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The effects of aggregation and protein corona on the cellular
internalization of iron oxide nanoparticles
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Abstract : Engineered inorganic nanoparticles are essential components in the development
of nanotechnologies. For applications in nanomedicine, particles need to be functionalized to
ensure a good dispersibility in biological fluids. In many cases however, functionalization is
not sufficient : the particles become either coated by a corona of serum proteins or precipitate
out of the solvent. In the present paper, we show that by changing the coating of iron oxide
nanoparticles from a low-molecular weight ligand (citrate ions) to small carboxylated
polymers (poly(acrylic acid)), the colloidal stability of the dispersion is improved and the
adsorption/internalization of iron towards living mammalian cells is profoundly affected.
Citrate-coated particles are shown to destabilize in all fetal-calf-serum based physiological
conditions tested, whereas the polymer coated particles exhibit an outstanding dispersibility as
well as a structure devoid of protein corona. The interactions between nanoparticles and
human lymphoblastoid cells are investigated by transmission electron microscopy and flow
cytometry. Two types of nanoparticle/cell interactions are underlined. Iron oxides are found
either adsorbed on the cellular membranes, or internalized into membrane-bound endocytosis
compartments. For the precipitating citrate-coated particles, the kinetics of interactions reveal
a massive and rapid adsorption of iron oxide on the cell surfaces. The quantification of the
partition between adsorbed and internalized iron was performed from the cytometry data. The
results highlight the importance of resilient adsorbed nanomaterials at the cytoplasmic
membrane.
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I — Introduction

Nanotechnology s ability to shape matter at the scale of the nanometer has opened the door to
new generations of diagnostics, therapeutics, imaging agents and drugs for detecting and
treating a number of physiological disorders [1, 2]. Engineered inorganic nanoparticles (NPs)
are one of the key actors of this strategy. NPs are mostly made of metallic or rare-earth atoms
with size-related optical or magnetic properties. These objects are promising agents since their
sizes approach those of biological entities such as viruses, proteins or DNA [3]. Several issues
become however critical when the NPs are used in vivo, including colloidal stability,
opsonization by the circulating immunoglobulins, clearance by the immune system and in
some cases loss of physical properties. To circumvent these limitations, particles are usually
coated with ligands or polymers, or functionalized with peptide sequences [2, 4]. These
coating and functionalization strategies are a prerequisite for an accurate delivery to target
cells and organs. Owing to the intrinsic complexity of biological fluids however, these efforts
are not always sufficient.

On the physico-chemical side, it has been realized recently that the interactions between
living cells and NPs depend dramatically on the behavior of the NPs in biological fluids. Two
main scenarios have been reported in the recent literature. When dispersed in biological
fluids, the NPs can either i) become coated by a corona made of serum proteins and of other
biomacromolecules, or ii) aggregate in a kinetically driven process and form clusters of
various sizes. In i), with NPs surrounded by proteins, the corona will constitute the primary
contact to the cells [5-11]. Recent reports described this phenomenon as ubiquitous and
independent of the type of nanoparticles investigated [11]. Organic particles such as
carboxylated polystyrene, and inorganic NPs including nanometer-sized FePt, gold and
quantum dots were shown to display the corona effect. The kinetics of adsorption and the
resilience of the adsorbates on the inorganic cores were also investigated in details [9] and
revealed both equilibrium and non-equilibrium processes, yielding in some cases irreversible
adsorption [6, 8].

In case ii), the NPs destabilize and aggregate into micron-size clusters. The destabilization
and clustering of NPs in biological fluids have been reported repeatedly during the last decade
and appear as a rather frequent phenomenon [12-18]. In such conditions, “what the cell will
see” is again not inorganic cores but rather large chunks of particles with eventually proteins
and other biomacromolecules on the outer surface. The hydrodynamic properties of
aggregated nanomaterials, including diffusion, sedimentation and coupling to a flow are also
drastically changed with respect to single NPs, and so are the interactions with cells. A well-
known instance is that of sedimentation of micron-size clusters where, due to their own
weight NP aggregates enter in contact with the cell membrane of adherent cells [19, 20].
Although a general description is still missing, it is believed that the colloidal destabilization
of NPs in biological fluids results from the adsorption of biological molecules (as in the
protein corona adsorption), but also from the exchange and/or the removal of the protecting
adlayer. As a result, the original coating is not sufficient to offset the van der Waals attraction,
which leads to aggregation. Destabilization processes depend on many parameters, in
particular on the nature and robustness of the coated adlayer [12, 16, 18, 20].

In the present paper, we investigate the interactions between anionically charged iron oxide
(maghemite, y-Fe,O3) NPs and living mammellian cells. The coating of the magnetic 8.3 nm
cores was ensured by low molecular weight ligands (citric acid) and by ion-containing
polymers (poly(acrylic acid)), both being carboxylate terminated. In a recent report [20],
interactions between these NPs and adherent murine fibroblasts were studied, and showed the
dramatic effect of the coating on the internalization. From this survey, it was concluded that
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the strong uptake of the citrate-coated particles was related to the destabilization of the
dispersion in the physiological conditions and their sedimentation down to the cell
membranes. To avoid the sedimentation bias, we focus here on human lymphoblastoid cells
growing in suspension. The particles were first investigated with respect to their stability in
biological fluids. The mechanisms of precipitation of the citrate coated particles in the cell
culture medium with and without serum were identified at both microscopic and
thermodynamic levels. By contrast, the polymer coated NPs were stable in the same
conditions and did not display the protein corona effect discussed previously. The interactions
between NPs and the human lymphoblastoid cells were also studied by a combination of
transmission electron microscopy (TEM) and flow cytometry [21, 22]. We found that within
the first minutes of contact, the citrate-coated NPs are massively adsorbed on the cell
membranes and are still there after 24 h of incubation. Only a portion of the adsorbed NPs
enter the cytoplasm via membrane-bound endosomal compartments, as revealed by TEM. A
quantification of the partition between adsorbed and internalized iron was realized from the
cytometry data, highlighting the importance of adsorption in NP/cell interactions. By contrast,
the polymer coated NPs interacted only marginally with the cells [20, 23].
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Figure 1 : a) Transmission electron microscopy of iron oxide ¥Fe,0j; at the magnification of x120000. The bar
is 40 nm. Inset : Bragg scattering rings obtained by electron beam microdiffraction and identifying the structure
of maghemite (Supporting Information SI-1). b) Size distribution of the y-Fe,03 nanoparticles adjusted by a log-
normal distribution function (continuous line) with median diameter 8.3 nm and polydispersity 0.26.

