Nanophysical mapping of inflammasome activation by nanoparticles
via specific cell surface recognition events
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ABSTRACT: Silica nanoparticles (SiNP) trigger a range of innate immune responses in relevant essential organs, such as the
liver and the lungs. Inflammatory reactions, including NLRP3 inflammasome activation, have been linked to particulate ma-
terials, however the molecular mechanisms and key actors remain elusive. Although many receptors, including several scav-
enger receptors, were suggested to participate in SiNP cellular uptake, mechanistic evidence of their role on innate immunity
is lacking. Here we present an atomic force microscopy-based approach to physico-mechanically map the specific interaction
occurring between nanoparticles and scavenger receptor A1l (SRA1) in vitro on living lung epithelial cells. We find that SiNP
recognition by SRA1 on human macrophages plays a key role in mediating NLRP3 inflammasome activation, and we identify
cellular mechanical changes as clear indicators of inflammasome activation in human macrophages, greatly advancing our
knowledge on the interplay among nanomaterials and innate immunity. Our single-cell, quantitative approach can be readily
applied to study the binding of other nanomaterials and the testing of anti-inflammatory molecules on living cells of the innate

immune system.

NLRP3 inflammasomes are multiprotein complexes con-
trolling inflammatory responses and antimicrobial defense
in stimulated immune cells® 2. A first priming step by micro-
bial exposure, typically bacterial lipopolysaccharides (LPS),
upregulates inflammasome transcription, leading to in-
creased expression levels of pro-interleukin-1f and ASC
protein. Subsequently, the recognition of inflammatory lig-
ands triggers sensor activation, recruitment, and oligomer-
ization of apoptosis-associated speck-like (ASC) adaptor
protein, which in turn modulates caspase-1 activation, in-
terleukin-1f, and interleukin-18 secretion, and induces cell
death by pyroptosist. Besides the critical role of inflam-
masomes in infectious diseases and host defense against
foreign bodies, misregulation of inflammasome has been
linked to cancer, autoimmune, metabolic, and neurodegen-
erative diseases, thus a detailed understanding and possibly
modulation of its activation is of great clinical relevance3-.
Amorphous nanosilica has been recently found to act as
NLRP3 inflammasome activator following LPS priming in a
variety of immunocompetent cells, and particularly in mon-
ocytes and macrophages® 7.

While some general trends associating inflammasome ac-
tivation to nanoparticle size and surface chemistry have
started to emerge8-1, few studies focused on the very first
steps of the SiNP interaction with the macrophage biologi-
cal machinery!!. The resulting lack of mechanistic insights
hampers de facto, on the one hand, comprehensive health

risk assessment!?, and on the other hand the interesting
perspective of modulating the interplay between nanosilica
and innate immunity for therapeutic purposes. It has been
widely reported that in physiologically relevant conditions,
nanomaterials are mostly uptaken by the cell surface ma-
chinery through energy-driven processes, indicating the in-
volvement of receptors in nanomaterial recognition!3 14,
Cell surface receptors typically expressed in monocytes and
macrophages include Toll-like receptors (TLRs), Fc recep-
tors (FcRs), and scavenger receptors (SRs)!s. While TLRs
seem to play a role in the priming step, recent studies point
toward the involvement of SRs in nanomaterials recogni-
tion in a variety of cell lines, suggesting a possible mediating
role of SRs on silica nanoparticle uptake and triggering of
the NLRP3 inflammasome activation cascade!? 16-18,

Here, we use FD-based AFM to investigate, at the single
nanoparticle level, the specificity and binding kinetics of sil-
ica nanoparticle recognition by SRs, focusing on scavenger
receptor Al (SRA1), on model substrates and living mam-
malian cells. With its piconewton force sensitivity and
(sub)nanometer spatial resolution, together with the capa-
bility of operating in a liquid environment and at physiolog-
ical temperature, FD-based AFM has proven to be one of the
most powerful tools to image and quantify receptor-ligand
bonds at the single-molecule and single-cell level1%-21, and to
elucidate the first steps of viruses and pathogen infec-
tions?2. Interestingly, applications of FD-based AFM and



related techniques to the field of nanomedicine and nano-
toxicology are still quite limited23-25. Here, we applied FD-
based AFM to the investigation of nanoparticle-receptors
and cell interactions, and we further used AFM and confocal
microscopy to investigate mechanical changes and NLRP3
inflammasome activation in macrophage-differentiated hu-
man monocytes in normal conditions and impaired nano-
particle-SRA1 interactions. Our results indicate a highly
specific, avidity-based mechanism of SiNP-SRA1 interac-
tion, which seems to play a key role in mediating NLRP3 in-
flammasome activation and related mechanical changes,
paving the way for the use of SRs inhibitors as a possible
strategy to modulate SiNP-induced inflammation.

