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ABSTRACT. Nanoparticles enter the cells through active processes, thanks to their capability of
interacting with the cellular machinery. The protein layer (corona) which forms on their surface once
nanoparticles are in contact with biologic fluids, such as the cell serum, mediates the interactions with
cells in situ. As a consequence of this, here we show that the same nanomaterial can lead to very
different biological outcomes, when exposed to cells in the presence or absence of a pre-formed corona.
In particular, silica nanoparticles exposed to cells in absence of serum have a stronger adhesion to the
cell membrane and higher internalisation efficiency, in comparison to what is observed in medium
containing serum, when a pre-formed corona is present on their surface. The different exposure
conditions not only affect the uptake levels, but also result in differences in the intracellular nanoparticle
location and impact on cells. Interestingly, we also show that after only one hour of exposure, a corona
of very different nature forms on the nanoparticles exposed to cells in absence of serum. Evidence
suggests that these different outcomes can all be connected to the different adhesion and surface

properties in the two conditions.
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Nanoscale objects interact with all components of living organisms, often in a manner that is
fundamentally different from freely diffusing small molecules - on the one hand - and large particles
which are recognised by the immune system - on the other hand.'™ They possess the size to engage with
the endogenous cellular machinery, and can enter the cells through active energy dependent processes.™
12

It is nowadays established, moreover, that the detailed nature of the surface of the engineered

nanoparticles once in contact with biological fluids (such as the serum), rather than its pristine surface,



13-15 .
The corona is a very

is the other determining factor in understanding their interactions with cells.
selective layer of proteins and other biomolecules, which strongly adsorbs on the nanoparticle surface
for time scales longer than nanoparticle uptake in cells, thus constitutes the new complex unit

1622 The formation of a corona affects the material properties

interacting with the cellular machinery.
also by simply lowering the surface free energy of the bare material.

Here we show that for identical particles and cells, otherwise under identical conditions, the
interactions with cells and the biological outcomes can vary greatly in the presence or in the absence of
a pre-formed corona in serum. Several examples can be found, for different nanoparticles and cell
systems, where uptake levels vary when particles are exposed to cells in serum free medium or in the
presence of a protein coating.”>*’ In particular, even though the details of the uptake mechanisms are
still unresolved (indeed, details are still missing even for nanoparticles exposed to cells in presence of
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serum), it has been observed that nanoparticle uptake in serum free conditions is, in most cases,

23-2 .
327 or also a more simple

higher than what measured for the same nanoparticle in the presence of serum,
protein solution (such as for instance what observed for FePt nanoparticles in the presence of albumin or
transferrin).”” Moreover, different reports have shown that nanoparticle impact is also affected by the
presence or absence of a protein coating (or other coatings) on their surface, and that the presence of a
corona in serum can mitigate the toxicity of the bare materials.**>°

In order to further explain and to connect these different outcomes, we have studied how uptake and
impact of silica nanoparticles in A549 lung epithelial cells are affected by the presence or the absence of
a pre-formed corona in serum. When silica nanoparticles are exposed to cells in serum free conditions,
nanoparticle uptake is higher, moreover cellular damage is observed and nanoparticles free in the
cytosol can be found. No signs of cell damage or particles free in the cytosol were observed for silica
nanoparticles exposed to cells in the presence of serum. Here we show that the different efficiency of

internalization and also final nanoparticle location and impact on cells, all can be explained, at least in

part, by the higher adhesion of the bare nanoparticles on the cell membrane when exposed to cells in the



absence of serum.

Interestingly, we also show that even the (bare) nanoparticles added to cells in serum free medium,
after only 1 hour in contact with cells, get coated by proteins and other molecules and we have used
mass spectrometry to clarify their origin. The identity of these proteins, many being proximate to the
cell surface, but also intracellular, is also highly suggestive of strong and potentially disruptive
interactions of the bare nanoparticles with the early processing and trafficking machinery of the cell.

Thus, for identical nanoparticles and cells, the biological outcomes are determined by the combined
properties of nanoparticles and their adsorbed corona. Even though, given the high surface energy of
nanoscaled objects, it is unlikely that the cellular machinery would interact with the pristine surface of
the nanoparticles in vivo, this comparison helps to further clarify the importance of the layer of protein
and biomolecules adsorbed on the nanoparticles in mediating the interactions of nanomaterials with
cells. These differences should be kept in mind also when assessing nanoparticle impact on cells in
vitro, when serum free conditions are still commonly in use, and reports on particle impact and location
may suggest conflicting outcomes, for the same material, because of the different exposure conditions
investigated. The detailed identity of the adsorbed proteins can also modulate further nanoparticle
uptake: for instance opsonin proteins, such as immunoglobulins and complement proteins are known to
affect particle uptake levels in specialised cells of the immune system, which recognise the opsonised

3739 and it has been shown that even more subtle differences in

particles and activate phagocytosis;
protein composition, as for example complement depletion by heat inactivation of the serum, can affect
particle uptake levels.*” The implications are far-ranging, suggesting that the biological impacts of
nanomaterials on organisms cannot be directly linked solely to the nature of the nanomaterial itself, but

also to the nature of the particle-corona complexes, and efforts to correlate outcomes only with the

pristine nature of the material will be limited.

Results and Discussion



50 nm fluorescently labelled silica nanoparticles were dispersed in serum free MEM medium (SF) and
complete medium supplemented with 10% serum (cMEM). The dispersions in water, phosphate buffer
saline and in these two media were characterised in order to determine nanoparticle size, polydispersity
and zeta potential in the relevant conditions.