II — Materials and Methods

II.1 — Chemicals, synthesis and characterization

Nanoparticles synthesis : The iron oxide nanoparticles (bulk mass density p = 5100 kg m™)
were synthesized according to the Massart method [24] by alkaline co-precipitation of iron(II)
and iron(IIl) salts and oxidation of the magnetite (Fe;O4) into maghemite (y-Fe,Os). The
nanoparticles were then size-sorted by subsequent phase separations [24, 25]. At pH 1.8, the
particles were positively charged, with nitrate counterions adsorbed on their surfaces. The
resulting particle-particle electrostatic repulsion imparted an excellent colloidal stability of the
dispersions, typically over several years. An image of transmission electron microscopy
(TEM) obtained from a dilute aqueous dispersion exhibits compact and spherical particles
(Fig. 1a). The size distribution of the particles was described by a log-normal function with a
median diameter 8.3 nm and polydispersity 0.26 (Fig. 1b). The polydispersity was defined as
the ratio between standard deviation and average diameter. The inset in Fig. la illustrates the
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electron microdiffraction scattering obtained for the y-Fe,Os particles. The crystallinity of the
nanoparticles was demonstrated by the appearance of five diffraction rings which wave
vectors matched precisely those of the maghemite structure (Supporting Information SI-1). In
contrast to recent investigations [26], in the pH range 1.8-10 and for different coating and
environments probed, the release rate of ferric ions was found to be extremely low
(Supporting Information SI-2). In this work, the NP concentration are defined by the
percentage by weight of y-Fe,Os in the dispersion or by the iron molar concentration [Fe].
With these units, ¢ = 8x107 wt. % corresponds to [Fe] = 10 mM.

Coating : To improve their colloidal stability, different types of coating based on the
electrostatic adsorption of an organic adlayer on the particles were developed. The
complexation of the surface charges with ligands such as citrate ions was performed during
the particle synthesis. It allowed to reverse the surface charge of the particles from cationic at
low pH to anionic at high pH, through a ionization of the carboxyl groups. At pH 8§, the
particles were stabilized by electrostatic interactions mediated by the anionically charged
ligands. As a ligand, citrate ions were characterized by adsorption isotherms, i.e. the adsorbed
species were in equilibrium with free citrates molecules dispersed in the bulk. For the citrate
coated particles (Cit—y-Fe,0s), the structural charge density was ascertained at -2e nm™ by
conductivity [27, 28] and light scattering measurements [29], resulting in average structural
charges of -430e. The affinity constant between the citrate ligands and the maghemite surface
was derived from the adsorption isotherm and estimated at 1560 M™' (Supporting Information
SI-3).

The cationic particles were also coated with My = 2000 g mol poly(acrylic acid) (PAAx)
using the precipitation-redispersion process [30]. The polymer of polydisperstiy 1.7 was
purchased from Sigma Aldrich and used without further purification. To adsorb the PAAx
chains onto the particle surface, the particles were first precipitated into a dilute solution
containing a large excess of polymers (pH 1.8). The precipitate was separated by
centrifugation and its pH was increased by addition of ammonium hydroxide. The precipitate
redispersed spontaneously at pH 7 - 8, yielding a clear solution that contained the individual
polymer coated particles, dubbed PAAk—y-Fe,Os in the following. This process resulted in
the adsorption of a highly resilient 3 nm polymer adlayer surrounding the particles. The
thickness layer was later determined by dynamical light scattering. The density of chargeable
carboxylic groups was evaluated by acid titration at 25 + 3 nm™. For the particles of diameter
8.3 nm, it corresponded to 5400 structural anionic charges in average. As a final step, the
dispersions were all dialyzed against DI-water which pH was first adjusted to 8 (Spectra Por 2
dialysis membrane with MWCO 12 kD). At this pH, 90 % of the carboxylate groups of the
citrate and PA Ak coating were ionized.

II.2 — Experimental Methods

Transmission Electron Microscopy (TEM) : Electron microscopy on nanomaterials was
carried out on a Jeol-100 CX microscope at the SIARE facility of Université Pierre et Marie
Curie (Paris 6). It was utilized for the characterization of the uncoated y-Fe,O; particles using
magnifications ranging from 10000x to 160000x. An example of TEM image is illustrated in
Fig. 1. For TEM experiments on cells, the 2139 lymphoblasts were first seeded onto a 6-well
plate and incubated with the citrate and PAA,k-coated particles during 10 min, 1 h and 24 h.
Cells were then fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, at pH 7.4
and room temperature for 2 hours. Fixed cells were washed in 0.2 M PBS. After washing,
samples were post-fixed for 1 hour in a 1% osmium-phosphate buffer 0.1 M for 45 min at
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room temperature in dark conditions. The samples were then dehydrated in reagent-grade
ethanol and embedded in an araldite CY212 epoxy resin. 90 nm ultra-thin sections were cut
with an ultra-microtome (LEICA, EM UC6), stained with uranyl acetate and lead citrate, and
then examined with a TECNAI-12 electron microscope (Philips).