RESULTS AND DISCUSSION

Single-nanoparticle force spectroscopy measure-
ments on purified SRA1 receptors. To gain first insights
into SiNP-SRA1 binding, we developed a platform for the
study of SiNP interactions with purified SRA1 at the molec-
ular level by single-nanoparticle AFM-based force spectros-
copy. Endotoxin-free amino-functionalized SiNP (100 nm
diameter) were conjugated to AFM cantilevers via heterobi-
functional PEG linkers (Figure 1a,b and Figure S1). Since it
is well-known that nanomaterials interactions with the bio-
logical machinery are mediated by the recruitment of bio-
molecules from the media (biomolecular corona)?¢, SiNP-
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functionalized cantilevers were pre-incubated in 10% se-
rum-supplemented cell culture media for 30 min before the
measurements to mimic cell culture conditions and allow
the formation of the nanoparticle biomolecular corona?’
(Figure S2). To perform force spectroscopy, SiNP-function-
alized cantilevers were cyclically approached and retracted
from purified SRA1-functionalized substrates, while re-
cording the force of interaction as a function of the distance
from the surface, resulting in the acquisition of force-dis-
tance curves?! (Figure 1c). Specific bond rupture events be-
tween NPs covalently linked to AFM tip and immobilized re-
ceptors on the surface are characterized by a non-linear
stretching profile compatible with the extension of the PEG
linker before receptor-ligand bond rupture (Figure 1c). In
8.4 + 3.0 % (N=9) of the total curves recorded on 5 x 5 pm?
areas, specific unbinding events are observed (Figure 1d)
corresponding to interactions between the SiNP attached
onto the AFM tip and SRA1 receptors bound to the surface.
To confirm the specificity of the interaction, we performed
a receptor blocking assay with a monoclonal antibody di-
rected against SRA1, and observed a significant decrease of
the binding probability (BP: 3.4 + 2.6 %), confirming that
the observed unbinding events are effectively the result of
SiNP-SRA1 bond ruptures when retracting the AFM tip (Fig-

ure 1d).
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Figure 1. Probing SiNP binding to purified SRA1. (a) Schematics of covalent functionalization of AFM cantilevers with 100
nm aminated SiNP. (b) Confocal microscopy characterization of AFM cantilevers functionalized with Cy5-labeled SiNP. 2D
projection of a Z-stack of the whole cantilever (left), and zoomed images of the focal plane of the tip (right, PMT channel on
top image, and overlap of PMT and Cy5 channel on bottom image). (¢) Schematic representation of the experimental setup.
Purified SRA1 are immobilized on model surfaces through His-Tag-Ni-NTA chemistry. Inset: representative FD curves exam-
ples. (d) Binding probability of nanoparticle to SRA1 in the absence (pink) and presence (grey) of a monoclonal antibody
directed against SRA1 (SRA1 Ab) (Mann Whitney test). The number of points (N =9) indicates the number of AFM maps rec-
orded. Box plot shows mean (white dot), median (-), 25th, and 75t percentiles (boxes), and ranges from min to max (whiskers)
(e) Representative FD curve of SINP-SRA1 unbinding event (red) and corresponding force versus time curve, showing LR
analysis (grey). (f) Rupture force versus LR plot of SINP-SRA1 interactions. Bell-Evans fit (red line) and William-Evans pre-
diction for multiple parallel bonds (blue, green, and yellow line for 2, 3, and 4 bonds respectively) are overlaid. Dots show the
most probable rupture forces for single bonds (red dots) and multiple order bonds (blue, green, yellow, violet, and purple for
order 2-5 respectively), as extrapolated from the multi-Gaussian fit of the rupture event distributions for LR#6 range (Figure
S3). The data are representative of n = 6 independent experiments. N = 2400 FD curves.



To explore the kinetics of the interaction, we force-
probed the interactions at various loading rates (LR), i.e. the
rate at which the bond is stressed?! (Figure 1e,f). The rup-
ture forces of the SiNP-SRA1 unbinding events are then
plotted as a function of the LR and analyzed through dis-
crete ranges of LR as previously described?8In each LR
range, a variety of rupture events at multiple forces is ob-
served. The rupture events at lower forces correspond to
single order interactions between NP and SRA1, while at
higher forces multiple order interactions are observed,
likely corresponding to interactions of SiNP with multiple
SRA1 molecules and SiNP interactions with multiple re-
gions of the same receptorz2s.

Interestingly, for the single-bond rupture, we found a lin-
ear relationship between the rupture force and logarithm of
the LR (Figure 1f). According to the Bell-Evans model??, the
SiNP-SRA1 interaction can be described as a simple two-
state model, in which the bound state is separated from the
unbound state by a single energy barrier located at distance
xu = 0.32 £ 0.01 nm and crossed with a transition rate of Ko
=48+ 0.5s1 (corresponding to a bond lifetime t of 0.2 5),
which indicates a rather short-lived bond compared to
other ligand-receptor couples, such as viruses-cell mem-
brane receptors22 28, For the lower LR (LR ranges 1-5), the
multivalent components obtained by the Williams-Evans
prediction are so close that deconvolution of the raw data is
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not straightforward. However, for the LR range #6, we ob-
served a good agreement between the raw data distribution
and the William-Evans prediction for n-order parallel un-
correlated bonds (Figure 1f and Figure S3). Furthermore,
high-order interactions are observed with remarkable fre-
quency, representing ~ 58% of the total fraction of binding
events and ~ 81% of the binding events in the LR ranges #3-
6. The relative labile kinetics of the first order SiNP-SRA1
bond, together with the high abundance of multiple bonds,
previously observed for viruses?8, suggests that the stability
of SiINP-SRA1 interactions would rely mostly on nanoparti-
cle avidity, as opposed to ligand-receptor affinity.

