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nderstanding the interactions of
nanomaterials with the biological en-
vironment has crucial implications
for both the efficacy of nanomedicines and
safety issues in nanotechnology. After en-
tering into the bloodstream, nanoparticles
interact with biomolecules forming a “bio-
nano interface”. At this interface a protein
corona results from a dynamic exchange
with biomolecules, influencing both the
surface state and the local organization of
nanoparticles. ™ Therefore what the cells
“see and process” are no longer the initially
engineered nanoparticles, but the dynamic
biomolecule—nanoparticle complexes which
are formed in vivo.> The biodistribution and
fate of nanoparticles in the organism will
significantly depend on their early interac-
tions with plasma proteins.®
Among the variety of nanoparticle func-
tionalities, magnetic properties paved the
way for various diagnostic and therapeutic
applications such as magnetic resonance
imaging (MRI), magnetic targeting, magne-
tically induced hyperthermia, triggered
drug release or magnetic control of cell
migration and signaling.” Remarkably, all
these applications rely on the on-command
actuation of nanoparticles by different mag-
netic stimuli applied at a distance and can
be combined together to design theranos-
tic nanoplatforms.2® However, for most of
the magnetic nanoparticles, the relatively
poor control of their interactions with blood
constituents remains a challenging obstacle
toward their efficient targeting to specific
organs or cells. The primary target of such
nanoparticles are macrophages, which can
be detected and tracked by MRI, allowing
the monitoring of their recruitment into
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ABSTRACT One of the first biointeractions of magnetic
nanoparticles with living systems is characterized by nano-
particle—protein complex formation. The proteins dynami-

cally encompass the particles in the protein corona. Here we -5
propose a method based on nanomagnetism that allows a /

spedific in situ monitoring of interactions between iron oxide nanoparticles and blood plasma. Tracking
the nanoparticle orientation through their optical birefringence signal induced by an external
magnetic field provides a quantitative real-time detection of protein corona at the surface of
nanoparticles and assesses eventual onset of particle aggregation. Since some of the plasma proteins
may cause particle aggregation, we use magnetic fractionation to separate the nanoparticle dusters
(induced by “destabilizing proteins”) from well-dispersed nanopartides, which remain isolated due to
a stabilizing corona involving other different types of proteins. Our study shows that the “biological
identity” (obtained after the particles have interacted with proteins) and aggregation state (clustered
versus isolated) of nanoparticles depend not only on their initial surface coating, but also on the
concentration of plasma in the suspension. Low plasma concentrations (which are generally used
in vitro) lead to different protein/nanoparticle complexes than pure plasma, which reflects the in vivo
conditions. As a consequence, by mimicking in vivo conditions, we show that macrophages can
perceive several different populations of nanoparticle/protein complexes (differing in physical state
and in nature of associated proteins) and uptake them to a different extent. When extrapolated to
what would happen in vivo, our results suggest a range of cell responses to a variety of nanoparticle/
protein complexes which circulate in the body, thereby impacting their tissue distribution and their
effidency and safety for diagnostic and therapeutic use.

KEYWORDS: bionanointeractions - nanomagnetism - nanomedicine -
superparamagnetic iron oxide nanoparticles - blood plasma - mononuclear
phagocyte system

inflamed tissues such as atherosclerotic
plaques, adipose tissue, brain ischemia, or  *Address correspondence to
tumors.'® ' Macrophage imaging in var-
ious diseases like, for example, the metabolic . qived for review January 5, 2012
syndrome, atherosclerosis, stroke, multiple  and accepted February 10, 2012.
sclerosis, Alzheimer disease, or cancer is one

of the most promising goals sought by nano- 14 1021/nn300060u

medicine, using superparamagnetic iron oxide
nanoparticles as in vivo MRl markers."

Published online February 10, 2012

©2012 American Chemical Society

ACRT A NS
VOL.6 = NO.3 = 2665-2678 = 2012 A@%{\j

WWwWw.acsnano.org

florence.gazeau@univ-paris-diderot.fr.

2665



However while some types of nanoparticles will
mainly accumulate in resident macrophages of liver
and spleen, others may preferentially target circulating
monocytes and recruited macrophages involved in
inflammation processes.'>'>~'”  Moreover, macro-
phages are proposed as potent cellular vectors for
delivery of therapeutics, including nanoparticle-based
ones, into their homing sites.'® 2% Surface state and
protein corona of nanoparticles are suggested to play a
key role in determining their circulation time, notably
by governing the processes of phagocytosis (i.e., de-
termining which type of mononuclear phagocytes will
uptake the particles and at which rate). Nevertheless
the precise underlying mechanisms of the nanoparti-
cle fate are not fully clarified. A better understanding of
nanoparticle interactions with plasma proteins and
their effect on cell capture should help to improve
the control of their biodistribution and optimize nano-
particles for a desired application.

Besides, among other impacts the protein corona
might have, recent studies reported that the way
nanoparticles interact with biological matter affects
their magnetic properties via surface modifications,
aggregation, or cell confinement. In turn, the biological
environment deeply modifies particle efficiency as MRI
contrast agents or therapeutic nanomediators.?'?
Therefore the formation of nanoparticle—protein com-
plexes must be taken into account when tailoring
efficient as well as safe magnetic nanoparticles.”

While adsorption of proteins on magnetic nanopar-
ticles has been reported in several studies,>* % quan-
titative investigations of their dynamic interactions
with plasma constituents and its consequence on
macrophage uptake are still scarce. Therefore we here
report a method based on nanomagnetism to specifi-
cally quantify, in situ and in real time, the coupling of
macromolecules to magnetic nanoparticles in blood
plasma. Furthermore, this method allows the detection
of the onset of nanoparticle aggregation. Beyond
currently used analytical techniques, which are not
specific to nanoparticles, the nanomagnetic technique
that we propose in this work directly relies on magneto-
optic properties of the investigated nano-objects
and thus demonstrates an enhanced sensitivity and
specificity to conformational or organizational changes
occurring at the nanoscale. Moreover, to identify the
proteins at the nanoparticle surface, we used their
magnetic properties to separate nanoparticles from
the protein dispersion without centrifugation, thus
avoiding the loss of weakly bound proteins. Finally,
we quantified the interactions of the identified nano-
particle—protein complexes with monocyte-derived
macrophages by means of single cell magnetophoresis.
The combination of these magnetically based methods
allows an in-depth investigation of the plural biolog-
ical identities and physical states of magnetic nano-
particles as a function of their initial surface coating

LARTIGUE ET AL.

