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Introduction

The success of the huge effort devoted to design effective
nanoparticles (NPs) for therapy and diagnosis strongly needs
parallel investigations on the interactions of such systems with
biological media. Indeed, only by understanding the interplay
between nanoparticles and biological entities it will be possible
to rationally plan
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The functional dissection of the plasma corona of SiO,-NPs spots
Histidine Rich Glycoprotein as a major player able to hamper
nanoparticles capture by macrophages
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A coat of strongly-bound host proteins, or hard corona, may influence the biological and pharmacological features of
nanotheranostics by altering their cell-interaction selectivity and macrophages clearance. With the goal of identifying
specific corona-effectors, we investigated how the capture of amorphous silica nanoparticles (SiO,-NPs; @ = 26 nm; zeta
potential= -18.3 mV) by human lymphocytes, monocytes and macrophages is modulated by the prominent proteins of
their plasma corona. LC MS/MS analysis, western blot and quantitative SDS-PAGE densitometry show that Histidine Rich
Glycoprotein (HRG) is the most abundant component of the SiO,-NPs hard corona in excess plasma from humans (HP) and
mice (MP), together with minor amounts of the homologous Kininogen-1 (Kin-1), while it is remarkably absent in their
Foetal Calf Serum (FCS)-derived corona. HRG binds with high affinity to SiO,-NPs (HRG Kd ~2 nM) and competes with other
plasma proteins for the NPs surface, so forming a stable and quite homogeneous corona inhibiting nanoparticles binding
to the macrophage membrane and their subsequent uptake. Conversely, in the case of lymphocytes and monocytes not
only HRG but also several common plasma proteins can interchange in this inhibitory activity. The depletion of HRG and
Kin-1 from HP or their plasma exhaustion by increasing NPs concentration (>40 ug/ml in 10% HP) lead to a heterogeneous
hard corona, mostly formed by fibrinogen (Fibr), HDLs, LDLs, IgGs, Kallikrein and several minor components, allowing
nanoparticle binding to macrophages. Consistently, the FCS-derived SiO,-NPs hard corona, mainly formed by
hemoglobin, a2 macroglobulin and HDLs but lacking HRG, permits nanoparticles uptake by macrophages. Moreover,
purified HRG competes with FCS proteins for the NPs surface, inhibiting their recruitment in the corona and blocking NPs
macrophage capture. HRG, the main component of the plasma-derived SiO,-NPs hard corona, has antiopsonine
characteristics and uniquely confers to these particles the ability to evade macrophages capture.

nanotheranostics. It is now well established that the surface of
the nanoparticle is a crucial variable determining such
interactions and consequently the nanoparticle’s biological
effects. On the other hand, it is also quite clear that the first
event occurring to the nanoparticle, once entered in a
biological environment, is the formation of a surface adsorbed
layer of proteins, named protein corona.* ™ The protein corona
formation in vivo is likely a major actor at the
host/nanoparticle interface, deeply influencing the bioactivity
and the bioavailability of nanosystems.16 Available evidence
suggests that the protein corona composition varies depending
on several factors including the nanoparticle material, surface
functionalization, size, shape and biological environment.
Although  relatively small subsets of the many proteins
available in biological fluids are normally found to bind

desired action mechanism of
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nanoparticles, still the reported corona compositions involve
from tens to few hundreds of polypeptides. Simple geometric
considerations make however difficult to rationalize, especially
for small nanoparticles (< 30 nm diameter), the physical co-
existence in the same corona of hundreds of different protein

Nanoscale, 2015, 00, 0-0 | 1



Nanoscale

types, in particular when one considers that some of them
have a size comparable to or even larger than the NP itself.
Indeed, semi-quantitative estimations by label-free methods
after shotgun LC MS/MS analysis show that, beside few main
corona components, expected to cover the major part of the
NPs surface, the majority of the other polypeptides found
associated to the NPs are indeed present in substoichiometric
ratios (< 1 polypeptide per nanoparticle).lz'14 This observation
somehow resolves the paradox of accommodating too many
components in the same corona, but introduces an additional
level of heterogeneity of the corona-coated NPs, because it
implies the presence of several subsets of nanoparticles each
characterized by its own corona, with fewer polypeptides but
with specific composition differences. Additional complexity is
provided by the fact that the first shell of strongly bound
proteins (hard corona) can reversibly interact with other
proteins forming the so called soft corona and enlarging the
number of proteins coating the nanoparticle.17

The above considerations may suggest that the goal of fully
understanding the nanoparticle corona functional complexity,
with  the to predict the biocompatibility and
pharmacological properties of a candidate nanosystem, may
be a too demanding task. On the other hand, recent statistical
and correlative studies with gold NPs indicate that small
subsets of the corona polypeptides (6-10 out of the ~ 400
found) may be the major functional actors influencing the
nanoparticle biological characteristics, so that focused
detection of their presence in the corona has been proposed
as a useful tool to predict nanoparticles efficacy to enter
cells.” Therefore, the functional discrimination of the corona
components that play the lead roles from background actors,
and the definition of the nanoparticle surface features

aim

controlling their selection, may become mandatory
information for the design of efficient theranostic
nanosystems. To achieve this goal, the individuation of

simplified models for corona investigations and the calibration
of suitable experimental conditions and test candidates
capable to provide really predictive data are of paramount
importance.18

In this paper we focus our attention on silica nanoparticles
(SiO,-NP), which are attracting a great attention as potential
nanomedicine candidates *° and on monocytes and
macrophages phagocytic cells of the reticular endothelial
system (RES)/mononuclear phagocyte system (MPS). Indeed,
these cells are especially exposed to nanoparticles after blood
injection, due to their particulate capturing specialization, and
represent a good starting point to understand the interaction
of nanoparticles with biological entities and how the protein
corona can affect the nanoparticles properties. It may be
expected that nanoparticles efficiently internalized by such
cells will be rapidly removed by circulation in vivo and
accumulated in the main filtering organs, as liver and spleen.
On the contrary, nanoparticles capable to escape phagocytic
capture will circulate longer and may eventually reach
different tissues. The central role of RES/MPS clearance in
determining the efficacy of nanotheranostics have been
recently highlighted in mice models and humans.”
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One of the acknowledged effect of protein corona is the
reduction of nanoparticles uptake by many cell types.21’ 2 we
have previously reported that such protection activity is
present in the case of lymphocytes, used as representative of
cells without phagocytic activity, and in monocytes, when
incubated with 30 nm-diameter SiO,-NPs in the presence of
Foetal Calf Serum (FCS), but is remarkably not working in
macrophages.23’ 24 With these cells, SiO,-NPs capture in FCS is
very high and comparable to that observed in protein free
media. Such a behaviour has been reported also for other
nanomaterials in similar conditions.”® However, extrapolation
to the human context is dubious®® especially because
proteomic analysis clearly indicates that nanoparticle protein
hard-corona formed in FCS is distinctively different from that
formed in human plasma (HP).ZI’ %’ Moreover coagulation and
complement components, immunoglobulins (IgG) and
lipoproteins are defective in FCS compared to Hp. 2

In this view, we explored and compared the composition of
the coronas formed on SiO,-NPs upon incubation with
different protein sources, i.e. the commonly used Foetal Calf
Serum (FCS), mouse plasma (MP) and human plasma (HP). In
doing this, we paid close attention to the effect of the
nanoparticle dose in influencing the corona composition.
Eventually, we ascertained the role of the single major
proteins composing the corona formed in HP in determining
the interaction of the nanoparticles with phagocytic or non-
phagocytic cells. Interesting and stimulating results emerged
from this investigation: i) the hard-corona formed in HP
strongly changes the cell binding selectivity of SiO,-NPs
compared to the FCS-derived hard-corona; ii) a single protein,
namely Histidine Rich Glycoprotein (HRG) emerges as the main
component of the HP/MP-derived SiO,-NPs hard-corona, but
not of the FCS-derived one, and is responsible for the different
behaviour of the nanoparticles in the two biofluids; iii) HRG
uniquely confers to SiO,-NPs the ability to reduce
macrophages capture in vitro, a specific stealthing property
missing to other major human plasma proteins.

Results

Differential effect of FCS and HP on SiO,-NPs macrophage
binding.

To get more insight on the role played by plasma protein
corona in cell interactions, we prepared fluorescein-labelled 26
nm-diameter silica nanoparticles, produced by the Stober-Van
Blaaderen protocol,zg'31 and analysed their uptake by HepG2,
a cell line from human hepatocarcinoma, primary human
lymphocytes, monocytes and macrophages in the absence of
protein and in the presence of FCS and HP (both 10% v/v). Low
nanoparticles doses (< 40 pg/ml) were used both to avoid
potential confounding factors arising from cytotoxic and
proinflammatory effects and to better simulate the high
dilution condition presumably experienced by nanoparticles
after injection in the bloodstream. The results obtained are
very interesting (Figure 1). In agreement with previous
observations, cell capture of SiO,-NPs, after 3 hours in
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Figure 1. Comparison of the effects of FCS and HP on the binding of SiO,-NPs to
lymphocytes, HepG2, monocytes and macrophage. Indicated cells were incubated in
RPMI 1640 medium without proteins (no proteins), plus 10% (v/v) FCS or 10% (v/v) HP,
as indicated, for 3h at 37°C with SiO,-NPs at the indicated concentrations, and analysed
by flow cytometry. Data, expresses as Mean Fluorescence Intensity, were acquired
keeping the same instrument settings to ensure comparison. Note that Y axis scales are
different in the four cells. Values are the means from experiments run in duplicate + SE
(N=4). * significance (p<0.05) with respect to no protein; § significance (p<0.05) with
respect to FCS.

protein-free media is strongly inhibited by FCS in HepG2,
lymphocytes and monocytes ( > 80 % , > 99%, > 95% inhibition
respectively) while not affected in macrophages.23' % The
behaviour observed in human plasma (HP) is substantially
different. Indeed, incubation in this medium results in an
increased inhibition of SiO,-NPs uptake by HepG2 cells,
lymphocytes and monocytes and, at difference from FCS, also
by macrophages (~¥90-95% inhibition). This protective effect of
HP is particularly efficient at low particle doses (< 20 pg/ml)
and is still observed after prolonged incubation times in the
same conditions up to 20 h (Figure S1).

Characterization of the SiO,-NPs corona composition in FCS and in
human and mouse plasma.