Overall, the data indicate that SRA1 interacts with SiNP in
a specific manner and that avidity is mainly responsible for
the interaction, with the formation of multiple bonds com-
pensating for the relatively low stability of the single inter-
actions. An avidity-based interaction mechanism reflects
both the lack of high-affinity biorecognition motifs on the
SiNP surface, as opposed to other biological interactions
such as antibody-antigen, and the propensity of SRs for the
biorecognition of a wide range of ligands, from modified
forms of low-density lipoproteins to apoptotic cells and mi-
crobial ligands3®.
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Figure 2. Mapping SiNP binding to A549-SRA1 cells using correlative optical microscopy and FD-based AFM. (a) Epifluores-
cence image showing co-cultures of wild-type (A549) and transduced A549 cells overexpressing eGFP-labeled SRA1 (A549-
SRA1, green). The square indicates the AFM scanned area in b-c. b-c) AFM topography (b) and adhesion image (c) of adjacent
A549-SRA1 and A549 cells. (d) Box plot showing the binding probability of SINP on A549-SRA1 and A549 (two-tailed t-test).
The number of points (N =11) indicates the number of AFM maps recorded. Box plot shows mean (white dot), median (-),
25t and 75t percentiles (boxes), and ranges from min to max (whiskers) The data are representative of n = 3 independent
experiments. (e) Force versus LR plot showing the overlap of most probable unbinding events found on A549-SRA1 (subdi-
vided in LR#7-10) with Bell-Evans fit for the single SINP-SRA1 interaction shown in Figure 1f. The data are representative of
n = 3 independent experiments. N = 1206 FD curves. (f) Frequency histograms of A549-SRA1 bond rupture events (LR#7-10).



Probing SiNP-SRA1 interactions on living lung epithe-
lial cells. After having demonstrated the specific binding on
purified receptors, we assessed the SiNP binding to SRA1 on
living mammalian cells. This allowed us to characterize the
interactions in physiologically relevant conditions and con-
firm the specificity of the interaction in a more complex en-
vironment, i.e. in presence of a variety of other exposed cell
surface receptors and glycans. Lung epithelial A549-cells
were transduced to overexpress green fluorescently labeled
SRA1 receptors (A549-SRA1), cocultured together with
wild-type A549 cells, and imaged using an epifluorescence
microscope coupled to an AFM setup (Figure 2a)FD-based
AFM in off-resonance tapping mode enabled the simultane-
ous acquisition of cell topography and SiNP binding proper-
ties at high resolution. By scanning adjacent transduced and
not transduced A549 cells with the SiNP functionalized tip,
we found a significantly higher frequency of SiNP binding
events on A549-SRA1 cells (BP: 8.6 + 3.2%) compared to
a d
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control cells (BP: 3.0 £ 1.0 %) (Figure 2b-d). Upon extrac-
tion and analysis of the SiNP bond rupture events, we con-
firmed that the most probable rupture forces for the single
SiNP-SRA1 interaction on living cells show very good corre-
spondence with the Bell-Evans fit obtained on purified re-
ceptors, confirming specific SINP-SRA1 interactions on liv-
ing cells (Figure 2e,f). However, we also found a population
of forces (purple) at intermediate values between the SRA1
single- (red) and double interactions (blue), probably cor-
responding to spurious interactions of SiNP with other re-
ceptors or other biomolecules, such as glycans. The gener-
ally lower abundance of high-order interactions observed in
the cell experiments compared to the purified receptors is
to be ascribed to the shorter nanoparticle-receptor contact
time experienced in peak-force tapping mode compared to
force-volume mode, which reduces the probability of suc-
cessful bond establishment.
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Figure 3. Specificity of SINP SRA1 recognition on living A549-SRA1 cells (a) Epifluorescence image showing co-cultures of A549
cells (unlabeled) and transduced A549 cells overexpressing eGFP-labeled SRA1 (A549-SRA1, green). The dashed square indicates
the AFM scanned area in b-c (45 degrees rotation). b-c) AFM topography (b) and adhesion image (c) of adjacent A549-SRA1 and
A549 cells. (d-f) Epifluorescence image (d), AFM topography (e), and adhesion image (f) of adjacent A549-SRA1 and A549 cells in a-
c after 30 min incubation with 50 pg mL-1 fucoidan. (g) Binding probability before and after fucoidan competition. Each dot repre-
sents the SiNP binding probability on a single cell. The same cells have been used for binding probability estimation before and after
fucoidan incubation. (h) Box plot showing the reduction of the binding probability (expressed in %) after incubation with fucoidan.
Each square represents the difference in SiNP binding probability on single cells before and after fucoidan competition (two-tailed
t-test). Box plot shows mean (black square), median (-), 25t and 75th percentiles (boxes), and standard deviation (whiskers). The
data are representative of n = 3 independent experiments. (i) Force distributions of SiINP-A549-SRA1 interactions (dark green, N =
1206), SiNP-A549-SRA1 interactions after fucoidan incubation (light green, N = 150), SiNP-A549 interactions (dark grey, N = 150)
and SiNP-A549 interactions after fucoidan incubation (light grey, N = 150) (two-tailed t-test).



