License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

This is an open access article published under a Creative Commons Attribution (CC-BY) @

ACS AuthorChoice

Nl \NO ETTERS @ Cite This: Nano Lett. 2018, 18, 5294-5305 pubs.acs.org/NanoLett

Nanoparticles Can Wrap Epithelial Cell Membranes and Relocate
Them Across the Epithelial Cell Layer

Iztok Urbanac,} A Maja Garvas, "3 Bostjan Kokot Hana Ma]aron, Polona Umek,' ol Hilary Ca551dy,
Miha Skarabot Falk Schnelder, Silvia Gaham, Zoran Arsov, Tllen Koklic, “l® David Matallanas, ™"
Miran Ceh,’ Igor Musevi¢, " Christian Eggehng,T O® and Janez Strancar* "l

TJozef Stefan Institute”, Jamova cesta 39, SI-1000 Ljubljana, Slovenia

*Weatherall Institute of Molecular Medicine, University of Oxford, Headley Way, Oxford OX3 9DS, United Kingdom
§_]oief Stefan International Postgraduate School, Jamova cesta 39, SI-1000 Ljubljana, Slovenia

ICenter of Excellence NAMASTE, Jamova cesta 39, SI-1000 Ljubljana, Slovenia

*Systems Biology Ireland, University College Dublin, Dublin 4, Ireland

#School of Medicine and Medical Science, University College Dublin, Dublin 4, Ireland

VFaculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, SI-1000 Ljubljana, Slovenia

Clnstitute of Applied Optics, Friedrich-Schiller University, Jena 07749, Germany

@ Leibniz Institute of Photonic Technology (IPHT), Jena 07745, Germany

O Supporting Information

Wrapping of
nanoparticles

blood

ABSTRACT: Although the link between the inhalation of nanoparticles and cardiovascular disease is well established, the
causal pathway between nanoparticle exposure and increased activity of blood coagulation factors remains unexplained. To
initiate coagulation tissue factor bearing epithelial cell membranes should be exposed to blood, on the other side of the less than
a micrometre thin air-blood barrier. For the inhaled nanoparticles to promote coagulation, they need to bind lung epithelial-cell
membrane parts and relocate them into the blood. To assess this hypothesis, we use advanced microscopy and spectroscopy
techniques to show that the nanoparticles wrap themselves with epithelial-cell membranes, leading to the membrane’s
disruption. The membrane-wrapped nanoparticles are then observed to freely diffuse across the damaged epithelial cell layer
relocating epithelial cell membrane parts over the epithelial layer. Proteomic analysis of the protein content in the nanoparticles
wraps/corona finally reveals the presence of the coagulation-initiating factors, supporting the proposed causal link between the
inhalation of nanoparticles and cardiovascular disease.

KEYWORDS: TiO, nanoparticles, membrane disruption, lipid wrapping, STED microscopy, tissue factor relocation,
coagulation cascade interference

N anoparticles (NPs) are small (<100 nm in diameter) the Expert Panel on Population and Prevention Science of the
organic and/or inorganic particles that have attracted American Heart Association (AHA) highlighted the strong
great scientific interest because their size positions them
between bulk materials and molecular structures, making it
possible to produce sophisticated products such as solar panels,
specialty alloys, and plastics. Unfortunately, because of their
increasingly widespread use in such products, NPs are being
dispersed into the air and are a major contributing factor to air

nanotoxicological effects of NPs and the links between inhaled
NPs and cardiovascular disease,” which have later on been
confirmed in animal models.” Recently, Miller et al. have
located NPs in blood clots, indicating their ability to penetrate

pollution. The OECD has suggested that air pollutants, Received: June 6, 2018
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Figure 1. Hypothesis concerning NP relocation across the air-to-blood barrier. (A) Inhalation of NPs because of air pollution is known to be
correlated with cardiovascular diseases, but the causal pathway is unknown. (B) The barrier separates the aerial space of lung alveoli from the blood
(red) through a thin layer of alveolar epithelial cells (light blue) and capillary endothelial cells (light gray). Through inhalation, the NPs come into
contact with alveolar epithelial cells. (C) NPs wrap themselves with membranes and cause their disruption. (D) Wrapped NPs diffuse across the
damaged layer, relocating the coagulation-initiating factors to the blood.

the alveolar epithelium, that is, lung air—blood barrier, even in
human.” In addition, several studies proved that exposure to
some NPs can lead to the systemic inflammation® and
1ncreased blood coagulation connected with cardiovascular
diseases.’ However, molecular mechanisms of activation of
clotting factors in blood remain unknown. Not surprisingly, the
research community prioritized the need to elucidate the
unknown molecular mechanisms involved in the sequence of
events leading to cardiovascular diseases, including athero-
sclerosis and stroke.”

Blood coagulation is initiated in vivo, when tissue factor, a
transmembrane protein, abundant in lung epitheliurn,8 is
exposed to blood, such as at a site of injury.” The intriguing
question we need to answer is how the lung epithelial cell
membranes with tissue factor, located on the other side of the
air-blood barrier, can cross this barrier after having been
exposed to NPs,and potentially activate the coagulation
cascade.