A reasonable hypothesis to explain the observed difference
between HP and FCS in affecting SiO,-NPs macrophage uptake
is that one or more proteins selectively present in the HP-
derived NPs corona, while not in the FCS-derived one, can
hamper the special ability of macrophages to engage NPs.
Therefore, we analysed the protein corona formed on
nanoparticles incubated for 15 minutes at 37°C in the two

media. After NPs recovery and extensive washing by
ultracentrifugation, associated proteins were subjected to
gradient gel electrophoresis in non-reducing conditions,

evidenced by the very sensitive silver staining and eventually
analysed by densitometry (Figure 2).

Both the apparent molecular weight and the intensity of the
major bands, in agreement with other studies,m’25 confirm
that the pattern of the main proteins strongly associated to
NPs varies considerably depending on the protein medium.

This journal is © The Royal Society of Chemistry 20xx

Figure 2. SDS-PAGE analysis the pattern of FCS and HP proteins adsorbed on SiO,-NPs.
Si0,-NPs were incubated at the indicated concentrations for 15 minutes at 37°C in
RPMI 1640 plus 10% FCS or 10% HP, as specified, isolated and subjected to 4-20%
gradient SDS-PAGE (left). Equal samples volumes and so increasing NPs amounts per
lane were loaded. After Silver staining, a semi-quantitative estimation of the relative
amount of the main protein bands found (arrows), labelled by their rough apparent
molecular weight in KDa (pxx), were determined by densitometry and represented in
histograms (right). The intensity of each band was normalized over the sum of the
intensities of all the bands within the same lane. * indicate the major background
proteins present in the samples treated without NPs (mock samples) and recovered
from FCS (BSA) and HP (Fibr, HSA, Apo A-l). Gels are from representative experiments
out of four.

Moreover, the protein pattern also varies with the
nanoparticles concentration, particularly in the case of HP. In
this medium a peculiar observation is that, at NPs
concentrations below 40 pg/ml, a single protein band with an
apparent MW of 60 KDa (p60) predominates in the pattern,
while above this dose (NPs 80-160 pg/ml) several other
protein bands, either with higher or with lower molecular
weights become also evident. The main bands observed (7 for
FCS and 12 for HP) were then analysed by LC MS/MS to obtain
a semi-quantitative evaluation of their polypeptide
composition and relative proportion, using well-established
bioinformatics label-free parameters.32 In 10% FCS (Figure 3A,
Table S1 for detailed MS analysis), the major electrophoretic
bands corresponded to haemoglobin (p12), a2-macroglobuline
(p220) and HDL-associated Apo A-l (p20). Other constituents
are HDL-associated Apo A-ll (p8), albumin (p50), complement
Factor H (Fh) (p120) and plasminogen (PLG) (p75).

A remarkably different pattern was found with 20 pg/ml SiO,-
NPs in 10 % HP (Figure 3B, Table S2 for detailed MS analysis).
Here, based on emPAl label free evaluation, using a cut of > 1
significant peptides identified,33 the most stained band (p60)
was found to be essentially made by HRG (70% HRG, 11% Kin-1
) while the second less intense one (p100) was mostly formed
by Kin-1 (76% Kin-1 and 13% HRG). At the NPs concentration
of 160 pg/ml the p60 band was still present and was again
formed by HRG (HRG 86%, Vitronectin 14 %) but within the

Nanoscale, 2015, 00, 1-3 | 3
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Figure 3. Characterization of the pattern of FCS and HP polypeptides adsorbed on
Si0,-NPs by LC MS/MS. The SDS-PAGE bands, in yellow boxes, corresponding to the
major corona proteins formed on SiO,-NPs after incubation for 15’ at 37°C with RPMI
plus 10% FCS (A) or 10% HP (B) at the indicated nanoparticle concentrations, were
excised from Coomassie stained gel and analysed by LC MS/MS to identify their protein
composition (see Materials and Methods for details). Silver stained samples are shown
in parallel for comparison. Positive hits (polypeptide with at least 2 significant matches,
p<0.05) are listed in the table, with their molar % within the same band, based on
emPAl, reported in brackets. Main proteins are indicated in bold; asterisks indicate
non-specific bands from FCS and HP mock controls (no NPs). M: standard molecular
weight. Abbreviation used: a- 2MG: alpha-2 macroglobulin; Apo A-I/A-1I/B-100/E:
apolipoprotein A-1/A-11/B-100/E; BSA: bovine serum albumin; Cf-XII: coagulation factor
Xll; Clg-A,B,C: complement Clq subunit A,B,C; Fh: complement factor H; Fibr:
fibrinogen; GSN: gelsolin; Hbf  a/B: foetal haemoglobin; HRG: histidine rich
glycoprotein; Ig: immunoglobulins; ITG-a2: integrin alpha; ITIH4: Inter-alpha-trypsin
inhibitor heavy chain H4; Kin-1: kininogen-1; KLK: Kallikrein; LBP: lipopolysaccharide-
binding protein; PLG: plasminogen; SAA-4: serum amyloid A-4 protein; Sel-P:
selenoprotein-P; SERPINAS: plasma serine protease inhibitor; SERPING1: plasma
protease C1 inhibitor; VTN: vitronectin.

context of a more complex set of bands. Focusing on major
components, it can be noted that: the p300 band is formed by
Fibr (93%) and by the LDL marker Apo B-100 (7%) similarly to
p220 (Fibr 83% Apo B-100 17%); p150 is a mixture of IgG
(66%), SERPING1 (16%) and KLK (11%); p120 is more
heterogeneous (32% Apo B-100 fragment, 28% Kallikrein, 16
% HRG and 16 % plasma serine protease C1 inhibitor; the two
close bands p100’/p100”’ both corresponded to Kin-1 (Kin-1
91%, HRG 8%); the faint p75 band was heterogeneous (25 %

Apo E, 17% Kin-1, 13 % PLG). Band p50 was made principally
by HSA (61%) and by a mixture of other minor protein being

4 | Nanoscale., 2015, 00, 0-0

Apo A-l the most relevant (17%). However, it is important to
note that this band seems present with similar intensity also in
the mock NPs free sample, indicating that it may be a remnant
from plasma. Band p20 is ~100 % formed by the HDL marker
Apo A-l, while p12 is mostly Apo A-Il (87%, Apo A-l 13%) and
p10 is made by SAA-4 67 % plus a fragment of the LDL maker
Apo E (26%).

After correction of emPAl for sample loading, which varied for
different bands to ensure sufficient counts for the faintest
bands, quaternary structures,
necessary, we could obtain an estimation of the relative molar
content of found proteins associated to the NPs (Figure S2A,
B). Results are in good agreement with densitometry
estimation and indicate that at low NPs doses HRG and Kin-1
are the major proteins accounting for more than 90% of the
total proteins. Again in agreement with densitometry, HRG
and Kin-1 are still present at 160 pg/ml, about 10% of total
proteins each, but several other proteins are now detected.
Among these the most prevalent are Ig (8%), Fibr (14%), LDL
(16%) (using Apo B-100 and Apo E as bona fide markers) and
HDL (18%) (using Apo A-l and Apo A-Il as bona fide markers).
The amounts of the major polypeptides forming the HP-
derived protein coronas do not change grossly by increasing
the incubation time of the nanoparticles up to 6 hours (Figure
S3), indicating that the composition observed represents the
kinetically stable state (hard corona) in the experimental
conditions.

Since in other studies the protein corona forming around SiO,
and other NPs was analysed after incubation at 0-4°C and in
the presence of higher HP concentrations,ll’ 3 e tested the
prevalence of HRG also in these conditions (Figure S4, Figure
S5A and Table S3). After subtraction of plasma background,
mock run in the absence of NPs (some of the proteins found in
the NPs samples were indeed totally — Fibr and HSA — or in
part — Ig and Apo A-I/HDL — due to background from plasma)
and band analysis by LC MS/MS we confirmed that even in the
more physiological conditions of ~100% HP, a major band
made prevalently by HRG is still predominant both at 37°C and
4°C. However, Kin-1 tended to decrease compared to the
amount found in 10% HP while minor amounts of the IgG
isotypes, F-XI and other polypeptides are identified in samples
(Table S3).

In other controls we also compared our NPs-corona isolation
and washing procedure with the one recently developed by
Tenzer et oil.,12 involving a direct layering of the NPs after
incubation with HP on a sucrose cushion to ensure effective
separation from unbound plasma proteins. Even with this
procedure, the pattern of the protein specifically associated to
the NPs corona at both 10% and 100% HP was still largely
characterized by the presence of HRG as the major constituent
at both 37°C and 4°C (see supplementary methods and Figure
S4).

A similar composition, characterized by the prevalence of HRG,
was also found after incubation of the nanoparticles with
mouse plasma. In this medium, there are two peculiarities
compared to HP: the additional presence of high level of
haemoglobin, due to the higher haemolysis characterizing the

and correction for when

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Absolute quantification of the main protein composing the HP-derived hard
corona of SiO,-NPs as a function of nanoparticles concentration. A) Representative
SDS-PAGE analysis, out of five, showing the changes of the pattern of the major
proteins bound to SiO,-NPs (same quantity of NPs (13 ug)/lane), as a function of
nanoparticle concentration during incubation for 15 min in 10% HP at 37°C. Differently
than in gels of figure 2, where increasing amounts of NPs were analysed, here
decreasing sample volumes were loaded per lane to ensure the comparison of equal
NPs quantities (13 pg/lane) The presence of Fibrinogen, Histidine Rich Glycoprotein
and Apo A-l1 was confirmed by Western Blot analysis using specific antibodies (left
panels) B) The amounts of the main human plasma protein molecules per particle unit
were calculated, after densitometry of the corresponding bands and comparison with
titration curves made in parallel in the same SDS-PAGE gel with purified human protein
standards (see Fig. S6A and relative legend). The obtained molecular composition of
the hard-corona is reported as a function of NPs concentration; values are means + SE
(N=5). Lines have been depicted to guide the eye.

sampling of this fluid and, more interesting, the still high
prevalence of HRG even at high NPs concentration, suggesting
the presence of an higher level of this protein in MP (Figure
S2B, Figure S5B, Table S4).