To investigate the specificity of SINP-SRA1 interactions
further, we performed control experiments with fucoidan, a
specific competitive ligand for class A SRs3?, (Figure 3) and
we found a significant decrease of the SiNP binding proba-
bility upon fucoidan incubation for the A549-SRA1 cells
(Figure 3a-g). A decrease in binding probability was also ob-
served for the control A549 cells, again reflecting SRA1 en-
dogenous expression. However, by comparing the normal-
ized decrease in binding probability for the two cell lines
(Figure 3h), we still found a significantly higher decrease for
A549-SRA1 cells, highlighting the importance of the SRA1
receptor for SiNP recognition. We then compared the rup-
ture force distribution of the unbinding events before and
after fucoidan exposure for both A549-SRA1 and A549 cells
(Figure 3i). Interestingly, while the significant difference
between A549-SRA1 and A549 before fucoidan would sug-
gest other receptors could bind SiNP with a low binding
probability, in line with Figure 2d-f, the essential role of
SRA1 is confirmed by evidence that fucoidan incubation
alone is enough to overcome this initial statistical difference
and restore natural SiNP interactions with A549 cells.
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Taken together, these results suggest not only that the
high specificity of SINP-SRA1 interaction is maintained in
complex biological environment but also, strikingly, that
SRA1 plays a central role in nanoparticle-cell recognition.

Mechanical changes characterize inflammasome acti-
vation. As we observed a specific interaction between the
SINP and the SRA1 receptors, we further investigated
whether the SRA1 SiNP recognition and subsequent uptake
would play a role in SiNP-induced inflammasome activa-
tion. To this end, we used phorbol 12-myristate 13-acetate
(PMA) to differentiate THP-1 cells, which expressed green-
fluorescently labeled ASC protein (THP-1-ASC) as inflam-
masome marker3?, into macrophages (Figure 4). After PMA-
induced macrophage differentiation, bacterial lipopolysac-
charide (LPS) priming enhances ASC protein expression
(diffuse green fluorescence). NLRP3 inflammasome activa-
tors subsequently trigger the formation of a micrometric
ASC complex in the perinuclear region (green dots) (Figure
4a).
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Figure 4. Mechanics of SiNP-induced inflammasome activation and role of SRA1. (a) Confocal microscopy images of macrophage-
differentiated THP-1-ASC cells (PMA-treated, left), macrophage-differentiated THP-1-ASC cells after 3 h LPS priming (second left),
and macrophage-differentiated THP-1-ASC cells after 3 h LPS priming and 1 h NLRP3 inflammasome activation with nigericin (sec-
ond right) or SiNP (right). Scale bar 20 pm. (b) Schematics of cell mechanics AFM experiments. (c) 3D-view of CellTracker-stained
LPS-primed THP-1-ASC cell (left) and NLRP3-activated cell (right) during the cell mechanics experiment with the wedged cantilevers
(scale bars 3 pm). Insets show the corresponding top-views (scale bars 10 pm). (d) Top-view confocal images of Hoechst-stained
THP-1-ASC cells during cell mechanics measurement: overlap of bright field, GFP (green), and Hoechst (blue) channels (top), GFP
channel only (bottom) Scale bars 10 pm. (e) . Young modulus of not inflamed and NLRP3 inflammasome-activated THP-1-ASC cells
(Mann-Whitney test) Each point represents the fit of a force versus indentation curve (N = 45). The data are representative of N =9
cells per condition and n = 3 independent experiments. Box plot shows median 25t and 75t percentiles (boxes), and ranges from
min to max (whiskers). (f) Comparison of several experimental conditions on THP-1-ASC cells inflammasome activation (two-tailed
t-test). Data show mean # s.d.. For each condition, an average of N = 432 + 130 cells from 6 sample areas were analyzed. The data
are representative of n = 3 independent experiments.



In our experiments, after LPS priming, we found that fur-
ther incubation for 1 h with either the well-known inflam-
masome inducer nigericin or with SiNP results in NLRP3 in-
flammasome activation, as shown from the formation of
ASC complexes (green dots) in Figure 4a, indicating that
SiNP also acts as inflammasome activators. Besides, we ob-
served that inflammasome activation of macrophage-differ-
entiated THP-1-ASC cells is accompanied by a characteristic
morphological change towards a granular phenotype and
by loss of cell adhesions, reflecting cell transition to pyrop-
tosis (Figure S4).

To characterize the change in THP-1 morphology ob-
served upon NLRP3 inflammasome activation, we com-
pared the mechanical properties of macrophage-differenti-
ated THP-1-ASC cells in not activated and inflamed states
(Figure 4b-e). To this aim, ~20 pm plateau cantilevers were
placed over target primed and NLRP3-activated cells (Fig-
ure 4b,c) and used to acquire force cycles. The use of plateau
cantilevers allowed us to average mechanical properties
over the entire cell surface, thus avoiding local differences
due to cell heterogeneity. Figure 4c shows side-view 3D re-
constructions of not activated and NLRP3-activated THP-1
cells during the cell mechanics experiments, which were
used to estimate cell geometrical parameters during com-
pression. Top-view examples of not inflamed and NLRP3-
activated cells are shown in Figure 4d. The force cycles for
the NLRP3 inflammasome activated cells present a higher
hysteresis between the approach and the retraction curve,
compared to not activated cells (Figure S5). This trend is in-
dicative of higher viscous losses, reflecting a difference in
viscoelastic properties upon inflammasome activation32.
Furthermore, upon the estimation of the cell Young modu-
lus E from the approach part of the force versus indentation
curves, we found a significant increase of E upon inflam-
masome activation (Figure S5 and Figure 4e). While an in-
crease in viscous behavior has been already observed for
other forms of regulated cell death, such as apoptosis, fer-
roptosis, and necroptosis33, this is generally accompanied
by a decrease in Young modulus33 34, in contract to what we
observed for pyroptosis. While more investigation is
needed to clarify the biological role of the probed difference
in viscoelasticity, our results suggest that mechanical
changes are clear indicators of inflammasome activation in
human macrophage-differentiated monocytes.