Table 1 summarizes the results at room temperature, and suggests a good control of the nanoparticle
dispersion. A more extensive characterisation of the same dispersion in cMEM and its stability at 37°C
at different times was published in a previous study’ and also showed that the size distribution shifted to
higher values due to protein adsorption on the nanoparticles. Overall, the dispersion was stable in the

conditions applied for cell culture studies and for the full length of the experiments.

Table 1. Physico-chemical characterisation of the nanoparticles and their dispersions in relevant media.

50nm silica
Dispersant Water PBS cMEM
49.2+/- 65.9+/-
Z-Ave (d, nm)“ 0.36 0.53 ok
Polydispersity Index” | 0.02 0.2 *ok
Peak 1 size (d, nm)“ - - 105.5
Zeta Potential (mV) - -19.6 -8.23
Mob (umcm/Vs) - -1.492 -0.6452
Conductivity (mS/cm?2) 17.40 15.20

Nanoparticle size and size distribution were determined by dynamic light scattering in water,
phosphate saline buffer (PBS) and complete cell culture media (cMEM). All measurements were
performed at 250C at 25 pg/ml. Zeta potential was measured in PBS and cMEM. [a] z-average
hydrodynamic diameter extracted by cumulant analysis of the data. [b] Polydispersity index from
cumulant fitting. [c] Average hydrodynamic diameter determined from the size distribution obtained by
analyzing the data using the CONTIN algorithm. A smaller peak of objects around 10nm was also
given, probably due to small protein aggregates.

In order to check further for nanoparticle stability in serum free conditions, a similar study has been



performed here, for the 50 nm particles, as a function of time in serum free MEM. The results are
presented in Table 2 and indicated that the dispersion was stable for up to 300 min, also in serum free
medium at 37°C. These results collectively indicated a good control of nanoparticle dispersions under

all the applied conditions.

Table 2. Stability of the nanoparticle dispersion in serum free conditions.

50nm silica
Dispersant SF 0 min 10 min 120 min 300 min 1440 min
a 64+/- 55+/- sk
Z-Ave (d, nm) 0.75 121 44+/- 0.55 | 40+/- 0.41
Polydispersity Index” 0.141 0.125 0.081 0.195 ok
Size (d, nm)* - - - - 258

DLS measurements of 25 pg/ml 50 nm silica nanoparticles in serum free MEM after mixing (time
zero) and at 370C, as a function of time. [a] z-average hydrodynamic diameter extracted by cumulant
analysis of the data. [b] Polydispersity index from cumulant fitting. [c] Average hydrodynamic diameter
determined from the size distribution obtained by analyzing the data using the CONTIN algorithm.

Similar dispersions were prepared also for 40 nm carboxylated polystyrene nanoparticles in SF and
cMEM and a panel of different cell types, including lung epithelial A549 cells, cervix epithelium HelLa
cells, glial astrocytoma 1321N1 cells, and brain capillary endothelial HCMEC D3 cells, was tested with
the two nanoparticle types, both in SF and cMEM, in order to determine the effect of the presence or
absence of a pre-formed corona on nanoparticle uptake levels. It has to be pointed out that the uptake in
serum free condition was performed without any pre-incubation in serum free medium, in order to
exclude starvation effects —at least at early stages of uptake- and only with the purpose of studying how
uptake efficiency and impact can vary when nanoparticles are covered or not by a corona, prior to their
interaction with cells. Thus, we prefer to focus the discussion here mainly on the internalization
efficiency at the earlier exposure times, which were already indicative of a significant difference for the

serum free exposure scenarios (results at longer exposure times were anyway in agreement with



observations at earlier times, as suggested by the uptake kinetics presented below in Figure 1).

Higher uptake levels in SF were observed for all the different cell lines investigated and even when
comparing the uptake of polystyrene nanoparticles in complete and serum free conditions (see
Supplementary Figure S1). Thus, even though we cannot exclude that different nanoparticle-cell
systems may behave differently (for instance cells of the immune system, specialized in removal of
opsonized particles or primary cells), this observation did not depend on a specific nanoparticle — cell
combination (at least for the cases investigated).

In order to further investigate these differences, we have focused the work on the biological outcomes
observed for silica nanoparticles in lung epithelial A549 cells, as a common model cell line, often

i i i - 1,9, 26, 40-44
applied in several similar studies." % 2%

Figure 1 shows a comparison of the kinetics of uptake of
silica nanoparticles in A549 cells in serum free and complete media, obtained by flow cytometry, as

described in the Methods. As anticipated in Supplementary Figure S1, the kinetic study also clearly

indicated that uptake was always higher when the nanoparticles were exposed to cells in SF.
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Figure 1. A) Kinetics of uptake of 25 pg/ml fluorescently labelled 50 nm silica nanoparticles in
complete medium (cMEM, empty symbols) and serum free medium (SF, filled symbols) by A549 cells,
as determined by flow cytometry. Error bars are the standard deviation of the mean cell fluorescence
intensity averaged over 3 replicas. B) The curve in complete medium (from panel A) alone. C) Phase
contrast images of A549 cells exposed for 2 h to 25 and 100 pg/ml of 50 nm silica nanoparticles in
cMEM and SF. Several cells assumed a spherical shape after exposure to silica nanoparticles in serum
free medium (the effect was proportional to nanoparticle concentration). The same was not observed in
cells grown in the only SF or cells exposed to the same nanoparticles in cMEM. D) ATP levels of
untreated A549 cells and A549 cells exposed to different doses of 50 nm silica nanoparticles in cMEM

and SF for 24 h, after normalisation for the ATP content of untreated cells in the same conditions. A



decrease of ATP levels was detected for cell exposed to the nanoparticles in serum free conditions.