Having identified the major proteins of the SiO,-NPs corona we
performed a quantitative SDS-PAGE analysis to determine with
an independent methodology their absolute amount per
particle. This was achieved by calibrating the staining intensity
of the most prominent bands, using standard purified proteins
corresponding to their major components based on label-free
MS analysis, after loading the same known amount of NPs per
lane. Data confirmed the above described picture and provide
other consistent information (Figure 4, Figure S6). In fact, the
major ~ 60 KDa and ~ 220 KDa bands identified as principally
formed by HRG and Fibr, were indeed found to have the same
electrophoretic mobility as purified human HRG and Fibr. This
further supports that indeed these two proteins forms the bulk
of these two bands, as suggested by label-free methods. Again
in agreement with label-free  quantifications, this
quantification also showed that Kin-1 is the second major
component of the hard corona at low NPs concentration
besides HRG (although in smaller proportion: HRG:Kin-1 ratio =

This journal is © The Royal Society of Chemistry 20xx
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2.9 by quantitative densitometry, while 1.4 using emPAl). Also
in this analysis, as the nanoparticles amount increased, HRG
and Kin-1 sensibly decreased while Fibr and other proteins
increased. More in detail, we could determine that below 40
pug/ml concentration a single NP has a corona formed by about
19-20 HRG, 5-7 Kin-1, and 2-3 Fibr molecules (sum: 26-30
molecules). These numbers change to 8 HRG, 3 Kin-1 and 6
Fibr (sum: 17 molecules) at 80 pug/ml NPs and to about 1 HRG,
1 Kin-1 and 10 Fibr (sum: 12 molecules) at 160 pug/ml NPs. Such
figures allow estimating footprints values of about 50 nm? for
HRG (64 kDa) and Kin-1 (70 kDa) and 170 nm? for Fibr (340
kDa), which are in good agreement with the proteins’
molecular weights and hydrodynamic diameters (see infra).
This peculiar switch in the protein corona from a HRG-rich
composition to a Fibr-rich one, depending on the NPs dose (in
10% HP) was validated by western blot analysis using specific
decreased with NPs
Fibr

antibodies. Once again HRG signal
increase, while HDL (Apo A-lI) and, much strongly,
increased above 40 mg/ml NPs.

In summary, considering the three independent evidence
collected, at low NPs doses, which better simulate the
situation occurring in vivo, HRG and Kin-1 appear the most
represented proteins on NPs, forming a coat of about 30
proteins with a molar ratio around 3:1. The concentrations of
these two proteins in the culture media are relatively low,
namely 15 and 8 pg/ml respectively for HRG and Kin-1. It is
hence expected that when these first two proteins are
depleted from the solution by increasing the NPs dose, they
undergo surface-dilution leaving space available for the
recruitment of other proteins, in particular Fibrinogen.

Affinity of HRG and other major plasma proteins for SiO,-NPs.

The above data indicate that, in conditions of nanoparticle
surface limitation (NPs concentration < 40 pg/ml), HRG and
Kin-1 (~15 and ~8 pg/ml in 10% HP, respectively) prevent the
binding of more concentrated protein like HSA (~5-6 mg/ml in
10% HP), Fibr (~300 pg/ml in 10% HP), and 1gG (~700 pg/ml in
10% HP). This indicates that HRG and Kin-1 should have a
significantly higher affinity for the negatively charged silica
surface than other plasma proteins. Such a prediction was
confirmed by measuring the affinity of purified HRG, Kin-1,
fibrinogen and HSA for SiO,-NPs. Experiments were performed
free protein at
equilibrium after elimination of the particle-protein complexes
by ultracentrifugation and fitting the bound versus free protein
data with the one site equilibrium equation (see methods)
(Figure 5). We found that the dissociation constant (Ky) of the
HRG-NPs complex was 2.4 + 1.1 nM and that the maximal
binding capability of a single particle was 30 + 2 molecules per

by measuring the amount of residual

particle, a value in very good agreement with that obtained by
gel quantification in HP. As expected, Kin-1 affinity was similar
to that of HRG (4.6 + 1.3 nM ) while that of Fibr and in
particular of HSA, where smaller (28 nM + 12 and > 1 uM
respectively). Notably, in agreement with our data, two recent
studies > show that relatively high Ky values (37 £ 12 uM
and 0,3-6 uM respectively) characterise the binding of HSA to
variously modified negatively charged QDs.
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Figure 5. Estimation of the affinity of HRG, Kin-1, Fibr and HSA for SiO,-NPs. SiO,-NPs
(100 pg/ml; ~10 nM) were incubated for 15 minutes at 37°C with increasing amounts of
the indicated proteins in RPMI 1640. After separation of NPs by ultracentrifugation, the
concentration of free proteins left in the supernatants was measured by Bradford assay
and plotted against SiO,-NPs bound proteins, deduced by subtracting free protein from
total protein (measured by running mock samples in which the proteins were
incubated without NPs and centrifuged in parallel). Data were subjected to non -linear
fitting (N=3 for each protein). Dissociation constant (Kd) and the maximal binding
capacity (Bma, Number of protein molecules per NPs,), calculated for each protein using
a one-site equilibrium equation (see methods), are summarized in the lower table.

Moreover, the found Kd values for Fibr and HSA association to
our SiO,-NPs (28 and > 1000 nM, respectively) also fit with
those obtained by Pelaz et al.¥’ (30 and 1000-4100 nM,
respectively) with negatively charged FePt particles variously
coated with PMA and PEG, in spite of the different chemical
nature of the NPs there used.

Effect of plasma proteins and of their selective lack on SiO,-
NPs dispersion.

Additional interesting information on the specific contribution
of the investigated proteins properties to the HP-hard corona
on SiO,-NPs was obtained by measuring their ability to induce
nanoparticle aggregation via Dynamic Light Scattering analysis.
The presence of a large excess of proteins with size
comparable to, or larger than, our NPs prevents the possibility
to detect the corona coated nanoparticles and to measure
their Z-potential by DLS in the conditions used. Nevertheless,
the formation of large protein-nanoparticle aggregates can be
detected. When the nanoparticles were incubated at 20
ug/mL with 10% FCS, MP, HP, and the corona mix, a mixture
made of the main HP corona proteins (see infra), they did not
produce any observable particle aggregation (Figure 6). Also
the selective lack of each of the single protein, included HRG,
from the corona mix did not induce NPs aggregation (Figure
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S7A). On the other hand, when the concentration of the

nanoparticles was increased above 100 pug/mL, the formation
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Figure 6. Effect of plasma proteins on SiO,-NPs aggregation. DLS analysis (PBS buffer
pH 7.4, 37°C) of the single purified plasma proteins indicated at the concentration
found in 10% HP, the total protein mixture of them (corona mix), 10% FCS and 10% HP
alone (green bars) or after incubation (10 minutes) with 20 pg/ml SiO2-NPs in the
absence (blue bars) or in the presence (brown bars) of purified HRG (15 pg/mL).
Protein concentrations: HRG (15 pg/ml), Kin-1 (8 pg/ml), HDL (150 pg/ml ), LDL ( 78
pg/ml), VLDL (12 pg/ml ), HSA (5 mg/ml), IgG (700 pg/ml) and Fibr (300 pg/ml).
Secondary populations of NPs/protein aggregates (always below 5%) are indicate,
when present, by an asterisk. Data are means + SE (N=3). Note that for high protein
concentrations, corona coated silica nanoparticles cannot be detected due to prevalent
scattering by excess free proteins (see experimental part).

of aggregates having an hydrodynamic radius of about 100 nm
was observed (Figure S7B) in FCS, HP, corona mix but not in
MP.

When the single proteins were analysed, we found that
incubation of HRG (having an hydrodynamic diameter around
10 nm in DLS analysis) with nanoparticles induces the
formation of objects with a mean diameter around 50 nm and
a Z-potential of -9.5 mV. Such figures are compatible with the
formation of a negatively charged corona of HRG molecules
(the isoelectric point of HRG is 5.9-6.2) assembled around
monodispersed NPs. Similar results were obtained for Kin-1.
IgG and VLDL induced extensive nanoparticle aggregates
having an apparent diameter above 1 uM and between 250-
350 nm respectively. Fibr and LDL determined only a small
subpopulation of aggregated NPs. HSA and HDL did not induce
NPs aggregation.

Consistent with its high affinity interaction with the NPs,
addition of HRG prevented the aggregation of SiO,-NPs
induced by 1gG, VLDL, Fibr and LDL and, as expected, did not
modify the already absent aggregation of NPs incubated with
HSA, Kin-1 and HDL. These data suggest that, in the absence of
HRG, other proteins can prevent particles agglomeration but
also further support that HRG can compete with more
abundant plasma proteins, as IgG and VLDL, for the NPs
surface, inhibiting in this case their aggregating attitude.

From this point of view it may be interesting to note that when
SiO,-NPs are incubated with mouse plasma well above the
concentration of 100 pug/ml no protein aggregates are induced
(Figure S7B). This finding is in perfect agreement with the

This journal is © The Royal Society of Chemistry 20xx
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observation that in this medium HRG remains the major
corona component even at high NPs doses, differently with
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Figure 7. Analysis of the protein hard-corona composition of SiO,-NPs in the presence
of different combinations of purified plasma proteins. A) Composition of the corona
formed around SiO,-NPs incubated at the indicated concentrations in a RPMI 1640
medium characterized by the contemporaneous presence of HRG (15 pg/ml), Kin-1 (8
pg/ml), HDL (150 pg/ml ), LDL ( 78 pg/ml), VLDL (12 pg/ml ), HSA (5 mg/ml), IgG (700
ug/ml) and Fibr (300 pg/ml) at concentrations fairly mimicking those found in 10% HP
(corona mix) . Histograms show the semi-quantitative estimation of the amount of the
indicated proteins associated to NPs obtained by densitometry of the corresponding
SDS-PAGE bands after silver staining following normalization over the sum of the
intensities of all the band of the corresponding run (see Fig. S8A). B) Composition of the
coronas formed after incubation of SiO-NPs (20 pg/ml) in the presence of the
complete corona mix as above or in the presence of the corona mix lacking a single
protein of the mixture as indicated. Histograms are the means * SE of four different
experiments. Representative gels out of eight, are shown in Fig. S8A and B. *
significance p < 0.05 with respect to corona mix samples.

what found in human plasma (Figure S5D). Taken together,
these data support the idea that HRG form a stable and quite
homogenous corona and suggest that it may be more
concentrated in the mouse blood (similarly to rabbits) than in
human ones, and that, for this reason, its protective effect
against aggregation is exerted at higher nanoparticles
concentrations.

Different intrinsic efficacies of the main plasma proteins found in
the HP hard corona of Si0O2-NPs to modulate nanoparticle cell
binding.