Light scattering : Static and dynamic light scattering were performed on a Brookhaven
spectrometer (BI-9000AT autocorrelator, A = 632.8 nm) for measurements of the scattered
intensity Is and of the diffusion constant Dg;¢. In this study, the suspending solvents were 18.2
MQ de-ionized water, phosphate buffer (PBS) or RPMI cell culture medium with or without
fetal calf serum (FCS). The concentrations targeted in the present work were in the dilute
regime, and comprised between [Fe] = 0.01 mM and 10 mM, corresponding to 8x10~ - 8x10~
wt. %. Using dynamical light scattering, the collective diffusion coefficient Dpis was
determined from the second-order autocorrelation function of the scattered light. From the
value of the coefficient, the hydrodynamic diameter of the colloids was calculated according
to the Stokes-Einstein relation, Dy = kgT/3mnsDpigr, where kg is the Boltzmann constant, T
the temperature (T = 298 K) and 1 the solvent viscosity. The viscosity of the various solvents
used in this work were measured as a function of the temperature between 15 and 40 °C
(Supporting Information SI-4). The autocorrelation functions were interpreted using the
cumulant and the CONTIN fitting procedure provided by the instrument software.

In the dilute regime of concentration, the scattering intensity varies as Is scales with the
product KMwc, where K is the scattering contrast, My and ¢ the molecular weight and weight
concentration of the scatterers. To evaluate the NP stability in the solvents mentioned
previously, the scattering intensity and hydrodynamic diameter were monitored as a function
of the time. If the dispersion destabilizes, the particles aggregate and both Is and Dy increase
due to the augmentation of the size and molecular weight of the elementary scatterers. If the
dispersion remains stable, Is and Dy are flat and equal their initial values.

In some flow cytometry experiments, the suspending medium turned out to be turbid
immediately upon addition of iron oxide. The turbidity was interpreted as a destabilization
and an aggregation of the NPs. To study the kinetics of aggregation, light scattering
experiment was performed using the same protocol as for incubation. A test tube containing 1
ml of the cellular medium (without cells) was placed on the spectrometer and a small volume
(~ 10 pL) of a concentrated iron oxide dispersion was poured rapidly in the tube and the
sample was homogenized with a pipette. The final NP concentration was [Fe] = 1 mM,
corresponding to ¢ = 8x107 wt. %. The scattering intensity Is and the hydrodynamic diameter
Dy were then monitored as a function of the time for 2 hours after the NP fast injection, a
time that was considered to be sufficient to conclude about the NP behavior in the solvent
[23].

Human lymphoblastoid cells and culture

Lymphoblast are one of the different stages of physiological differentiation inside the
lymphoid line leading to the lymphocytes. This differentiation stage appears after the
activation of the small lymphocytes, inside the lymph nodes by an antigen in the organism.
The lymphoblastoid cell line 2139 used in this study is a normal line provided to us by Dr
Janet Hall from the Institut Curie (Orsay, France). This cell line was immortalized by the
virus Epstein-Barr (EBV) which was obtained by Dr Gilbert Lenoir from the Institut Gustave
Roussy (Villejuif, France). These immortalized cells were mostly used as a model or control
for different studies in ataxia-telangiectasia-mutated dependent functions like the kinase
activity, cell cycle progression and viability [31-33]. 2139 human lymphoblastoid cells were
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grown in T25-flasks in RPMI with high glucose (2.0 g L) and stable glutamine (PAA
Laboratories GmbH, Austria). This medium was supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (PAA Laboratories GmbH, Austria), referred to as cell
culture medium. Exponentially growing cultures were maintained in a humidified atmosphere
of 5% CO, and 95% air at 37°C and passaged twice weekly. The cells were pelleted by
centrifugation at 1200 rpm for 5 min. Supernatants were removed and cell pellets were
resuspended in assay medium and counted using a Malassez counting chamber.
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Figure 2 : Cytometric analysis: a) and b) Dot plots of the side scatter (SS) intensities versus forward scatter
(F'S) intensities in double logarithmic and in linear scale, respectively. In a), Gate A includes the dead and the
living cells. In b), Gate B excludes part of the dead cells. ¢) Histogram of the red fluorescence intensities of
events in gate A (double logarithmic scale). d) Histogram of the side scatter intensities of events in gates A and B
and N corresponding to living cells. e) Same as in d) but for the forward scatter intensities. f) Histogram of the
side scatter intensities of events in gates A and P for the dead cells.

Flow Cytometry : Forward scatter (FS), side scatters (SS) and propidium iodide (PI)
fluorescence of individual cells incubated for various times with nanoparticles were measured
on an EPICS 4C flow cytometer (Beckman Coulter). Forward scatter FS and SS intensities
(measured at 488 nm) were digitalized on both linear and logarithmic scale (4 decades). Red
fluorescence intensities emitted by dead cells (measured at 610 nm) was digitalized on a
logarithmic scale. Cellular debris and most of the NP aggregates were eliminated by using a
large gate in a FS versus SS cytogram (Figs. 2a and 2b, gate A). Dead cells and living cells
were identified by their forward scatter and red fluorescence intensities (gates N and P in Fig.
2¢). FS and SS histograms (logarithmic scale) of living cells (A and B and N, Figs. 2d and 2e)
and dead cells (gate A and P, Fig. 2f) were visualized and median values calculated in each
experimental condition. Nanoparticles at concentrations ranging from 0.3 to 10 mM of iron
were mixed with exponentially growing 2139 cells (10° ml") in complete medium
supplemented with 1% HEPES and incubated for various times (indicated in the legends), at
4°C or 37°C, under constant agitation to prevent sedimentation of cells and particle
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aggregates. Two minutes before cytometric analysis, propidium iodide (10 uM final
concentration) was added to the cell suspension.