Error bars are the standard deviation of the average over 3 replicas.

We have shown previously that a very good control of nanoparticle exposure and accumulation
profiles could be obtained for these nanoparticles in cMEM.’ Although we did not observe nanoparticle
agglomeration (Table 2), at least in the first 6 hours, this was not the same in serum free conditions and,
even if in all cases the uptake in serum free conditions was higher than in cMEM, the internalisation
levels were very difficult to reproduce quantitatively in independent experiments.

Phase contrast images (also in Figure 1) of the cell cultures exposed to the silica nanoparticles in
cMEM and SF also indicated that, in several cases, cells exposed to the silica in serum free conditions
were changing their phenotype and assuming a spherical shape, indicative of loss of cell adhesion and
cell damage. The extent of this effect was not always the same, and in some cases it was possible to
expose the cells in serum free conditions for up to 24 h without such strong impact. ATP measurements
of cells exposed to different concentrations of silica in cMEM and SF (also in Figure 1) confirmed a
dose-dependent decrease of cell viability in cells exposed to the nanoparticles in serum free conditions.
Even though the applied doses were all relatively high, these results clearly indicated that the nature of
interactions of the same material in the presence or absence of proteins was very different.

In order to prove that the different uptake levels were related to the presence of proteins on the
nanoparticles prior to addition to cells, silica nanoparticles were dispersed in serum to allow the
formation of a protein corona, followed by hard corona nanoparticle complexes isolation and re-
dispersion in serum free medium (see the Methods for details): the results (Supplementary Figure S2)
showed that the uptake levels of the corona nanoparticle complexes were much lower than when adding
the bare particles in serum free medium, thus confirming that the higher uptake for bare particles in
serum free conditions was due to the absence of proteins on the nanoparticles at the moment of

exposure. Moreover phase contrast images showed no strong changes of cell phenotype in these



conditions, and this suggested that the damage observed for bare particles in serum free medium was
connected to the different interaction of the particles with the cell membrane, rather than the absence of
proteins in the medium.

To further understand the different behaviour, confocal and electron microscopy (EM) were combined
to investigate nanoparticle intracellular localisation. A detailed time and space resolved analysis on the
nanoparticle distribution inside the cells in cMEM was reported elsewhere.’ Extensive EM analysis was
performed here to compare intracellular load and location in cMEM and SF. Some representative EM
images are shown in Figure 2.

The results confirmed that nanoparticles were internalised by the cells also in serum free conditions.
A first observation, clearly confirmed that uptake in cells exposed to nanoparticles in SF was higher
than in cMEM, at same exposure times. This was more evident at earlier times, where only few particles
could be seen in cells treated in cMEM (see also Shapero’ for more details), while in contrast cells
exposed to silica in SF showed a substantial number of internalised nanoparticles. Moreover, while in
complete medium nanoparticles were always seen enclosed in vesicles along the endo-lysosomal
pathway, in serum free medium, together with nanoparticles engulfed in vesicles and in lysosomes, we
also found nanoparticles which seemed to be free in the cytosol (or anyway, in these cases, it was very
difficult to recognise the presence of a lipid bilayer enclosing the nanoparticles in some organellar

structure).

10



Figure 2. Transmission Electron Microscopy images of A549 cells exposed to 100 ug/ml 50 nm silica

nanoparticles in complete and serum free medium for 4 h (A and C respectively) and 24 h (B and D

11



respectively). E) Low magnification image of a typical A549 cell after nanoparticles treatment in serum

free medium. The arrows indicate some of the NPs in the cells.

We also noted that, after nanoparticles treatment in serum free conditions, in many cases a large
amount of nanoparticles clustered in proximity of the plasma membrane was present, even after all the
washing steps needed for sample preparation (see Methods for details). An example of this is shown in
Figure 2E, where one can also note the transversal sections of cell filopodia around those clusters. A
first possible explanation of this observation could be nanoparticle agglomeration in SF, however the
data in Table 2 indicated no agglomeration, at least for the first 6h. Possibly these cell protrusions were
strongly interacting with the nanoparticles and created some entanglements around the cell surface, in
which nanoparticles remained trapped. Similar events were rare in cells treated with nanoparticles in
cMEM.

A series of details of typical nanoparticle locations inside the cells at larger magnification is given in

Figure 3 for cells treated for different times with 25 and 100 pg/ml silica nanoparticles in SF.

12



Figure 3. Details of typical nanoparticle intracellular locations: representative images from cells

13



exposed to 25 (A-F) or 100 (G-H) pg/ml silica in serum free medium. A) and B) show nanoparticles
enclosed in vesicles close to the cell membrane, C) inside an early endosome, D) inside a late endosome
or a lysosome. For longer exposure times (E, F: 24h) or also when treating cells with higher
nanoparticle concentrations (G, H), nanoparticles free in the cytosol were observed. The arrows indicate

some of the NPs in the cells.

The time resolved electron microscopy analysis showed that in serum free conditions, for the lower
concentration and shorter incubation times silica nanoparticles were mainly found engulfed in vesicles
(such as in cMEM)’ along the endo-lysosomal pathway. Nanoparticles free in the cytosol were also
observed (most of them closer to the cell membrane, as in the images in Figure 3), especially at longer
exposure times or at higher nanoparticle concentration. This leaves open the possibility for multiple
entry pathways, but it could be simply explained as a consequence of the cell damage which we
observed in these conditions. Again, we shall stress out that we never saw similar behaviour when
exposing cells in cMEM, where also no cell damage, in fact, was observed (see Figure 1C) and in that
case nanoparticles of this size were always found enclosed in vesicles or in some organelle.