The mechanism we are proposing relies on the affinity of
TiO, nanoparticles for lipids and proteins in cellular
membranes, a property that on model membranes'® as well
as in the lung surfactant layer'' was proven to build-up a lipid
wrap, that is, a corona, around this and other metal-oxide NPs.
If the NP surface binds to the membrane strongly enough, it is
reasonable to expect that such a NP can act as a carrier of
membrane parts together with the aforementioned coagu-
lation-activating factors.

Some of the most ubiquitous NPs are the dioxides of
titanium and silicon (TiO, and SiO,). These are abundant
materials in nature as well as common additives in food,
cosmetics, paints, solar panels, catalysts, etc. As a result, they
have often been included in nanotoxicological studies. For
example, strong affinities for hplds have been demonstrated in
the cases of TiO, and SiO,,"* and for SiO,-NPs such an affinity
has been recognized as the cause of the disruption of lipid
ves1cles w1th subsequent wrapping of the NP into a lipid
bilayer."” TiO, has been characterized as having a specifically
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high affinity for phospholipids. * However, TiO,—NPs have so
far been found incapable of disrupting lipid bilayers and lipid
wrapping.> On the other hand, several in vivo toxicological
studies have revealed that TiO, NPs accumulate in and cause
dysfunctions of varlous lipid-rich environments, such as
pulmonary surfactants,'® endothelial cell junctions in lun§
blood vessels,'” the placenta, fetal livers, and the brain.'
Similarly, while studying the photo- and cytotoxicity of TiO,
nanotubes'” we also observed that these NPs were able to
disintegrate the membrane of breast-cancer cells, generating a
dispersed membrane haze that was not resolvable by
conventional optical microscopy (see Figure S1 in the
Supporting Information). We thus hypothesize that the strong
interactions between TiO, NPs and lipids can relocate the
parts of endothelial cell membranes, which include the
coagulation initiating tissue factor.

To test this hypothesis, we here employ various advanced
observation technologies, such as super-resolution STED
fluorescence microscopy and microspectroscopy, fluorescence
fluctuation techniques, and electron microscopy, to provide
clear evidence (i) that these NPs generally impair the integrity
of the lipid membranes, (ii) that upon exposure to TiO, NPs
the membranes of the living lung epithelial cells disintegrate
and wrap around the native surface of the TiO,, and (iii) to the
best of our knowledge for the first time we observe the
wrapping of the cellular membranes around the NPs, which
generates freely diffusible carriers that are able to relocate
patches of epithelial membrane away from their original
position on the surface of the epithelial cells. Finally, (iv) the
proteomic analysis of the NP-bound membranes and of the
secreted proteins confirmed the presence of many membrane
proteins including the coagulation-associated factors. Taking
into account the 500 nm thin layer of lung epithelial and
capillary endothelial cells (see the model in Figure 1), this
formation of mobile membrane-wrapped NPs may be
responsible for the relocation of the membrane-anchored,
coagulation-activating factors into the blood, possibly leading
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Figure 2. Destabilization of lipid bilayers as seen by fluorescence microspectroscopy (FMS). (A) A droplet of lipid vesicles is gently fused with a
droplet of NPs and monitored by spectral-sensitive FMS every S min for 1 h. (B) The acquired fluorescence emission spectra before (left) and after
mixing (right) is decomposed (unmixed) in every pixel located on the vesicles, denoted V, V1, V2, and V3, into the NP component (Iyp) and
membrane component (Iy;). Fluorescence signal of the background, that is, a micron away from the membrane, is subtracted from both of the
components Iyp and Iy, resulting in Alyp and Aly;, respectively. In the case of the NP component, the wavelength shift with respect to the
background signal is also derived and denoted as Ady,x. (C—F) Besides total fluorescence images (C), resulting spatially resolved intensities I
(D) and Iy (E) are presented as false color maps together with the NPs’ spectral peak position (F). (GH) As an example, average values of Al
Alyp, Adyax are presented for the vesicle V2 (G) and vesicle V3 (H). Error bars represent standard deviation of parameter values taken from
approximately 50—70 pixels along the perimeter of the vesicle. Dashed, solid, and dotted red arrows indicate the accumulation of NPs on the
membrane, aggregation of NPs, and energy transfer from NPs to membrane probes, respectively. The black arrows point to the debris of the
disrupted vesicle (V3). The encircled data in panel (G) shows the outflow of a lipid-wrapped NP from the vesicle, suggesting the membrane’s

gradual disruption.

to a systemic inflammation and the progression of
cardiovascular disease.