IIT — Results and discussion

III.1 — Colloidal stability in physiological media

II1.1.1. — Stability of the citrate coated nanoparticles in RPMI

Figs. 3a and 3b display the scattering intensity (Is) and hydrodynamic diameter (Dy) versus
time for 5 different solvents, which were PBS1x, RPMI, RPMI containing citrate ions at
concentration 1 mM and 10 mM, and DI-water containing calcium nitrate (Ca(NOs),) and
magnesium chloride (MgCly). The molar concentrations of Ca®" and Mg*" were identical to
those present in the RPMI formulation (Supporting Information SI-5). In PBS1x, the Cit—y-
Fe,O3 NPs are found to be stable, as both the intensity and the diameter remain unchanged. In
RPMI by contrast, both Is and Dy increase drastically and display characteristic S-shaped
curves as a function of the time. Starting at 19 nm, Dy reaches rapidly 300 nm after 2 min,
and build up to values of about 3 um. With a progressive addition of citrate ions in RPMI,
from 0.1 mM to 10 mM, the initial increase is delayed and it eventually ceases for citrate
concentration above 5 mM. The data obtained in the presence of 10 mM of citrates
demonstrate that the Cit—y-Fe,Os dispersion with an excess of ligands is again stable for more
than two hours, a result in good agreement with the literature [34, 35]. The rapid aggregation
kinetics observed with RPMI, as well as the stabilizing effect of the citrate ligands above 5
mM suggest that in RPMI the ligands desorb from the NP surfaces because they are
preferentially complexed by chemical species present in the RPMI formulation. To get a
better insight into this mechanism, all compounds present in RPMI at concentrations larger
than 50 mg L' were tested against the citrate-coated particles. These chemicals are inorganic
salts, such as calcium nitrate, magnesium sulfate, sodium chloride etc..., amino acids such as
L-alanyl-L-glutamine, L-glutamine, or other components such as D-glucose. The list of these
compounds is provided in Supporting Information, Section SI-5. Among this list, only
calcium and magnesium ions at concentrations equal or above those of the RPMI formulation
gave positive results. Upon addition of Ca®" and Mg®" ions, the destabilization kinetics
exhibits the same S-shaped curve as that of pure RPMI (Fig. 3a). Isothermal titration
calorimetry experiments (data not shown) performed by titrating calcium chloride with tri-
sodium citrate ions yielded an affinity constant of 1.5x10* M, i.e. 10 times larger than that of
citrate for the maghemite surface (Supporting Information SI-3). These findings indicate that
the divalent calcium and magnesium cations present in the cell medium are causing the
precipitation of Cit—y-Fe,O3 NPs through a preferential complexation with the ligands.

II1.1.2. — Stability of the citrate coated nanoparticles in complete cell culture medium

In a second set of experiments, the role of the serum on the stability of Cit—y-Fe,O; NPs in
RPMI was outlined. Figs. 3c and 3d show the intensities and diameters for three media :
RPMI containing 10 vol. % of fetal bovine serum, RPMI with FBS and 10 mM of citrate ions
and a cellular medium composed of RPMI and 10 mM citrate that was incubated with
lymphoblasts during 24 h. This later medium was considered because we anticipated that the
cell released species might be active towards the NP surfaces. In the three cases, a similar
behavior is observed : both Is and Dy exhibit an initial and rapid increase. Dy for instance
jumps abruptly from 20 to 40 — 50 nm within the first seconds, after which it grows slowly up
to 100 nm. After a few hours, the particles sedimented at the bottom of the test tube.
Interestingly, this initial jump of 20 - 30 nm corresponds to twice the size of the
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proteins/biological molecules present in the complete culture medium (Supporting
Information SI-6). These findings are interpreted as the formation of a protein corona around
the particles at short times, and as a destabilization of the dispersion at long times. Here the
kinetics is slower than that of Figs. 3a and 3b, and does not impart a S-shape profile. From the
above results, it can be concluded that in the conditions of the cell cultures with 10 vol.% FBS
and at iron concentrations relevant for in vitro [5, 12, 16, 18, 21, 36-38] and in vivo [38, 39]
assays, Cit—y-Fe,O3 NPs are colloidally unstable, and precipitate.
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Figure 3 : a) and b) Scattering intensity (Is) and hydrodynamic diameter (Dy) as a function of the time for Cit—y-
Fe,0; NPs dispersed in PBS1x, RPMI, RPMI containing citrate ions at concentration I mM and 10 mM, and DI-
water containing calcium nitrate and magnesium chloride. The S-shaped curves found for Is and Dy are the
signatures of a rapid destabilization of the dispersion. ¢) and d) Is and Dy versus time for Cit—y-Fe,0; NPs
dispersed in RPMI containing 10 vol. % of fetal bovine serum, RPMI with FBS and 10 mM of citrate ions and a
cellular medium composed of RPMI and 10 mM citrate that was incubated with lymphoblasts during 24 h. The
data are interpreted at short times as the formation of a protein corona and at long times later as a
destabilization of the dispersion. e) Scattering intensity versus time for the same solvent as in a) for PAAx—y-
Fe;03 NPs. f) First order autocorrelation function g (t) for PAAsx—y-Fe;Os particles at [Fe] = 25 mM in
PBS1x, RPMI, RPMI with serum and RPMI with serum incubated with the lymphoblasts during 24 h.