With confocal microscopy (Figure 4) we could confirm by immunostaining that the major final
localisation of the nanoparticles was in the lysosomes, as in cMEM conditions.” This was particularly
clear after long exposure time (24 h), where high level of colocalisation could be seen with lysosomal
marker (LAMP1) positive structures, even though in these conditions not all of the nanoparticles were
(yet) found there. This could also be related to the presence of nanoparticles which seemed free in the
cytosol at EM analysis. Moreover, confocal imaging confirmed the presence of residual clusters of
nanoparticles out of the cells (and also on the glass slide) in serum free conditions, as it was noted also
by EM. This potentially could affect the flow cytometry data and explain the difficulty in reproducing
quantitatively the uptake profiles, as discussed earlier. Regardless this potential limit of flow cytometry

(and confocal imaging), EM analysis clearly confirmed the general observations of higher intracellular
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load in cells exposed to the nanoparticles in SF.

EEA1 _ LAMP1

Figure 4. Confocal images of AS549 cells treated for 24 h with 100 pg/ml green 50nm silica
nanoparticles in serum free medium. In red: EEA1 staining of the early endosomes or LAMP1 staining
of the lysosomes (secondary antibody conjugated with Alexa-647). A and B) low magnification. C and

D) enlarged details of single cells in the same conditions. Blue: DAPI stained nuclei.

In order to study if nanoparticle uptake in SF was energy dependent, cells were exposed to silica in
serum free conditions after depletion of energy, using sodium azide or after incubation at 4°C, which
affects the activity of many proteins and also the fluidity of the lipid membrane. Cell fluorescence was
then measured by flow cytometry (see Supplementary Figure S3) and, as we demonstrated for cells
exposed to silica in cMEM, also in serum free conditions we could detect a decrease of nanoparticle
uptake in energy depleted cells. We may conclude that uptake was an energy dependent process,
however the extent of the decrease was not as strong as when performing the same experiment in
¢cMEM.’ Further EM and confocal imaging clearly explained this difference (also in Supplementary
Figure S3). There, it was possible to see, that in serum free conditions, large clusters of nanoparticles

were present on the cell membrane and this could affect the flow cytometry results. EM however left no
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doubts on the energy dependent nature of the uptake of nanoparticles in serum free conditions: no
nanoparticles could be found in cells exposed at 4 °C, neither in vesicles, nor free in the cytosol. In rare
cases, only few nanoparticles were found when cells were treated by sodium azide.

Having excluded nanoparticle agglomeration (see Table 2) and the presence of portals of entry which
do not require energy expenditure when exposing cells to nanoparticles in serum free conditions, as in
all the experiments presented here we noted an higher amount of nanoparticles adhering outside the cell
membrane (as well as on the glass slides), we hypothesized that a stronger adhesion on the cell surface
(and filopodia) in serum free conditions could be the explanation (at least in part) for the higher degree
of uptake. In order to evaluate and confirm this hypothesis, cells were incubated at 4°C with the
nanoparticle dispersions in cMEM and SF for different length of times, in order to let the nanoparticles
adhere on the cell surface without nanoparticle uptake (as showed earlier). Thus the nanoparticle
dispersion was replaced, after few washes with PBS, by nanoparticle free cMEM and the cells were
warmed at 37 °C and grown for further hours (3 h), to let all the nanoparticles adhered on the cell
surface be internalised and quantified by flow cytometry. This allowed us to study nanoparticle
adhesion to the cell membrane (in conditions in which nanoparticle uptake is shut down) and its effects
on nanoparticle internalization efficiency, and to exclude the potential presence of residual nanoparticles
out of the cell membrane, which could affect the flow cytometry fluorescence levels. The results, which
are shown in Figure 5 (see also Figure S4), clearly confirmed that indeed nanoparticles in serum free
conditions had a stronger adhesion on the cell surface, while the presence of proteins on the
nanoparticles, such as after incubation in cMEM, strongly reduced the initial adhesion and this resulted

in a lower internalised dose.

16
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Figure 5. Adhesion of 50 nm silica nanoparticles on the cell membrane of A549 cells in serum free (SF)
and complete medium (cMEM). Nanoparticles (100 pg/ml) were exposed to A549 cells at 4°C for
different times in order to prevent nanoparticle uptake (as shown in Figures 5 and S3) and allow them to
adhere on the cell membrane. The nanoparticle dispersion was then replaced by complete medium
without nanoparticles and cells were warmed to 37°C and grown for further 3 h prior to flow cytometry
assessment of internalised nanoparticle levels (see Methods for more details). Error bars are the standard
deviation of the mean cell fluorescence intensity averaged over 3 replicas. B) The results in cMEM from

panel A and the background fluorescence of untreated control cells.

Although this observation is totally independent from the mechanism of uptake which particles could
exploit in the two cases, it could contribute, at least in part, to the explanation of such a difference. We
found similar conclusions when exposing polystyrene nanoparticles to serum of different compositions,
which resulted in a different amount of proteins bound on nanoparticle surfaces.** There we also found
that the nanoparticles with the smaller protein coverage showed a higher uptake in cells, even if the
effect was much more subtle than the one outlined here for the more extreme case of serum free
exposure.

