allow for comparison between vesicles with different sizes. This normalized fluorescence intensity was
further calibrated by subtracting the normalized intensity from the control group to eliminate background
fluorescence.

For the membrane integrity study, the GPMV or GUV suspension was loaded into BSA-treated wells with
Img/mL calcein in PBS buffer (or 1mg/mL 10 kDa rhodamine-dextran in PBS buffer) at a 1:1 ratio,
followed by PNP addition to a final concentration of 0.1 mg/mL (0.3 nM). The osmolarity of calcein buffer
or dextran buffer was balanced with the vesicle suspensions. Control groups were identical with the
exception of PNP addition; the same volume of PBS buffer was added instead. Quantification was carried
out by calculating the fractional population of vesicles with calcein leaked into the lumen. We set the
threshold to be ten percent of the background fluorescence intensity, vesicles whose fluorescence intensity
differences across membranes were less than this threshold were categorized as leaked vesicles.

Results and Discussion

Protein corona characterization

Electrostatics can play fundamental roles in nanoparticle-biomembrane interactions and in the fate of
nanoparticles in biological systems.!-2% 23 Polystyrene nanoparticles (PNPs) at 100 nm diameter with surface
functionalization of negatively charged sulfate groups (sulfate-PNPs), negatively charged carboxyl groups
(carboxyl-PNPs), and positively charged amine groups (amine-PNPs) were selected in this study. PNPs
were all labeled with an encapsulated green fluorophore (491 nm excitation, 509 nm emission). After
treatment with human serum at 37 °C for 30 min with gentle shaking, protein coronas were formed on these
three types of PNPs. The protein corona composition with this prolonged incubation time should be more
equilibrated compared to the rapid corona formation at early exposure.® The hydrodynamic diameters of
PNPs after treatment with human serum increased (Table 1 and Figure S1), indicating the existence of

5

Page 6 of 19



Page 7 of 19

oNOYTULT D WN =

Environmental Science: Nano

proteins bound to the surfaces of the PNPs. Sulfate-PNPs and positively charge amine-PNPs with protein
corona displayed upward shifts (~20 nm) in mean sizes. Negatively charged carboxyl-PNPs had a
broadened size distribution and the largest increase of mean size. This might be attributed to aggregation
of the particles, but since the size distribution was below 600 nm, the aggregation clusters might only consist
of a few particles. Zeta potential measurement showed the expected negative surface charges for the sulfate-
PNPs and carboxyl-PNPs, as well as positive surface charge of the amine-PNPs. After incubation with
human serum, the surface zeta potential for all three of PNPs became close to the value for human serum.
Proteins from human serum not only covered the surface of PNPs, but also altered charge properties of the
PNPs.

Table 1. Properties of the polystyrene nanoparticles with and without protein corona. All measurements were
performed in PBS buffer; protein mass was determined via BCA assay.

Hydrodynamic diameter * s.d. (nm) Zeta potential t s.d. (mV) mg protein/
No corona With corona No corona With corona mg PNPs
SPNP* 94.27 + 2.66 118.50 + 10.4 -45.22 + 4.89 -9.56 + 3.00 0.212
CPNP* 87.53+2.8 198.21 + 71.68 -37.99 + 4.42 -10.16 + 2.82 0.575
APNP* 101.44 + 14.94 122.29 + 11.66 20.31 + 3.29 -9.50 + 3.48 0.096

*SPNP: 100 nm sulfate-functionalized polystyrene nanoparticles; CPNP: 100 nm carboxyl-functionalized
polystyrene nanoparticles; APNP: 100 nm amine-functionalized polystyrene nanoparticles.

The characterization of the protein corona was achieved by elution, quantification, separation, and
identification. Among the three types of PNPs, carboxyl-PNPs were eluted with the most abundant proteins,
which echoed the change in carboxyl-PNP size distribution with protein corona: the broadened distribution
and relatively extreme size increase might be caused by large amounts of protein bound to carboxyl-PNPs.
According to SDS-PAGE (Figure 1a), eluted protein coronas from all types of particles shared a strong
band at around 25 kDa, and major differences were observed in the range of 50-100 kDa and below 17 kDa.