II1.1.3. — Stability of the PAA:x coated nanoparticles in complete cell culture medium

In a third experiment, the same iron oxide cores, coated this time with PAA,x were
investigated by light scattering in various conditions. As for the Cit—y-Fe,03, the media were
RPMI, RPMI containing 10 vol. % FBS, and a cellular medium composed of RPMI (with or
without FBS) that was incubated with the lymphoblasts for 24 h. Fig. 3e displays the
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intensities versus time after the fast injection of the PAA,x—y-Fe,O3; NPs in the media. There,
Is and Dy (data not shown) remain flat for two hours, indicating that the dispersions are
indeed stable. These results confirm those obtained with the same particles and coating using
Dulbecco’s Modified Eagle’s Medium (DMEM) as culture medium [20, 23]. Light scattering
is a very accurate technique which can detect an increase in diameter of a few nanometers
[40]. Fig. 3f shows the first order autocorrelation function g)(t) for particles at [Fe] = 25 mM
(Cy-Fe203 = 2x107 wt. %) in 4 media : PBS1x, RPMIL, RPMI with serum and RPMI with serum
incubated with the lymphoblasts during 24 h. In the four assays, the autocorrelation functions
are found to superimpose, indicating an identical distribution of the NPs sizes. Derived from
the second coefficient of the cumulant analysis, these diameters are respectively Dy (£ 1 nm)
= 28.4, 28.6, 27.8 and 28.8 nm with a polydispersity of 0.2. From these data, it can be
concluded that PAA,k coated particles are colloidally stable in RPMI-based culture media on
a broad range of concentrations, and are devoid of a protein corona. Because the binding
affinity of PAAyx towards the NP surfaces is high, the polymeric segments are not removed
by the modifications of the physico-chemical conditions. As such, the PAAk—y-Fe,O3 should
be regarded as a kinetically frozen organic/inorganic hybrid rather than a NP characterized by
dynamical and reversible exchanges of its surface ligands. As shown below, the propensity of
the particles to remain disperse or to aggregate play a noticeable role on the interactions with
living cells.

II1.2 —Transmission Electron Microscopy

The lymphoblasts seeded with iron oxide NPs were further investigated by TEM. Figs. 4 and
5 provide representative images from lymphoblastoid cells incubated with Cit—y-Fe,O3 and
PAAx—y-Fe,Os, respectively. The experimental conditions were an incubation time of 10 min
(Fig. 4c and Fig. 5a) and 24 h (in Fig. 4b, 4d and Fig. 5b) and a NP concentration of 0 mM
(control, Fig. 4a), 1 mM (Fig. 4b) and 10 mM (Fig. 4c, 4d, 5a and 5b). A careful analysis of
the TEM images allows us to identify two distinctive locations for the NPs, either adsorbed at
the surface of the cells, or in the cytoplasm in membrane-bound compartments. Among the
100 images of cells collected for this study, NPs were never found in the cytosol nor in the
nucleus. Figs. 4c and 4d compare the impact of the incubation time on the uptake of Cit—y-
Fe,0; at [Fe] = 10 mM. In both images, the adsorbed NPs form an heterogeneous 200 — 500
nm thick layer. In the field of view of Fig. 4, the layer surrounds almost entirely the cell.
Close-up views of the delimited areas (cl) and (d2) indicate that the NPs are actually
aggregated into polydisperse clusters, either directly deposited on the plasma membrane or
linked to it through other clusters. At 10 min, the topology of the coated membrane is rough
and irregular, whereas it is much smoother at 24 h. The close-view (c1) in Fig. 4 highlights an
invagination where the NP-coated membrane has the morphology of a nascent endosome. In
the cytoplasm, membrane-bound compartments are also visible and have an average diameter
of 500 nm, such as in the close-up views (cl) and (d1).

Figs. 4b and 4d illustrate the dose effect on the NP/cell interactions and provide a comparison
of the data obtained at [Fe] = 1 mM and [Fe] = 10 mM. The same patterns as those discussed
previously are observed. NP clusters are adsorbed onto the membrane (bl) or enclosed into
endosomal compartments (b2). At | mM however, both adsorbed and internalized clusters are
less and also smaller than those found at 10 mM, an observation that was later confirmed by
light scattering and by flow cytometry. The close-up views (bl) and (b2) reveal an average
size in the 100 nm range.
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tlncA = 24 h - [Fe] = I mM

tne. = 10 mn - [Fe] = 10 mM te. =24 h - [Fe] = 10 mM

Figure 4 : Transmission electron microscopy (TEM) images of lymphoblastoid cells incubated with Cit—y-Fe,0;
NPs. a) Control. b) Cells incubated for 24 h at [Fe] = 1 mM; bl) and b2) are close views of the delimited areas
in b). ¢) Cells incubated for 10 min at [Fe] = 10 mM; cl) displays a close-up view of the cell surface. d) cells
incubated for 24 h at [Fe] = 10 mM; d1) and d2) show NPs enclosed in an endosome and NP clusters adsorbed
on the cell membrane, respectively. Bars in a-d) are 2 um, 200 nm in b2) and cl), 300 nm in dl) and d2) and
500 nm in bl).

tine. = 10 mn - [Fe] = 10 mM tine. = 24 h - [Fe] = 10 mM

Figure 5: Transmission electron microscopy (TEM) images of lymphoblastoid cells incubated with PAA;x—y-
Fe;0; NPs. a) Cells incubated for 10 min at [Fe] = 10 mM; al) is a close view of the cell membrane delimited in
a). b) Cells incubated for 24 h at [Fe] = 10 mM; bl) displays NPs enclosed in 200 nm endosomes. Bars in a-b)
are 2 um, 400 nm in al) and 300 nm in bl).