The main information provided by all the above experiments is
that, apparently, a relatively small group of proteins accounts
for the major features of the HP-derived protein hard-corona
of SiO,-NPs. However, we can also notice that many among the
corona polypeptides identified are apolipoproteins.38'40 Apo B-
100 is found as major component in the proteome of VLDL

This journal is © The Royal Society of Chemistry 20xx
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(Very Low Density Lipoprotein) and LDL (Low Density
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Figure 8. Effect of the main HP-derived corona proteins on SiO,-NPs capture by
lymphocytes, monocytes and macrophages. A) Cells were incubated at 37°C with 20
ug/ml SiO,-NPs in RPMI 1640 without protein (no prot), plus 10% HP (HP), 10% FCS
(FCS) or the indicated purified human plasma proteins alone or all together (corona
mix) at concentrations found in 10% HP as already specified in the legend of Figure 6
and 7. After 3 h, cells were analysed by flow-cytofluorimetry to quantify NPs-cell
association (MFI). B) The same analysis was performed, in parallel, incubating cells and
NPs in the presence of the corona mix with the selective lack of each forming protein,
as indicated (— protein) . Data are the mean * SE of duplicate experiments (N=3). *
significance (p<0.05) with respect to no protein; § significance (p<0.05) with respect to
HP.

(High Density Lipoprotein) proteome; Apo A-l is the major
apolipoprotein of HDL, but can be significantly found in VLDL
and in LDL; Apo A-ll is the second mostly represented protein
in HDL, but is also detected in VLDL and LDL proteomes; Apo A-
IV can be found in HDL, LDL and VLDL proteomes; Apo C-lll is
present in VLDL as a major protein, while in LDL as minor ones,
but is also found in HDL; SAA-4 is similarly found in HDL, LDL
and VLDL proteome. In addition, small amounts of Fibrinogen
are found in HDL, LDL and VLDL. For this reason, the above
indicated markers strongly suggest the involvement, to various
extent, of all the three kinds of human plasma lipoprotein
classes in the corona of SiO,-NPs at high nanoparticles doses.
To study in more detail the role of the major human plasma
proteins involved in the formation of the corona on SiO,-NPs,
purified human HDL, LDL and VLDL fractions were therefore
mixed with purified human plasma IgG fraction (including the
four human subclasses of 1gG1, 1gG2, 1gG3 I1gG4), HRG, Kin-1,
Fibr and HSA at concentrations resembling the mean values
present in 10% HP to obtain a simplified protein medium that
will be named corona mix for the rest of the study.
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The analysis of the composition of the corona formed upon
incubation of the nanoparticles with the corona mix revealed a
polypeptide composition very similar to that observed when
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Figure 9. Effect of energy depletion and low temperature on the SiO,-NPs association
to macrophages. Macrophages were pre-treated or not for 30" at 37°C with sodium
azide 10mM plus 2-DOG 5 mM to deplete ATP (-ATP) in the presence of RPMI 1640
without protein (no prot), with 10% FCS, 10% HP or 15 pg/ml HRG (corresponding to its
concentration in 10% HP). Then, SiO,-NPs 20 pg/ml were added for 2 hours both at
37°C or 4°C. After incubation, cells were washed and analysed by flow-cytometer to
quantify NPs-cell association (MFI). Data are the mean + SE of three experiments run in
duplicate. Numbers in brackets and * are % and significance (p<0.05) with respect to
no prot samples in each condition.

HP is used (Figure 7A, Figure S8A). Moreover, uptake
experiments with macrophages demonstrated that the
protective effect of HP, at low nanoparticles concentration, is
maintained to a similar extent when the corona mix is used as
protein source (Figure S8C). Both these results confirm that
the proteins selected in the corona mix are the relevant actors
at play in the corona formation and in the nanoparticle-
macrophages interaction.

In line with the above measured affinities, the selective lack of
HRG from the corona mix, at 20 pg/ml nanoparticles
concentration, resulted into an improved recruitment of the
homologous Kin-1 on NPs (Figure 7B, Figure S8B). On the
contrary, the lack of all other proteins did not significantly
modify the corona composition, which continued to be mostly
characterized by a high HRG prevalence.

The ability of the corona mix to reproduce the effect of HP on
the nanoparticles behaviour, allowed the systematic analysis
the intrinsic ability of each protein to modulate the association
of Si0,-NPs to lymphocytes, monocytes and macrophages.
When each protein was tested separately, distinctive
differences were found in the three cell types (Figure 8A). In
the case of lymphocytes, any protein decreased SiO,-NPs cell-
association. In detail, HSA, 1gG and Fibr strongly diminished
NPs binding (75-80% inhibition) while lipoproteins (HDL, LDL,
VLDL), HRG and Kin-1 determined an almost complete block of
NPs binding. In monocytes, Fibr slightly stimulated NPs cell
binding, 1gG and VLDL had no significant effect and HSA and
LDL were partially inhibitory (80-90% inhibition). On the other
hand, HDL, HRG and Kin-1 decreased the binding of NPs to
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monocytes to values smaller than that induced by FCS and
similar to HP. Finally, the most peculiar situation was observed
in macrophages, where only HRG could inhibit NPs cell
association (80% inhibition) and none of the other proteins,
included the homologous Kin-1, had a significant inhibitory
effect. Dose response analysis confirmed that this inhibitory
effects are maintained in the 5-40 pg/ml SiO,-NPs
concentration interval (Figure S9).

The above experiments indicate that, while several plasma
proteins may potentially inhibit NPs uptake by lymphocytes
and monocytes, only HRG seems to account for the observed
inhibitory effect of HP on macrophages. To further investigate
this hypothesis, we incubated the cells in the presence of the
whole corona mix and tested the effect determined by the
selective omission of a single protein from the mixture (Figure
8B). This experiment measures the real contribution of a given
protein in the presence of the other major ones, taking into
account all the reciprocal protein-protein competition and
interactions that may be crucial to determine the final
functional outcome. The results obtained again showed a
peculiar distinction of macrophages from the other two cell
types and confirm the specific protective effect of HRG. In
lymphocytes and monocytes the lack of each single protein
never reverted significantly the cell binding inhibition observed
in the presence of the corona mix. On the contrary, in
macrophages a complete recovery of the NPs cell association
was only obtained when HRG was omitted from the corona
mix.

To ascertain what step of cell association is inhibited by HRG,
i.e. the surface binding or the subsequent cellular endocytosis,
we performed experiments in which macrophages were
incubated with SiO,-NPs in no protein, FCS, HP and purified
HRG after energy depletion or at 4°C, two conditions that
allow plasma membrane binding but block endocytosis. FACS
analysis showed that both HP and HRG inhibited cell
association when internalization was blocked, while FCS was
not or less inhibitory in the same conditions (Figure 9). This
result proves that the diminished macrophage accumulation of
NPs in the presence of HP and HRG is due to the hampering of
cell surface binding, which in turn affects the following active
endocytosis of the particles.

SiO,-NPs are well known to induce cytotoxicity and cytokines
release.”® ** No cell death and production of IL-1B was
observed in parallel experiments in which cells were treated
with SiO,-NPs for 3 hours in the presence of different protein
mixtures as above. However, after a prolonged incubation (24
h), we could evaluate the modulatory effect of the various
plasma proteins involved in the formation of the HP corona on
the intrinsic efficacy of bare NPs to kill cells and to induce IL-
1B. The different proteins of the corona mix protected cells
with different efficacy and selectivity, when used as single
agonists: VLDL, LDL, HDL, Kin-1 and HRG are strongly
protective in both monocytes and macrophages while HSA,
1gG and Fibr are poorly protective in monocytes and protective
in macrophages. Consequently, FCS, HP and the corona mix all
completely inhibited the cytotoxic and pro-inflammatory
effects of SiO,-NPs, and in no case the selective deprivation of

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 18



single proteins from the corona mix resulted in the recovery of
cytokine production and cell toxicity (Figure S10). This data
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Figure 10. Effect of HRG on the capture of SiO,-NPs by macrophages in FCS and HP. A)
SiO,-NPs (20 pg/ml) were incubated with 10% FCS or with 10% FCS plus purified human
HRG (15 pg/ml) for 15 minutes at 37°C, and the hard-corona was analysed by SDS-PAGE
after particles recovery and washing by ultracentrifugation (a representative gel out of
three is shown). The single bands corresponding to the indicated major proteins,
validated by MS, were quantified by densitometry after silver staining, as reported in
panel B. BSA non-specific signal, marked in mock (no NPs) SDS-PAGE samples is
indicated by an asterisk in the gel. Data are means + SE (N=3). * significance (p<0.05)
compared to HRG lacking conditions. C, D) Macrophages were incubated with SiO,-NPs
at the indicated doses in RPMI with 10 % FCS and 10% FCS + 15 pg/ml HRG (C) or in
10% FCS, 10% HP and 10% HP + 15 pg/ml HRG (D) for 3h at 37°C . NPs association to
cells was determined after washing by flow-cytofluorimetry. Data are the mean +SE of
three experiments run in duplicate. * significance (p<0.05) compared to FCS; §
significance (p<0.05) compared to HP.

suggest that, at least at the relatively low NPs dose used in this
study, a specific protein corona composition is not required to
block the toxic and proinflammatory effects of SiO,-NPs and
that many different proteins can ensure a non-specific
protection of the membrane-active silica surface of NPs.

If HRG is the protein responsible for the protective effect of HP
toward macrophage uptake, when it is predominately present
in the corona, its absence in FCS may explain the effective
capture of SiO,-NPs by macrophages in this medium.
Consequently, we decided to test the effect of the addition of
human HRG to FCS at a concentration equivalent to that
present in HP. Regarding the corona composition, an almost
total displacement of FCS-derived typical proteins (a2-
macroglobulin, Apo A-l, haemoglobin a/B) was observed and
HRG became the major protein as in HP (Figure 10A, B).
Consistently, a strong reduction of NPs capture by
macrophages in FCS implemented with HRG was observed
(Figure 10C). Also the addition of purified HRG (+ 30 pug/ml) to
HP determined a further improved reduction of SiO,-NPs
macrophage capture (Figure 10D). Moreover, HRG indeed
completely restored the ability of HRG/Kin-1 depleted HP to
inhibit NPs macrophage capture (Figure 11C).
experiments in which NPs were incubated with macrophages

Other control
in the presence of plasma depleted of Fibr, a major protein

taking part to the corona after HRG, showed no significant
variation of HRG content in the corona and a conserved ability

This journal is © The Royal Society of Chemistry 20xx
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to inhibit the NPs capture by cells (Figure S11). Another
interesting
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Figure 11. Effect of HRG depletion on the ability of HP to inhibit SiO,-NPs capture by
macrophages. A) SiO,-NPs (20 pg/ml) were incubated with normal (HP) or HRG-
depleted 10% HP (HP-HRG) for 15 min at 37°C. The hard-corona was analysed by SDS-
PAGE (representative of three) after particles washing by ultracentrifugation and the
main proteins (indicated by arrows and validated by MS) were quantified by
densitometry after silver staining. Non-specifically recovered proteins (Fibr, 1gG, HSA,
Apo A-l) from mock (no NPs) samples run in parallel are marked by asterisks in the gel.
B) Histograms represent the band intensity of indicated proteins and are the mean of
three experiments + SE. * significance (p<0.05) compared to HRG lacking conditions. C)
Macrophages were incubated at 37°C for 3h with SiO,-NPs at the indicated doses in the
presence of RPMI 1640 medium plus 10% HP, 10% HRG-depleted HP or 10% HRG-
depleted HP re-integrated with HRG 15 pg/ml, and NPs association to cells was
determined after washing by flow-cytofluorimetry. Data are the mean +SE of three
experiments run in duplicate. * significance (p<0.05) compared to a medium containing
HRG. D) The removal of HRG from HP was validated by Western Blot by loading on a
12% non-reducing SDS page 50, 25, 12.5 or 6.25 ug of HP and HP — HRG (previously
analysed for total proteins concentration by Bradford assay) and 0.675 pg of purified
HRG as positive control. The blot was developed using ECL system for 10 seconds.

aspect of this control is the lack of Kin-1 in the corona, likely
due to its involvement in the coagulation process and possibly
loss in fibrin clots. This observation further confirms the
irrelevant contribution of Kin-1 to the ability of plasma to
inhibit SiO,-NPs capture by macrophages.