Results and Discussion. To test our hypothesis about
membrane disruption and relocation by NPs we use TiO, NPs
in the form of 10 nm diameter nanotubes (length of few
hundreds of nanometers, Materials and Methods). First, we
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investigate the effects of the affinity of the NPs for lipids in
model membrane systems, specifically giant unilamellar lipid
vesicles (GUVs) with various compositions (Supplementary
Table S1). For the fluorescent imaging we label the NPs with
the organic dye Alexa 488 (NP488; Figure S2), and the
vesicles with a PC-BODIPY 530/550 fluorescent lipid
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Figure 3. EDXS TEM analysis of the lipid wraps around the TiO, nanoparticles. (A,B), TEM image (A) and EDXS spectra (B) of the
nanoparticles. (C,D) TEM image (C) and EDXS spectra (D) of the NPs 30 min after mixing with lipid vesicles. Arrow points to the amorphous
layer of lipids around the aggregate of NPs. Inset in (D) highlights carbon (denoted as C) and phosphorus (denoted as P), associated with the
lipids. Other elements originate mainly from NPs (Ti, O) and partially from support (Nj, Si, C).

analogue (phosphocholine (PC)-BODIPY 530/550). We
induce the interaction between the vesicles and the NPs by
gently fusing a droplet of labeled vesicles with a droplet of
labeled NPs along a cotton thread on a microscope coverslip,
resulting in a slow increase in the concentration of NPs around
the vesicles (Fi§ure 2a). We use fluorescence microspectro-
scopy (EMS)***" (i.e., fluorescence imaging with recording of
the fluorescence emission spectra (Figure 2b) for each image
pixel) to determine the total fluorescence intensities as well as
the spectral maxima of the NP-bound and membrane probes at
and near the surface of the vesicles (Figure 2c—f).

After the induction of the NP-—vesicle interaction, the
intensity, and thus concentration of the NP-bound probes
increases markedly at the surface of the vesicles (compare left
and right spectrum at the membrane of vesicles, obtained
before and after mixing, respectively; also see dashed red
arrows in Figure 2e,gh), clearly indicating the accumulation of
NPs on the membrane due to the affinity of the TiO, for lipids.
In addition, the emission spectra of the NP-bound probes
reveals a red-shift once bound to the membrane (solid red
arrows in Figure 2f—h). Such a red shift is characteristic of the
situation when Alexa 488 molecules are close to each other and
therefore indicate the aggregation of the NPs.** Further,
membrane-binding and the accumulation of the NPs bring NP-
bound probes close to the membrane-bound probes, so
fostering the so-called Forster resonance energy transfer
(FRET), which results in the observed increase in the signal
of the membrane probes (dotted red arrows in Figure 2d,h). It
is important to note that the NPs accumulate on the vesicles,
despite a mild electrostatic repulsion. However, the accumu-
lation and aggregation of the TiO,—NPs on the membranes is
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impaired and the FRET efficiency only diminishes when the
electrostatic repulsion is substantially amplified (Figure S9).

Following the accumulation of the TiO,—NPs on the
membranes, the latter become increasingly wobbly, and in
some cases completely disintegrate, leaving behind a haze of
signals from both the membrane and the NPs (black arrows in
Figure 2d,e and the last data points in Figure 2h). Considering
the known interactions of TiO, with lipid bilayers™ and the
similar membrane-wrapping characteristics of silica nano-
particles,"* we interpret this disruption and the occurrence of
a hazy background as the creation of membrane-wrapped NPs
(Figure 2a, bottom panel), which, though spatially unresolv-
able with a conventional microscope, can be identified via their
spectral fingerprint obtained by FMS. The persisting red shift
in the emission spectrum from the NPs (black arrow in Figure
2f) suggests that lipid wrapping also occurs for the aggregated
NPs.

For other vesicles that maintain their shapes, that is, that do
not disintegrate, we observe a slow but continuous decrease in
the signals from both the NPs and the membranes (vesicle V2,
encircled and purple dots in Figure 2g), even after correction
for photobleaching is applied. The remaining decay of the
signal therefore highlights the slow and steady outflow of both
the NPs and the lipids from the GUVs membrane, which we
see as a quasi-continuous disruption of the membrane due to
the membrane-wrapping of the NPs. Consistent with this
interpretation, the time courses of the signals from both NPs
and membranes correlate perfectly (the purple line in Figure
2g; for details see the Supporting Information).

To spatially resolve the haze of the combined NP-membrane
signal after disruption of GUV, we employ high-resolution,
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Figure 4. Detection of mobile aggregates of nanoparticles and vesicles via fluorescence fluctuations and fluorescence intensity distribution from a
two-laser excitation spot. (A) After incubation of vesicles with NPs for 90 min the time traces of the fluorescence intensities of the probes on the
NPs (NP) and vesicles (mem) are recorded, featuring simultaneous spikes when membranes and NPs transit the beams at the same time. (B) Such
simultaneous transits are analyzed by plotting these concomitantly detected intensity pairs occurring during S min. (C) Control experiments for
(B) are samples of NPs (NP) and vesicles (mem) alone, mixture of noninteracting vesicles with different dyes (neg.ctrl.), and perfectly codiffusing,
dual-labeled vesicles (pos.ctrl.). (D) The coincidence analysis of the time traces of all the samples at 1 min intervals are shown together with the
membrane wraps sample (NP-mem wraps). (E) Associated normalized fluorescence auto- and cross-correlation curves (AC and CC, respectively)
showing the codiffusion of the mixed NPs and vesicles and the formation of NP-vesicle aggregates. (F,H) The interaction between nanoparticles
and vesicles is imaged with two-channel confocal imaging immediately after mixing NP and vesicles (F) and 1 h later (H). (G,I) The associated
scatterplots of the signal-intensity pairs from the sites, where a significant signal can be detected in at least one channel (see Figure S11 for further
explanation), reveal that the colocalization of the membrane and the NPs increase with time after mixing. Super-resolution STED images (inset in
(H)) and the associated scatterplot (inset in (I)) indicate NP-mediated aggregation of vesicles (large arrow) as well as supposedly single
membrane-wrapped NPs (small arrow).