For a better understanding of protein identities in the coronas, proteomic analysis of eluted protein coronas
was carried out with LC-MS-MS. Proteins identified with at least two peptides are listed in Table S1. We
found out that proteins existed in coronas of all three types of PNPs were mainly apolipoproteins with
molecular weights corresponding to the bands around 25 kDa on SDS-PAGE. Apolipoproteins have been
discovered previously as a major group of proteins in the corona formed around nanoparticles of different
materials upon contact with plasma.3!> 32 Apolipoproteins are involved in the transportation of lipids and
cholesterol in the bloodstream, thereby they could greatly affect the intracellular trafficking and fate of
nanoparticles in biological environments.>*> Highly abundant human serum albumin (HSA) was not
substantially found in the gel analysis or in the proteomic study, this might be due to it being replaced by
the higher-affinity and slower-exchanging apolipoproteins.** While the abundant proteins were observed in
the coronas of all types of PNPs and there were many proteins shared between PNPs (Figure 1b), protein
corona composition varied slightly depending on the surface charge of the PNPs. Through classifying the
proteins by their isoelectric point (pl), negatively charged carboxyl-PNP and sulfate-PNP coronas were
enriched with proteins with pl higher than 6, and positively charged amine-PNP coronas were enriched
with proteins with pl values lower than 6 (Figure 1¢). This difference in pl values can be explained by the
attraction between oppositely charged species.® In conclusion, these three types of PNPs formed protein
coronas with different quantities and diverse identities of proteins, while they shared the dominant proteins
as observed in SDS-PAGE results. They showed different preferences in protein charge due to electrostatic
attraction such that all corona-coated particles bore similar surface charges.
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Figure 1. Comparison of protein corona composition on sulfate-, carboxyl-, and amine-polystyrene nanoparticles
(SPNPs, CPNPs, and APNPs respectively). (a) Coomassie blue-stained SDS-PAGE gel of human plasma proteins
obtained from corona on SPNPs, CPNPs, and APNPs. (b) LC-MS-MS result of proteins identified in the corona
formed on SPNPs, CPNPs, and APNPs. This Venn diagram reports the number of unique proteins identified from
each of three nanoparticles as well as proteins common to two or all three nanoparticle populations. (c)
Classification of corona proteins identified by LC-MS-MS according to their calculated isoelectric point (pl);
relative percentages are shown.