TABLE 1. Physicochemical
Studied Nanoparticles

Characterization of Bare

magnetization” DLS’ Birefringence

sample drgy (nm) & (V) dpyage (NM) 0 dy (hm) PDI dy (nm) o

citrate-coated 7.0 £ 2.0 —31.6 6.5
Pi903 69+ 18 —522 72
P904 67 16 —374 72

033 204 0166 211 0.70
024 197 0361 207 0.69
024 256 0274 209 0.70

“The magnetic size distribution (log-normal distribution with characteristic
diameter dpagn and polydispersity index o) is deduced from the magnetization
curve at room temperature. ® PDI= polydispersity index determined by DLS.

and their biological environment, as well as the rela-
tionship between the displayed identity and macro-
phage uptake.

RESULTS AND DISCUSSION

Characterization of Iron Oxide Nanoparticles with Different
Surface Coatings. To investigate plasma interactions with
well-defined magnetic nanoparticles of biomedical
interest (currently evaluated in preclinical trials), we
chose iron oxide nanoparticles (NPs) with a maghemite
(y-Fe,03) core of 7 nm, synthesized by coprecipita-
tion.”® These nanoparticles possess superparamag-
netic properties detailed elsewhere,*® which make
them suitable for both MRI and heat generation.
Their biodistribution and biotransformation were pre-
viously characterized, showing degradation over three
months and iron recycling into ferritin.'’?' These
particles are currently developed by Guerbet SA as a
new T2 clinical contrast agent for imaging inflamma-
tion processes.'*'*1>31 |n this study we investigated
the role of three different surface coatings in particle
interactions with plasma. The so-called Pi903 NPs are
raw negatively charged platforms provided with car-
boxylic moieties on the particles' surface. P904 NPs
have been derived from Pi903 precursors by functio-
nalization of carboxyl functional groups with an amino-
alcohol derivative of glucose. These particles were
designed to minimize interactions with plasma pro-
teins. Their zeta potential is strongly reduced com-
pared to Pi903 (&-potential of —37.4 mM versus —52
mV for Pi903). Citrate-coated NPs (£-potential of —31.6
mV) were also used for comparison. All NPs behave as
magnetic monodomains and show comparable mag-
netic size distribution, superparamagnetic properties,
and colloidal stability in aqueous suspension (see
Supporting Information Figures 1S and 2S). All physi-
cochemical characterizations of bare nanoparticles are
summarized in Table 1.

In Situ Quantification of the Adsorption of Macromolecules on
Nanoparticles by Dynamical Magnetically-Induced Birefringence
Method. The adsorption of proteins on magnetic nano-
particles was quantitatively monitored in situ by a
magnetically induced optical birefringence experi-
ment. This technique measures the optical birefringence
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Figure 1. (A) Schematic representation of the orientation of nanoparticle magnetic moments (red arrows) and optical axes
(gray arrows) in the absence (left) or presence (right) of an external magnetic field. (B) Interactions between nanoparticles and
blood proteins in biological media. (C) A pulsed magnetic field is applied to the suspension of nanoparticles and the time-
dependent birefringence signal I(t) a.ny — n, is recorded. The relaxation of birefringence signal I(t) after switch off of the field
fits a stretched-exponential law (black line) and is slackened for BSA—NP complexes (blue dots) compared to the bare NPs (red

dots).

signal provided by an assembly of magnetic nanoparti-
cles in suspension, when they are magnetized by a static
magnetic field. The coupling between the directions of
magnetic moment and optical axis of a monodomain
nanoparticle is ensured by both shape and magneto-
crystalline anisotropies of the ferrimagnetic lattice con-
stituting the nanocrystal.* Therefore the orientational
distribution of the nanoparticles' optical axes follows the
dynamics of their individual magnetic moments in re-
sponse to the externally applied magnetic field (Figure 1A).
Conversely, when the magnetic field is switched off,
the birefringence relaxes to zero together with the
magnetization of the sample. This relaxation is directly
related to the orientational Brownian motion of the
nanoparticles, which lose their field-induced orienta-
tion.* Following the Stokes—Einstein equation, the hy-
drodynamic volume Vy of the rotating complex can be
deduced from the orientational relaxation time 7 = 3yV,/
kgT assuming a spherical shape of the rotating com-
plexes, where 7 is the viscosity of the carrier fluid, T the
temperature, and kg the Boltzmann constant.

This measurement can be performed at any time in
the same suspension which is thermalized at 37 °C,
allowing real time monitoring of the hydrodynamic size
of the NP complex interacting or not with macromolecules
(Figure 1B). Figure 1C displays typical birefringence signal
decay after the magnetic field has been switched off (note
that the switch-off of the field lasts less than 250 ns, which
is much shorter than the relaxation time of the
birefringence). The relaxation of birefringence is clearly
slowed down in the presence of albumin or plasma. Thus
we directly observe in real time the increase of the
nanoparticle hydrodynamic size due to protein binding.*

LARTIGUE ET AL.

Quantitatively, the decay of the magnetically in-
duced birefringence signal is nonexponential but can
be well fitted by a stretched exponential function as
representation of relaxation time distribution, /(t) = Iy
expl—(t/7o)*]. Here, Iy is the equilibrium birefringence
signal upon exposure to a 100 G magnetic field, 7, is
the characteristic relaxation time constant, and a (0< a
<1) is the stretching exponent, controlling the width of
the relaxation time distribution (the smaller a is, the
wider is the distribution).

Conversely, from the stretching exponent a and
characteristic time 75, we can extract a probability
density P(Ry) for a particle's hydrodynamic radius Ry,
approximated by

3 Ra\* Ry
P(Ry) = ﬁa(R—o) exp{ _(Roﬂ (5)

Unlike a dynamic light scattering experiment, the bire-
fringence method detects only the nanoscale change
related to magnetic NPs. Owing to this specificity, the
measurement is not perturbed by light diffusion of
plasma proteins, including aggregates, and can be per-
formed in situ and in real time even in pure plasma. Thus
this method avoids separation processes that eliminate
excess protein, which often compromise the integrity of
the protein corona on the nanoparticles. Being sensitive
to less than one nanometer change in protein corona
thickness, it makes it possible to distinguish even tiny
variations in the protein corona from NP's aggregation
process. Moreover, unlike fluorescence correlation micro-
scopy, a method which was recently proposed for quan-
tification of protein layers on nanoparticles,® this
magneto-optical method does not require a fluorescent