electron-dispersive transmission electron spectroscopy (EDXS
TEM) on dried samples. In the absence of vesicles, the NPs
have clear, crystalline-like edges (Figure 3a), and the EDS
analysis reveals no elements other than those expected in the
TiO,—NP or in the sample support (Figure 3b). In contrast,
after exposure of the TiO,—NPs to the membrane vesicles, an
amorphous layer appears around the NPs (Figure 3c), giving
rise to lipid-associated carbon and phosphorus signals (Figure
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3d). The lipid wrapping around the aggregated NPs (Figure
3c) is consistently observed for many TEM images, supporting
our interpretation of the creation of membrane-wrapped NPs.

To further confirm our above observations and to exclude
artifacts, that is, from the drying protocol involved in the
preparation of samples for the TEM, we test the adhesion and
aggregation of the NPs at membrane vesicles in dispersion,
investigating the diffusion properties of the NPs and smaller
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Figure 5. Super-resolution STED imaging of membrane-wrapped mobile NPs following exposure of a live lung epithelial cell layer (LA-4 cells). (A)
Super-resolution STED composite images of 2 independent experiments of the cellular plasma membrane (green) after 2 days of incubation with
the fluorescently labeled NPs (red) in a complete cell-culturing medium, revealing the accumulation of NPs on and within the membrane
structures. (B,C,D,E) Zoom-ins (top) and schematic representation (middle, scanned objects; bottom, image pixel signals; yellow indicates co-
occurrence of NP an membrane signal, that is, membrane-wrapped NPs) of the marked regions from (A) represent an intact cell membrane shown
in green (B), bare NPs or their aggregates immobilized shown in red (C), membrane-wrapped nanoparticles immobilized on the membrane or
other cellular structures shown in yellow (D), and mobile membrane-wrapped NPs, appearing as yellow stripes (indicated by arrows) (E). The gray
circles in the schematic representations represent the STED laser positions.

vesicles (200 nm in diameter) using single-molecule intensity
time traces and dual-color fluorescence (cross-)correlation
spectroscopy (F(C)CS).>*** Here, the time fluctuations of the
recorded fluorescence signals are analyzed as the objects
diffuse through the excitation spot of two coaligned focused
laser beams, allowing a determination of simultaneous transits,
that is, codiffusion and thus interaction, and absolute mobility.
After incubation of the NPs labeled with Alexa 488 with
vesicles labeled with a far-red fluorescent membrane dye Atto
647N DPPE for 90 min, we observed a clear signature of

codiffusing in the recorded time traces (Figure 4a). The pairs
of fluorescent intensities concomitantly acquired in the two
detection channels (Figure 4b) reveal simultaneous transits of
both NPs and vesicles, as in the positive control of a
codiffusing species (vesicles stained with two membrane
probes, Atto 488 DOPE and Atto 647N DPPE; Figure 4c,
labeled as pos.ctrl.). In contrast, such codiffusing signatures are
absent in negative controls such as NPs or vesicles alone, or a
mixture of two dispersions with differently labeled vesicles
(Figure 4c, labeled as NP, mem and neg.cttl.). The coincidence
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analysis of the fluorescence time traces”® confirms our
observations and highlights the fact that the extent of
codiffusion for incubated NPs and vesicles is almost as high
as in the case of a specifically prepared reference sample of fully
membrane-wrapped NPs (NP-mem wraps; Figure 4d). Finally,
the calculated FCS and FCCS data reveal that the average
transit times of the codiffusing NPs and vesicles are
considerably longer than the average transit times for NPs
and vesicles alone (Figure 4e). This slowing down is another
indication of the formation of mobile aggregates of NPs and
membrane vesicles.