Figs. 5a and 5b depict the representative behavior of PAAk—y-Fe,O; NPs after incubation
times of 10 min and 24 h, respectively ([Fe] = 10 mM). In marked contrast with the citrate
coated NPs, very few particles can be visualized on these images. The NPs are again located
either at the surface (al) or in endosomes (bl). At the surface, the particles are single or
clustered into aggregates of a few units. These clusters have an average size of 50 nm or less.
After 24 h of incubation, the NPs are removed from the cell surface and localized in
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membrane-bound compartments of average size of 250 nm. Within these compartments (b1)
the particles are randomly spread and not aggregated, again a noticeable difference with Cit—
v-Fe,Os. Put together, these findings lead to the conclusions that although the particles have
the same magnetic core and are carrying the same carboxylate groups at their surfaces, the
internalization rates and amounts of Cit—y-Fe,O3 and PAA,k—y-Fe,O; NPs are very different.
Similar results were reported for the NIH/3T3 adherent fibroblasts [20].
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Figure 6 : a) Side Scatter (SS) intensity of living cells incubated for 4 hours with, or without, Cit—y-Fe,0; coated
NPs at [Fe] = 10 mM. b) Same as in a) but for the Forward Scatter (FS) intensity. The intensity distributions
were fitted by a log-normal distribution function shown in Eq. 1. For the SS distributions, the median values
(shown by dotted lines) increased with [Fe] but the polydispersity remained constant. The SS intensity changes
due to the adsorption/internalization of NPs by cells were expressed as ratio Rss of the median intensities of cells
incubated with NPs over the mean values of control cells. The FS distributions were mostly unchanged upon NPs
addition.

I11.3 — Flow cytometry

111.3.1 — Comparison between citrate and PAA2K coated particles

In flow cytometry experiments, the forward (FS) and side (SS) scatter intensities generated by
the cell illumination are probing the cellular size and refractive index respectively. Figs. 6a
and 6b show respectively the FS and SS intensities of the 2139 lymphoblastoid cells that were
incubated with Cit—y-Fe,O3; NPs. The experimental conditions were an incubation time of 4 h
at 37 °C and a concentration [Fe] = 10 mM. Under these conditions, the SS intensity exhibits
a shift from 142 + 7 in arbitrary units for the control to 806 + 40 for the incubated cells,
whereas the FS signal remains unchanged at 821 + 41 and 858 + 43 respectively. This result
indicates that the refractive index of the lymphoblastoid cells was enhanced because of their
interactions with the NPs, but that their average sizes did not vary noticeably. Similar results
were reported on Chinese hamster ovary cells [22] and on human hepatoma cells treated with
titanium dioxide and with starch-coated magnetic NPs [21]. A quantitative analysis of the
cytometry spectra revealed that both SS and FS intensities could be well accounted for by a
log-normal distribution :

1n2(1/10)J 0

1
LI ,s)=— -—
p(LI;.s) \/EB(S)I eXp[ 2B(s)’
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where I denotes the FS or SS intensities, I their median values and B(s) is related to the

polydispersity s via the relationship B(s):wn(1+sz). The polydispersity is defined as the

ratio between the standard deviation and the average intensity. For the data collected in this
study, the polydispersity s is found to be 0.50 + 0.05 whatever the incubation time and
concentration. As a result, the cytometry data were characterized by a unique parameter,
noted Rss. Rgs is defined as the median side scatter intensity obtained from the seeded cells,

=1 / IO o - With these

divided by the same quantity obtained from the control cells : ONP

_ FS FS
RF I0 NP /IO control
ratios are investigated as a function of the incubation time ti,. and of the iron concentration
[Fe].

notations, =1, as shown in Fig. 6b. In the sequel of the paper, the Rgs-
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Figure 7 : Transient behaviors of the cellular side scatter intensity (SS) induced upon incubation of human
lymphoblastoid cells with Cit—y-Fe,0; and PAA;x—y-Fe,O; NPs. The investigated concentrations are [Fe] = 0
(control), 0.3, 1, 3 and 10 mM at temperatures T = 4° C (a,c) and T = 37° C (b,d). The results are expressed as
the ratios Rgs between the median SS intensity obtained from seeded cells, divided by the same quantity obtained
from the control (Eq. 1).

Fig. 7 displays the variations of the Rss-ratios with the incubation time at 4 °C (a,c) and 37 °C
(b,d) upon addition of citrate (a,b) and of PAAsk (c,d) coated particles. The data are compared
to those of untreated cells. The investigated concentrations were [Fe] = 0.3, 1, 3 and 10 mM.
As noted in earlier reports [21, 22, 26], the evolution of the side scatter intensities recorded at
37 °C imparts two interaction mechanisms of the NPs : their adsorption on the plasma
membrane and their internalization into endocytic vesicles. The later mechanism is blocked at
4 °C and so the Rgg-ratios observed at this temperature reflect only the adsorption of the NPs
at the cell surface.
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Upon addition of NPs at 0.3 mM and 1 mM, the Rgs-ratios do not increase significantly. For
PAAx—y-Fe;O3, weak increases are also observed at 3 and 10 mM at the two temperatures
(Rss = 1.4 at 10 mM, see Fig. 7d). In contrast, the addition of Cit—y-Fe,O3; NPs at 3 mM and
10 mM induces strong Rgs increases : within the first minutes of contact with NPs (first data

point in Fig. 7a and 7b), the Rss-ratio jumps to an initial value noted R (t, —> ) which
depends on both concentration and temperature. The initial jump is followed by a saturation
(noted R (t, —> o)) after 2 hours for all concentrations tested. This initial rise corresponds

to about 2/3 and 1/2 of the stationary 4°C and 37°C values. The continuous lines between the
data points are exponential growth functions of the form :

t
RSS(tlnC) = RSS(tlnc - 0) + A1{SS [1 - exp(— %)j (2)

where AR =R (t, —>)—R(t, —0) denotes the shift between the initial and

stationary states and 7T the characteristic time of the kinetics. Note that the ARgss’s at 4 °C are
weaker than at 37 °C, indicating that during the transient phase the NPs were indeed
internalized. For the four profiles, one finds T = 60 + 10 min. Note also that for PAAk-coated

Inc

NPs there is no initial jump of the side scatter ratio, i.e. R (t, —0) =1.
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Figure 8 : Side scatter intensity histograms of IP negative cells incubated at 4 °C for 60 minutes with 10 mM
Cit—y-Fe;O3; NPs (full grey), of the same suspension diluted 5 times and incubated 10 min more at 4 °C (red
line), and of control cells (grey line). Numbers over the histograms indicated median values of the distributions.