Finally, since even in serum free conditions we cannot fully exclude the presence of proteins on the

nanoparticles, because of the very high surface energy of the bare material and the observed strong
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interactions with the cell membrane, SDS PAGE was used to detect eventual presence of a corona on
the nanoparticles recovered from cell cultures exposed to the 50 nm silica in serum free MEM. Thus,
cells were exposed to the nanoparticles in serum free MEM, as in previous studies, and after only 1 hour
in contact with cells, the extracellular nanoparticles were recovered, in order to investigate if proteins
were present on their surface already after such short time. The result is shown in Supplementary Figure
S5 and confirmed, as expected, that proteins adsorbed on the nanoparticles could be found even on
nanoparticles originally added to cells in serum free conditions. In order to clarify their nature and
origin, mass spectrometry has been used for their identification. The list of the most abundant proteins
which were recovered on the nanoparticles exposed to cells in SF is given in Table 3 (more details can

be found in Supplementary Figure S6 and Supplementary Table 1).

Table 3. List of the most abundant proteins identified by mass spectrometry on 50 nm silica

nanoparticles (100 pg/ml) recovered from cell cultures exposed for 1 h in SF.

Accession | Name MW SpC SpC Cellular Component / Function
RSp SF cME
M
Huma | Huma
n n
P21333 Filamin-A 28056 | 137 40 cytoplasm and cytoskeleton,
1.4 links actin  filaments to  membrane
glycoproteins
075369 Filamin-B 27798 | 125 - cytoplasm and cytoskeleton,
7.3 connects cell membrane constituents to the
actin cytoskeleton
P14618 Pyruvate kinase | 57900. | 91 63 cytoplasm and nucleus,
) 17 glycolytic enzyme
isozymes
M1/M2
043707 Alpha-actinin-4 10478 | 76 - cytoplasm and nucleus,
8.5 protein transport, regulation of apoptosis
P00352 Retinal 54826. | 65 - cytoplasm, binds free retinal
dehydrogenase 1 | 99
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Q13813 Spectrin  alpha | 28436 | 65 - cytoplasm and cytoskeleton,
chain, brain 2.5 structural constituent of cytoskeleton
P35579 Myosin-9 22639 | 56 70 cell shape, play role in cytokinesis
0.6
P12814 Alpha-actinin-1 10299 | 55 - cell membrane, cell projection, cytoplasm,
2.7 cytoskeleton, membrane,
focal adhesion assembly, regulation of
apoptosis
Q00610 Clathrin  heavy | 19149 | 54 - coated pit, cytoplasmic vesicle, membrane,
chain 1 1.7 major protein of coated pits and vesicles
Q01082 Spectrin beta | 27443 | 53 - cell membrane, cytoplasm, cytoskeleton,
chain, brain 1 7.2 membrane,
actin filament capping
P11413 Glucose-6- 59219. | 46 - centrosome, cytosol, internal side of plasma
phosphate 09 membrane,
1-dehydrogenase intracellular membrane-bounded organelle,
carbohydrate and glucose metabolism
Q71U36 | Tubulin  alpha- | 50103. | 39 19 major constituent of microtubules, cytoplasm,
1A chain 65 cytoskeleton
Q9Y490 | Talin-1 26959 |39 238 cell membrane, cytoplasm, cytoskeleton
6.3
P53396 ATP-citrate 12076 | 38 - cytoplasm, nucleus
synthase 2.1 lipid synthesis, ATP binding, ATP citrate
synthase activity
P68104 Elongation factor | 50109. | 38 30 cytoplasm and nucleus
l1-alpha 1 18
P69905 Hemoglobin 15247. | 38 34 oxygen  transport from  the lung
subunit alpha 92 to the various peripheral tissues
P29401 Transketolase 67834. | 35 - cytosol,
88 transferase, involved in energy reserve
metabolic process
P10809 60 kDa heat | 61016. | 34 6 mitochondrion,
shock  protein, | 47 mitochondrial protein import and
mitochondrial marcomolecular assembly
P13639 Elongation factor | 95277. | 34 15 cytoplasm, cytosol and ribonucleoprotein
2 08 complex,
protein biosynthesis, GTP-binding,

Nucleotide-binding
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P07355 Annexin A2 38579. | 33 1 basement membrane, extracellular matrix,
82 secreted,
positive regulation of vesicle fusion

Q15149 Plectin 3 53146 | 32 - cell junction, cytoplasm, cytoskeleton,
5.9 cellular component disassembly involved in
apoptosis
060701 UDP-glucose 54989. | 31 13 cytosol,
6-dehydrogenase | 33 biosynthesis of glycosaminoglycans
P04083 Annexin Al 38690 | 30 - cell membrane, cell projection, cilium,
cytoplasm
promotes membrane fusion and is involved in
exocytosis
P60842 Eukaryotic 46124. | 29 3 cytosol, eukaryotic translation
initiation 6 protein biosynthesis
factor 4A-1
Q14204 Cytoplasmic 53207 |29 9 cytoplasm, cytoskeleton, dynein, microtubule
dynein 1138

heavy chain 1 transport, microtubule-based movement

The mass spectrometry data (from the gel in Supplementary Figure S6) have been searched against
Swiss-prot human and bovine databases and ranked according to their total spectral counts, as detailed
in the Methods. The table shows the most abundant human proteins in the corona formed on the
particles in SF with their spectral counts (SpC SF Human) and the spectral counts of the same proteins
in the corona in cMEM (SpC cMEM Human). The main protein location and function in the cell is also
indicated (from Uniprot database), together with the accession number (Accession, RSp, also from
Uniprot database) and the protein molecular weight (MW).