Discussion

In this study we found further evidence strongly supporting
the paradigm that the composition of the protein corona is one
of the main factors that control the interaction of
nanoparticles with cells. We were however interested not only
in elucidating the effect of the corona on the nanoparticle
biological activity, but also in understanding which are the
relevant in vitro conditions required to get information
predictive of the behaviour of the nanoparticles in vivo. The
initial idea that prompted this investigation was that the
nanoparticles, once injected in the bloodstream, will
experience a substantial dilution and will accumulate primarily
in the cells deputed to capture foreign entities. Consequently,
we pointed our attention on: human plasma, low nanoparticle
concentrations and phagocytic cells.

Nanoscale, 2015, 00, 1-3 | 9
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. . . . . . 21,27,41
In line with such premises and with previous studies, we

found that the protein hard-corona undergoes dramatic
composition changes depending on the protein source
selected (FCS or HP). Moreover, we here show that also the
nanoparticles concentration is a determinant parameter, as we
will discuss in detail later. We identified two groups of 7 and
12 proteins respectively as major constituent of FCS and HP
derived coronas. Among them, only Apo A-l, Apo A-Il (HDL
markers) and albumin (HSA or BSA) are present in both the
sets. When the attention is focused only on the most
represented proteins, which are a2-macroglobuline and
haemoglobin a/B for FCS and HRG, Kin-1, and Fibr for HP, no
overlap is found between the coronas formed in the two
media. Strikingly, in FCS, not only Fibr and Kin-1 are not
present, due to the involvement of these two proteins in clot
formation which is part of the production of such medium, but
also HRG is missing. Such absence likely leaves room to other
proteins on the NPs whose affinity for silica surface is lower .
This is confirmed by the fact that, when HRG is added to FCS,
the corona composition changes completely and becomes
similar to that formed in HP.

Such a relatively simple composition of the nanoparticle
corona may appear in contrast with other reports, where
much larger numbers of corona forming polypeptides are
identified. 2 > > 1113.27.34 However, this disagreement can be in
part explained by our choice to focus on abundant corona
components, present in stoichiometric ratios, based on the

conceivable hypothesis that these are the molecules
predominantly influencing the nanoparticles biological
behaviour.

Second, in some cases, we aimed at identifying protein
families (lg, lipoproteins) using bona fide and well recognized
markers, without differentiating all single composing
polypeptides or searching for minor proteome components.
For example, Apo A-l allowed us to identify the presence of
HDL in the corona’ in spite of the larger polypeptides set that
characterizes these lipoprotein. In facts, the lipoproteins
proteoma is formed by at least 40 polypeptides, in part
overlapping with the highly heterogeneous coronas recently
reported on Au- and SiO,-NPs. % 11,12, 3840 ;e suggests that
the reported complexity of the NPs corona in shotgun
experiments, especially for the abundant sub-stoichiometric
components, may be due, at least in part, to the contribution
of the HDL, LDL and VLDL own proteomes. Another similar
case is represented by antibodies: we marked them as IgGs in
our study but several polypeptides or virtual polypeptides,
generally reported in shotgun proteomics experiments,
contribute to the formation of single antibody molecules and
to different isotypes (that were indeed identified by us in the
corona).

Eventually, special consideration deserves the fact that we
performed our experiments at low nanoparticle
concentrations: in these highly limiting conditions, only the
proteins with the highest affinity for the nanoparticle surface
are supposed to effectively bind them, and this is reasonably
expected to simplify the corona protein pattern. Indeed, we
found that at higher NPs concentrations, both the absolute
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number of protein bands in SDS-PAGE analysis and their
heterogeneity sensibly increased, in line with other studies.”
11,13, 42 g,ch observation is in agreement with our conclusion
that the depletion of HRG allows the recruitment of other
proteins in the corona. In this respect, it may also be important
to note that, at the higher NPs doses, the simple notion of neat
hard coronas around individual NPs may be not apt to
interpret data. In fact, in line with another study,27 NPs/
plasma proteins large aggregates forms above 100 pug/ml NPs
concentrations (Figure S4). This process may lead to non-
specific recovery of more plasma components by NPs clusters,
either in solution or during the centrifugation step
(entrapment effect). Moreover, the concept of corona in this
conditions may be not useful, especially when proteins of the
same size or bigger than the NPs are found, while a
heteroaggregation model may be more appropriate. a3

A further element to take in consideration are the results
obtained by biochemical titration of the maximal amount of
protein units which can associate to NPs. In our study we
determined, using purified proteins, that the maximal number
of proteins that can accommodate on the surface of our 26 nm
diameter SiO,-NPs is about 30 for HRG, 47 for Kin-1 and 27 for
Fibr. These data are in line with the quantification of the same
proteins in the corona when particles are incubated with HP al
low NPs doses (20 HRG plus 7 Kin-1 and 2-3 Fibr,
corresponding to 30 total protein molecules). Not only such
experimental figures are in agreement with geometric
considerations, providing acceptable protein footprint, but
they are also in line with previous literature reports. Dell’Orco
et cll.,44 based on geometric simulations, estimated the
maximal number of HSA (8 nm diameter), HDL (10 nm
diameter) and Fibr (16 nm diameter) molecules that can form
a corona monolayer around 70 nm diameter co-polymer NPs.
Normalizing their estimate for the difference in surface (~ 7
times larger compared with our 26 nm diameter SiO,-NPs) a
maximal number of 54 HSA, or 37 HDL, or 16 Fibr molecules
per particle can be calculated, not far from our estimations. At
the end, it becomes quite evident, both on basis of geometry
and of the above discussed results, that tens of protein units
per particle, and not hundreds, form a corona monolayer
around ~ 26 nm diameter NPs.

This specified, we must stress that although other proteins co-
migrating with the major protein bands identified were indeed
detected by MS (see Table S2) their scores and semi-
quantitative label-free  estimation (emPAl parameter)
3indicated that they are minor components with respect to
the major ones, especially at low NPs concentrations. This
tendency was indeed confirmed in various temperature
conditions (37 °C vs 4°C), HP percentage (10% vs 100%) and
centrifugation used to isolate NPs-corona
complexes.

Taking into account all above considerations and evidence, we
conclude that the most peculiar distinctive feature of the HP
corona (and also of the MP corona) of silica nanoparticles is
the prevalent presence of Histidine-Rich Glycoprotein (HRG) at
the low nanoparticle concentration conditions (that are likely
With some

protocols

more representative of in vivo situation).
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differences, possibly due to the use of higher nanoparticles
doses and different conditions, this observation is in
agreement with those obtained by Monopoli et. al studying
silica nanoparticles.45 Indeed, in experiments in which much
larger SiO,-NPs concentrations were tested (mg/ml range),
these authors found that the HP-derived corona is composed
by several proteins including Fibr as the major protein but also
HRG, Kin-1, 1gGs, HSA, PLG and several HDL and LDL markers.
Moreover, increasing plasma concentration from 10% to > 55%
changed this pattern in such a way that HRG became the major
corona protein, followed by Fibr and HSA, a result compatible
with our data. It is also to be noted that HRG and Kin-1 were
found as major corona components also in the HP corona of
negatively charged NPs made of PLGA % and dextran-lron
Oxide.”” Such observations suggest that HRG and Kin-1 may
have a high affinity for negatively charged surfaces. In the case
of our silica nanoparticles, this hypothesis is supported by the
nanomolar dissociation constants we measured.

It is also worthy to stress that we always consistently observed
a relative poor abundance of serum albumin in any condition
tested (HP at both 10 and 100% concentration, HS, FCS and
MP), often accounted just by the background residue, in spite
of the fact that this protein is the most abundant in
plasma/serum and has been reported as major component of
the hard corona in SiO,-NPs and other NPs. The low affinity of
HSA for amorphous silica (> 1 uM), similarly seen in other
negatively charged nanoparticles 3637 is consistent with this
finding and somehow questions the inclusion of albumin in the
category of hard-corona proteins for SiO,-NPs, and possibly
other negative NPs, where its presence may be due to
incomplete washing of the abundant free protein.

The above discussed biochemical abundance of HRG in the
SiO,-NPs corona is sound also because it is consistent with the
main functional observation made in this study, namely that
HRG was proven to have an intrinsic ability to inhibit the
capture of these NPs by macrophages, while several other
plasma proteins variously found in the corona have not. HRG
abundance simply explains the here shown ability of human
plasma to decrease the macrophage capture of these NPs
compared to the bare ones. Indeed, the strong inhibitory
action of HP corona on the ability of macrophages to capture
NPs implies that the protein(s) mediating such effect must be
present in large amount in all nanoparticles in solutions. This
suggests that, even if minor components may be present in
small proportions, or in strong substoichiometric ratios as
indicated by other studies,s' 12, 34 they are not able to
counterbalance the inhibitory effect of HRG. Our data do not
exclude that other minor corona components may contribute
to the cell interaction of SiO,-NPs with macrophages, or other
cell types, for example favouring, in a positive way, the
insurgence of new properties, but point to HRG as a major
functional player able to obstacle the interaction of these NPs
with macrophages.