VOL.6 =

NO.3 = 2665-2678 = 2012

WWww.acsnhano.org

2667



A Citrate-coated Pi%03 P904
16 1.0 1.0 16 1.0
15] o-a—t—a——a— e
TT'_‘ﬂm—.wos sl i 0.8 - -“"10.9
" os E 0 E Mfaertt 06
£ 13)p-o—p—f~—o—" =d=—"1"" a5 & 13
- 0a® £ 0.4 = 04 ®
m= 12 —o0—0.1mM * ¢= ) K f i ;
—o—0.5 mM P03 08— 0§ ———
" Nl pe 1] fjpemgp—=i==—ni02
10 0.0 0.0 101 . : : 0.0
0 10 20 30 40 30 40 0 10 20 80 40
t (min) t (min)
B o= 0.08
— T
0.06 ——01mM @ 0.06
“
(=] 2 o
8wl ——05mM g g oo
E ——1mM 'E 2 )
g 002 g 2 om
o © S
0.00 T 0.00
0 n 40 60 60 ' 10 0 60
R, (um) R, (nm)
C —o— D46
___ —4—Pi903 ; -70
—o — Citrate-coated -60- 5
181 , 08 E 5ol £
l"“:"‘l: cammmnef e -_ =50 g
~_ — (8]
E 0.6 < -40- ig2
E wry 77 5
= e, 04 E -30 ? ! e
— Q 20 |
- - 7 .
J 12-// 02 0 g ;é P
A ¢ 0. -10] . z
d § i} . ) 0.0 .\'!, 0- 7 717 7
00 02 04 06 08 1.0 NPs 0.1 mM mM

[BSA] (mM)

[BSA] (mM)

Figure 2. Interactions of NPs with BSA probed by magnetically induced birefringence. (A) Mean hydrodynamic radius (open
symbol) and stretching exponent (solid symbol) as a function of time with BSA at different concentrations, (B) Hydrodynamic
radius distribution after 40 min of incubation with BSA compared to the initial bare NP distribution. BSA concentration-
dependence of the mean hydrodynamic radius and stretching exponent (C), and &-potential (D) after 40 min of incubation.
The data points were averaged from three independent measurements.

marker, which may eventually interfere with plasma
protein adsorption on the nanoparticle surface.
Interactions of Iron Oxide Nanoparticles with Albumin.
When dispersed in aqueous suspensions, P904, Pi903
and citrate-coated NPs show a characteristic relaxation
time of 7o = 2.18, 2.14, and 2.62 us and a stretching
exponent of a = 0.70, 0.69, and 0.70, respectively. This
stretching exponent value (around 0.7) is representa-
tive of the intrinsic distribution of the hydrodynamic
size of the nanoparticles (correlated with crystalline
and magnetic size distributions, see Supporting Infor-
mation Figures 1S and 2S), and reveals the absence of
aggregated nanoparticles in the suspension. As a first
model protein, we selected albumin, the most abun-
dant protein in plasma (about 55% of total plasma
proteins, corresponding to a plasmatic concentration
of 0.5 to 0.8 mM). Serum albumin is a prism-shaped
a-structure protein of dimensions 8 x 8 x 3.8 nmand a
molecular weight of 67 kDa.>* The nanoparticles were
incubated at 37 °C in deionized water with increasing
concentrations of bovine serum albumin (BSA) ([BSA] =
0.1, 0.5, and 1 mM for a final iron concentration [Fe] =
10 mM, corresponding to 70, 330, and 660 BSA mol-
ecules per nanoparticle, respectively). After the addition

LARTIGUE ET AL.

of albumin, the fits of the birefringence decay typically
yield an increase in 7y (Figure 10Q). Interestingly the
change in the birefringence relaxation dynamics occurs
in less than 2 min following the contact of nanoparticles
with proteins and reaches equilibrium from 10 min
(Figure 2A). A slight decrease in the stretching index a
is observed in the first 10 min and then the value
increases again to stabilize at a value slightly greater
than that observed initially in the absence of proteins.
This shows that the system passes through a short-lived
regime of instability in the first minutes before reaching
equilibrium. However we observed some differences in
the hydrodynamic radius distribution depending on the
nanoparticle surface state and on BSA concentration
(Figure 2B). There was very little change in the hydro-
dynamic size of P904, demonstrating none or very poor
interaction with BSA (average radius increment ARy =
0.740.2,08+0.4,and 0.4 + 0.2 nmfor0.1,0.5,or 1 mM
BSA concentration, respectively). In contrast, the hydro-
dynamic radius of Pi903 and citrate-coated NPs in-
creases of 3.0 = 0.3 nm and 4.7 £+ 0.2 nm, respec-
tively, reflecting a dose-dependent albumin adsorption
on the nanoparticle surface. In the case of Pi903, this
increase leveled off for an albumin concentration of
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Figure 3. Interactions of NPs with blood plasma probed by magnetically induced birefringence. (A) Hydrodynamic radius
distribution after 40 min of incubation with plasma at different dilutions. Plasma dilution dependence of the mean
hydrodynamic radius (B), stretching exponent (inset B), and &-potential (C) after 40 min of incubation. The data points were

averaged from three independent measurements.

0.5 mM with a protein layer thickness that is in line with
the values reported in the literature for a monolayer of
albumin (Figure 2C).% The relationship proposed by
Rocker et al,”® Ry (N) = Ry (0) = (1 + cN)'”® (where Ry
(0) = 104 nm and ¢ = Vp/Vy = 0.021 for Pi903), yields a
number N of adsorbed proteins. The maximum number
of bound proteins was found around 50 per Pi903 NP and
10 for P904, whereas a total of 330 albumin molecules
was available in solution.

On citrate-coated NPs, BSA adsorption resulted in
an increasing hydrodynamic size which did not satu-
rate for [BSA] = 1 mM. This finding suggests a con-
formation of albumin molecules on the surface of
citrate-coated NPs, which is different to that on Pi903
surface. Interestingly, in all cases, the slight enhance-
ment of stretching exponent reveals a homogenization
of the particle size due to albumin coating which tends
to better stabilize the nanoparticle suspension.® Si-
multaneously, the zeta potential (reflecting the charge
measured at the NP surface including the associated
counterions) also changed to lower absolute values,
diminishing the differences of the initial NP surface
(Figure 2D).

Interactions of Iron Oxide Nanoparticles with Plasma Proteins
Depend on Plasma Concentration. After studying the inter-
actions of NPs with albumin, the most abundant
plasma protein, we investigated the effect of whole
blood rat plasma, which contained several thousand
different proteins in different concentrations, compet-
ing for binding to the surface of the NPs. NPs ([Fe] =
10 mM) were incubated in a water suspension with

LARTIGUE ET AL.

increasing concentrations of plasma (1%, 10%, 20%,
30%, 50%, and 100%). Typically the 10% plasma sus-
pension is representative of the culture medium used
for cell culture in vitro, while the 100% plasma suspen-
sion is characteristic of the in vivo situation in which
NPs are directly injected into the bloodstream.