111.3.2 — Effect of dilution

To ensure that SS intensities were not contaminated by particles passing trough the laser beam
at the same time as the cells, we compared the intensity distributions obtained from two
samples, one for which the cells were incubated with Cit—y-Fe;Os (tme = 1 h, [Fe] = 10 mM
and T = 4 °C) and a second that was diluted five times with RPMI. Working here at 4 °C
guarantees that the NPs were not internalized. As shown in Fig. 8, the SS intensities are
peaked at 399 + 20 and 360 + 18, and have similar Rgs (3.27 and 2.95 respectively). This
assay demonstrates that the side scatter increases resulted only from interactions of NPs with
lymphoblastoid cells, and not from NP aggregates of comparable sizes. Furthermore, the
analysis of the same sample at different times after the dilution (30 min, 1 and 2 h, data not

13



Wednesday 24 August 2011

shown) reveals no significant change in the intensity distributions, with Rgs-values similar to
those of the undiluted sample. These findings underline the remarkable stability of the NP/cell
interactions. The previous tests were repeated under different ty,. and [Fe] conditions and the
results were similar. In conclusion of this part, we infer that Cit—y-Fe,O3; aggregates heavily
adsorb onto the cell surfaces, forming in some cases layers up to 500 nm. The adsorbed are
not prone to desorb after 4 h.

111.3.3 — Concentration dependence of the side scatter intensity
As seen in Figs. 7, the stationary values of the side scatter R (t, — ) depend on iron

oxide dose in a nonlinear manner. For citrate coated particles at 4 °C, i.e. in absence of active
internalization processes, it is around 1 at 1 mM and reaches a value of 4 at 10 mM (tm. = 240
min). A possibility to account for the concentration dependence of the Rgs-ratios is to assume
that cells interact mostly with aggregates of particles, and that the sizes of these aggregates
depend on the concentration. To support this assumption, light scattering was performed on
Cit—y-Fe,O3 NPs dispersed in RPMI at different concentrations between 0.01 and 10 mM.
After 4 hours, the hydrodynamic diameters were measured and found to grow from 70 nm at
[Fe] = 0.01 mM to 700 nm at [Fe] = 10 mM (Fig. 9). Studied by electrophoresis using
Zetasizer Nano ZS Malvern Instrument, the clusters were found to be electrostatically neutral,
with a {—potential round 0 = 5 mV. Under physiological conditions, citrate coated particles
precipitate and form neutral clusters, which spontaneously adsorb on the cellular membranes
when incubated with cells.
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Figure 9 : Hydrodynamic diameter (Dy) of Cit—y-Fe;03; NPs dispersed in a complete cell culture medium (RPMI
+ 10 vol. % serum) as a function of the iron concentration [Fe]. The incubation was set to 4 h. The diameters
were found to be larger than to that of particles dispersed in PBSIx and to increase with time and concentration

111.3.4 — Quantitative determination of the adsorbed and internalized iron

To further assess the role of the aggregation state on the cellular refractive index, we took
advantage of the presence of the 2 - 5% of dead cells that were present in all the cell samples
investigated. Dead cells were distinguished by their strong red fluorescence linked to the
nuclear incorporation of propidium iodide present in the suspension medium. With such
permeant cells, NP concentrations should quickly equilibrate between the cell interior and
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exterior and the measure of the SS intensity changes should discriminate between two
hypotheses :
1. The small variations of the SS intensity for the PAA,x—y-Fe,O; NPs (Fig. 7c and
7d) are due to low levels of adsorbed/internalized materials.
2. Because these particles remained unaggregated in the culture medium, their
contribution to the cellular refractive index is weak, and so are the SS intensity shifts.
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Figure 10 : a) Concentration dependence of the quantity Rgs— 1 measured for dead lymphoblasts incubated with
Cit—y-Fe;0; and PAAx—y-Fe;0; during 5 min at T = 4°C. Dead cells were identified by their red fluorescence
linked to the nuclear incorporation of propidium iodide. The straight line shows a power law variation with an
exponent of 0.6. b) Same as in Fig. 10a, but for living cells incubated with Cit—y-Fe,0; for tj,. =4 hat T = 37

°C. Together with the scaling proposed in the inset, the straight line of equation R —1= 0.2[Fe]? was

later used to translate the side scatter intensities into mass of iron interacting with the cells. Inset : Experimental
relationship between the mass of iron internalized and the quantity Rss-1, as obtained from cells seeded with
PAAZK—})—F€203.

Fig. 10a shows the quantity Rss — 1 as a function of [Fe] for Cit—y-Fe,O3 and PAAx—y-Fe, O3
NPs for the dead 2139 lymphoblasts (ti. = 5 min; T = 4°C). The data points were found to be
well fitted by a power law with exponent 0.6 (straight line in Fig. 10a). The figure evidences
that the presence of citrate or PAAjk-coated particles inside permeant cells induces similar
increases of their SS intensities, regardless of their state of aggregation. It also indicates that
the cellular refractive index is correlated to the total amount of iron present inside the cells,
and not to its spatial distribution.

Fig. 10b illustrates the concentration dependence of the quantity Rgs — 1 measured for living
cells incubated with Cit—y-Fe;O3 (tme = 4 h and T = 37 °C). The figure discloses again a

power behavior of the form R —1= 0.2[Fe]” observed over two decades in concentration.