Available information on HRG further supports our structural
and functional conclusion. In fact HRG, belonging to the type 3
cystatin family,48 found in many vertebrates and invertebrates
4930 i formed by two N-terminal cystatin-like domains, a
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central histidine-rich region (HRR), containing multiple GHHPH
tandem repeats flanked by proline-rich regions, and a C-
terminal region.EO'52 It is crucial to note, from our perspective,
that the HRR is responsible for the binding of HRG to
negatively charged matrixes like phospho-cellulose, heparin
and heparan sulphate and for its antibacterial/antifungal
activity.53'55 Consequently, HRR could be also responsible for
the here observed high affinity of HRG for the negatively
charged surface of SiO,-NPs. This hypothesis is supported by
the fact that Kin-1, which is the only other type 3 cystatin that
contains a HRR, has a similar high affinity for the nanoparticles,
and, consequently, not only is present in significant amount on
the SiO,-NPs surface (together with HRG) but also replaces
HRG when this is removed from the corona. The other type 3
cystatins present in serum, like Kininogen 2 and fetuins, which
do not contain HRR, were not found associated to SiO,-NPs in
the conditions used, strongly suggesting that it is the HRR
domain and not the cystatin one that mediates HRG and Kin-1
binding to SiO,-NPs. Time course experiments show that HRG,
and Kin-1, are not displaced form the corona after a prolonged
incubation by other plasma proteins and that these proteins
remain the major corona components at low NPs doses.

It can also be noted that also the presence of Kin-1 fits with
other known properties of SiO,-NPs. In fact, at high NPs doses,
in addition to Kin-1, partially processed as testified by its
electrophoretic  migration,  Kallikrein  and
coagulation factor XII (F-XIl or Hageman factor) are also
present among other minor corona components. These three
proteins indeed form a complex called the contact system on
negatively charged surfaces and trigger the coagulation
process.56 SERPING1, a negative regulator of F-XlI, is also
present in the corona as minor constituent. These data are in
agreement with functional data showing that amorphous silica
can accelerate the coagulation cascade via the contact
system.57 Our experiments with coagulated plasma, in which
not only fibrinogen but also the contact system (Kin-1,
Kallikrein and F-XII) is depleted, confirm that these other minor
corona components are not involved in inhibiting SiO,-NPs
macrophage capture.

The variation of the SiO,-NPs corona composition upon dose
increase, which undergoes a decrease of HRG and an increase
of the other plasma proteins with lower affinities for silica
surface, is consistent with the HRG plasma concentration, with
its measured affinity and maximal binding capacity for SiO,-
NPs, and with the rough geometric features of nanoparticles
and proteins engaged in this interaction. Density of silica
nanoparticles prepared with the Stober method is 2.0 g/ml.31
From this value, it is possible to estimate a surface area of 115
mz/g for nanoparticles with a diameter of 26 nm. Using the
footprint value of 60 nm?’ estimated above for one HRG or Kin-
1 molecule, it is possible to calculate that 10% HP contains
enough HRG or Kin-1 to coat ~ 100 pg/ml of SiO,-NPs, while
HRG alone can coat a surface area corresponding to about 74
ug/ml nanoparticles. Such figures are in agreement with
calculations based on experimentally determined maximal
binding capacity and affinity of our NPs for HRG (~ 30
molecules of HRG per particle; Ky = 2.4 nM) that predict a

anomalous
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~90% depletion of soluble HRG in 10% HP by 80 ug/ml NPs
(see paragraph 10 of the SI for more details). However, in the
complex mixture of HP, other proteins with lower affinity but
higher concentration can compete for nanoparticle surface
adsorption also before such threshold is reached. Indeed, we
found some Fibr molecule in the HP corona also at the lowest
NP concentration explored (20 pg/ml). Fibr affinity for the
silica nanoparticle is about 10-fold lower than that of HRG and
Kin-1, but its concentration is 3-4 folds larger in molar terms.
Hence, as long as the nanoparticles concentration increases it
can easily adsorb to the fraction of nanoparticle surface no
more protected by HRG and Kin-1, progressively diluting these
two proteins in the corona. Eventually, at 160 pug/mL NPs
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Chart 1. Upper: pictograms of the main proteins engaged in the formation of the
concentration-dependent corona of silica nanoparticles in HP. The size and shape of
the different proteins were roughly represented in scale to appreciate their dimension
with respect to 26 nm diameter SiO,-NPs used in this study, also shown. Note that the
indicated protein diameters are deduced by DLS measurement done in this study and
that especially in the case of Fibrinogen, a fibrillary protein with a length around 40
nm, the value is apparent. The shape of HRG and Kin-1 is an artistic guess based on
their secondary structure, in the absence of more detailed information, where Cyst
indicates cystatin domains present at the N terminus, while HRR is the cationic
Histidine Riche Region likely responsible for the interaction with the negatively
charged, silanols containing, surface of SiO,-NPs. Lower: uptake of SiO,-NPs in the
absence of a protein corona (left) or (right) in the presence of a heterogeneous corona
(Fibr, HDL, LDL and 1gG major proteins here represented-note that HSA is omitted since
present in very few amount) formed at high NPs concentrations (here, some degree of
particle aggregation is depicted to account for DLS data). Binding and endocytosis
inhibition of monodispersed NPs having a uniform HRG-rich corona formed at low NPs
concentrations, with a minor contribution of Kin-1 (middle). Note that the corona
effects are exerted at the level of plasma membrane binding, non-specific for naked
NPs or mediated by macrophagic scavenger receptors for HP coronas at high NPs
concentrations, which allows the subsequent energy-dependent capture of the NP (see
text for thorough discussion).

concentration, the corona is formed by other proteins and, if
we consider the protein mass, almost exclusively by large Fibr
molecules. Our data predict that other proteins will likely
adsorb in sensible amount at larger NP concentrations, when
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also Fibr will be depleted from the solution. Such a strong
dependence of the corona composition on the nanoparticles
concentration is particularly relevant because, over all the
proteins tested, HRG is the only one strictly necessary to
inhibit the SiO,-NPs capture by human macrophages. No other
protein, included the structurally related Kin-1, is able to
reduce macrophages capture of NPs. The absence of HRG in
FCS explains the different uptake behaviour observed in the
two media. Remarkably, these results

also show that different compositions of the corona may
determine or not different interacting properties of the
particles depending on the cell type. Indeed, while the
nanoparticle uptake efficacies displayed by monocytes and
lymphocytes are very similar in FCS and HP, only using
macrophages we could detect a sensibly different uptake
which correlates with the different origin of the corona. The
choice of the cellular model used for determining the
biological behaviour of nanoparticles is hence very important.
Macrophages are the main responsible for particulate blood
clearance. This selective “stealthing effect” of HRG with
respect to the nanoparticles capturing ability of primary
human macrophages may have important consequences in the
bioavailability of SiO,-NPs, and, possibly, other negative NPs in
vivo.

Although the mechanistic explanation of HRG effect will
require further investigations, we can already formulate
reasonable hypothesis, based on available evidence.
Experiments performed at low temperature and upon
inhibition of energy dependent processes indicate that HRG
prevents the binding of the nanoparticles to the cell plasma
membrane, which is the first step of internalization. We’ve
already reported that in protein free media the silica
nanoparticle bind to cell membranes displaying a relevant
membrane disruption activity. 3. 2% guch non-specific
interaction could be considered responsible for the strong
capture of the “naked” nanoparticles in all the cell considered.
Apparently, the formation of the corona in the absence of HRG
is able to prevent nanoparticles association to other cell types
with the very exception of macrophages. In this last case,
nanoparticles internalization could arise from the presence of
specific receptors, as HSA, fibrinogen (MAC-1), HDL scavengers
receptors, and Fc receptor capable to recognize the
nanoparticle adsorbed proteins (see scheme in Chart 1). This
hypothesis may explain why Kin-1 is not able to prevent
macrophage capture like its homologous protein HRG. In fact
Kin-1 also binds to MAC-1 scavenger receptor present on these
cells. Indeed, Mac-1, an integrin heterodimeric receptor
expressed in macrophage, known to bind to iC3b-coated target
cells, is a multifunctional receptor able to bind also fibrinogen
and the Kallikrein cleaved Kin-1 or HKa.”®

In the case of FCS, it may be useful to note that the most
abundant corona protein in this medium, haemoglobin, may
bind to scavenger receptor class B type 1 (SR-B1), and CD163
expressed on macrophages.59

The fact that SiO,-NPs macrophages binding and the following
uptake does not occur effectively when the corona is mostly
composed by HRG may indicate that these cells do not have
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receptors for HRG or, alternatively, that the nanoparticle
adsorption may prevents the recognition of HRG, due to
unfavourable orientation. Indeed, HRG was reported to
mediate the capture of HRG-opsonized dead cells by
monocytes, via the link formed by Ing,60 although other
evidence did not support this possibility.61 We here observed
an opposite, anti-opsonic effect of HRG on SiO,-NPs, not
modulated by the presence or the absence of IgG. It is
therefore possible that the interaction of HRG with the silica
surface is different from that with dead cell surface, so that
further binding of IgG, is impossible. Other studies showed
that HRG also bind fibrinogen.62 However, we did not find a
positive correlation between HRG and Fibr recruitment in the
HP corona, while, on the contrary, fibrinogen binding occurred
after the consumption of free HRG at higher NPs doses. Once
again, it may be that the ability of HRG to bind Fibr, is
compromised in silica-adsorbed HRG. A role in the ability of
HRG to inhibit the binding to macrophages may also be played
by its glycosylation. In fact, recent observations indicate that
glycosylation of the corona associated glycoproteins, among
which HRG was indeed also identified as a major constituent,
not only stabilizes SiO,-NPs in solution but also reduces the
binding to macrophages,40 in good agreement with our data,
showing the high prevalence of highly glycosylated HRG in
plasma excess and the parallel prevention, in these conditions,
of NPs aggregation and macrophages capture by this protein.
However, since we have shown that the homologous and as
well glycosylated Kin-1, although able to bind effectively to
SiO,-NPs cannot prevent macrophage binding, it seems clear
that subtler biochemical, HRG-specific, mechanisms must play
arole, as discussed above.