As observed in the case of albumin, the kinetics of
protein layer formation were very fast for the three
samples (see Supporting Information Figure 3S), occur-
ring in less than 2 min. A stable relaxation time was
then found during the 40 min incubation. The char-
acteristic hydrodynamic radius Ry and stretching ex-
ponent a are plotted in Figure 3B as a function of
plasma concentration after 40 min of incubation,
together with the hydrodynamic size distribution P(R}y)
of the different samples (Figure 3A). Surprisingly, their
dependencies on plasma concentrations were not
monotonous. For Pi903 and citrate-coated NPs, the
stretching exponent a first decreases at low plasma
concentration and starts to increase beyond 30%
plasma concentration. Similarly, the average size starts
to increase dramatically and then decreases to reach a
plateau value after 50% of plasma. These data provide
evidence of a destabilization of the colloid in 10% and
20% of plasma for citrate-coated NPs and in 20% of
plasma for Pi903, which leads to the formation of stable
clusters. Conversely, the stretching exponent retrieves
its initial value beyond 50% of plasma, showing that no
aggregation occurs at higher concentration of plasma.
Meanwhile the equilibrium size is shifted toward a higher
value in suspensions with high plasma concentration,
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Figure 4. SDS-PAGE and Coomassie Brilliant Blue staining of plasma proteins at different dilutions (A), and of proteins
absorbed on nanoparticles (B) after 40 min incubation with plasma solution.

showing the formation of a stable protein corona with a
thickness of AR, = 8.8 nm, almost similar for both Pi903
(8.8 £ 0.5 nm) and citrate-coated NPs (8.8 &= 0.2 nm).

This difference in particle behavior in different
plasma concentrations suggests that the nature of
the protein corona may vary. At low plasma concentra-
tion, the interactions with some of the most abundant
proteins may cause particle clustering. In contrast, at
higher concentration, the proteins causing aggrega-
tion may be displaced by other proteins, which are less
abundant but show a greater affinity for the nanopar-
ticles and tend to stabilize them as isolated ones with a
protein corona of 8.8 nm thickness. It is worth noting
that albumin alone did not produce such an enhance-
ment of hydrodynamic volume in any of the samples.
Remarkably, in the case of P904 NPs, size distribution
remained unchanged regardless of the plasma con-
centration. This demonstrates that the glucose deriva-
tive coating of P904 NPs is very efficient in inhibiting
plasma protein adsorption compared to the noncoated
Pi903 precursor. In contrast, Pi903 and citrate-coated
NPs exhibit competitive binding processes and concur-
rent exchange with free proteins in plasma, resulting in
drastically different behaviors as one passes from plas-
ma concentrations used for in vitro cell studies to those
present in vivo.

Qualitative Comparison of Adsorbed Proteins on Nanoparti-
cles by Gel Electrophoresis. To elucidate the nature of the
protein corona as a function of plasma concentration,
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was carried out (Figure 4). The
most common method used to separate nanoparticles
with their protein corona from excess plasma is cen-
trifugation. However, centrifugation can become inap-
propriate for small diameter colloidal NPs, as it can
induce the precipitation of some protein aggregates
together with NPs or disrupt some weakly bound
protein—particle complexes. Here, we took advantages
of the NPs' superparamagnetic properties to separate
them by an external magnetic field gradient. As the
magnetic birefringence method specifically monitors

LARTIGUE ET AL.

the hydrodynamic volume of magnetic NPs, this se-
paration method first introduced by Mahmoudi et al.>*
increases the specificity of NP isolation. According to
the colloidal stability of the nanoparticles, the suspen-
sion was magnetically decanted for 1 h to 2 days until
quasi-complete separation. The supernatant was re-
moved and the precipitate was washed three times in
the presence of the magnet to remove excess plasma
before analysis by gel electrophoresis. Figure 4B illus-
trates SDS-PAGE of Pi903 and citrate-coated NPs in-
cubated for 1 h in plasma concentration from 10% to
100% (SDS-PAGE of initial bare NPs are shown in Figure
4S (Supporting Information)). For comparison, the SDS-
PAGE of pure plasma with increasing concentrations is
also displayed, showing the expected increase in in-
tensity of typical bands (Figure 4A). However, in the
case of Pi903 and citrate-coated NPs that were ana-
lyzed at constant iron concentration, all observed
bands did not increase with the incubated plasma
concentration. Some bands (e.g., at 50—70 kDa molec-
ular weight, M,,) show decreasing intensity with in-
creasing plasma concentration, whereas others (e.g., at
28 kDa) only appear for high plasma concentrations.
Overall, the same experiment carried out in three inde-
pendent replicates gives evidence that the protein pat-
tern changes significantly with increasing plasma con-
centration. In line with the evolution of the hydrodynamic
size derived from magnetic birefringence measurements,
protein fingerprints suggest that the destabilizing pro-
teins linking nanoparticles at low plasma concentration
are partially or fully desorbed at higher plasma concentra-
tions by competitive proteins with higher binding affinity,
surface coverage of the nanoparticle, and subsequent
stabilizing effect. The fact that protein patterns are rather
similar for citrate-coated and Pi903 NPs is also in agree-
ment with the identical protein corona thickness of 8.8 nm
found for both NPs. Although some subtle differences can
exist in the kinetics of protein adsorption, Pi903 and
citrate-coated NPs show similar behaviors with respect
to the plasma concentration, while P904 NPs do not
adsorb proteins as confirmed by SDS-PAGE.
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Figure 5. Schematic diagram for magnetic fractionation of protein/NP complexes. NPs are first incubated for 1 h in whole
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containing nonclustered NPs (nonclustered fraction).