To directly visualize the NPs interacting with the
membranes we image the very same samples (NP labeled
with Alexa 488 mixed with large unilamellar vesicles labeled
with a far-red fluorescent membrane dye Atto 647N DPPE)
with confocal and super-resolution STED microscopy, offering
better contrast and higher spatial resolution than the wide-field
FMS images of Figure 2. Immediately after mixing vesicles and
NPs on a microscope coverslip, both entities are clearly
separated in the two color channels (Figure 4f), confirmed by
the corresponding scatterplots of the fluorescence intensity
from the objects recognized in either of the two channels
(Figure 4g; see also Figure S11). One hour after mixing, many
more objects sediment to the cover glass, mainly micrometer-
sized aggregates (Figure 4h) with a strong colocalization of the
green signal of the NP and the red signal of the membrane
vesicles (Figure 4i). Super-resolved STED microscopy images
confirm the NP mediating the aggregation of vesicles (large
arrow in the inset of Figure 4h, and increased off-diagonal
fraction of data-points in the STED-associated inset of Figure
4i compared to the confocal data), as suggested by our
previous experiments. However, several smaller aggregates or
individual NPs are still surrounded by the membrane signal
(small arrow in the inset of Figure 4h and remaining
population of diagonal data-points in Figure 4i), highlighting
the possibility of NP-wrapping by membranes despite the
larger curvature of LUVs compared to GUVs used before. This
explains also the expected””** increased overall disorder of the
membranes (Figure S13). Images of the control samples for
the negative (mixture of two dispersions of differently labeled
vesicles) and positive colocalization (vesicles labeled with both
probes), as expected, show hardly any changes over time, that
is, between initial mixing and full sedimentation (Figure S12).

The results shown above clearly indicate that TiO,—NPs
bind to lipid bilayers (for additional chemical and geometrical
consideration of the binding properties see Additional
Comments in Supporting Information) and further lead to
freely diffusible membrane-wrapped NPs and disintegrating
vesicles. The most important questions, however, remain
unanswered: Can the membrane disruption and wrapping
around the NPs be observed in live lung epithelial cells with
their far more complex membrane composition? Can the
membrane-wrapped NPs freely diffuse around or do they
simply adsorb on other cellular structures? And finally, can the
cells disintegrate to an extent that allows the relocation of the
membrane wrapped NPs across the epithelial layer?

We designed an in vitro experiment on the live lung
epithelial cell layer (LA-4 cells) to answer these questions. In
detail, to monitor the wrapping of NPs with cell membranes,
the free diffusion of the wrapped NPs, and their relocation over
the cell layer we expose epithelial cells to TiO,—NPs
(fluorescently tagged with the organic dye Alexa 647,
NP647) for 2 days (with a cell-surface-to-NP-surface ratio of
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approximately 1:1) and then label the cell membranes with the
membrane dye CellMask Orange and image them with super-
resolution STED microscopy (Figure Sa). We observe intact
cell membranes including micrometre-long microtubular
structures (named microvilli) without bound NPs (Figure
Sb; green) in addition to individual or (mostly internalized)
aggregated NPs (Figure Sc; red). Moreover, we identify also
membrane-wrapped NPs, immobilized either at the cell
membrane or at other cellular structures (Figure S5d), via
overlapping membrane (green) and NP (red) signals (see
zoom-ins in Figure S1S5 with raw red- and green-channel data).
Co-localization of the NP and membrane signal resolved on
the scale of 30 nm confirms that the wrapping of NPs with cell
membrane indeed occurs under in vitro conditions on and in
the living epithelial cells. A more detailed analysis reveals also
the occurrence of horizontal stripes, aligned along the line of
the scanning direction of our recordings (Figure Se). These
stripes indicate mobile NPs, which are dragged along by the
scanning STED laser light (optical trapping is possible due to
the high STED laser powers and the high dielectric constant of
NPs). After having been dragged for a while, their signal
disappears within the time the STED laser comes to the same
location within the following line of scan, which can be
explained by diffusion of NPs within the line scan time (few
milliseconds), propulsion along the optical axis by the photon
flux, or complete photobleaching due to prolonged exposure to
STED light while dragging. Whatever the mechanism, we argue
that the single-pixel-wide stripes are clearly associated with
NPs, even when they appear in the green (membrane) channel
only (e.g., in Figure S5d). If the NP were labeled
homogeneously and STED efliciency of the CellMask and
Alexa probes were the same, the red and yellow stripes would
directly correspond to bare or wrapped NPs, respectively.
However, because many NPs are labeled with fewer Alexa
probes and CellMask is depleted less efficiently than Alexa
fluorophore (which acquires the signal of the later from smaller
space), mobile wrapped NPs can be detected in almost or
completely green color as well. The comparison to the
nonexposed cells in control samples (Figure S14) clearly
indicates that STED under the same conditions produces
almost none of the single-pixel wide stripes of pure membrane
objects, which allows us to conclude that single-pixel stripes
can be exclusively associated with NP. This could be of
particular importance because it would allow high-throughput
identification of wrapping for large number of nanomaterials
without the need for their labeling. Finally, note that the stripes
appear on various locations of the images (Figure S15) not
only close to cell membranes but also far away from them,
further confirming that the (membrane-wrapped) NPs are able
to diffuse around and even away from the cells.

The observed NP-induced relocation of the epithelial cell
membranes opens up new important questions: Are the wraps
around NP composed of the lipids only or they include the
proteins as well? Can the coagulation factors be detected in the
wraps as a consequence of the NP-exposure of the epithelial
cell layer and the resulting lipid wrapping? How biologically
relevant is the epithelial cell disruption and relocation?