Cell-PNP interactions

We have studied the perturbation of cell membranes induced by PNPs. After incubation with PNPs for 4 h
in protein-free culture media, 293T cells were fixed and fluorescently stained. The fluorescence images of
nuclei (DAPI, blue channel), cell membranes (CF633-WGA, red channel) and PNPs (green channel) were
merged in Figure 2a. In the condition where protein corona was absent, the sulfate-PNPs showed almost no
colocalization with cells, carboxyl- and amine PNPs were adsorbed onto cell membranes. The adhesion of
carboxyl-PNPs onto cell membranes might suggest binding of negatively charged carboxyl-PNPs with the
rare positively charged domains on cell membranes.?* 3¢ Moreover, the positively charged moiety of the
zwitterionic lipid headgroups can attract negatively charged carboxyl-PNPs.3” While regarding positively
charged amine-PNPs, not only strong binding to cell membranes was observed, but cellular damage was
also discovered with shrinkage of the cell volume and loss of nuclear boundaries. All these adhesions and
damages were alleviated with the presence of a protein corona. A similar trend was observed after 15 h
incubation. In general, there was no notable increase in fluorescence intensity from 4 h (Figure S2),
indicating the PNP adhesion had reached equilibrium before or around 4 h.
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34 Figure 2. Effect of the protein corona on cellular adhesion of nanoparticles and cell viability. Sulfate-PNPs,
35 carboxyl-PNPs, and amine-PNPs are denoted as SPNP, CPNP, and APNP. (a) Confocal microscopy images of 293T
36 cells show that adsorption of nanoparticles was reduced with the presence of a protein corona. Images were taken
2573 after 4 h incubation of the cells with nanoparticles in FBS-free culture media. The green channel corresponds to the
39 fluorescently labeled nanoparticles, blue channel corresponds to DAPI stained nuclei, and red fluorescence signal
40 comes from CF633-WGA stained cell membranes. The scale bars are 30 um. (b, ¢) Cell viability of 293T cells
41 exposed to nanoparticles. Cells were incubated with nanoparticles for (b) 4 h and (c) 15 h, under conditions of
42 presence or absence of protein corona as well as FBS included or excluded from the culture medium. Cell viability
43 was evaluated using the MTT assay, the viability is normalized based on the control group where no PNPs were
44 added. LDH leakage of 293T cells exposed to nanoparticles for (d) 4 h and (e) 15 h were assessed, under conditions
45 of presence or absence of protein corona as well as FBS included or excluded from the culture medium, the leakage
46 percentage is normalized based on the negative control group (0%) where no PNPs were added and the positive
27 control group (100%) where cells were treated with lysis buffer. (Unpaired t-test, * significant at p <.05, **
42 significant at p < .01, *** significant at p <.001, detailed test results are listed in Table S3 and Table S4)
50 . . . . ..
51 Aside from the morphological changes of the cells and estimation of PNP adhesion, the acute toxicity of
52 the PNPs with and without protein corona was assessed by MTT and LDH assays. The MTT assay evaluates
53 the mitochondrial activity which is related to cell viability, and the LDH assay evaluates the release of the
>4 cytoplasmic enzyme LDH as a consequence of membranes leaking in damaged or dead cells.?®3° Since the
gg presence of fetal bovine serum (FBS) in cell culture media might contribute to formation of a protein corona
57
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on the PNPs, assays were carried out also with conditions where FBS was omitted.** We assessed cell
viability and membrane integrity over 4 h and 15 h. At the 4 h time point (Figure 2b), cell viability decreased
to 80% with native amine-PNPs, but in the presence of FBS or protein corona the damage from these
positively charge amine-PNPs was mitigated, which is in accordance with the microscopy images in Figure
2a. The viability at the 15 h time point was more drastically affected by amine-PNPs: direct contact between
amine-PNPs and cells induced around 90% viability loss, cell viability was decreased to 80% even with
FBS or protein corona reducing the damage (Figure 2c). As for LDH assays (Figure 2d and 2¢), 293T cells
had the most significant cytoplasm leakage with positively charged amine-PNPs, for both 4 h and 15 h time
points. Again, the presence of proteins in the cell culture medium and proteins on the surface of PNPs both
alleviated the damage to membrane integrity. This can be explained by the high surface energy of
nanoparticles. Nanoparticles tend to form coronas if not from proteins and other biomolecules in the
medium, then from cellular components. Therefore, without proteins in the media, PNPs with their pristine
surface would likely rupture the cell membranes and extract biomolecules to reduce their surface energy.
Once the PNP surface was pre-treated with protein and surface energy reduced by the protein corona, the
damage to the cell membranes was alleviated.” In addition to the surface energy, electrostatic interactions
with negatively charged cell membranes can play an important role as well.*! Zeta potential has been
measured for all three types of PNPs in all the conditions tested in the viability or leakage assay (Table S2).
Both FBS in culture media and protein corona treatment maintained negative charges on initially negatively
charged PNPs, while the native amine-PNPs in FBS-absent culture media presented slight aggregation and
unstable surface charges including both negative and positive charges. The zeta potential result was in line
with the cell viability and leakage data, as positive charge is prone to be more cytotoxic. The adhesion of
PNPs was established and stabilized within the first 4 hours, while the cytotoxicity in MTT assay and LDH
assay were majorly developed from 4 h to 15 h. This suggests that the cytotoxic effects are the result of
events that occur subsequent to PNP-membrane interactions.