The reported findings concerning the evolution of
protein corona with plasma concentration is rather
unusual for nanoparticles, since it has been generally
reported that more proteins of the same type bind in
function of increasing plasma concentration.>® How-
ever the Vroman effect, applied on macroscale sur-
faces, describes how proteins can be displaced by
others with higher affinity for the surface, depending
on the available surface area and diffusion coefficient
of proteins.>® For nanoscale particles displaying high
surface curvature and high surface area, the formation
and exchange of the corona may be due to the inter-
play of various phenomena, depending on size,>*’
surface charge,® surface roughness,®® or hydrophobi-
city.®®> In line with present results, it was recently
reported that silica nanoparticles of 50 and 200 nm
presented a protein corona that exhibited decreasing
thickness when plasma concentration was increasing
and whose composition varied, especially between
20% and 40% plasma concentration.>> Moreover there
was some evidence for clustering of NP-protein com-
plexes at low plasma concentration. Mass spectrome-
try (MS) analysis identified a decrease in the intensity of
the SDS-PAGE protein bands at 50—70 kDa due to the
decrease of the fibrinogen content with increasing
plasma concentration, while other abundant proteins
like albumin were enhanced.>**' In a similar way, we
observed here a significant decrease in the 50—70 kDa
band, likely corresponding to fibrinogen and the en-
hancement of the 28 kDa band corresponding to apolipo-
protein A-1.*° Although we do not quantitatively
analyze the whole range of proteins adsorbed on parti-
cles, our qualitative results suggest that fibrinogen plays
arole in the aggregation of Pi903 and citrate-coated NPs

LARTIGUE ET AL.

at low plasma concentration while other proteins, such
as apolipoproteins, tend to stabilize single nanoparticles
at higher plasma concentration.

The Cell Perceives Different Populations of Nanoparticles
with Distinct Biological Identity and Aggregation State. In the
above-described analysis, we emphasize the differ-
ences in what the cell should perceive in regard to
iron oxide nanoparticles administrated in vitro (at low
plasma concentration) or in vivo (high protein concen-
tration in the blood). The uptake of nanoparticles by
the monocyte—macrophage system is still not fully
understood, mainly because conditions in vitro do not
reproduce all complex in vivo nanobio-interactions.®
Several hypotheses state that macrophage uptake of
NPs results from the interplay of the nature of the
protein corona, its effect on cell surface receptors,
aggregation of nanoparticles triggering different cell
responses and the combined/interconnected effect of
NPs and protein clustering.>***~** According to the
results reported above, a preincubation in the whole
plasma is mandatory to obtain NPs with the closest
biological identity to the one achieved in vivo in the
bloodstream. Therefore we proposed the follow-
ing protocol for cell uptake assay. Pi903, P904, and
citrate-coated NPs were first incubated in rat plasma
(100%) for 1 h at 37 °C. The NP-plasma mixture was
then diluted to one-tenth in RPMI culture medium in
order to obtain a medium ([Fe] = 10 mM, 10% serum),
which is suitable for in vitro incubation with macro-
phages. An important issue, which was never ad-
dressed, is to evaluate whether cells perceive a
homogeneous population of nanoparticles or if the
intricate interactions of NPs with the myriad of plasma
proteins result in different populations of nanoparticles
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Figure 6. Time evolution of the size distribution of different NP fractions in RPMI medium. Data points were averaged from

three independent measurements.

with distinct biological identities and apparent sizes. To
shed light on this issue, we used magnetic fractionation
to separate different populations of protein—nanoparticle
complexes based on their magnetization. This method
allows isolating NP clusters with large magnetization
from individual NPs. We then characterized the hydro-
dynamic size, iron content, protein fingerprints, and
macrophage uptake of each fraction. Immediately after
dilution in RPMI medium, the suspension was exposed
to an external magnet for 2—3 min. The magnet did not
affect the stability of the P904 suspension, but in the
case of Pi903 and citrate-coated NPs solutions, a small
fraction of NPs (called the “clustered” fraction) was
attracted by the magnet, while the majority of NPs
remained in solution forming the so-called “nonclus-
tered” fraction (Figure 5). In contrast to the previous
separation protocol (for SDS-PAGE characterization),
the magnet was applied for a short time. Consequently
only clustered nanoparticles underwent a sufficient
magnetic force and were attracted to the magnet.
The “clustered” and “nonclustered” fractions
(suspended in the same volume of RPMI) were then
analyzed over time by magnetic-optical birefringence
(Figure 6, see also Supporting Information available
Table 1S) in comparison to the same NPs prior to magnetic
fractionation (“total fraction”) or without preincubation

LARTIGUE ET AL.

with plasma (“without plasma” fraction). We first noticed
that NP aggregation in clustered fractions causes a high
diffusivity of the solution that prevented any birefrin-
gence measurement. In contrast, the nonclustered frac-
tions (corresponding to 80% and 100% of the initial
amount of Pi903 and P904 NPs) kept their remarkable
stability over time, presenting unchanged hydrodynamic
size distribution after 10 min, 4 h, or 21 h in culture
medium. The nonclustered fraction of citrate-coated NPs
(60% of the initial amount) was also stable over time, with
a slight evolution of the protein corona thickness from 4.7
to 7.2 nm. Consistently with the results reported above,
there was no detectable protein corona on P904 NPs,
while a 2.5 nm corona was bound to the Pi903 precursors.
However the most remarkable result was that the nature
of proteins bound to the nanoparticles was different in
the clustered and nonclustered fractions as revealed by
gel electrophoresis (see Supporting Information Figure
5S). Fibrinogen and albumin were most prominent in
clustered fractions, whereas they were hardly detectable
in the nonclustered ones. In contrast, apolipoprotein was
enhanced in the stable fractions of citrate-coated NPs,
confirming its stabilizing role. Although subtle variations
of the protein patterns were observed depending on the
original NP surface state, the same tendencies were
found for citrate-coated NPs and enabled distinguishing
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Figure 7. Bright field microscopy panels of macrophages incubated for 21 h with the clustered fraction and nonclustered
fraction resulting from preincubation in pure plasma and with total fraction without preincubation in plasma.

the proteins embedded in NP aggregates from those
coating single particles, ensuring their colloidal stability.
Altogether, these findings highlight the heterogeneous
nature of protein corona and its aggregation state among
the nanoparticles exposed to plasma, with the exception
of P904 NPs, which display a single stable population. In
line with results on separated fractions, the total fraction
exhibited a larger mean hydrodynamic size than the
nonclustered fraction, reflecting the presence of aggre-
gates at t = 0. The destabilization of the total fraction was
observed over time in RPMI medium for Pi903 NPs and, in
a faster way, for citrate-coated NPs, whereas P904 re-
mained stable up to 21 h. Interestingly, NP flocculation
also occurred in RPMI medium alone without previous
incubation in 100% plasma. In contrast, with or without
preincubation in plasma, all three types of NPs remained
stable over time for up to 21 h when diluted in water
instead of RPMI culture medium (see Supporting Infor-
mation Table 2S). This indicates the nontrivial relationship
between protein adsorption (triggered by interactions
with plasma proteins) and the aggregation effect, which
does not necessarily involve proteins alone. Therefore it
becomes important to distinguish different phenomena:
protein adsorption on isolated NPs showing a stabilizing
effect, protein-induced clustering of NPs, and protein-
free aggregation effect, which may all result in different
cell response.

