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Abstract

Many studies have shown that the composition of the protein corona dramatically affects the
response of cells to nanomaterials (NMs). However, the role of each single protein is still largely
unknown. Fibrinogen (FG), one of the most abundant plasma proteins, is believed to mediate
foreign-body reactions. Since this protein is absent in cell media used in in vitro toxicological tests
the possible FG-mediated effects have not yet been assessed.

Here, the effect of FG on the toxicity of three different kinds of inorganic NMs (carbon, SiO; and
TiO2) on alveolar macrophages has been investigated. A set of integrated techniques (UV/vis

spectroscopy, DLS and SDS-PAGE electrophoresis) have been used to study the strength and the
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kinetics of interaction of FG with the NMs. The inflammatory response of alveolar macrophages
(MH-S) exposed to the three NMs associated to fibrinogen has been also investigated. We found
that FG significantly enhances the cytotoxicity (LDH leakage) and the inflammatory response
(increase of nitric oxide concentration and nitric oxide synthase activation) induced by SiO,, carbon
and TiO2 NMs on alveolar macrophages. This effect appears related to the amount of fibrinogen
interacting with the NMs. In the case of carbon NMs, the activation of fibrinolysis, likely related to
the exposure of cryptic sites of FG, was also observed after 24 h. These findings underline the

critical role played by FG in the toxic response to NMs.
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Introduction

The use of in vitro models in alternative to animal tests to assess the hazard of nanomaterials (NMs)
is strongly encouraged because of ethical and economical reasons. However, the lack of complexity
that characterizes the in vitro tests, if compared to in vivo conditions, may limit their predictive
power. Due to their small dimensions, similar to those of biomolecules, nanoparticles can cross the
biological barriers and diffuse in the body through the blood stream (Oberdorster et al. 2005; Pery
et al. 2009). This property represents an opportunity in medicine, but it also increases the
probability of adverse health effects following the intentional or accidental exposure to NM
(Savolainen et al 2010; Schrurs and Lison 2012).

Once in the bloodstream NMs come in contact with plasma proteins. There is a growing body of
evidences that proteins govern the fate of NMs in the body and the occurrence of adverse reactions
(Lynch et al. 2007, Lynch and Dawson 2008, Lesniak et al. 2012). Several studies focus on the role
of serum proteins in the response of cells to NMs (Nagayama et al. 2007, Monteiro-Riviere et al.

2013, Mortensen et al. 2013), while a lower number (Tenzer et al. 2013, Barran-Berdon et al. 2014)
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investigate the role of proteins that are abundant in plasma but absent in serum like fibrinogen (FG)
or complement proteins.

FG is a heavy, flexible and elongated protein (47.5 x 9 x 6 nm, 340 kDa), which is mainly
synthesized by hepatocytes (Jung et al. 2003), but it may be also secreted by lung epithelial cells in
response to inflammatory mediators (Guadiz et al. 1997). Its structure is characterized by two
identical subunits, each composed of three polypeptide chains (Aa, BS, and y). FG contains two
outer D domains, each connected by a coiled-coil segment to a central E domain. The aC
subdomains of D interact with the central domain E.

FG has a net negative charge at physiological pH, mainly owing to the aminoacidic composition of
the E region, with an isoelectric point (pI) of 5.5, but the aC subdomains, which are rich in arginine
and lysine residues, are positively charged (Jung et al. 2003; Deng et al. 2011).

FG is a polyfunctional protein. It plays a key role in blood clotting, being the precursor of fibrin
(Fuss et al. 2001). At the same time it controls the fibrinolytic process (Marder 1982) by activating
plasminogen and tissue plasminogen activator (tPA) through binding sites in the aC domains. These
sites are cryptic and become exposed during the conversion of FG in fibrin (Tsurupa and Medved
2001; Plow and Hoover-Plow 2004).