SRA1 mediates SiNP-induced NLRP3 inflammasome
activation. By performing co-incubation experiments, we
then compared the ability of SINP to induce the activation of
the inflammasome machinery in a variety of experimental
conditions, and in particular upon impairing SiNP interac-
tions with SRA1 (Figure 4f). Strikingly, a significant reduc-
tion of the NLRP3-activated cells was found when SiNP cell
exposure was conducted in presence of the SRA1 ligand fu-
coidan or a monoclonal antibody directed against SRA1,
suggesting that SRA1 is a crucial mediator of SiNP-induced
inflammasome activation.

In summary, here we developed a single-nanoparticle FD-
based AFM approach which we exploited to map the bio-
physics and specificity of interaction between SiNP and
SRA1 in biologically relevant conditions on living cells. Un-
derstanding the interplay between nanomaterials and the
immune system is critical to predicting the outcome of acci-
dental nanomaterial exposure in nanotoxicology, as well as

to direct and control the biological destiny of ever-growing
nanomedicine-based drugs and applications. Our approach
sets up an innovative pipeline for AFM-based biophysical
nano-biointeractions studies. Strikingly, the investigation of
SiNP interactions with macrophage-differentiated THP-1
cells as a model of innate immunity uncovered a key role of
SRA1 in mediating nanoparticle uptake-related NLRP3 in-
flammasome activation. We also evidenced cell mechanical
changes as an indicator of inflammasome activation in liv-
ing monocytes offering new perspectives for the use of AFM
as diagnostic tool. Besides offering important mechanistic
insights into nanoparticle-interplay with the innate im-
mune system, our results offer interesting perspectives on
the use of SRs inhibition as therapeutic strategy to reduce
particulate-induced acute innate immune reactions, paving
the way to further investigations in this promising thera-
peutic direction in the context of nanomaterials and inflam-
masome-related diseases. On the long run, our single-cell bi-
ophysical platform could be used to systematically test
drugs, targeting specific steps of the cascade, from the initial
interaction with cell membrane receptors using FD-based
AFM, to more downstream signals, exploiting the combina-
tion of cell mechanics and confocal measurements. Finally,
our method can be very easily transferred to other nano-
materials and biological targets, offering new perspectives
in nanotoxicology, nanomedicine and nano-enabled im-
munomodulation.

METHODS

SiNP synthesis and characterization. The preparation
of the Cy5-labeled SiNP was adapted from a procedure de-
scribed previously3> 3¢ and realized under sterile condi-
tions. Briefly, a solution composed of 10.8 mL of ethanol and
120 pL of tetraethyl orthosilicate (TEOS) (Sigma Aldrich,
131903) was added to a solution containing 10.8 mL of eth-
anol, 57 uL of H20 and 509 pL of Ammonia solution (35%
w/w) (Fisher scientific,10111660). After 2 h, silica seeds of
about 15 nm were formed. Then, 1 mL of the seed disper-
sion was added to a solution composed of 8.3 mL of ethanol,
2.8 mL of H20 and 160 pL of ammonia solution, and 50 pL of
TEOS as well as 50 pL of Cy5 solution were added, followed
by successive addition every 30 min. In total, 1 mL of TEOS
and 1 mL of Cy5 solution were added. Finally, 1.2 mL of
TEOS was added in successive additions, to reach a diame-
ter of 100 nm. 12 h after the last addition of TEOS, the dis-
persion was diluted by 5 with ultrapure water (Optima™
LC/MS Grade, Fisher scientific, 10505904), and the parti-
cles were washed 3 times by centrifugation.

The Cy5 solution was prepared as follow: 2 mg of Sulfo-
Cyanine5 maleimide (Lumiprobe) dissolved in 40 uL of di-
methyl sulfoxide (DMSO) were added to 1 mL of anhydrous
methanol followed by the addition of 9 pL of a solution of
(3-mercaptopropyl)trimethoxysilane  (Sigma  Aldrich,
175617) diluted at 10 % in methanol. The Cy5 solution was
ready to use after 2 h.

Cy5-labeled SiNP were aminated as previously de-
scribed3¢. Briefly, the particles were dispersed at 10 g - L!
in a mixture of water and ethanol at a ratio 1:1, and 3-ami-
nopropyltrimethoxysilane (Sigma Aldrich, 281778) was
added at a ratio of 100 molecules/nm? and let stirring for
12 h. Then, a volume of glycerol, identical to the volume of
water/ethanol mixture was added, and the ethanol and



water were removed by evaporation under reduced pres-
sure at 50 °C. The particles dispersed in glycerol were then
heated at 95 °C during 2 h under vacuum. The particles were
washed in ethanol 4 times by centrifugation, with the addi-
tion of a few drops of acetic acid during the first washing.
Particles were then stored in ethanol.