A corona of very different nature was found on the particles recovered from cells exposed in the
absence of serum in the medium. While in complete medium the major components of the corona were
immunoglobulin, complement proteins and apolipoproteins (see Supplementary Table 1), as observed in

44 the most abundant proteins

similar studies for similar materials dispersed in serum and plasma,
which adsorbed on the nanoparticles exposed to cells in serum free conditions were mainly cytosolic
proteins, component of the cytoskeleton, and proteins normally associated to the cell membrane. These
results can be related, again, to the strong adhesion of the bare silica on the cell membrane in serum free

conditions and are indicative of cell damage even after only 1 hour of exposure. Interestingly, almost

none of these proteins could be found on the nanoparticles exposed to cells in complete medium (see
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comparison of their spectral counts, SpC, in Table 3), and this is another example which shows that the
nature of the protein layer adsorbed on the nanoparticles is strongly dependent on the conditions in
which nanoparticles are found in situ.

Moreover, while the protein corona formed in serum is normally composed of only 200-300 different

. 454
proteins, 546

it is interesting to note that for the particles recovered from cells in SF we could identify
more than 800 proteins (or roughly 600 if excluding the protein with very low signal). This is probably
due to the lower concentration of proteins in the recovered serum free medium (compared to the protein

concentration in serum or, in this case, the cMEM) thus a lower competition for the nanoparticle

surface.

Conclusions

Different reports have shown that for several nanoparticle-cell systems, nanoparticles exposed to cells
in serum free conditions can enter cells with higher efficiency than when they are covered by a corona
in biological fluids. Even though we cannot exclude that other cell-nanoparticle systems may behave
differently (for instance cells of the immune system specialized in phagocytosis and clearance of
particles coated by opsonins), here we showed that silica nanoparticles are internalized very differently
(both in degree and in processes) when they are exposed to A549 cells in complete medium or in serum
free conditions, likely by a variety of routes, but all underpinned by the fact that direct physical
associations between cell and nanoparticles are much stronger for the bare surfaces. The accumulation
in serum free was higher and resulted in nanoparticles accumulating in the lysosomes (as in complete
medium), but also some nanoparticles which seemed to be free in the cytosol, something which we
never observed in the presence of a well-developed corona in serum. At least a significant portion of the
uptake was however still energy dependent, as it was also in complete medium. Clearly nanoparticles in
serum free conditions showed a higher degree of adhesion on the cell membrane. This initial stronger

adhesion could, at least in part, contribute to the higher uptake efficiency. Consistently, quantitative
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uptake results were more difficult to obtain, and there was evidence of cellular damage and particles
free in the cytosol. This is of some importance, for it suggests that there is need to be cautious in
interpreting in vitro observations, in which nanoparticles are reported to be free in the cytosol, as this
may be caused by damage of the early uptake pathway when exposing nanoparticles to cells in absence
of serum, rather than an endogenous regulated cellular process.

Indeed, particles exposed to cells in serum free conditions, recovered from the extracellular medium
after only 1 h exposure to cells possessed a new kind of adsorbed layer: in this case, the corona was
composed of proteins close to the cell surface, and of the cytoskeleton, but also of cytosolic proteins
(presumably several membrane lipids could also be found), as a consequence of the stronger adhesion to
the cell membrane and the resulting cell damage, all again in distinction from those cases where a pre-
formed corona was present in serum. While the details of all these processes may be poorly understood,
the basic principles are significant for future studies.

Thus, in realistic situations, it will be usual that nanoparticles will be exposed to biological fluids
before contact with the cellular machinery, and this layer limits the disruptive nature of the interactions,
and thereby mitigates acute cellular toxicity. Nanoparticles exposed to cells in the absence of proteins in
the medium interact strongly with the early processing and trafficking machinery of the cell, thereby
lowering their surface free energy by adsorption of biomolecules from those systems. Since (as usual for
the hard corona) this adsorption process, when complete, is essentially irreversible, the composition of
the ‘corona’ derived from contact with the cell is enriched in the molecules with which nanoparticles
come in early contact with. In essence, if the surface energy of the bare nanoparticles is not reduced by
biomolecules from the medium, then it will use cellular components to form one.

Succinctly put, one can obtain a wide range of outcomes, simply by changing the environment (and

1 2- 4
thereby corona),'” 2% 4

and one must, in future, consider nanoparticle-medium-cell systems as a
single entity. At the practical level, this could lead to apparent differences in reports of nanoparticle

toxicity for a same nanomaterial, if different conditions are applied, potentially confounding efforts to
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obtain reproducible agreed outcomes. These comments pertain also to dispersions for in vivo studies,
where some evidence suggests different acute outcomes depending on the nature of the starting
dispersion. Other differences could arise when comparing in vivo and in vitro findings, where protein
concentrations (thus the resulting corona) can also be very different' and this could also affect
biological outcomes.

This suggests that one should consider carefully the nature of the dispersion medium, not just from the

point of view of the quality of the dispersion, but also for the potential of inducing cellular effects.