Complementary studies discussed in Supporting Information (SI-7) describe a method to
measure the amount of internalized and/or adsorbed iron oxide. This protocol was applied to
lymphoblastoid cells seeded with PAA,k—y-Fe,O3 but not with Cit—y-Fe,O3; NPs because of
the presence in this later sample of large aggregates that could not be separated from the cells
(e.g. by magnetophoresis). Here the PAAk—y-Fe,Os particles serve as a calibration of the
mass of internalized iron per cell, Mg.. The inset in Fig. 10b displays the relationship between

the internalized mass of iron and the quantity R, —1 for this compound. Using this
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calibration curve, the Rgs(tmc)-evolutions in Fig. 7 were translated into Mge(tin). The masses
of iron per cell incubated with 10 mM of Cit—y-Fe,O3 particles at 4 °C and 37 °C are shown in
Fig. 11. After 2 min of incubation, Mg.-data exhibit a jump from 0 to 2.8 pg/cell at 4 °C and
from 0 to 7.4 pg/cell at 37 °C, showing that adsorption at 37 °C is twice that observed at 4 °C.
At both temperatures, the initial jump is followed by a levelling-off and a saturation of the
masses after two hours at levels reaching 7.0 pg/cell at 4°C and 21.6 pg/cell at 37°C. All
together, these results suggest that at 37 °C, two thirds of the particle interacting with cells
(~15 pg/cell at 10 mM Fe) are on the cell surfaces, while one third is internalized (7 pg/cell)
These values are in good agreement with those of the literature on similar compounds [35, 41,
42].
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Figure 11 : Mass of iron Mg, interacting with the human lymphoblastoid cells as a function of the incubation
time. The data are for Cit—y-Fe,0; at [Fe] = 10 mM and the continuous lines are from best fits exponential
growth laws similar to Eq. 2.

V — Conclusion

In the present paper we have established a relationship between the phase behavior of
anionically coated iron oxide NPs in biological fluids and their interactions with mammalian
cells growing in suspension. Iron oxide NPs coated with negatively charged citrate ligands are
found to destabilize in cell culture media and to interact strongly with human lymphoblastoid
cells. Particles made from the same magnetic core, but coated with a 3 nm anionic polymer
adlayer exhibit much weaker interactions with cells. These findings confirm those obtained
with adherent murine fibroblasts and treated with the same particles [20]. The destabilization
kinetics of Cit—y-Fe,O3 NPs in biological fluids was monitored by static and dynamic light
scattering. The precipitation of the Cit—y-Fe,O3; NPs in biological fluids without serum is
attributed to the displacement of the citrates from the particle surfaces towards the bulk, as
they are preferentially complexed by calcium and magnesium counterions of the culture
medium. In the presence of 10 vol. % serum, the aggregation is slowed down due to the
presence of a protein corona surrounding the particles. Given the rather wide use of citrates
for coating engineered NPs (as in the cases of gold [8, 43] and rare-earth oxide [29, 44-46]),
the present results, together with those of the recent literature [47-49] confirm the rather poor
coating performances of such low-molecular weight ligands. By contrast, in all biological
fluids tested, the polymer coated NPs exhibited a remarkable colloidal stability and an
absence of protein corona. The reasons for the outstanding stabilization behavior of polymer-
coated particles were reviewed recently [50]. Polymers at interfaces form a dense brush which
acts as a physical barrier against aggregation, even in complex media. In addition, when the
polymers are bearing anionic charges as in the present specimen, the organic layer imparts an
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additional electrostatic repulsion between the tethered surfaces, resulting in an electrosteric
interaction [23].

In this study, we ascertain two types of NP-cell behaviors : NPs are either adsorbed on the
cellular membranes, or internalized into membrane-bound endocytic compartments. The
visualization of these cytoplasmic compartments was made possible thanks to transmission
electron microscopy. In the case of adsorption, the layer of materials deposited on the
membranes can grow up to 500 nm and remains unperturbed after 24 h of incubation, pointing
out the remarkable stability of the NP/cell interactions. Flow cytometry on treated
lymphoblastoid cells displays important shifts of the intensity distribution as compared to
control cells. We demonstrate here that this effect was due to an increase in the scattering
contrast (and not in the size) of the seeded cells passing through the laser beam. The
exploitation of flow cytometry data to evaluate the uptake of NPs in mammalian cells was
alluded to by Suzuki et al. [22], and later on confirmed by Xia et al. [21]. Our results support
this earlier work. Here, the displacements of the intensity distribution are analyzed as a
function of the coating, incubation time, dose and temperature. Working both at 4 °C and at
37 °C allowed us to discriminate between the adsorbed and internalized NPs. The kinetics of
NP/cell interactions reveal two main features : for the precipitating citrate coated particles, the
cytometry signal at 4 °C exhibit a massive and rapid adsorption of iron oxide on the cell
surfaces. At this point, it is unclear whether the NPs precipitated directly on the cellular
membranes, or if there was first the formation of aggregates and then a deposition of the cells.
As anticipated, the polymer coated NPs exhibit a reduced adsorption and/or uptake towards
the cells. Extended analysis of the cytometry data emphasizes the possibility to quantify the
intensity shifts in terms of internalized and adsorbed amounts, a technique that could find
relevant applications in in vitro experimentation.
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The Supporting Information section shows the full characterization of the iron oxide
nanoparticle in terms of size and crystallinity (SI-1). The release amounts and release rates of
ferric ion Fe’" at neutral and acidic pH for the Massart dispersions used in this work are
estimated in SI-2. The adsorption isotherm of citrate ions on y-Fe,Os; nanoparticles is
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analyzed using the Langmuir formulation in SI-3. Static viscosity of the all RPMI biological
fluids used in this work are provided in SI-4. The composition of cellular medium RPMI 1640
is recalled in SI-5 whereas light scattering properties of cell culture medium yield the size of
the biological molecules and proteins present in the medium (SI-6). Details of the protocol for
measuring the mass of metal internalized/adsorbed by living cells (MILC) are provided in SI-
7. This information is available free of charge via the Internet at http://pubs.acs.org/.
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