FG also participates, with fibronectin, in the stabilization of thrombus by promoting platelet
aggregation through RGD binding sites of integrin allbB3 located in the y chain (Fuss et al. 2001;
Jackson 2007). One site in the y chain, located in the D domain, is responsible for the recruitment of
macrophages and leukocytes through the Mac-receptor (Lishko et al. 2002; Tang 1998). FG is, in
fact, a ligand for leukocyte integrin amp2 (Mac-1).

The surfaces of implantable medical devices may adsorb FG. Surface-driven conformational
changes may lead to the activation of FG through the exposure of cryptic sites (Lishko et al. 2002;
Thevenot et al. 2008). A similar effect was recently reported to occur with NMs (Deng et al. 2011).
In the study of Deng and co-workers the NM-induced exposure of the sequence 377-395 in the D-

domain of the FG was shown to promote the activation of the integrin receptor Mac-1 of
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monocytes, which in turn increases the NF-kB signalling pathway resulting in the release of
inflammatory cytokines.

In the present study we investigated the ability of FG to mediate the inflammatory response in MH-
S cells, a murine alveolar macrophage cell line that expresses Mac-1 antigen (Mbawuike and
Herscowitz 1989), after exposure to three different kinds of NMs, i.e. silica (NM-SiO,), titania
(NM-TiO2) and carbon (NM-C). These NMs are used in industry in a large range of applications,
e.g. as additives in plastic, rubber and paints, or as excipients in drugs, cosmetics and foods. At the
same time, they are studied for applications in nanomedicine (Prokop and Davidson 2008).

The MH-S cell line has been selected because macrophages, the first line of defence against inhaled
pollutants, play a key role in the inflammatory response through the release of inflammatory
mediators such as cytokines, reactive oxygen species and reactive nitrogen species. The release of
nitric oxide (NO) associated to the activation of inducible NO synthase (NOS) have been chosen as

markers of macrophage activation.

Materials and methods

Nanoparticles. Pyrogenic nanometric anatase/rutile powder (Aeroxide P25) (TiO.) and pyrogenic
nanometric silica powder (Aerosil OX50) (SiO2) were purchased from Degussa-Evonik (Essen,
Germany). The silica surface was cleaned to remove possible adsorbed species by a mild thermal
treatment (200°C, vacuum) prior its use. Carbon soot powder (C) was purchased from Sigma

Aldrich (St. Louis, MO).

Proteins and reagents. Fetal bovine serum (FBS) and FG (used without further purification) were
purchased from Sigma Aldrich. FBS has been deactivated for 30 minutes at 56°C before performing
the experiments. In all experiments, ultrapure Milli Q (Millipore, Billerca, MA) water was used.
Pre-stained protein molecular weight markers for electrophoresis were purchased from Fermentas

(Vilnius Lithuania). All other reagents were from Sigma Aldrich.



The interaction with FG and serum proteins was performed in phosphate-buffered saline (PBS; 0.01
M phosphate buffer: pH 7.4, 0.138 M NaCl and 2.7 mM KClI), a solution simulating the pH and

ionic strength of plasma.

Surface Area Measurements. The surface area of the particles was measured by means of the
Brunauer, Emmett, and Teller (BET) method based on N adsorption at 77 K (Micrometrics ASAP

2020, Norcross, GA, USA).

Scanning Electron Microscopy/Scanning Transmission Electron Microscopy (SEM/STEM). The
scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM)
analysis were acquired in a FEI Inspect F FEG, general purpose SEM equipped with a dual-segment

solid state STEM detector for both bright- and dark-field transmission imaging.

Adsorption curves. The powders were suspended (33 mg/ml) in PBS containing FG at different
concentrations (0.5-10 g/l). The suspensions were stirred in a thermostatic stirrer at 37°C for 1 h
and centrifuged at 11,000 RPM, then filtered through a membrane filter (cellulose acetate, pore
diameter 0.45 um) and the concentration of proteins in the supernatant was determined
spectrophotometrically (562 nm) by using the bicinchoninic acid (BCA) assay.