Biomimetic membrane-PNP interaction

Since lipid bilayers are the fundamental architectural structures in cell membranes, the non-specific
interactions and adhesions of nanoparticles with minimal models of lipid bilayers can be correlated to the
nanoparticle interactions with cell membranes. Four types of biomimetic membrane vesicles--GPMVss
harvested from 293T cell line, GUVs fabricated from brain, heart, and liver lipid extract were incubated
with PNPs for 4 h and 15 h. The results among all four model membranes were similar (Figure 3a, Figure
S3), and it was worth noting that no penetration of PNPs through membranes was observed. There was a
clear colocalization of fluorescence signal between positively charged amine-PNPs and model membranes,
while the negatively charged sulfate-PNPs and carboxyl-PNPs showed some aggregation and occasional
adhesion to the membranes. Yet all the adhesion was strongly diminished in the presence of protein corona.
The amount of PNP adhesion was evaluated through quantification of the green fluorescence overlaying
with the membranes (Figure 3b), the fluorescence intensity was normalized by circumference of the
membranes at the equatorial plane facilitating comparison between vesicles of different sizes. The
fluorescent intensity of bound amine-PNPs with protein corona (amine-PNP/corona) was significantly
lower than that of amine-PNPs without corona. Meanwhile, sulfate-PNPs and carboxyl-PNPs showed low
fluorescent intensity regardless of corona formation. This universal trend among four model membranes
was in line with the toxicity of amine-PNPs and strong electrostatic binding of amine-PNPs to 293T cells,
as well as the effect of the protein corona revealed with 293T cells in the previous section.
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Figure 3. Effect of the protein corona on nanoparticle binding to biomimetic membranes. Sulfate-PNPs, carboxyl-
PNPs, and amine-PNPs are denoted as SPNP, CPNP and APNP. (a) Confocal microscopy image of DiD-stained
brain lipid GUVs (640 nm excitation) and green fluorescent nanoparticles (491 nm excitation) after 4 h incubation.
(scale bar: 30 pm). (b) Fluorescent intensity of adsorbed nanoparticles on lipid membranes of GPMVs and GUVs
after 4 h incubation. Medians and interquartile ranges of calibrated fluorescence intensity were demonstrated along
with individual values in graphs. The adsorption of amine-PNPs (APNPs) was significantly decreased by protein
corona (Unpaired t-test, * significant at p < .05, ** significant at p < .01, *** significant at p <.001)

Interestingly, negatively charged sulfate-PNPs and carboxyl-PNPs were found to adhere less aggressively
to model membranes compared to cell membranes, while the adhesion of positively charged amine-PNPs
appeared to be more aggressive. This can be explained by the lipid composition of model membranes. The
formation of GPMVs is accompanied by a significant enrichment of negatively charged phosphatidylserine
(PS) lipids to the outer membrane leaflet and degradation of negatively charged phosphatidylinositol (PI)
lipids, making it unlikely for GPMVs to bear positive charges.*?> As for the lipid extracts composing GUVs,
the lipid headgroups are mostly negatively charged according to the manufacturer. We believed that
electrostatic interaction is an essential part of the nanomaterial-biomembrane interaction. In this regard,
model membranes can essentially capture nanoparticle interaction as expected in cells, especially when
electrostatic interactions dominate. However, model membranes cannot fully reflect plasma membranes, as
they do not necessarily recreate the asymmetry of charge on plasma membranes. This effect can be
investigated by fabricating asymmetric vesicles via microfluidic technique or fabricating vesicles from
purely inner leaflet or outer leaflet lipid compositions.*> 44

The development of PNP adhesion on model membranes was further studied after 15 h incubation; the
results from 15 h incubation showed similar behaviors, where amine-PNP binding significantly decreased
in the presence of a protein corona (Figure S4). Similar to plasma membranes, there was no apparent
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increase of PNP fluorescence between the two time points in model membranes, suggesting that the quantity
of PNPs on membranes had reached equilibrium before 4 h incubation.