To address this issue, we analyzed the membrane wrapped
NPs in the lavage taken from atop of the epithelial layer after a
2 day exposure to NPs. Part of the samples has been used to
image membrane-wrapped NPs with TEM while another part
has been analyzed by high throughput mass-spectrometry-
based quatitative proteomics.. In the TEM images of the
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Figure 6. TEM and proteomics analysis of the lavage taken from the NP-exposed LA-4 cell layer with the dose dependence of the LA-4 membrane
disruption. (A) TEM images of a typical aggregate of LA-4 cell membrane and NPs after 2 days incubation of LA-4 cell layer with NPs in a
complete cell-culturing medium. NPs, lipids, and proteins can be identified with crystalline tube structures, surrounding amorphous layer, and the
almost-round dark objects, respectively. (B) Number of proteins and their assignment (using UniProt database) with respect to cellular location as
identified in proteomics analysis of the same lavage. The assignment has been done for more than 550 proteins with LFQ intensity more than
1,000,000-times higher than control (see also Table S2). (C) Dose-dependent damage of the NP-exposed LA-4 cell layer characterized via cell
viability test of Hoechst to count the number of cell remaining after exposure (top images, black circles, representing median + standard deviation
of S measurements) as well as with the fraction of membrane used in wrapping of NP (bottom images, empty squares). The solid lines represent
linear response in logarithmic plot as a low-dose part of an expected sigmoidal dose response. See Supporting Information for details.

wrapped aggregates in the lavage (Figure 6a), NPs, lipids, and
proteins can be identified as crystalline tube structures,
surrounding amorphous layer, and the dark almost-round
objects, respectively. Being much less likely the artifact of
drying, which could have potentially affected the model sample
in Figure 3, these data confirm that wrapping around NPs can
be observed after exposing cell layers to NPs with proteins
included. Furthermore, label free quantitative proteomics
(LFQ) of the NPs wraps (corona) identified around 550
proteins with LFQ intensity more than 1,000,000 times higher
than control (see also Table S2). Among 140 proteins
associated with plasma membrane (using UniProt database)
tissue factor (F3) with 18,000,000 intensity is clearly identified.
Additionally, coagulation factor X (F10) is also identified
within secreted proteins with the third largest LFQ intensity of
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all 550 identified proteins. Taking into account that
coagulation factor X (F10) is a substrate for the tissue factor
(F3) triggering both coagulation and even systemic inflamma-
tion response,” " our results clearly indicate that NP-induced
membrane disruption and NP-wrapped epithelial cell mem-
brane relocation can interfere with coagulation cascades. The
detection of larger populations of proteins found in the lavage
after exposure to NP and associated with the nucleus,
mitochondrion, and cytoskeleton should be considered in the
future as other potentially interfering factors.

Finally, the wrapping effect was compared to the cell survival
depending on the NP dose (Figure 6¢). Because of strong
interference of the LDH release test and propidium iodide test
with the surface of TiO, NP (see Supporting Information for
more details), the cell number could only be assessed by the
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Hoechst test (staining the nucleic content of the cells). Despite
the simplicity of the test, the images revealed that the number
of cells after exposure to NP decreases with the dose (NP-to-
cell-surface ratio) (Figure 6¢ top) in a very similar dependence
as the probability of wrapping increases with the dose (Figure
6¢ bottom).

Conclusions. We have provided ample evidence that
TiO,—nanoparticles strongly adsorb onto the membranes
and alter the molecular properties of the latter, leading to the
formation of a membrane corona (wrap) around the
nanoparticles, which includes important membrane proteins
associated with the coagulation cascade and can move away
from the original location of the cell membranes.

Since numerous epidemiological studies linked the exposure
to particulate matter, especially nanoparticles, to pulmonary as
well as cardiovascular disease,’’ our findings are especially
relevant to studies involving the inhalation of nanoparticles.
Upon inhalation, the nanoparticles directly interact with
various membrane structures in the lungs and could relocate
them by diffusing into systemic circulation. It is important to
note the thickness of the air—blood barrier, that is, the average
distance between the pulmonary surfactant structure and the
capillary interior, is only about half a micrometer. We are
confident that the ability of the nanoparticles to relocate the
cell membrane with phosphatidylserine lipids and tissue factor
proteins might be the key missing link in the etiology of
nanoparticle-initiated cardiovascular disease, which we dem-
onstrate by detecting a very strongly increased abundance of
coagulation factor X on the nanoparticles exposed to lung
epithelial cells for 2 days. Future in vivo exposure studies
should aim at confirming the presence of the two activating
factors in the blood that are delivered by membrane-wrapped
nanoparticles.

Furthermore, the observed strong destructive interaction
between the nanoparticles and the membranes and the
associated formation of lipid wraps can resolve another
intriguing mystery, the observed destabilization of the
lysosomal membrane. Namely, as the cells try to dispose of
the intruding internalized material, the corona is enzymatically
degraded in the lysosomes,”” thus exposing the native surface
of the nanoparticles to the lysosomal membrane, which can
degrade in the same way as discussed in this paper. Such a
destabilization of the lysosomal membrane due to exposure to
TiO, nanoparticles®>** is known to trigger cell death®>*° but
has been according to our results insufficiently associated only
with the electrostatic interactions between lipids and the
cationic nanoparticles.”> Considering that only a few basic
studies of nanoparticles interacting with lipids mention a
potential role of such an affinity in nanotoxicity, let alone any
systemic effects, it is not at all surprising that this notion has
not yet appeared in the context of nanoparticle-induced
cardiovascular disease. We are therefore convinced that the
formation of mobile nanoparticles wrapped with cell
membranes should be of broader interest in nanotoxicology.