Methods

Nanoparticle Characterisation

50 nm yellow - green silica (SiO,) nanoparticles were purchased from G. Kisker-Products for
Biotechnology (Steinfurt, Germany) (the fluorescent dye in these particles is chemically linked in the
core during particle synthesis). Nanoparticle size measurements by dynamic light scattering (DLS) were
carried out in water, phosphate buffered saline (PBS), serum free Minimum Essential Medium (SF) and
the complete cell culture medium (cMEM), consisting of MEM, supplemented with 10% Foetal Calf
Serum (FCS, Gibco), 1% penicillin/streptomycin (Invitrogen Corp.) and 1% MEM non-essential amino
acids (HyClone). Nanoparticle dispersions were prepared by diluting the nanoparticle stock to the
required concentration in SF or cMEM. Measurements were performed at 25 °C (Table 1) and 37 °C
(Table 2), using a Malvern Zetasizer Nano ZS90 (Worcestershire, UK). DLS results are reported as the
average of at least 3 runs, each containing 100 individual measurements. Zeta potential was measured,
on the same instrument, in PBS and cMEM. Selected experiments were performed with 40 nm yellow-
green carboxylated polystyrene nanoparticles (Invitrogen). Their characterisation in the same media is

1, 40, 42
reported elsewhere.' **

Cell Culture
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A549 cells (original batches from ATCC, item number CCL-185) were cultured at 37 °C in 5% CO,
in complete medium (cMEM), prepared as described above. Human glial astrocytoma 1321N1 cells
(passage 2-10) and Human cervix epithelium HelLa cells (passage 5-10) were cultured at 37 °C in 5%
CO; in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% foetal bovine serum
and 1% penicillin/streptomycin. Human brain capillary endothelial HCMEC D3 cells were obtained
from Florence Miller, and B.B. Weksler (INSERM, France) and were cultured at 37 °C in 5% CO; in
EBM-2 medium supplemented with hFGF (LONZA), Genatmicin sulfate/amphotericin B (LONZA),

Hepes 1mM Buffer (LONZA), fetal calf serum (FCS, Gibco), and hydrocortisone.

Nanoparticle Uptake Experiments by Flow Cytometry

Before each experiment cells were counted and re-suspended in an appropriate volume of cMEM to
obtain the required cell density. For flow cytometry, 2.5 x 10 cells were seeded into individual tissue 60
mm culture dishes (Greiner Bio-one), and incubated for 24h prior to exposure to the nanoparticle
suspension. Before exposure to nanoparticles, the cMEM was removed, thus cells were washed once
with PBS buffer prior to the addition of the nanoparticle dispersions. Nanoparticle dispersions were
prepared by diluting the nanoparticle stock to the required concentration in SF or cMEM just before
addition to cells.

For assessment of nanoparticle uptake levels by flow cytometry, after exposure to cells for the
required time, the nanoparticle suspension was removed,then the cells were washed three times with
PBS buffer and harvested with trypsin/EDTA for 3 minutes. Cells were fixed with 4% Formaline
solution (Sigma) for 20 minutes and then re-suspended in PBS buffer for flow cytometry measurements.

For experiments at 4 °C, cells were pre-incubated at least for 30 minutes at 4 °C prior to the addition
of the nanoparticle dispersion. To deplete the cell energy, a pre-incubation in 5 mg/ml sodium azide in
cMEM was performed, followed by incubation with the nanoparticles in SF, also in sodium azide.

To expose the cells to the hard corona nanoparticle complexes in SF, 50 nm silica nanoparticles (250
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png/ml) were incubated with serum at 37 °C for 1 h, thus the dispersions were centrifuged at 18,000 rcf
at 15 °C for 40 min, in order to remove excess proteins and loosely bound proteins. The supernatant was
discarded and the pellet was re-suspended in PBS, followed by a second centrifugation step at 18,000
rcf, 15 °C for 20 min in order to leave on the nanoparticle surface only the proteins with higher affinities
for the nanoparticles. The pellet was then redispersed in SF to a final concentration of 25 pg/ml prior to
exposure to cells and assessment of uptake kinetics by flow cytometry as described above.

To compare the uptake levels in the different cell lines, all the cells, cultured as detailed above, were
exposed for 1 h to the same nanoparticle dispersion in cMEM or SF, followed by cell fluorescence
assessment by flow cytometry.

Flow cytometry fluorescence levels in the cells were measured using an Accuri C6 Flow Cytometer
(Cambridgeshire, UK). Results are presented as the averaged mean of the cell fluorescence intensity
distributions obtained by counting a minimum of 15000 cells for each replica. Error bars are obtained by

measuring the standard deviation among the replicas (n = 3).

Electron Microscopy

For electron microscopy, A549 cells treated as described above were fixed at room temperature in
2.5% glutaraldehyde in 0.1 M Sorensen phosphate buffer (pH 7.3) for lh, rinsed with Sorensen
phosphate buffer (pH 7.3), and then post-fixed for 1h in 1% osmium tetroxide in deionised water. After
the post-fixation in some cases the cells have been treated overnight with a solution of uranyl acetate
2% w/w 1in distilled water to enhance the contrast of the membranes (Examples are shown in Figure3 A-
D). After dehydration in increasing concentrations of ethanol (from 70% up to 100%), the samples were
immersed in an ethanol/Epon (1:1 vol/vol) mixture for 1h before being transferred to pure Epon and
embedded at 37 °C for 2h. The final polymerization was carried out at 60 °C for 24h. Ultrathin Sections
of 80 nm, obtained with a diamond knife using an ultramicrotome Leica U6, were mounted on copper

grids, and stained with uranyl acetate and lead citrate (or lead citrate only in the case of pre-treatment
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with uranyl acetate) before being examined with an FEI TECNAI Transmission Electron Microscope.