Leakage of biomimetic membranes with PNPs

As a comparison to the LDH assay of the 293T cells, the leakage of the model membranes was also studied.
Calcein release assays are well-established tools for assessing membrane damage.*> 46 The poly-anionic
nature of calcein molecule makes it membrane impermeable under normal physiological conditions,
therefore the flux of calcein across membranes indicates compromised membrane integrity. To achieve
comparable experimental conditions with LDH assays of 293T cells, we incubated the GPMVs and GUVs
with PNPs for the same time scales in calcein buffer, and we observed the influx of calcein from the
surrounding medium into the lumen. Sample images of model membrane vesicles in the presence of
positively charged amine-PNPs and amine-PNP/corona are shown in Figure 4a. Although both PNPs and
calcein appear in the green fluorescence channel, the fluorescence intensity inside the vesicles can be
considered solely coming from calcein inflow, as PNPs were found not penetrating across model
membranes in previous experiments. There was large vesicle-to-vesicle variation of leakage behavior
within each sample. The vesicle-to-vesicle heterogeneity of GUVs may be caused by demixing of lipids in
the dry film before rehydration.#” And GPMVs can have varied compositions depending on local surface
density of cells they derive from.*® Therefore, integrity of model membranes with complex lipid
compositions should be investigated based on population.
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Figure 4. Effect of PNPs and protein corona on model membrane integrity. Sulfate-PNPs, carboxyl-PNPs, and
amine-PNPs are denoted as SPNP, CPNP and APNP. (a) Confocal microscopy image of DiD-stained model
membrane vesicles (red fluorescence) in 0.5 mg/mL calcein (green fluorescence) buffer after 15 h exposure to
nanoparticles. White arrows point at the vesicles that had calcein leakage through membranes (scale bars in GUV
panels: 60 um; scale bars in GPMV panels: 30 um). (b-c) Population of leaked vesicles after treatment of PNPs.
Percentages of leaked vesicles after 4 h (b) and 15 h (c) incubation with PNPs are presented in graphs companied
with control groups where PNPs were absent. (Unpaired t-test, * significant at p < .05, ** significant at p <.01, ***
significant at p <.001)

Figures 4b and 4c compare the fraction of vesicle population that leaked under various conditions. The
control groups of GPM Vs, heart lipid GUVs, and liver lipid GUVs have notable high population of leakage
even when no PNPs were added. One might relate this with the diffusivity of the membranes, as previous
studies suggest that calcein can be facilitated by membrane characteristics such as high membrane fluidity
and low packing density.* Liver lipid extract might have the highest fluidity due to the presence unsaturated
lipids or short lipid tails, since it has the lowest phase transition temperature among the three lipid extracts.*°
Based on this premise, we conducted a control leakage assay with GUVs fabricated from pure DOPC,
which possess phase transition temperature as low as -2 °C, and relative high diffusivity among the common
phospholipids.’! The DOPC GUVs did not show leakage unless nanoparticles were added (Figure S5), the
leakage of control group maintained 0% even after 15 h. This is in line with our previous study showing
membrane pore formation happens when nanoparticles adhere and impose surface tension onto the
membrane surface.??> While this result suggests against the hypothesis that high diffusivity leads to leakage
in control groups, there have been studies demonstrating that oxidized lipid in the lipid bilayers can lead to
pore formation, where these transient pores can have sizes above 545 A.52 53 We speculate that lipid
oxidation might have occurred during lipid extraction and GPMYV isolation. Due to control group leakage
in other model membranes, only brain lipid GUVs can be used to assess the effect of protein coronas in the
calcein leakage assay. The differences in the three types of PNPs were not as obvious as the differences in
membrane adhesion, so we grouped the three types of the PNPs to evaluate the effect of the protein corona.
The group in the absence of protein corona had more leaked population. This result is in line with the
aforementioned mechanism: protein coronas minimize PNP adhesion, and subsequent pore formation is
hence reduced.