Material and Methods. Synthesis of Nanoparticles.
Sodium titanate nanotubes (NP) were first synthesized
under hydrothermal conditions, then transformed into hydro-
gen titanate nanotubes by ion exchange, and finally thermally
treated to transform them into TiO, nanotubes, as described
previously.”’

Functionalization and Fluorescent Labeling of the NPs.
The 3-(2-aminoethylamino)propyl-trimethoxysilane
(AEAPMS) linker was first attached to the NPs in toluene,

5302

washed after 16 h, dispersed in ethanol, and dried. The
functionalized NPs were then dispersed in a bicarbonate buffer
at a pH of 8.4 and tip-sonicated. Alexa 488 SDP, or Alexa 647
NHS, ester in DMSO was added to the nanotubes, sonicated
for 2 h, and left stirring overnight at room temperature. To
remove the unbound fluorescent probe, the mixture was finally
dialyzed 4 times in ethanol and exchanged with distilled water
or bicarbonate buffer. The stabilities of the binding of the
AEAPMS to the NPs, and of the Alexa to the AEAPMS, were
checked by measuring the zeta-potential (Figure S2 in
Supporting Information).

Preparation of Liposomes. Giant unilamellar vesicles
(GUV) were prepared by the gentle hydration method®
from DOPC and DPPG in 90:10 or 50:50 mol % (GUV 10PG
and GUV S0PG, respectively) to achieve different negative
charge on the lipid bilayers. For the FMS experiments, the
Bodipy $30/550 lipid analogue (PC-BODIPY; GUVS30) was
added to the lipid mixture, which in combination with Alexa
488 on the NPs also acted as the FRET acceptor.

Large unilamellar vesicles (LUVs) were prepared by the
hydration of a dry lipid film of the desired lipid composition
(DOPC, or a mixture of DOPC and DPPG in 90:10 mol %)
with a fluorescent membrane probe (Atto 647N DPPE
(LUV647), Atto 488 DOPE (LUV488), both
(LUV488&647), or in-house synthesized polarity-sensitive
dye SP23-B (LUVsp)) in the chosen solvent (100 times
diluted bicarbonate buffer or water) while vigorous vortexing
or rotating, followed by freeze—thaw cycling of the dispersion.
The LUVs used for the FCS and imaging were further extruded
through 200 nm pores. As another positive codiffusing control,
membrane-wrapped NP (LUV640-NP488 wraps) were pre-
pared by the reverse phase evaporation approach; after having
added NP488 in a bicarbonate buffer to the mixture of lipids
and lipid probes in chloroform and diisopropyl ether, the
organic solvents were slowly evaporated.

Please refer to Table S1 for an overview of all the samples of
vesicles and further details.

FRET FMS Experiments and References. FMS experiments
were performed using a home-built setup described pre-
viously:* Xe—Hg arc lamp (Sutter Lambda LS) with
excitation filters (Semrock Brightline) on an inverted micro-
scope (Nikon Ti-2000e), 60X water immersion objective, a
tunable narrow-band filter (CRi Varispec VIS-10—20), and an
electron-multiplying charge-coupled device camera (Andor
iXon3 897). GUV was labeled with PC-BODIPY (final lipid
concentration of 3 M) added to a droplet of Alexa-labeled-
TiO, nanoparticle (NP488) (final concentration of 3 ug/mL).
Excitation band of 430 to 490 nm was used, images were taken
every 5 min for 1 h over the spectral range 515—580 nm in §
nm steps.

FMS Analysis. Emission spectra were extracted from a A-
stack, linear unmixing was used to decompose the spectra into
two spectral components corresponding to the NP488 (TiO,
nanoparticle) and PC-BODIPY (membrane) contributions
(Figure S3c), to increase the accuracy of the spectral analysis at
the voxels located on the edge of vesicles, averaging along the
vesicular membrane was implemented (Figure S3d). Reference
experiments were used to determine the line-shape parameters
within the log-normal spectral model,”’ except for the peak
position (dyax) of the NP488. The photobleaching was
negligible for both probes within each A-scan but significant for
the PC-BODIPY on the time scale of the whole experiment.
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TEM. Wrapping of TiO, nanotubes with lipids and
membranes was investigated with a transmission electron
microscope (TEM, Jeol 2100, 200 keV) equipped with an
energy-dispersive X-ray spectrometer (EDXS) for the chemical
microanalysis. Specimens for TEM and EDXS investigation
were prepared by mixing giant unilamellar vesicles (GUVS530
10PG; composed of DOPC and DOPG (90:10)) with TiO,
nanotubes at room temperature and left to stir for 1 h and then
a drop of the solution was deposited on a lacey carbon film
supported by a nickel grid (300 mesh).