The amount of proteins adsorbed was calculated as difference between the final and the initial
concentration of proteins in the supernatant. The results are reported as the mean value of at least

three separate determinations + SEM.

(-Potential. The (-potential was evaluated by means of electrophoretic light scattering (ELS)
(Zetasizer Nano-ZS, Malvern Instruments, Worcestershire, U.K.). In this technique the velocity of

particles in an oscillating electric field, which is proportional to their {-potential, was measured by



light scattering. The NMs were suspended in PBS and then sonicated for 2 min with a probe
sonicator (100 W, 60 kHz, Sonoplus, Bandelin, Berlin, Germany).

The C-potential was measured for all the samples in 10 mM PBS at different pH (2—9) obtained by
adding HCI or NaOH to the suspension.

The measurements were performed on pristine NMs, NMs incubated with FG (5g/L) and NMs
incubated with FG (5g/L) and then washed three times in PBS. The results are reported as the mean

value of at least three separate determinations + SEM.

SDS-PAGE Electrophoresis. 1 mg of each samples was suspended in 1 ml of: a) FG 3.5 g/l; b) FBS
(0.8 g/l); c) FBS (0.8 g/l) and FG (3.5 g/l); in 10 mM PBS. The suspensions were stirred in a
thermostatic stirrer at 37°C for 1 h or for 24 h and centrifuged at 11,000 RPM, then filtered through
a membrane filter (cellulose acetate, pore diameter 0.45 pum). Thirty pl of supernatant were
collected and processed in reducing Laemmli solution (10ul), heated at 95°C for 5 min. The
aliquots of supernatants (10 pl) as well as the protein marker (5ul) were loaded on 8% sodium
dodecyl sulphate-polyacrylamide gels (SDS-PAGE). After the separation (105 V, 400 mA for 90
min) the gels were stained in Coomassie staining solution (0.25 % w/v Coomassie R-250 in
methanol : acetic acid : water 4:1:5) for 5 min under stirring and de-stained (methanol : acetic acid :

water 4:1:5) for 2 h.

Cells and cell medium. Murine alveolar macrophages (MH-S) were provided by Istituto
Zooprofilattico Sperimentale “Bruno Ubertini” (Brescia, Italy). Cells were cultured in 100 mm-
diameter Petri dishes in RPMI-1640 (Gibco, Paisley, UK) supplemented with 10% FBS up to 90%
confluence and then incubated in the same culture medium for 24 h in the presence of the powders.

The protein content of the cell monolayers was assessed with the BCA Kkit.



NMs dispersion in cell medium. The powders were suspended in cell medium and diluted at the
final concentration (10 and 50 ug/ml). The suspensions were sonicated twice for 5 seconds at 24%
of the power with a probe sonicator (100 W, 20 kHz, Sonoplus, Bandelin, Berlin, Germany). The
stability of the suspensions was evaluated by dynamic light scattering (DLS, Zetasizer Nano-ZS,
Malvern Instruments, Worcestershire, U.K.). All cells tests were performed with the pristine
powder and with the powders pre-incubated (0.1 mg/ml) with buffered solutions of FG at three
different concentrations (0.75, 3.5 and 10 g/l). To assess if the effects were due to native FG
eventually detached from the NMs surface or FG associated to NMs, FG at a concentration of 1

mg/ml in cell medium was used as control.

Lactate Dehydrogenase (LDH) Activity. The cytotoxic effect of NMs was measured as leakage of
LDH activity into the extracellular medium as previously described (Polimeni et al. 2008) with a
Synergy HT microplate reader (Bio-Tek Instruments, Winooski, VT). Extracellular LDH activity
(LDH out) was calculated as percentage of the total (LDH tot = intracellular + extracellular) LDH

activity in the dish.