No Endotoxin contamination (0 EU) was detected in the
SiNP (1g-L! in water) using the Pierce™ LAL Chromogenic
Endotoxin Quantitation Kit.

Endotoxin-free, aminofunctionalised Cy5-labeled SiNP
(indicated throughout the manuscript as SiNP for simplic-
ity) were characterized by differential centrifugal sedimen-
tation (monomer size 100 nm) and dynamic light scattering
(Z average 144 nm, PDI 0.017, n = 3). The successful amina-
tion of the NP surface is confirmed by the SiNP Z-potential
values of 40 mV (MES buffer 5 mM, pH 6, average of n =3
measurements). SiNP fluorescence was measured by fluo-
rescence spectroscopy (Figure S1).

In order to characterize the SiNP hard biomolecular co-
rona in our experimental conditions, SiNP (1 mg-mL-1 final
concentration) were incubated with 10%, 30% and 50% fe-
tal bovine serum in PBS, for 1 h at 37°C. SiNP were then
washed 3 times by centrifugation at 20000 rcf, followed by
resuspension in fresh PBS. After the third centrifugation
steps samples were resuspended in 50 uL PBS for SDS-PAGE
characterization. The SiNP-biomolecular corona complexes
were denaturalized by heating the complexes in loading
buffer (62.5 mM Tris-HCL pH 6.8, 2 % (w/v) SDS, 10 % glyc-
erol, 0.01 % (w/v) bromophenol blue and 40 mM DTT) at
95°C for 5 minutes, and run on a 12% polyacrylamide gel
(BioRad), under the application of a voltage of 130 V, for 1
h14 The gel was subsequently stained with InstantBlue
(Sigma), following manufacturer’s instructions. The stained
gels were scanned with a (Amersham Imager 600) for visi-
ble staining and (Amersham Typhoon) for Cy5-fluorescence
(Figure S2).

Cell culture and transduction. A549 cells (ATCC® CCL-
185) were grown in Ham’s F-12 Nutrient Mix GlutaMAX
(Gibco) with 10% heat-inactivated fetal bovine serum
(Gibco), 1% penicillin-streptavidin (Sigma, P4333), at 37 °C
in a humidified atmosphere with 5% CO2. For transduction,
cells were treated with packaged lentiviruses of pLenti-
MSR1-c-GFP (ViGene Biosciences, MOI 10) in presence of
Polybrene (8 pg-mL?1) for 24 h. Cells successfully trans-
duced to express GFP-labeled SRA1 receptors were selected
by fluorescence activated cell sorting, using a FACS Aria in-
strument (BD). A549-SRA1 cells were grown in Ham'’s F-12
Nutrient Mix with 10% fetal bovine serum, 1% penicillin-
streptavidin (Sigma, P4333) at 37 °C in a humidified atmos-
phere with 5% COx.

Human THP-1 monocytes-ASC speck GFP-labeled re-
porter cells (THP-1-ASC-GFP, InvivoGen) were cultured in
RPMI 1640 GlutaMAX (Gibco), supplemented with 10%
heat-inactivated fetal bovine serum, 1% penicillin-streptav-
idin (Sigma, P4333) and Normocin (100 pg-mL-1). In addi-
tion, Zeocin (100 pg-mL-1) was added every other passage
to maintain selection procedure. For NLRP3 inflammasome
activation experiments, Test Medium containing all the
above-mentioned components except for Normocin and
Zeocin was used, according to the manufacturer instruc-
tions.

AFM-tip functionalization and characterization.
MSCT-D and PFQNM-LC cantilevers (Bruker) were used to
probe the interaction between SiNP and SRA1 on model
substrates and living A549-SRA1/A549 cell cocultures re-
spectively.  N-hydroxysuccinimide  (NHS)-PEG24-Ph-
aldehyde linkers (BroadPharm) were used to functionalize
AFM tips as previously described3’. Briefly, the cantilevers
were immersed in chloroform for 10min and further
cleaned in a UV radiation and ozone (UV-0) cleaner
(Jetlight), and placed in a dessicator under Ar atmosphere
together with 30 pL (3-aminopropyl)triethoxysilane
(APTES) and 10 pL of triethylamine. After removal of the
APTES and triethylamine trays, the AFM cantilevers were
left to cure under Ar for 2 days. APTES-coated cantilevers
were then immersed for 2 h in a solution prepared by mix-
ing 3.3 mg of NHS-PEG24-Ph-aldehyde linker dissolved in 0.5
mL of chloroform with 30 pL of triethylamine, then washed
with chloroform and dried with nitrogen gas. The cantile-
vers were then placed on Parafilm (Bemis NA) in a small
plastic dish, and SiNP suspension (100 pL at 108 particles
mL-1 in MilliQ water) was pipetted onto the cantilevers. A
freshly prepared solution of NaCNBHs (2 uL at ~6% wt.
vol-tin 0.1 M NaOH(aq)) was gently added to the SiNP sus-
pension and the mixture was left in incubation for 1 h at
room temperature. Then, 5 uL of 1 M ethanolamine solution
(pH 8) was gently mixed into the drop to quench the unre-
acted aldehyde groups. SiNP-functionalized tips were
stored in MilliQ water at 4°C and used within a few days.