Conclusions

In summary, we here report that a single protein, namely HRG,
present in human (and mouse) plasma but not in FCS, is
potentially capable to completely change the biological fate of
silica nanoparticles by strongly reducing their capture by
macrophages. HRG appears to have a high affinity for silica
surface, likely arising from its histidine-rich motives, and is able
to compete for nanoparticles binding with proteins present in
plasma at much higher concentrations. However, the limited
plasma concentration of HRG allows for the formation of a
homogeneous and stable corona only below a relatively small
nanoparticles concentrations. Indeed, a strong assumption of
our study is that final low particle concentrations better
simulate the in vivo situation. Low particle/high protein
situations are more plausible in many cases, such as rapid
injection in the bloodstream. However, it is also possible that
in some circumstances, for example subcutaneous injection, or
depending on the NPs system nature, the initial bolus of NPs
provide enough particles for aggregation to occur before
dispersion. So, high NPs dilutions and the corona formed in
this case should not be taken as an a priori absolute
requirement to predict the behaviour of NPs in vivo. In other
cases, at least in the initial phase, low dilutions may better
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represent the situation in vivo. In this light, further
experiments should be focused on the kinetics of reversion or
time evolution of protein-NPs complexes and aggregates
initially formed at relatively high NPs concentrations in a given
host fluid upon subsequent dilution in the same, or others,
physiological solutions. Nevertheless, our data, pointing to the
phenomena linked to NPs concentration relative to protein
availability, still highlight how only a careful choice of the
experimental conditions may allow obtaining in vitro results
predictive of the general nanoparticle biological behaviour.

In summary, three variables are essential for useful corona
functional analysis: 1) the use of an appropriate physiological
medium (plasma proteins for NPs envisaged for blood
injection), 2) the careful selection of nanoparticles
concentration and 3) the use of appropriate cell models.
Interspecific differences in HRG plasma concentrations must
be also taken into account, as our data obtained in mouse
plasma indicate, since this might modify the pharmacokinetics
of negatively charged NPs.

Eventually, the results here discussed may also disclose
intriguing applications. First, HRG has been shown to regulate
haemostasis and to antagonize cancer progression.63 64
Further studies will be required to assess if such effects are
retained in the NPs-adsorbed HRG, and can be possibly
exploited for medical purposes. Second, our data also suggest
the possibility that the stable recruitment of HRG and its
further stabilization on the surface of nanosystems could be
used as an alternative strategy to obtain a biomimetic and bio-
compatible “stealthing” layer on nanotheranostics.

Experimental Section

Synthesis of fluorescein-aptes (FITC-APTES)

Fluorescein isothiocyanate (0.031 mmol) was dissolved in 10
mL of 11 dry tetrahydrofuran (THF) in a flame-dried flask. Then
7.2 uL of (3-aminopropyl)triethoxysilane (APTES, 0.031 mmol)
and 4.3 pL of triethylamine (0.031 mmol) were added. The
mixture was stirred for 16 h at room temperature in N2
atmosphere (TLC, silica plate, ethyl acetate, Rf = 0.5). The
solvent was evaporated and the residue was dissolved in 3 mL
of THF. This solution was added dropwise to 20 mL of n-
hexane and the precipitated product was recovered by
centrifugation (4000 g for 5 minutes). This purification
procedure was repeated two times. The product (12 mg) was
obtained as of yellow powder (64% yield). ESI-MS m/z: [M+H]"
caled for C3pH35N,04SSi, 611.2; found, 611.6 (100 %).

Nanoparticles synthesis, characterization and stability

Stober nanoparticles were prepared as follows: to a
thermostated vessel charged with ethanol (20 mL), 500 pL
(2.45 pmol) of 4.9 mM solution of FITC-APTES in DMSO and
100 pL (0.45 mmol) of TEOS were added under stirring at 25
°C. In order to initiate the polymerization, 1.2 mL of 7.4 M
aqueous solution of ammonia were then added. After 16
hours, the solution was diluted to 80 mL with ethanol and

concentrated to the original volume by ultrafiltration through
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a regenerated cellulose membrane (cut-off 10 kDa) under
nitrogen pressure (4 bar). The procedure was repeated six
times. The solution was filtered through a 0.45 pm
regenerated cellulose filter to remove the precipitate. The
dilution-concentration procedure was then repeated five more
times with milliQ water. The resulting solution was filtered
through a 0.22 um regenerated cellulose filter. Fluorescein
concentration is determined by its absorbance at 490 nm (€=
77000, pH 9.0). Nanoparticles weight concentration is
determined by weighting a dried aliquot of the product. The
loading of the FITC-APTES-Si in the nanoparticles was ~ 0.56 %
(w/w). Residual free FITC in the preparations were always <
0.35 % (<0.25 uM) compared to the amount of FITC coupled to
the NPs matrix (76-99 uM), and were not found to significantly
contribute to cell fluorescence in FACS experiments (see
below). DLS measurements provide an average diameter of
2613 nm (number weighted) with a 0.19 PDI (in phosphate-
buffered saline [PBS], pH 7.4). The zeta-potential value (same
conditions as DLS analysis) is -18.3 mV. TEM analysis yields a
25+ 3 nm diameter in good agreement with the DLS size. NPs
batches (2 mg/ml) were stable in milliQ water for at least 2
months.

DLS measurements

Proteins were incubated in PBS (10 mM, pH 7.4) with Stéber
nanoparticles (20 pg/ml) at 37° C for 10 minutes. Samples
were then transferred into a 120 pl quartz cell and submitted
to DLS analysis using a Malvern Instruments Zetasizer NanoS
apparatus equipped with a 633 nm laser and a Peltier
thermostating system. The proteins used were histidine-rich
glycoprotein (HRG, 15 pg/mL), immunoglobulins G (IgG, 700
ug/mL), human serum albumin (HSA, 5000 pg/mL), high
density lipoproteins (HDL, 150 pg/mL), low density
lipoproteins (LDL, 78 pg/mL), very low density lipoproteins
(VLDL, 12 pg/mL), Kininogen-1 (Kin-1, 8 ug/mL), and fibrinogen
(Fibr) (300 pg/mL). Prolonged incubation times did not lead to
further size modifications. Volume weighted distribution
analyses were used in order to allow more reliable detection
of nanoparticles and aggregates in the presence of large
amount of serum proteins (in number-weighted distribution
analysis scattering contribution from serum is prevailing over
nanoparticles one at low nanoparticles concentrations, while
in intensity-weighted distribution scattering from larger
aggregates present in even very small amounts is
predominant). Note that average size provided by volume
weighed distributions are somewhat larger than those
provided by number weighted distribution as a results of the
third-power dependence of volume over radius. However, in
those experiments where the protein concentrations was
particularly high (HSA, HDL, IgG, HP, FCS and corona mix) or
where protein size is comparable or greater than particles size
(VLDL, LDL) the corona-coated nanoparticles, but not larger
nanoparticles aggregates, resulted to be undetectable also in
the volume weighted analyses. In other experiments, Stober
nanoparticles (100-500 pg/ml) were incubated with 10% v/v
FCS, 10% v/v HP or 10% v/v MP diluted in PBS pH 7.4, and DLS
analysis was performed as above.
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Cells

Peripheral human blood cells and plasmas (see below) utilized in
this study derived from healthy blood donors, as anonymously
provided by the Transfusional Center of the Hospital of Padova, in
compliance with the relevant laws and institutional guidelines.
Written informed consent for the possible use of these materials
for research purposes was obtained from blood donors by the
Transfusional Center. Data related to human samples were all
analysed anonymously. Human leukocytes and plasma were not
obtained consequently to experimentation on human beings but as
a consequence of voluntary and informed blood donation for
transfusions: no approval of Ethics Committee is needed in such
cases in our institution. Monocytes-enriched preparations were
isolated from human buffy coats by centrifugation over a Ficoll-
Hypaque step gradient and a subsequent Percoll gradient as
described in Tavano et. al.®® After 1h adherence to plastic in RPMI
1640 (Gibco, BRL see SI for full composition description)
supplemented with 2% (v/v) FCS (Euroclone, endotoxin < 0.3 EU/ml)
and antibiotics (100 U/ml penicillin and 100 ug/ml streptomycin)
stimuli were added. Human macrophages were derived from
monocytes for 7 days with 100 ng/ml macrophages colony-
stimulating factor (M-CSF, Peprotech) in RPMI 1640 plus 20% FCS.
Macrophages differentiation was checked by morphological
inspection and differential expression of CD14 and CD16 as
previously described.”® Human hepatocellular carcinoma HepG2
cells were maintained in RPMI 1640 medium supplemented with
10% FCS + antibiotics and split every 2-3 days. All cells were kept at
37°Cin a 5% CO, humidified atmosphere.

Human plasma, human serum, mouse plasma and proteins

Pooled platelet poor human plasma from healthy donors (HP)
supplemented with 22 % v/v of citrate phosphate dextrose
adenine solution (CPDA-1) as anticoagulant (composition Sl)
was kindly provided by Centro Trasfusionale of the Hospital of
Padua (ULSS16), frozen in aliquots in liquid nitrogen and stored
at -20°C. Human serum (used as Fibrinogen depleted plasma)
was from TCS Biosciences, frozen in aliquots in liquid nitrogen
and stored at -20°C. Mouse plasma was obtained from freshly
drawn mouse blood (containing 0.38% v/v sodium citrate as
anticoagulant) after centrifugation at 1,800 g for 10 minutes
without accelerator and brake and subsequent spin at 15,000 g
for 2 minutes to remove contaminant cells and debris. After
freezing in liquid nitrogen, plasma aliquots were stored at -
20°C. To minimize the formation of Fibr/Fibronectin rich
protein cryoprecipitate from plasmas, which forms when this is
thawed at low temperature, frozen HP and MP aliquots were
always thawed in water bath at 37° C and then brought to
desired temperatures, depending on the experiment.66

Histidine-rich glycoprotein (HRG) was purified from human
plasma (see HRG purification). Human immunoglobulin G pool
(1gG) and human albumin (HSA) were purchased by Sigma
Aldrich, human high, low and very low density lipoproteins
(HDL, LDL, VLDL), human High Molecular Weight Kininogen
(HMWK or Kininogen 1) and human fibrinogen (Fibr) were
from Calbiochem. In DLS, corona and cellular experiments, all
proteins were used at concentrations ~ corresponding to 10%
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(v/v) human plasma: HRG 15 pg/ml; 1gG 700 pg/ml; HSA 5
mg/ml; HDL 150 ug/ml; LDL 78 pg/ml; VLDL 12 pg/ml; Kin-1 8
ug/ml; Fibr 300 pg/ml. HP was depleted of HRG and KIN-1 by
passing through a phosphocellulose matrix (see HRG
purification) and by collecting the flow-through. After dialysis
of 3 ml of plasma against 500 ml PBS at 4°C for 18 h (PBS was
changed after 3-4 h), the HRG/Kin-1 depleted plasma was
quantitated for protein concentration and its activity was
compared with normal HP similarly treated and dialyzed,
normalizing for protein concentration differences. Dialyzed
normal and HRG/Kin-1 depleted human plasma were
supplemented with sodium citrate (0.38% v/v) to avoid
coagulation and immediately used for cellular treatment or
corona experiments.