NO release. After a 24 h incubation, the extracellular medium was removed, centrifuged at 13,000 x
g for 60 min, and tested for the content of nitrite, which is a stable derivative of NO, using the
Griess method as previously described (Ghigo et al. 1998). The amount of nitrite was corrected for

the content of cell proteins and results were expressed as nmol/mg cellular proteins

NO Synthase (NOS) Activity. After a 24 h incubation, the NOS activity was measured with the
Ultrasensitive Colorimetric Assay for Nitric Oxide Synthase kit (Oxford Biomedical Research,
Oxford, MI) according to the manufacturer’s instructions. Results were expressed as nmol

nitrite/min/mg cellular proteins.



Statistical Analysis. All data in text and figures are provided as means + SEM. Results were
analyzed by a one-way analysis of variance (ANOVA) followed by Tukey's posthoc test (software:

SPSS 19.0 for Windows, SPSS Inc., Chicago, IL). p < 0.05 was considered significant.

Results

Properties of the materials. The three NMs chosen for the present study are highly pure and have a
similar specific surface area (Table 1). All samples are formed by aggregates of nanoparticles.
However, the Secondary Electrons SEM analysis (Figure 1) revealed differences in morphology at a
nanometric level. A narrow size distribution of the primary particles was found for NM-TiO. while
NM-SiO, exhibited particles of different sizes. However, in both cases, the mean size of the
particles (Table 1) was in the same range, and similar to the longest dimension of FG. In the case of
NM-C the primary particles were sintered each other to form chain-like structures. The presence of
steps and edges makes the surface of this material rough. The comparison of the micrographs
obtained in SEM and STEM bright-field modality (Figure S1, SI) further confirm the irregular
structure of this material. The surface chemistry of the three NMs is obviously very different. Silica
is a covalent solid exposing at the surface weakly acidic hydroxyl groups while titania is amphoteric
ionic oxide exhibiting Bransted acidic functionalities (Ti-OH) and Lewis acid centres (Ti*"), whose
relative abundance depends on pH. While elemental carbon is intrinsically hydrophobic, the
graphitic carbon NM used here, which has been made by combustion, is partially oxygenated at the
surface and exposes acidic hydroxyl or carboxyl groups. Therefore, like titania and silica, these
particles are expected to be charged in water. The surface charge density of a particle at a given pH
and ionic strength may be indirectly evaluated by measuring the {-potential (Fenoglio et al. 2011).
In the present case it has been measured in saline phosphate buffer (PBS), a medium having the

same ionic strength and pH of plasma (Table 1 and Figure S2, Sl).



At pH 7.4 the values of the -potential were similar for NM-TiO2 and NM-SiO; (-30, -35 mV) while
NM-C exhibited a slightly lower value (-23 mV), in agreement with the lower abundance of

Brensted acidic surface functionalities (Table 1).

Fibrinogen- NMs interaction. The powders were incubated for 1 h in PBS at pH 7.4 containing 0.5
to 10 g/l of FG, thus including the physiological concentration range in human blood (1.8-3.5 g/l)
(Karmali and Simberg 2011). Bovine plasma FG was chosen as model for human fibrinogen since it
has a high sequence homology with the human and the murine type. In fact, no heterologous foreign
protein reaction in vivo was observed (Tang 1998; Doolittle 2003).

The amount of FG per surface unit adsorbed on the NMs versus the free protein concentration at
equilibrium is reported in Figure 2A. A very different trend of the curves is observed for the three
samples. In the case of NM-C the amount of FG adsorbed slowly increases by increasing the
applied concentration and the curve reaches a plateau at a value corresponding to the one
theoretically necessary to form a uniform layer of protein adsorbed in the native conformation side-
on (horizontal line). Conversely, FG appears to bind in very high amounts to NM-TiO2 and NM-
SiO2 even at low concentration, reaching values higher than the side-on theoretical monolayer. At
protein concentration in the range of the physiological one (vertical lines), differences were
observed also between the silica and titania NMs, being silica the material able to interact with the
highest amount of protein. Due to the tendency of FG to self-assembly (Koo et al. 2010; Marucco et
al. 2014), a high amount of FG interacting with the NMs does not necessarily correspond to the full
coverage of the surface. An estimation of the extent of surface coverage by the protein may be
obtained by measuring the isoelectric point (IP) shift of the NMs following the progressive increase
of the applied protein concentration (Rezwan et al. 2005; Turci et al. 2010). The IP of a NM
completely coated by a protein is expected to be close to the IP of the protein. In the present case a
shift of IP toward the protein IP is observed for all samples (Figure 2B and S2, SI) but even at a