The Cy-5-labeled-SiNP-functionalized cantilevers were
characterized by laser scanning confocal microscopy and
SEM. For confocal imaging, we used a Zeiss LSM-980 micro-
scope equipped with a Plan Apo 63x numerical aperture
(NA) 1.4 water immersion objective. The tips were first
brought into contact with the surface of glass-bottom
WillCo dishes (GWST-5040) in MilliQ water and Z-stacks
images acquisition was used to reconstruct the distribution
of SiNP on the AFM tip, as well as on the entire cantilever.

Preparation of purified SRA1-functionalized model
substrates. Model substrates were functionalized with re-
combinant human SRA1 (Lys-77-Leu451 with an N-termi-
nal Hiso-tag, R&D P21757) using NTA-His tag binding chem-
istry. Gold-coated silicon surfaces were rinsed with ethanol,
dried with a gentle nitrogen flow, cleaned for 15 min by UV
and ozone treatment, and immersed overnight in ethanol
containing 0.05 mM of NTA-terminated (1%) and triethy-
lene glycol(EG)-terminated (99%) alkanethiols. After rins-
ing with ethanol, the samples coated with alkanethiols were
immersed in a 40 mM aqueous solution of NiSO4 for 30 min,
rinsed with water, incubated with recombinant SRA1 (25
pL, 0.1 mg-mL-! in PBS) for 1h, and rinsed with PBS. The
functionalized surfaces were kept hydrated and used imme-
diately after preparation.

FD-based AFM on model surfaces. FD-based AFM on
model substrates was performed using a JPK ForceRobot
300 instrument equipped with a high-precision stage. Be-
fore the experiments, SiNP-functionalized MSCT-D probes
were preincubated in F-12 Nutrient Mix supplemented with
10% fetal bovine serum for 30 min to favor the in situ for-
mation of the nanoparticle biomolecular corona. After 3
steps of washing by immersion of the cantilevers in PBS to
gently remove the excess of unbound biomolecules, the
SiNP-functionalized probes were mounted on the AFM



setup and calibrated using the thermal tune method38. The
calibrated cantilevers were used to record force curves
from 5 x5 um arrays in the force-volume (contact) mode.
The approach velocity was kept constant at 2 pm s-1, and re-
traction velocities were varied from 0.1, 0.2, 1, 2, 5, 10 to
20 ums-! to probe the interactions between the SiNP and
SRA1 over a wide range of LRs. The pulling velocity (v) and
LR can be related as follows:

LR=AF/At=kest v 1)

where AF/At being the applied force over time, and ke
the effective spring constant of the system. A force setpoint
of 500 pN and a ramp size of 300 nm were used, with no
surface delay. The sample rate was adjusted in order to ac-
quire 2400 data points (FD curves) per retraction speed. All
FD-based AFM measurements were performed in PBS
buffer at room temperature (RT).

For SRA1 blocking experiments, SRA1-functionalized
model substrates were first scanned with SiNP-functional-
ized tips (5x5pum areas, 1 pum-s-! retraction speed) and
then incubated with monoclonal mouse IgG recognizing
Lys-77-Leu451 SRA1 domain (0.1 mg-mL-, R&D P21757),
while cantilevers were removed from the surface. After 30
min incubation at RT, SiNP-functionalized tips were
brought again into contact with the blocked SRA1 surfaces,
and further scans were performed (5 x 5 um areas, 1 pm-s-!
retraction speed).

Force curves were analyzed using the JPKSPM data anal-
ysis software. To identify specific rupture events corre-
sponding to the interaction between SiNP linked to the PEG
spacer and the receptor model surface, the retraction curve
before bond rupture was fitted with the worm-like chain
model for polymer extension3?. Origin software (OriginLab)
was used to display the results in force versus LR plots, to
fit histograms of rupture force distributions for distinct LR
ranges and to apply Bell-Evans model and the Williams-Ev-
ans multiple bond prediction, as described?8. Briefly, force
and LR were extracted from force versus time curves and
sorted in discrete LR ranges (LR#1, <1:103 pN - s'1; LR#2,
1-103 to 3.5-103 pN - s'1; LR#3, 3.5-103 to 1-10* pN - s}
LR#4,1-10* to 3.5-10% pN - s'1; LR#5, 3.5:10* to 1-105 pN -
s'l; LR#6, > 1-105 pN - s'1). Frequency distributions of rup-
ture forces were plotted for each LR range (Figure S3). Mul-
timodal Gaussian fits were used to extract the average rup-
ture forces for single order SiNP- SRA1 binding (first peak)
and multiple order interactions for each LR range. The av-
erage rupture forces for the first order ligand-receptor in-
teractions are used for Bell-Evans fit. Statistical analyses
were performed with Prism software (Graphpad).