Confocal Microscopy and Immunostaining

For confocal imaging, cells were plated on 35 mm plates with 15 mm diameter glass coverslips, at cell
densities ranging from 1.25 x 10’ to 1.8 x 10 cells per plate, and treated as described for flow cytometry
sample preparation. For lysosomal or endosomal staining, samples were washed three times with PBS
buffer, fixed for 20 minutes with 4% Formaline, permeabilized for 5 minutes in 0,1% saponin from
Quillaja bark (Sigma), and incubated for 30 minutes at room temperature with a blocking solution of 1%
Bovine Albumine (Sigma) in PBS-T, to prevent non-specific binding. Samples were, thus, incubated for
1h at room temperature with a primary antibody 1:200 mouse mAb to LAMP1 or EEA1 (Abcam,
Cambrige, UK), washed three times with PBS buffer, and then incubated at room temperature for lh
with 1:400 dilution of AlexaFluor 647 Goat Anti-mouse IgG (H+L) as a secondary antibody (Molecular
Probes). Samples were washed three times with PBS buffer and incubated for 5 minutes with DAPI
(Sigma) before mounting with MOWIOL (Dako) on glass slides for imaging. The cells were observed
using a Carl Zeiss LSM 510 Meta laser scanning confocal microscope (Zeiss, Munchen, Germany) with

lasers at 364 nm (DAPI), 488 nm (green labelled nanoparticles), and 633 (LAMP1, EEAT antibody).

ATP Assay

Intracellular levels of adenosine triphosphate (ATP) were quantified with the CellTiter-Glo
Luminescent Cell Viability Assay (Promega Corporation, USA) according to the manufacturer’s
recommendations. Relative luminescent units (RLU) were detected with Varioskan Flash plate reader
(Thermo Scientific). The RLU values of cells treated with the different concentrations of nanoparticles

in cMEM and SF have been normalized to that of untreated cells in the same conditions.

Isolation and Characterisation of the Hard Corona in Serum Free and Complete Medium
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The hard corona proteins recovered from the nanoparticles incubated with cells in SF and cMEM
were compared by separation using SDS — PAGE gel electrophoresis (sodium dodecyl sulphate Poly —
Acrylamide Gel Electrophoresis). Nanoparticle dispersions in SF and cMEM were prepared as
previously described. A549 cells were cultured as described above, thus the cMEM was removed, the
cells were washed once with PBS buffer and the nanoparticles suspension in SF or cMEM was added.
Cells were incubated with 100 pg/ml nanoparticles for 1 hour in the 2 conditions, thus the supernatant
was collected to isolate eventual hard corona proteins present after contact with cells on the recovered
nanoparticles. As an ulterior control, cells were incubated with SF (or cMEM) medium for 1h, thus the
supernatant was collected and incubated with silica nanoparticles (100 pg/ml) for 1h prior to hard
corona isolation. All the recovered dispersions were subjected to centrifugation at 20,000 rcf at 4 °C for
30 min, in order to remove excess proteins and loosely bound proteins. The supernatant was discarded
and the pellet was re-suspended in 500 pl of filtered PBS. This step was repeated twice, followed by a
third centrifugation step at 20,000 rcf, 4 °C for 30 min in order to leave on the nanoparticle surface only
the proteins with highest affinities for the nanoparticles (hard corona proteins). Finally after the last
centrifugation, the pellet was re-suspended carefully with 12 pl PBS buffer and 6 pul SDS - loading
buffer (SDS + DTT, 9:1 volume). All samples were incubated for 5 min at 100 °C to denature the
proteins, cooled to room temperature, and finally they were loaded into a 4% stacking gel with a 10%
resolving gel and subjected to electrophoresis at 130 V for about 80 min, until the proteins neared the
end of the gel. The gels were stained the following day using the DAIICHI silver staining kit (Tokyo,

Japan).

Proteomic Analysis
To identify the recovered proteins by mass spectrometry, after separation by SDS-PAGE as described
above, gel was stained using Coomassie Blue Staining, then the bands of interest were excised from the

gel and digested in-gel with trypsin (porcine trypsine, Promega), according to the method of
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Shevchenko et al.*” The resulting peptide mixtures were resuspended in 0.1% formic acid and analyzed
by electrospray liquid chromatography mass spectrometry (LC MS/MS) using an HPLC (Surveyor,
ThermoFinnigan, CA) interfaced with an LTQ Orbitrap (ThermoFinnigan, CA). Chromatography buffer
solutions (Buffer A, 0.1% formic acid; Buffer B, 100% acetonitrile and 0.1% formic acid) were run
using a 72 minute gradient. A flow rate of 150 pl/min was used at the electrospray source. Spectra were
analysed with Bioworks Browser 3.3.1 SP1 (ThermoFisher Scientific) using Sequest Uniprot/Swiss-Prot
database (www.expasy.org). The data have been searched against a human and a bovine protein
databases in order to identify both the eventual human cellular proteins present in the corona on the
nanoparticles, and the composition of the corona of the particles exposed to cells in the presence of
bovine calf serum (cMEM), respectively. An exclusion filter was applied to reduce false positives,
where peptides with P<0.005, and X correlation scores of 1.9, 2, 2.5 and 3, for single, doubly and triply
charged peptides, were retained. Multiconsensus analysis was performed when proteins with same
accession number were detected in multiple bands from the same sample: in these cases, their spectral
counts (SpCs) were summed to get the total protein amount in the sample. Tables of the most abundant
proteins identified, in this way, on nanoparticles exposed to cells in SF and cMEM conditions are given
in the main text and in the Supplementary Information. The complete mass spectrometry results are
also provided in the Supplementary Information as an additional file. This file is organised in 4 separate
datasheets, containing the full list of proteins identified on the particles recovered from cells exposed in
SF and cMEM conditions, each analysed against both the human and the bovine database for
completeness. The identified proteins have been ordered according to their abundance as described

above.
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