concentration corresponding to the last point of the adsorption isotherms (10 g/l) the IP of the
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protein was not reached for any sample, suggesting that FG does not cover completely the surface
or, alternatively, that the molecules preferably arrange at the surface with the more positive domains
toward the solution/nanoparticles interface.

To investigate the strength of the interaction established between FG molecules and the three kind
of NMs, the FG-NM conjugates were incubated in PBS, thus applying a negative concentration
gradient, and the {-potential as a function of pH of the surface was evaluated immediately after re-
suspending the particles in PBS, according to a protocol previously described (Turci et al. 2010).
For NM-TiOz no shift of the {-potential was observed even after three subsequent incubations in
PBS (figure 3A and Figure S3, Sl), suggesting that FG interacts irreversibly with this material. A
slight reversibility was observed for NM-SiO2, while in the case of the NM-C a dramatic shift of the
(-potential was observed (Figure 3A and Figure S3, SI). However, also in the case of NM-C, the (-
potential after three washings was still different from those of the pristine material, thus suggesting
that a fraction of the FG molecules remains tightly adsorbed.

The reversibility observed for the NM-C may be due to both thermodynamic and kinetic reasons.
To discriminate among the two factors, the experiments were repeated on this material after 24 h of
incubation with FG. The amount of FG adsorbed (Figure 2A) and the extent of coverage (Figure
2B) largely increased by respect to what observed at 1 h, suggesting that the protein corona around
this kind of NM requires a long time to reach a thermodynamic equilibrium. On the other hand,
after 24 h the interaction appears to be still partially reversible (Figure 3A and Figure S3, SI).

These findings were confirmed by SDS-PAGE electrophoresis (Figure 3B). After 1 h, the NMs
decreased the concentration of FG in the supernatant in the order NM-SiO2>NM-TiO2>>NM-C.
After 24 h, while the affinity of silica and titania for the serum proteins appeared quite similar to
those observed after 1 h, the band of FG in the solution incubated with NM-C disappeared,

confirming the low rate that characterizes this process.
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Fibrinogen- NMs interaction in the presence of serum proteins. To investigate the behaviour of FG
in competitive conditions; the NMs were incubated with a solution containing FG and serum
proteins at physiological concentration for 1 and 24 h, then the powders were eliminated by
centrifugation, and the supernatant analyzed by SDS-PAGE electrophoresis (Figure 3B). Serum
proteins decreased the amount of FG interacting with NM-SiO2 and NM-TiO; after 1 h, but didn’t
completely replace it. This was expected since FG interacts strongly with NM-SiO2 and NM-TiO..
Furthermore, the protein-corona evolved and after 24 h the intensity of the FG band slightly
increased suggesting that in the serum protein pool other proteins exhibited a high affinity for the
NMs surface. Due to the weakness of the interaction of FG with NM-C the replacement of FG with
other serum proteins was expected after 24 h. However, interestingly, in the case of NM-C a
different process was observed: after 24 h the bands corresponding to the Aa and Bf chains of FG
in the supernatant disappeared, but not those of the y chain, suggesting that the degradation of FG
occurs. The SDS-PAGE analysis of the proteins interacting with NM-C (Figure S4, SI) showed that

Aa and B chains remain adsorbed at the NM surface.