To investigate this mechanism further, we performed the calcein leakage assays with GUVs fabricated from
pure DOPC lipid and pure POPC lipid (Figure S5). The trend observed here was similar to that observed
for brain lipid GUVs. This common result between complex lipid extract and single lipid GUVs suggest
that the pore formation on model membranes is not dependent on the surface charge of the PNPs and strong
adhesion as observed for positively charged PNPs might not be required for pore formation, while the
hydrophobic particle surface may be the dominant factor.>* Therefore, the protein corona can reduce leakage
by minimizing the possible contact of the hydrophobic surface to biomembranes.

We also conducted a leakage assay using 10 kDa rhodamine-dextran (Figure S6). The control groups of
brain lipid GUVs and heart lipid GUVs showed lower leakage population with increasing leakage molecular
size, indicating their pore sizes might be smaller than other model membranes. Similar to the calcein leakage
assays mentioned previously, there are significant differences between the groups without and with coronas,
however, the differences between membrane types were more obvious. Taken together, leakage assay
results suggest that the pore formation is not dependent on the charge of the PNPs, that the presence of a
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protein corona can alleviate pore formation, but the major factor affecting membrane integrity in contact
with the PNPs lies in the intrinsic properties of the model membranes.

The LDH leakage of 293T cells occurred a relatively lower extent, and significant leakage from positively
charged amine-PNPs can be distinguished from control group and groups without strong PNP adhesion.
This suggests that cellular plasma membranes were more stable in the presence of nanoparticles, and that
membrane integrity disruption might be due to a different mechanism. Plasma membranes are supported
and tethered by the cytoskeleton, and the lateral diffusivity of lipid molecules in plasma membrane can be
one order of magnitude lower than it in free-standing GUVs.>> 3¢ The cytoskeleton not only restrains the
diffusion of lipid molecules, but it can also work as a physical diffusion barrier in the influx and efflux
transport of charged molecules and macromolecules.!®> 37 We can conclude that biomimetic membranes
cannot fully recreate transport phenomena (particularly leakage) across cell membranes, as in terms of
passive transport, lateral diffusivities of lipid molecules are different in the two systems. Furthermore, the
cellular uptake and removal of charged or large molecules is mostly regulated by active transport. While at
the same time, the simplified compositions make model membranes excellent for studying nano-bio
interfacial phenomena on the lipid level without interference from other factors.

Conclusion

We have studied the effect of the protein corona on nanoparticle-biomembrane interactions. Through
investigating these non-specific nanoparticle-biomembrane interactions by establishing a correlation
between plasma membranes and biomimetic membranes, we have made the following conclusions: Protein
corona composition depends on the surface charge of nanoparticles, but in general, it reduces nanoparticle
adhesion and damage to the biomembranes. This is possibly due to surface energy stabilization and charge
modification that comes with the corona. As a crucial part of this interplay, electrostatic interaction between
nanoparticles and plasma membranes can be correlated with cytotoxicity of the nanoparticles. It is
advantageous that model membranes such as GPMVs and GUVs can relate with plasma membranes
through this fundamental interaction with similar responses. However, the model membranes have their
limitations as their simplified composition does not mimic the complexity and dynamics in plasma
membranes, such as differences in fluidity and tethering from cytoskeleton.

This study recognized the toxicity of positively charged nanoparticles and the general protective effect of
the protein corona in the interplay between nanomaterials and biomembranes, providing insights about the
relationship between electrostatic interactions and biological system perturbation caused by nanoparticles.
Furthermore, defining the limits of the correlation between plasma membranes and biomimetic membranes
has revealed promising applications of model membranes in studying nano-biomembrane interface
interactions. It also provides an approach for studying these phenomena by reducing them into simplified
models that isolate individual biophysical aspects of the system.
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