FACS analysis

Monocytes and macrophages (2 x 10° cells/well; 1 x 10°
ceIIs/cmz) seeded into 24-wells plates (Falcon) were incubated
at 37°C for 3, 6 or 24 h with Stéber NPs (range: 0-80 pg/ml) in
different conditions as indicated in figures. In other
experiments, macrophages were pre-treated or not for 30’ at
37°C with fresh prepared 10 mM sodium azide (Sigma Aldrich)
plus 5 mM 2-deoxyglucose (Sigma Aldrich) in the presence of
RPMI, RPMI+10% FCS, RPMI+10% HP or RPMI+15 pg/ml HRG.
Then, Stéber NPs (20 pug/ml) were added for 2 h at 37°C or 4°C.
HepG2 cells (1.5 x 10° cells/well) were seeded into 24-wells
plates the day before the experiment, and treated at 37°C with
Stober NPs (0-50 pg/ml) for 20 h in RPMI, RPMI+10% FCS,
RPMI+10% HP. Cells were collected by plastic scraping
(monocytes/macrophages) or trypsinisation (HepG2), washed
with PBS, resuspended in cold FACS buffer (PBS, pH 7.4 + 1%
FCS) supplemented with NH,Cl 10 mM to neutralize acidic
compartments and obtain the maximal FITC fluorescence, and
stained with propidium iodide 15 pg/ml (Sigma Aldrich) to
exclude dead cells. Samples were acquired with a BD
FACSCanto Il using a FACSDiva software (Becton Dickinson)
and NPs association to alive cells (10,000 events) was
evaluated as mean fluorescence intensities (MFI). The
contribution of traces of free FITC in the NPs preparations
(<0.35% of particle coupled FITC) was estimated testing cells in
the same conditions with equivalent quantities of NPs ultra
filtrates and found to account for < 0.005% of the signal
obtained using the corresponding FITC-labelled NPs
preparations.

SiO,-NPs protein corona determination

Stober NPs were incubated under stirring at 37°C or 4°C for
15’, 3 h and 6 h in RPMI 1640 supplemented with 10% FCS,
10% or 100% HP or 10% MP (thawed at 37°C and pre-
centrifuged at 15,300 g for 10’ at 4°C to eliminate any
aggregates), or the corona mix complete or depleted of each
single protein (volume 1.5 - 2 ml). NPs were subsequently
diluted with 9 ml of ice-cold PBS pH 7.4 in polycarbonate tubes
(Beckman Coulter, cat number 355603), immediately
recovered by ultracentrifugation (45 minutes, 100,000 g at 4°C,
XL-70 Ultracentrifuge Beckman, fixed angle 50 Ti rotor),
washed twice with 10.5 ml of ice-cold PBS pH 7.4 and
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eventually dissolved in 75 ul of non-reducing loading sample
buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 25% glycerol, 0.01%
bromophenol blue). In separate experiments the NPs yields
after washings was estimated by comparing the absorbance of
FITC in supernatants and the final pellets and found to be
95.5% + 4 (mean * SE; N=6) of the total particles present
before centrifugation. In other experiments, SiO,-NPs protein
corona was determined as described in Tenzer et al.*? Briefly,
Stober NPs 20 pug/ml were incubated for 15’ at 37° or 4°C in
10% or 100% pre-centrifuged HP in a volume of 2 ml, stratified
onto a sucrose cushion (0.7 M in PBS, 2 ml) and centrifuged for
45’ at 100,000 g at 4°C using a swing out SW60 Ti rotor
(Beckman Coulter) in 4 ml tubes (Beckman Coulter , cat
number 344062). After washing twice with 4 ml PBS and
centrifuging as above, NPs pellet was dissolved in loading
sample buffer. After heating at 95°C for 5’ equal volumes (25
ul) or equal amounts (13.3 pg) of samples were subjected to
gradient SDS-PAGE in 4-20% Mini-PROTEAN" TGXTM Precast
Gel (Biorad). Mock samples were always performed using
different protein mixtures or FCS/HP protein in the absence of
NPs, to estimate nonspecific protein background. Proteins
were stained with silver nitrate or with colloidal Coomassie G-
250 in case of mass spectrometry analysis, or transferred on a
Western Blot
methods). Band intensities of NPs associated proteins were

PVDF membrane for (see supplementary
estimated using Image J software after subtraction of any
background signal (mock samples). Serial dilution of known
amounts of purified human plasma proteins were loaded in
parallel in the same gel to obtained a calibration curve that
allowed us to estimate the nmoles of each single protein
associated to given amount of NPs nmoles corrected for the
NPs recovery after ultracentrifugation (a molecular weight of
~10’ Da was assumed for SiO,-NP; three Apo A-l polypeptides
were assumed to be present in one HDL lipoprotein.). This
the quantification, staining and
densitometry, of the number of protein molecules per corona

allowed after silver

units.

In-Gel Digestion, Protein identification and Database Search

Excised from the gel, bands were washed with 50% v/v
acetonitrile (ACN) in 0.1 M NH4HCO;, and vacuum-dried. For
the faintest bands two bands form identical parallel lanes were
extracted. The proteins were reduced for 30 min at 56°C with
10 mM DTT in 0.1 M NH4HCO;. After cooling, the DTT solution
was immediately replaced with 55 mM iodoacetamide in 0.1 M
NH4HCO; to alkylate the free SH groups for 20 min at 25°C in
the dark. After washing with 50% ACN in 0.1 M NH4HCO;, the
dried gel pieces were swollen in 15 ul of digestion buffer
containing 25 mM NH4HCO; and 12.5 ng/ul trypsin (Promega,
Madison, WI, USA) and incubated overnight at 37°C. Tryptic
peptides were extracted according to the protocol described
by Kim et al’® Peptide mixtures were then analysed by LC
MS/MS on a 6520 Q-TOF mass spectrometer (Agilent
Technologies, Santa Clara, CA, USA) coupled to a chip-based
chromatographic interface.
from 1 to 4 microliters depending on the staining intensity of
the corresponding treated bands,

Column volume loading varied

to ensure comparable
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analysis. A Large Capacity Chip (C18, 150 um x 75 um) with an
enrichment column (C18, 9 mm, 160 nl volume) was used to
separate peptides at a flow rate of 0.3 ul/min. Water/formic
acid 0.1% and acetonitrile/formic acid 0.1% were used as
eluents A and B, respectively. The chromatographic separation
was achieved with a gradient of B from 5% to 50% in 20 min.
Raw data files were converted into Mascot Generic Format
(MGF) with MassHunter Qualitative Analysis Software version
B.03.01 (Agilent Technologies) and analysed with Mascot
Search Engine version 2.2.4 (Matrix Science). MS/MS spectra
were searched against the SwissProt database, with the
Mammalia taxonomy filter (June 2014 version, Taxonomy
Mammalia, 66370 peptide entries). Enzyme specificity was set
to trypsin/P with 2 missed cleavage, using a mass tolerance
window of 20 ppm for parent mass and 0.6 Da for fragment
ions. Carbamidomethylation of cysteine was set as fixed
modification and methionine oxidation as variable
modification. Proteins were considered positive hits if at least
2 peptides per protein were identified with high confidence (p
< 0.05). The Exponentially Modified Protein Abundance Index
(emPAlI) was considered in order to calculate an approximate,
label free, relative quantitation of the proteins.30 The emPAl is
calculated automatically by Mascot, emPAl=
qiNobserved/Nobservable) 1\ hare Nobservable corresponds to the
possible peptides hits generated by a given polypeptide based
on in silico trypsinisation. Label free emPAl values were used,
after correction for sample loading (number of bands, volume
loaded for LC MS/MS) to calculate the molar % distribution of
the main found proteins within the same SDS-PAGE lanes.

HRG purification

Human HRG was purified from human plasma as previously
described ®” using a Fast Liquid chromatography (FPLC)
system (Pharmacia). Briefly, 20 ml of a phosphocellulose resin
(P11, Whatman) were equilibrated over night at 4°C with 10
volumes of loading buffer (10 mM sodium phosphate, 0.5 M
NaCl, 1 mM EDTA, pH 6.8) supplemented with a protease
inhibitors cocktail (Roche, cat. number 11873580001). Human
plasma (50 ml) was centrifuged (12,000 rpm 20’ 4°C), diluted
1:1 with loading buffer 2X, passed through the equilibrated
column, and flow through was collected. After extensive
washing (20 volumes) with 10 mM sodium phosphate, 0.8 M
NaCl, 1 mM EDTA, pH 6.8, bound HRG was eluted by a
progressive saline gradient (from 0.8 M to 2 M NaCl) in the
absence of protease inhibitors. HRG positive fractions
(detected by silver staining and western blot analysis using anti
HRG mouse polyclonal antibody (Abnova, BO1P) (see Figure
S12) were dialyzed at 4°C for 20 h against 20 volumes of PBS
pH 7.4, quantified with Bradford assay 69 using a Bio-Rad
Protein Assay Dye reagent and stored in aliquots at -80°C after
freezing in liquid nitrogen. On average, 2.4-4.3 mg of protein
were obtained from 50 ml human plasma. Thawed HRG
aliquots were never re-frozen and re-used for experiments.

Determination of the Kd of protein-SiO,-NPs complexes

Increasing concentrations of purified human plasma proteins
(HRG MW 64 KDa, Kin-1 MW 72 KDa, Fibr MW 340 KDa and
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HSA 60 KDa) were incubated with no particles or with SiO,-NPs
(100 pg/ml ~10 nM, assuming a nanoparticle MW of ~ 10’ Da)
in PBS pH 7.4 at 37°C for 15 min. After ultracentrifugation for
60 min at 100,000 g using an Optima Max-E Ultracentrifuge
(Beckman), the concentration of free proteins in the
supernatants (Prf) were measured by a Bradford colorimetric
protein micro-assay. Kd and maximal binding capacity were
obtained by plotting particle bound vs free protein
concentration (nM) and best fitting non-linearly the data with
the one-site equilibrium equation Prb=PrfPrbm‘.ﬂx/(Prf + Kd)
(Origin mathematics package), where Pr® is SiO,-NPs bound
protein concentration, Prbmax is the maximal bound protein
concentration and Kd is the dissociation constant.

Statistical analysis

Statistical analyses were performed using the Microcal Origin 8
software package. Gaussian distribution of data was checked
by Shapiro-Wilk test (0.05 level). Significance of the differences
between means (0.05 level) was evaluated by two samples or
paired t test, when applicable, by ANOVA analysis.
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