Inflammatory response of macrophages exposed to FG/NM conjugates. To investigate the role of
adsorbed FG in the response of macrophages to NMs, an alveolar macrophage cell line (MH-S) was
treated with the NMs, alone or with the NMs pre-incubated with FG (10 g/l) for 1 h (Figure 4), at
two different doses (10 and 50 pg/ml, which correspond to 2 and 10 pg/cm?, respectively) and the
release of lactate dehydrogenase (LDH) from the cells, a sensitive index of loss of membrane
integrity, was measured. Only pristine silica exhibited a cytotoxic effect at all doses applied in the
absence of FG. When pre-incubated with FG, NM-SiO, maintained its high cytotoxicity, but a
significant cytotoxic effect was observed also for both NM-C and NM-TiO- (Figure 4A). When the
ability of macrophages to synthesize NO, a marker of inflammatory response, was measured in
terms of both nitrite concentrations in the extracellular medium (Figure 4B) and intracellular NOS

activity (Figure 4C), we observed that, contrary to pristine NMs, all three FG-treated NMs induced
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a significant increase of NO and of the enzyme responsible for its synthesis. The lipopolysaccharide
(LPS) was used as a positive control of inflammatory response: it caused an increased cytotoxic
effect and stimulated NO synthesis (Figure 4).

To clarify if the observed effects were due to adsorbed FG or FG eventually detached from the
surface during the incubation, and to exclude heterologous foreign protein reactions, the
experiments were also performed in the presence of soluble FG (1 mg/l). In this case no increase of
NO release and NOS activation was observed compared to pristine NMs, confirming that the
interaction with the NM is necessary for the observed FG-mediated inflammatory response (Figure
4). The experiments have been also repeated by pre-incubating the powders with different
concentrations of FG (0.75, 3.5 and 10 g/l, Figure 5) to evaluate if the extent of coverage of the
surface would affect the FG-mediated response (Figure 5). A toxic and inflammatory response was
observed only with NMs pre-incubated with FG at the two highest concentrations. Even in this set
of experiments LPS was a positive inducer of NO synthesis and cytotoxicity, and FG alone was

devoid of any effect (Figure 5).

Discussion

The concept of “protein corona” is widely used to indicate the dynamic layer of proteins associated
to NMs in biofluids (Lynch et al. 2007, Lynch and Dawson 2008). A growing number of studies
have demonstrated that the protein corona plays a key role in the response of cells to NMs
(Gunawan et al 2014). Recently, Tenzer and co-workers showed that the pre-incubation of NMs
with human plasma affects the nanoparticle uptake and the cytotoxicity of NM in endothelial cells
(Tenzer et al 2013). Several plasma proteins are known to mediate adverse responses of cells to
biomaterials, among them fibrinogen, immunoglobulins and complement proteins (Thevenot et al.
2008, Deng et al. 2011, Engberg et al. 2012). However, the molecular mechanisms underlying these

effects are still poorly known.
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Here we demonstrate that fibrinogen associated to NMs mediates the inflammatory response of
alveolar macrophages to NMs.

Three highly pure TiO2, SiO; and carbon NMs having very similar specific surface area and
structure were chosen for this study (Table 1). FG interacts in high amount and irreversibly with
TiO2 and SiO2, while the interaction with the carbon NM appears partially reversible. A different
behaviour was expected because of the different kind and abundance of surface sites able to interact
with the protein (Norde 2008, Fenoglio et al. 2011). Protein relaxation, entropically more
favourable on hydrophobic surfaces is one of the factors that contribute to the irreversibility of
protein adsorption (Fenoglio et al. 2011). Therefore, FG was expected here to interact more strongly
with NM-C, that exhibit hydrophobic patches at the surface. Reasons of the anomalous behaviour of
FG may be found on the irregular surface of NM-C (Figure 1), the roughness of which at a
nanometric scale may act as a steric barrier against FG, as observed in biomaterials functionalized
with polymers (Owens and Peppas 2006). Note however that the reversibility is only partial, since
some FG molecules remain irreversibly adsorbed at the surface, possibly as a consequence of the
morphological heterogeneity of this material.