Uptake of Nanoparticles by Macrophages: Role of Protein
Adsorption and Colloidal Stability. To investigate the inter-
actions of NPs with macrophages, we used the human
monocyte THP1 cell line, which was activated into
macrophages by treatment with a phorbol ester. The
so-obtained adherent macrophages were incubated for
21 h at 37 °C with different fractions of NPs in RPMI
medium, namely the clustered and nonclustered fractions
after preincubation in pure plasma or the nanoparticles

LARTIGUE ET AL.

without preincubation in plasma. Cellular uptake of NPs
was quantified by single cell magnetophoresis which
consists in measuring the velocity of a magnetically
labeled cell in a well-defined magnetic field gradient.*
This magnetic method allows measurements on individual
cells and gets rid of nanoparticles or aggregates which are
not bound to the cell.*® For comparison, total iron quanti-
fication by flame atomic spectrometry was performed in a
pellet of macrophages after rinsing and centrifugation.
The last dosage quantifies NP flocculates in addition to the
cell-associated NPs.

As expected from the above-mentioned magnetic
birefringence follow-up, both the clustered fraction
and without-plasma fraction of citrate-coated and
Pi903 NPs showed a visual agglomeration on cells after
21 h incubation (Figure 7). To the opposite, the non-
clustered fraction of citrate-coated and Pi903 NPs and
all the fractions of P904 NPs remained in suspension
during their incubation with macrophages, with no
trace of NP flocculates either on the cells or on the
surface of the culture dish. As a consequence, the iron
load per cell determined by single cell magnetophor-
esis was very close to the value derived from total iron
dosage (Table 2). In contrast, the destabilization of the
colloid in the flocculated and “without plasma” frac-
tions resulted in a total iron amount which was 2 to
5-fold higher than the actual iron load per cell.

The role of particle aggregation and protein coating
on cell uptake was revealed by the comparison of the
absolute iron load per cell determined by magneto-
phoresis. Aggregated NPs were efficiently uptaken by
macrophages, leading to an iron load of up to 48 pg per
cell. Cell capture was significantly enhanced for protein-
associated NP clusters (clustered fraction, 48.8 and
39.2 pg/cell for citrate-coated and Pi903 NPs, respec-
tively) when compared to aggregates formed in RPMI
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TABLE 2. Iron Concentration in Macrophage Incubation
Medium and Iron Load Per Macrophage after 21h
Incubation with Different NP Fractions. Data Points
Were Averaged from Three Independent Measurements

iron load per cell after 21 h

incubation (pgg./cell)

iron concentration in incubation single cell iron assay

medium [Fe] (mM) magnetophoresis®  (flame)

citrate-coated

without plasma 10 41.0 (0.8) 104.1
fraction
total fraction 10
non-clustered 6 18.8 (0.6) 15.6
fraction
clustered 2 48.8 (0.6) 1574
fraction

Pi903
without plasma 10 31.6 (0.8) 1489
fraction
total fraction 10
non-clustered 8 30.7 (0.6) 49.1
fraction
clustered 1 39.2 (0.5) 102.1
fraction

P904
without plasma 10 5.6 (0.8) 19
fraction
total fraction 10 6.1(0.6) 4.1

“Iron load per cell determined by single cell magnetophoresis is expressed as mean
iron load m (pgg.) with relative standard deviation Am/m in brackets.

medium alone without preincubation in plasma (41.0
and 31.6 pg/cell, respectively). Protein coating on
individual nanoparticles (nonclustered fraction) also
resulted in a high degree of cell association (18.8 and
30.7 pg/cell, for citrate-coated and Pi903 NPs, respec-
tively) despite the fact that cells perceive individual
nanoparticles dispersed in the culture medium rather
than clusters tending to sediment on their surface. The
slightly different protein profiles on citrate-coated and
Pi903 NPs (see Supporting Information Figure 5S)
could likely explain the observed differences in cell
uptake.

Conversely, the uptake of P904 nanoparticles re-
mained rather low (<7 pg/cell), regardless whether
they have been preincubated in whole plasma or not.
Their glucose-derivative coating prevents both adsorp-
tion of plasma proteins (irrespective of the protein
type) and rapid capture by macrophages. This suggests
that for such a coating, the identity of NPs injected
in vivo could be close to that obtained in vitro. Minimal
interactions with proteins in conjunction with the
absence of aggregation could account for the ob-
served long circulation time of P904 NPs injected
in vivo. In line with presented results, these NPs have
been shown to be appropriate to target circulating
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monocytes or peripheral macrophages involved in
inflammatory processes, before being fully cleared by
the first “filter"—the resident macrophages of the liver
and spleen.'*'31>31 Thereby our findings suggests
that protein adsorption is not the main trigger for
macrophage uptake of P904 NPs, but kinetic param-
eters likely govern the distribution of these NPs among
different cell subsets in the organism.

The scheme appears quite different for the citrate-
coated and Pi903 precursors, which present different
profiles to cells due to their interactions with plasma.
We evidenced for the first time that cells can simulta-
neously face very dissimilar populations of NPs in
regard to their association with proteins and/or the
nature of the latter, and to their level of aggregation.
Moreover such heterogeneity also translates to cell
uptake capacity. While our approach tried to mimic at
least some of the complex in vivo conditions (obtained
by preincubation with the whole plasma), we hypothe-
size that the plurality of NP behaviors can also be found
in the organism and can be predictive of their biologi-
cal outcomes. In the light of our results, it could be
predicted that the protein-stabilized nanoparticles
(corresponding to the nonclustered fraction) would
circulate in the bloodstream for a longer time than
the NP-protein clusters, mainly “decorated with” opso-
nins like fibrinogen — which will, in turn, promote
phagocytosis and removal from the circulation by the
mononuclear phagocytic system of the liver and
spleen. Moreover, the protein-stabilized nanoparticles
could partly escape the resident macrophages and
preferentially interact with peripheral macrophages
involved in tissue homeostasis. In particular, apolipo-
proteins are expected to affect the NP distribution,
depending on the pathophysiological conditions.>*”
Here again, the kinetic issue will likely play a key role in
governing the biodistribution and fate of different
subsets of NP—protein complexes and requires further
consideration. From the present results, we can infer
that the interactions of NPs with plasma proteins occur
faster than their associations with cells, as previously
reported.>**34% The biological identity of nanoparti-
cles, although being plural, does not evolve substan-
tially after the first hour of exposure in plasma.
Remarkably, the protein-stabilized nanoparticles as
well as P904 NPs did not change their status up to
21 h. The aggregation process, although accentuated
with time, occurs early after exposure to plasma. Thus
the kinetic control of macrophage uptake might be
mainly governed by cell interactions with the pre-
formed protein—NP complexes, depending on their
size, their charge, and protein content. Owing to the
magnetic fractionation of distinct complex popula-
tions, we provided evidence of the differences in cell
uptake resulting from distinct protein content and
aggregation state. Whereas previous studies sug-
gested that cell uptake was correlated with the amount
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of proteins bound in the NP corona,**** we show here

that the heterogeneity in biological and physical iden-
tity of NP—protein complexes also determines their
biological fate.