FD-based AFM on co-culture of A549-SRA-1/A549
cells. A Bioscope Resolve AFM setup (Bruker) equipped
with a 100-um piezoelectric scanner and coupled to an
epifluorescence microscope (Zeiss Observer Z.1, 40x oil ob-
jective) was used to acquire correlative images. The setup
used is equipped with a cell-culture chamber to maintain
the temperature at constant values (37 £ 1 °C). To keep cells
in physiologically-relevant conditions, humidified (95 + 2%
relative humidity) synthetic air (80% Nzand 20% 0z) sup-
plemented with 5% CO2z was provided continuously around
the cell plate allowing to diffuse into cell-culture mediaZ28.
Fluorescence images were recorded using an oil-immersion
lens (40x, NA 1.20, Zeiss C-Apochromat). After sample in-
spection and selection of suitable scanning regions usually

including adjacent A549-SRA1 and A549 cells, SiNP-func-
tionalized PFQNM-LC cantilevers (Bruker) were used to
record AFM images (256x256 pixels, ~25 um?) at a peak
force setpoint of 500 pN, 0.25 kHz peak force frequency and
750 nm amplitude, using PeakForce Tapping mode
(Bruker). Force curves were analyzed using the Nanoscope
data analysis software. Origin software (OriginLab) was
used to display the results in force versus LR plots and to fit
histograms of rupture force distributions for distinct LR
ranges (LR#7 < 6.75-105 pN - s'1; LR#8 6.75-105 to 1-106 pN
-s1, LR#9 1-106to 1.5-106 pN - s, LR#10 > 1.5-106 pN - s'1),
as described in the model surfaces section.

For ligand competition experiments, after scanning of ad-
jacent A549-SRA1 and A549 cells, fucoidan was spiked into
the cell media (50 pg-mL! final concentration3!) and al-
lowed to bind for 30 min, after which the SiNP-functional-
ized cantilevers were brought again contact with the cell
samples and previously imaged sample regions were im-
aged again for direct comparison of SiINP-SRA1 interaction
before and after competition ligand binding.

Epifluorescence images and AFM scans were visualized
using Zen software (Zeiss) and Nanoscope Analysis soft-
ware (Bruker), respectively. Image] software was used to
quantify the SiNP binding probability from AFM adhesion
images. Statistical analyses were performed with Prism
software (Graphpad).

Differentiation and NLRP3 inflammasome activation
experiments. For macrophage-differentiation, 1-10¢ THP-
1-ASC-GFP cells were seeded in glass-bottom WillCo dishes
(GWST-5040) and incubated with phorbol 12-myristate 13-
acetate (PMA, 5 ng-mL1! final concentration*’) in growth
medium for 24 h, after which cells were washed twice with
PBS and incubated with fresh medium for further 24 h in
order to let them recover from the PMA treatment before
NLRP3 inflammasome activation assays. Successful PMA-
induced differentiation resulted in the THP-1 cells transi-
tioning from the non-adherent phenotype typical from
monocytes to adherent macrophage-like phenotype.

NLRP3 inflammasome activation requires two steps: a
priming step, usually triggered by lipopolysaccharade (LPS)
exposure, which induces NF-kB-mediated NLRP3 and pro-
IL-1p expression, and the activation step promoting inflam-
masome assembly, caspase-1-mediated IL-1f and IL-18 se-
cretion and pyroptosis!. Preliminary experiments to vali-
date the cell line and optimize the assay were performed by
incubating differentiated THP-1-ASC-GFP cells with LPS (10
ng-mL1)31 for 3 h at 37°C in 5% CO: (priming), followed 1
h incubation with Nigericin (10 uM) or SiNP (~1010 NP-mL-
1) (Figure 4A). Cell fluorescence was monitored in situ, us-
ing a Zeiss LSM-980 confocal microscope equipped with a
Plan Apo 63x numerical aperture (NA) 1.4 water immersion
objective.

For the NLRP3 inflammasome activation experiments re-
ported in Figure 4F, PMA-differentiated THP-1-ASC-GFP
cells were co-incubated for 3 h at 37°C in 5% CO: with the
primer (LPS, 10 ng-mL!) and either SiNP (~1010 NP-mL1),
SiNP (~101 NP-mL) in presence of SRA1 blocking anti-
body (0.01 mg-mL-1, R&D P21757), or SiNP (~101° NP-mL-
1) in presence of fucoidan (50 pg-mL-1), after which samples
were fixed with 3.7% paraformaldehyde for 15 min, washed
twice with PBS and stored in the fridge until confocal anal-
ysis. Co-incubation with (LPS, 10 ng-mL-1) and Nigericin (10



uM) was used as positive control, while differentiation only
(PMA exposure), incubation with LPS (10 ng-mL-1), and in-
cubation with SiNP only (65 pg-mL) were used as negative
controls.

Cell mechanics measurements. For cell mechanics
measurements, custom-made cantilevers with a 21-23 um
plateau tip (5 N-m-! spring constant, 125 mm length, 30 pym
width, 2 um thickness) were purchased by NuNano, UK. The
plateau cantilevers were calibrated with the thermal tune
method, and brought into contact with either not inflamed
or inflammasome-activated THP-1-ASC-GFP cells. FD
curves were acquired in contact mode, using 100 nN force
setpoint, 5 pum ramp size, and 25 pm-s! approach and re-
traction velocities, corresponding to 2.54 Hz ramp fre-
quency. Atomic] software was used to process and analyze
the data, using the Robust golden model for contact point
estimation and the blunt cone model for the determination
of E. For cell contact radius r estimation, THP-1-ASC-GFP
cells were labeled with cytosolic Cell trackerTM Deep red
dye (ThermoFisher C34565) following manufacturer’s in-
structions, approached by the plateau cantilevers and im-
aged by confocal microscopy, leading to r = 9.6 + 0.9 um.
Poisson ratio was set to 0.5 and E was calculated using the
approach part of the force cycle to avoid adhesion and vis-
cosity artefacts. Statistical analyses were performed with
Prism software (Graphpad).
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