The adsorption of blood proteins onto an inorganic surface implies competition between thousands
of different proteins for the adsorption sites. During this process, that has been described firstly by
Leo Vroman in 1962 (Vroman 1962), the proteins with higher mobility adsorb first and are
subsequently replaced by less motile proteins with a higher affinity for the surface (Vilaseca et al.
2013). Both kinetic and thermodynamic factors are important since the process may take several h
to get to equilibrium (Galisteo and Norde 1995). FG is a high molecular weight protein and
therefore is expected to have a low rate of diffusion. However, it may replace other proteins
depending upon its affinity for the surface. In the present case, FG interacts, albeit in different
amount, with the three NMs also in the presence of other serum proteins. This finding is in
agreement with several previous studies that report a high affinity of FG for surfaces (Wertz and

Santore 2002, Ruh et al. 2012) of very different nature like graphene (Mao et al. 2013), lipid NMs
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(Barran-Berddn et al. 2013, Pozzi et al. 2014), silica (Tenzer et al. 2013) and polystyrene
(Lundgvist et al. 2008, Tenzer et al. 2013).

FG clearly enhances the ability of the three NMs to induce an inflammatory response measured as
NO release and NOS activation (Figures 4). While extracellular nitrite is an index of the actual NO
synthesis during the in vitro incubation with different stimuli, the intracellular NOS activity,
measured on the cell lysate in the presence of saturating substrate concentrations (Vmax) is an
index of the increased amount of the enzyme content, as a consequence of the inflammatory
reaction. Furthermore, an increase of cytotoxicity in the presence of FG was observed for NM-TiO:
and NM-C. Since native FG had no effect we assume that the interaction with NMs induces in FG
conformational changes leading to the exposure of cryptic sites, able to bind and activate the
integrin ompP2 (Mac-1) receptor, as previously observed by Deng and co-workers (Deng et al 2011),
that increases the NF-kB signalling pathway and, in turn, induces the activation of NOS. By
comparing Figure 2 and Figure 5 is possible to state that these effects are observed only if the
amount of FG interacting with the NMs is equal or above the one necessary to form a theoretical
monolayer, suggesting that the exposure of the cryptic sites is switched by the interaction among
protein molecules at the surface.

In the case of NM-C the activation of the fibrinolytic process was observed after 24 h. This likely
occurs through the surface-driven exposure of the cryptic binding sites for plasminogen and t-PA
activator in the aC domains of FG (Tsurupa and Medved 2001; Tsurupa et al. 2009) which in turn
initiate fibrinolysis. This mechanism mimics the exposure of these sites that occurs after the
conversion of FG to fibrin during clotting (Tsurupa and Medved 2001). The FG degradation occurs
through different steps that involve, firstly, the cleavage of Aa polar appendices and of B chains,
and secondly the cleavage of the y chain (Fuss et al. 2001). In the present case, Aa and Bf chains,
that are positively charged, remained totally adsorbed at the negatively charged surface, while the
external y chain, having a net negative charge, was found also in the supernatant. The activation of

the fibrinolytic process occurs in NM-C but not on silica and titania. This may be related to
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different arrangement of FG interacting with the three NMs. It is worth of note that coagulation or
FG self-assembly was reported to be induced by NMs of different chemical nature (Jones et al.
2012; Marucco et al. 2014) suggesting that NMs are able to interfere with the coagulation system in

different ways depending upon their properties.

Conclusions

The present data clearly show that fibrinogen plays a pivotal role in the inflammatory response of
macrophages to silica, titania and carbon NMs. The effect appears switched by a cooperative
interaction of fibrinogen molecules with the NM surface. The activation of the fibrinolytic process
was also observed after 24h only for the carbon NMs suggesting a specificity of the fibrinogen
arrangement at the surface that depends upon NM physico-chemical properties.