CONCLUSIONS

The contribution of this study is 2-fold, both meth-
odological and conceptual. First, we developed novel
accurate methods based on nanomagnetism to speci-
fically address the interactions of proteins with mag-
netic nanoparticles and their subsequent effect on cell
uptake. The tracking of nanoparticle orientation by the
magnetically induced dynamic birefringence method
provides a real time, sensitive, and quantitative in situ
detection of protein corona on particle surface. As little
as one nanometer variations in the thickness of pro-
tein corona could be measured in plasma medium.
Coupled to magnetic separation or the fractionation
technique, this method makes it possible to distinguish
the dynamic processes leading to the coating of
individual nanoparticles by proteins or to the onset
of NP aggregation, whether or not mediated by pro-
teins. The specificity of magnetism-based methods
enhances the reliability of in situ results by getting rid
of artifacts due to free proteins. Moreover these meth-
ods do not require centrifugation steps, which may
affect the NP/protein complexes. Magnetic fractiona-
tion also enables the separation of different popula-
tions of NP complexes according to their clustering
level and reveals the differences in protein fingerprints.
Single cell magnetophoresis also specifically quantifies
macrophage uptake of magnetic nanoparticles, with-
out interfering with NPs that are not strongly bound or
internalized by the cell.

MATERIALS AND METHOD

Materials. Rat plasma EDTA-K2 was provided from JANVIER.
Roswell Park Memorial Institute medium (RPMI-1640), trypsin
solution, and all other reagents used for cell culture were
purchased from PAA and used with no further purification.
Bovine Serum Albumin (BSA), phenylmethanesulfonyl fluoride
solution (PMSF), and N,N,N',N'-tetramethylethylenediamine
(Temed) were purchased from Sigma-Aldrich. Ultrapure 99.99%
sodium dodecyl sulfate (SDS) was purchased from Euromedex.

Magnetic Nanoparticles. Magnetic cores of maghemite with a
diameter of 7—8 nm, covered by different surface coatings,
were used in this study. They were synthesized following a
classic procedure, by the coprecipitation of ferric and ferrous ions
in an alkaline medium,?® and coated with specific ligands. Citrate-
coated nanoparticles are mainly developed for in vitro cell
labeling.*® They are stabilized in water supplemented with
5 mM of sodium citrate. Electrostatic repulsions are provided
by the negatively charged carboxylate ligands complexed on the
nanoparticle surface. P904 is currently developed by Guerbet SA
for MRI detection of macrophages involved in inflammatory
diseases. P904 is coated with aminoalcohol derivatives of glucose
via carboxylate functions; their colloidal stability is ensured with
both negative surface charges and steric hindrance. Pi903 is the
precursor of P904, which is electrostatically stabilized by the
presence of strong negative charges on its surface.
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The reported results further contribute to delineate
the intricate effects of plasma proteins on nanoparti-
cles with a given size (8 nm core), surface curvature,
and chemical composition, but with different surface
chemistry. The hydrophilic glucose-derivative coating
of P904 NPs successfully inhibits protein adsorption on
their surface and enables both high stability in biolo-
gical media and low uptake by macrophages. By
contrast the bare and more negatively charged surface
of Pi903 or citrate-coated NPs favors highly complex
interactions with blood plasma proteins, which have
been quantified in this study. An important result, with
high impact on the extrapolation of in vitro to in vivo
behavior of NPs, is that these interactions depend on
the concentration of available plasma proteins. At low
plasma concentrations (representative in mostly used
in vitro conditions), NPs tend to form clusters triggered
by proteins like fibrinogen, whereas at high plasma
concentration (closer to physiological situation) other
proteins such as apolipoproteins tend to coat and
subsequently stabilize individual NPs. Moreover this
plurality of NP behaviors, which coexists to a certain
extent depending on the incubation conditions, sig-
nificantly affects macrophage uptake. Thanks to mag-
netic fractionation, it is demonstrated that the cell
perceives dissimilar populations of NPs which differ
in their level of clustering, as well as in their protein
fingerprint. Macrophage capture is shown to vary
when a cell interacts with protein-stabilized individual
NPs, protein-induced NP clusters, or protein-free NP
aggregates. This suggests that for a single population
of NPs administrated into the circulation, a variety of
protein—NP complexes may be found in the blood-
stream with distinct biological fates.

Physical Characterization. Dynamic light scattering (DLS) and
&-potential measurements were recorded by means of a Malvern
zetasizer nanoZS using a He—Ne laser (633 nm) at 25 °C. DLS
was used to determine the NP hydrodynamic diameter and
their polydispersity index (PDI) in the medium. The Contin
model was applied to obtain size data. The &-potential was
determined by measuring the electrophoretic mobility of NPs,
which was converted to &-potential using the Henry equation.

Samples for transmission electron microscopy (TEM) were
prepared by depositing NPs on carbon-coated copper grids.
The measurements were carried out with a JEOL JEM 1011
microscope (100 kV). A large number of nanoparticles (200—
400) were counted in order to obtain a statistically sound
distribution, which fit a Gaussian distribution.

The magnetization of the NP colloidal suspensions was
measured by a SQUID MPMS magnetometer, as a function of
the magnetic field at room temperature. The magnetization
curves fit a Langevin function weighted by a log-normal
distribution of magnetic diameter. Fit parameters yielded the
characteristic magnetic diameter dmag, and polydispersity in-
dex o of the log-normal distribution.