Fluorescence Fluctuation-Based Experiments. NP488 and
LUV647 were incubated for 30 min prior to the experiments.
Just before the measurements, the dispersion was diluted with
a bicarbonate buffer to the concentrations around 0.1 and 0.01
mg/mL, respectively. Using PicoQuant MicroTime 200
equipped with a 60X water immersion objective and two
avalanche photodiodes, time -correlated single-photon count-
ing streams were acquired from a small droplet of the
dispersion on a coverslip in the green and red detection
channels after excitation with alternating laser pulses with
wavelengths of 485 and 640 nm, respectively, for a total
duration of at least 5 min. The recorded time-traces were used
to generate the scatterplots, to calculate the FCS and FCCS
curves, and to determine the coincidence values. For
comparison, membrane-wrapped NP488 (LUV640-NP488
wraps) were also measured. As the true negative and positive
references for codiffusion, a mixed dispersion of LUV647 and
LUV488, or dual-labeled LUV488&647 were used, respec-
tively. The scatterplots of the negative controls confirm that
there was no significant crosstalk between the two detection
channels.

Confocal and STED Imaging of LUV and NP. Experiments
were performed by a Leica SP8 STED instrument equipped
with a 100X/1.4 oil immersion STED objective. A dispersion
of NP488 and LUV647, sealed between a microscopy slide and
a coverslip, was excited by 488 and 633 nm lines from a white
light laser, and their emissions were recorded with two hybrid
detectors in the wavelength ranges of 495—585 and 640—730
nm, respectively. Both the confocal images were acquired
simultaneously, whereas the STED images using STED lasers
at 592 and 775 nm were recorded sequentially to avoid severe
photobleaching of the red dye by the 592 nm STED laser. For
negatively and positively colocalizing controls, the same
samples as for FCS were used (a mixture of LUV488 and
LUV647, and LUV488&647, respectively). The data of the
negative control (Figure S12) confirmed that the crosstalk
between the two channels was negligible.

Image Analysis. In every channel of each two-color image,
features with intensity above a predefined threshold were
recognized as NP/LUV. Within the masked area of each
recognized feature, the mean fluorescence intensity in both
color channels was read out. The 2D scatterplots were
generated by analyzing 3—9 different images of each
experiment.

STED Imaging of LA-4 Cells with NP. The LA-4 murine
lung epithelial cells were seeded into a 35 mm Ibidi y-Dish and
incubated in the complete culturing medium for a day (F12K
medium, 15% FCS, 1% P/S (antibiotics), 1% NEAA
(nonessential amino acids)). TiO, nanotubes, labeled with
Alexa 647 (NP647), were resuspended in PBS and diluted in
the cell medium to the final concentration of 10 yg/mL. After
1 day of incubation, the samples were washed and the plasma
membranes were labeled with CellMask Orange. For super-
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resolution imaging, an Abberior Instruments STED micro-
scope equipped with a 60X water immersion objective was
used. The STED image was acquired close to the top surface of
the cells at 10 nm pixel size. CellMask and NP647 were excited
with the two pulsed lasers at 561 and 640 nm, respectively,
overlaid with a doughnut-shaped STED beam at 775 nm, and
their fluorescence recorded with two avalanche photodiodes
within 580—625 and 655—720 nm (filters by Semrock),
respectively.

Viability Tests. Viability of the LA4 murine lung epithelial
cells after exposure to the TiO, nanotubes was determined by
counting the Hoechst reagent 33342 labeled cells in Live Cell
Imaging Solution (LCIS). Positive control was done using
0.25% tryton X-100.

TEM of the Lavage. After incubation of the cells with the
nanoparticles, the cell supernatant was washed off. The
morphology of the plasma membrane-wrapped nanoparticle
was investigated with a transmission electron microscope
(TEM, Jeol 2100, 200 keV).

Proteomics on Wrapped NP. The same samples used for
TEM (lavage) were centrifuged to remove any remaining
cellular debris. The supernatant was then centrifuged once
more with the pellet containing the so-called NP-Hard Corona
complexes. This sample was washed, centrifuged three times,
chemically modified (see Supporting Information for more
details), resuspended in diluted TFA and stored at 4 °C until
MS analysis, which was done on a Thermo Scientific Q
Exactive mass spectrometer operated in positive ion mode and
connected to a Dionex Ultimate 3000 (RSLCnano)
chromatography system. All data was acquired while operating
in automatic data dependent switching mode. A high-
resolution (70,000) MS scan (300—1600 m/z) was performed
to select the 12 most intense ions prior to MS/MS analysis
using high-energy collision dissociation (HCD). Proteins were
identified and quantified by MaxLFQ™ by searching with the
MaxQuant version 1.5 against the Mus musculus reference
proteome database (Uniprot). Modifications included C
carbamlylation (fixed) and M oxidation (variable). Excel was
employed to finally analyze the MaxQuant data, using fold
change cut off values of 1,000,000. Pantherdb, String DB, and
cytoscape were utilized in the analysis.

All experiments were performed at room temperature.

For further details, see the Supporting Information.
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