Taken together these data suggest that the absence of fibrinogen in the pool of proteins used in in

vitro tests may hamper the extrapolation of in vitro data to in vivo conditions.
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Figure 1 SEM micrographs of the NMs. The images of a) NM-TiO; b) NM-C; and c) NM-SiOg;
show that the samples are composed by aggregates of nanoparticles. A roughness is observed for

the particles of NM-C.
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Figure 2 A) Adsorption isotherms of fibrinogen on NMs. The amount of fibrinogen interacting with
the NM is expressed as amount per unit surface area vs the final concentration of protein in the
supernatant. The horizontal line indicates the amount of FG adsorbed to build up a theoretical side-
on monolayer on a flat surface. The vertical lines indicate the range of physiological concentration
of FG; B) IP shift induced by FG adsorption. The horizontal line indicates the IP of FG. (®) NM-

SiO2, (A) NM-TiO, (@) NM-C (1 h) and (o) NM-C (24 h).
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Figure 3 A) Strength of FG/ NMs interaction. {- potential shift (pH 7.4) following washing of the
NMs/FG conjugates prepared at a fibrinogen concentration of 5 g/l. (®) NM-SiO2, (A) NM-TiO,
(m) NM-C (1 h) and (o) NM-C (24 h). The horizontal lines indicate the PZC of the NMs. B)
Competitive interaction of fibrinogen and serum proteins with SiO2, TiO2 and carbon NMs. SDS-
PAGE separation of the proteins of the supernatant after incubation of the NMs with a solution of

FG (3.5 g/l), serum proteins (0.8 g/l) and a mixture of both for 1 and 24 h. The control solutions

have been diluted 1:2 prior deposition.
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Figure 4 The MH-S cells were incubated for 24 h in the absence of stimuli (ctrl), with FG alone (1
mg/l), lipopolysaccharide alone (LPS, 0.01 pg/ml, positive control) (all indicated with grey bars),
10 pg/ml NMs (white bars) and 50 ug/ml NMs (black bars), alone or pre-incubated with a 10 g/l
solution of FG. A) Cell viability measured as release of LDH into the extracellular medium; B) NO
release as extracellular nitrite; C) activation of intracellular NO synthase. Significance: A) *p <
0.004, **p < 0.0001 vs ctrl; °p < 0.0001 vs pristine NMs. B) *p < 0.04, **p < 0.0001 vs ctrl; °p <
0.001, °°p < 0.0001 vs pristine NMs. C) *p < 0.005, **p < 0.0001 vs ctrl; °p < 0.02, °°p < 0.003,

°°°p < 0.0001 vs pristine NMs.
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Figure 5 The MH-S cells were incubated for 24 h in the absence of stimuli (ctrl), with NMs alone
(10 pg/ml), FG alone (1 mg/l) and lipopolysaccharide alone (LPS, 0.01 pg/ml, positive control) (all
indicated with grey bars) or NMs pre-incubated with FG at different concentrations (white bars:
0.75 g/l; black bars: 3.5 g/l; dashed bars: 10 g/l). A) Cell viability measured as release of LDH into
the extracellular medium; B) NO release as extracellular nitrite; C) activation of intracellular NO
synthase. Significance: A, B) * p < 0.05; ** p < 0.001 vs ctrl; C) * p < 0.05, ** p<0.001 vs ctrl; ° p

< 0.0001 vs pristine NMs.
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Table 1. Main physico-chemical properties of the nanomaterials=

sample Composition SSAf Primary Abundance of ¢ potential PzZC
(Yowt) (m?/g) particle acidic surface (pH7.4, PBS) (pH)
size functionalities (mV)
(nm) (number/nm?)
NM-TiO2  TiO2> 99.0° 52.6+0.1¢ 31.3+9.8 2.2 (SiOH)¢ -30 1.8
NM-C nd 58.1+0.2 nd 0.24 (-COOH) -23 <2
NM-SiO2  SiO2> 99.5P 56.4+0.4  38.5+8.7 3.3 (Ti-OH)e -35 3.0

sabbreviations: SSA specific surface area; PZC point of zero charge; ® as declared by the supplier, ¢ Gerloff et al 2012;
dMathias and Wannemacher 1988; ¢ Erdem et al. 2001
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