Incubation of NPs with BSA and Blood Plasma. Stock solutions of
NPs (iron concentration of 1.56 M, 518 mM, and 256 mM for
citrate-coated, P904 and Pi903, respectively) were diluted in
deionized water containing different concentrations of bovine
serum albumin ([BSA] = 0.1, 0.5, and 1 mM) at a final iron
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concentration of [Fe] = 10 mM and incubated at 37 °C for 40 min
in this medium. Alternatively, NPs (final iron concentration of
[Fe] =10 mM) were incubated in different dilutions of rat plasma
in water from 1% to 100%.

Magneto-optical Birefringence. The change in hydrodynamic
diameter caused by the formation of a protein layer or by the
onset of aggregation was determined by means of a magneti-
cally induced birefringence experiment which is described in
detail elsewhere®' In the presence of an external magnetic
field, the NP suspension acquires a birefringence An (An=ny —
ny, mi and n; being the optical indexes, respectively, in the
direction of the magnetic field and perpendicular to it), due to
the alignment of optical axes of the nanoparticles along the
field and the subsequent alignment of their optical anisotropy
axes.! This birefringence induces a phase lag ¢ proportional to
An. In the optical set up illustrated in the Supporting Informa-
tion, Figure 6S, a He—Ne laser beam (4 = 632.9 nm) of weak
power goes through a polarizer (P), a quarter wave plate (1/4);
the ferrofluid sample is submitted to a pulsed vertical magnetic
field, and an analyzer (A). The transmitted light /(t) is collected
on the photodetector (PD) and transmitted to a computer (PC)
via the oscilloscope (Osc.). The light intensity detected by the
photodetector is proportional to sin ¢ and to ¢ in the limit of a
small phase lag. In the presence of the magnetic field, the
collected light intensity saturates at the value lo. The pulsed
magnetic field is equal to 100 G and the birefringence decay is
averaged over a large number of pulses (typically 512, total time
of measurement 20s). The whole setup is thermalized at 37 °C,
allowing in situ real time monitoring of the hydrodynamic size
of the nanoparticle complexes in water, in BSA solution, in
plasma solution, or in RPMI medium.

Electrophoresis SDS-PAGE. The protein/NP complexes were iso-
lated from the solution containing excess proteins by magnetic
separation under a strong permanent magnet (creating a
magnetic field of B = 650 mT, and a magnetic field gradient
gradB = 55T m~ " in the volume of the container). The magnet
was applied for 1 h to 2 days, depending on the colloidal
stability of the NP suspension (The longest exposure time was
applied to P904 NPs due to their high stability in plasma or RPMI
medium). NPs that precipitated on the magnet were rinsed
three times with water in the presence of the magnet to
eliminate excess proteins. The footprint of proteins bound to
the nanoparticles was resolved SDS-PAGE. A 10 uL portion of a
diluted solution of each sample (with fixed iron [Fe] = 20 mM)
was eluted in 10% SDS-PAGE. Electrophoresis was carried out
using a Mini Trans Blot (Bio-Rad) coupled with a Heatkit
Regulated H.V. power supply at 120 V in TGS buffer. After
electrophoresis, the protein gel was stained for 30 min in a
Coomassie Brilliant Blue solution. The gel and the destaining
solution in the presence of a Cozap Pad for Coomassie Blue
removal (Sigma-Aldrich) were placed in a tray to reveal the
protein footprint.

Preparation of Incubation Medium for Cell Uptake Assay. Stock
solutions of nanoparticles (iron concentration equal to 1.56 M,
518 mM, and 256 mM for citrate-coated P904 and Pi903,
respectively) were diluted in 100% plasma solution to obtain
a 100 mM iron concentration in a volume of 0.5 mL. After 1 h of
preincubation at 37 °C, this solution was diluted 10 times in
RPMI culture medium and a permanent magnet (B = 650 mT,
and gradB =55 T-m ') was placed under the solution for 2 min.
The supernatant was collected to give the nonclustered frac-
tion; the precipitate was dispersed in 5 mL of RPMI to obtain the
clustered fraction. The iron concentration in each fraction was
measured by flame spectroscopy. In addition, the total fraction
before magnetic fractionation ([Fe] = 10 mM in RPMI medium)
was used for incubation with cells. For comparison, a suspen-
sion of NPs directly diluted in RPMI medium ([Fe] = 10 mM) was
also used without preincubation in total plasma (without-
plasma fraction). The hydrodynamic NP size in each above-
mentioned fraction and in water was monitored over time (up
to 21 h) by magnetically induced birefringence.

Cell Uptake Assay. Human monocyte THP1 cell line was cul-
tured in suspension (from 0.2 to 1 million cells/mL) in RPMI 1640
medium containing 10% (v/v) fetal bovine serum supplemented
with 2 mM t-glutamine and 100 U/mL penicillin—streptomycin at
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37 °Cin 5% CO,. Upon a 6-day treatment with phorbol ester
(PMA, 50 ng/mL), the THP1 cells adhered to cell culture flasks and
differentiated into macrophages as described elsewhere.*®
Macrophages were then incubated for 21 h with citrate-coated,
P904 and Pi903 NPs within clustered, nonclustered, or a total
fraction suspension (resulting from 1 h preincubation in total
plasma) or in a serum-free RPMI medium (“without plasma”
fraction). After three rinsing steps with RPMI medium, cells were
trypsinized, centrifuged at 1200 rpm for 5 min, and rinsed twice
again with RPMI. Subsequently the total iron concentration in cell
pellets (containing a known number of cells) was quantified by
flame atomic absorption spectroscopy. For a more specific
measurement of cell iron load, a single cell magnetophoresis
assay was used as described elsewhere.*® Briefly, the cell mag-
netic load was quantified by measuring the velocity of magne-
tically labeled cells in suspension when they were submitted to a
magnetic field gradient. In the steady state regime, the magnetic
driving force acting on cells is defined as F,, = N x u x gradB,
where N is the number of cell-associated NPs, u the NP magne-
tization in the applied magnetic field, B= 145 mT,and gradB =17
T/m, the magnetic field gradient. This force is counterbalanced by
the viscous force Fy = 377 X 7 X dmacr X Vinacr Where dimacr is the
macrophage diameter (macrophages in suspension are assimi-
lated to spheres), Vimacr is the macrophage velocity, and # is the
viscosity of the carrier fluid. The cell's magnetic moment (or
equivalently the iron mass per cell) is thus derived from the
measured cell velocity and cell diameter. The magnetophoretic
movement of cells toward the magnet was recorded by video-
microscopy. For each condition of incubation, the velocity and
diameter of about 200 cells were measured, yielding the dis-
tribution of iron load in the cell population. The iron load per cell
was expressed as a mean =+ (standard deviation for three
independent experiments).
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