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Abstract

The aim of this study was to investigate the influence of the surface charge and coating of
Superparamagnetic Iron Oxide Nanoparticles (SPIONs) on their in vitro and in vivo
behaviors. Neutral and negatively-charged PEG-based SPIONs were synthesized and
compared to Resovist®, a carboxydextran-based SPION currently used in clinics. Their
cytotoxicity, cell internalization, and potential as contrast agents for magnetic resonance
imaging were assessed. Neutral pegylated SPIONs were internalized less readily by the
reticuloendothelial system and showed a lower uptake by the liver, compared to negatively-
charged SPIONs (with carboxydextran and PEG). These results suggested that the charge of
functionalized SPIONs was more relevant for their biological interactions than the nature of

their coating.

Keywords: In vivo assays, Macrophages, MRI (magnetic resonance imaging), Nanoparticles,

Surface grafting.



1 Introduction
Superparamagnetic iron oxide nanoparticles (SPIONs) are currently being developed for
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several biological applications such as hyperthermia, drug delivery
Resonance Imaging *® (MRI). For the latter application, SPIONs are usually used as Water
proton transverse relaxation time (T2) contrast agents ¥, whereas conventional gadolinium
chelates (Gd**) are used as T contrast agents °. However, iron oxide nanoparticles must fulfill
certain requirements in order to be used for MRI applications: (i) they should crystallize in a
spinel structure (AB204) such as Fe3Os (magnetite) or y-Fe,O3 (maghemite) %! and (ii) their
crystallite size should be smaller than 20 nm '*!3. The crystallite size of SPIONs also
influences their magnetic response in MRI '+15,

Moreover, the intrinsic instability of SPIONs in physiological conditions does not allow
their use without surface modification. Two types of stabilizing agents are commonly used on
the surface of nanoparticles. Electrostatic agents are able to modify the charge of SPIONs in

1

the positive or negative direction. For example, amine '°, carboxylic acid !/, or phosphate

groups '® can be grafted during or after SPION synthesis. They are directly linked to the
SPION surface due to the chelating interaction of OH groups with carboxylic or phosphate

1920 "or by condensation of silane precursors 2'. Alternatively, steric agents stabilize

groups
the nanoparticles by physical hindrance. Polymers ** with long hydrophilic chains, such as
Polyethylene Glycol (PEG) and Polyvinyl alcohol (PVA), are commonly used % to avoid
aggregation at physiological conditions 2°. Coating with polysaccharides such as dextran
provides another approach to stabilizing these particles and is commonly used in commercial
iron oxide nanoparticle MRI contrast agents >’

These surface modifications usually influence SPION size and biodistribution. Because
they are bigger than gadolinium molecules (Gd*"), iron oxide nanoparticles usually have

) 4,27

either a rapid hepatic uptake (when they are larger than 50 nm , or a delayed hepatic or



ReticuloEndothelial System (RES) uptake when they are below 40-50 nm 2® and could even
reach sites of inflammation by lymphocyte transport %. In contrast, Gd** complexes have a
much faster renal clearance ** than SPIONs 3!. Surface functionalization seems to influence
the biological behavior of iron oxide nanoparticles. When they are in contact with
nanoparticles, plasma proteins usually adhere to their surface, leading to a size increase .
This phenomenon, called opsonization, influences the half-life and biodistribution of
nanoparticles in vivo; the faster the proteins are adsorbed onto the surface, the faster the
nanoparticles will be taken up by the RES *. Finally, the initial surface charge could also
influence nanoparticle uptake, as it is commonly observed that negatively-charged
nanoparticles have faster interactions with cells or organs **%. Faure et al. also demonstrated
that the clearance and biodistribution of pegylated gadolinium oxide nanoparticles were
governed by both the polymer length and terminal group *. Ge et al. recently reported that
meso-2,3-dimercaptosuccinic acid (DMSA)-Fe;O3 particles showed dose-dependent
cytotoxicity to human aortic endothelial cells ¢ and highlighted the need for careful
evaluation of these particles before their medical application.

Surface modification is a key parameter affecting the biodistribution of nanoparticles.
The present study investigated the influence of surface coating and charge on the initial in
vitro and in vivo behaviors of SPIONs. SPIONs were synthesized with similar crystallite and
hydrodynamic sizes as the commercially-available carboxydextran-coated iron oxide MRI
contrast agent (Resovist®). They were functionalized with silanated polymer, methoxy-
PEG2000 *7* (PEG2-Si), or with a combination of PEGak-Si and carboxylic acid (DMSA) ¥.
These two types of nanoparticles were coated with the same stabilizing agent (PEG
polymers), but had different charges, respectively neutral and negative. This new dual
combination permitted us to obtain sterically stabilized pegylated SPIONs with thiol groups,

providing negative charges and anchoring groups for further modification *°. Three different



particles were compared; one with dextran and an initial negative charge, one with PEG and
an initial neutral charge, and one with PEG and an initial negative charge. The cytotoxicity
and interactions of these SPIONs were studied in mouse macrophages (RAW 264.7) and
human hepatic cells (HepG2). To further investigate the RES behavior, Transmission Electron
Microscopy (TEM) was performed on RAW 264.7 cells to observe SPION internalization.
Finally, these nanoparticles were studied by MRI to estimate their potential as contrast agents,
their biodistribution, and their clearance. Histology staining was also carried out to confirm
the in vivo behaviors of these SPIONs.
2 Materials and methods
2.1 Materials
2.1.1 Reagents

Iron (II) chloride tetrahydrate (FeCl2.4H20), iron (III) chloride hexahydrate
(FeCl3.6H20), sodium hydroxide (NaOH), hydrochloric acid (HCI 37%), nitric acid (HNO3
69%), meso-2,3-dimercaptosuccinic acid (DMSA), PEG2k (molecular weight = 2000 g-mol'l),
3-isocyanatopropyltriethoxysilane (ICPTS), dibutyltin dilaurate (DBTL), n-hexane, and
tetrahydrofuran (THF) were purchased from Sigma Aldrich and used without any further
purification. THF was distilled over sodium metal and benzophenone just before use. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent and Prussian blue
(Accustain® iron stain) were purchased from Sigma.
2.1.2  Control iron oxide suspension used as an MRI contrast agent

Resovist® from Schering is a negatively-charged carboxydextran SPION suspension
used in the clinical context at the University Hospital of Dijon. This commercially available

MRI T; contrast agent was used as a reference for this study ®.



2.1.3 SPION preparation

Naked SPIONs were synthesized using a classical co-precipitation protocol 42, Briefly,
a stoichiometric mixture of 20 mL of 2 M iron II chloride solution and 80 mL of 1 M iron III
chloride solution (molar ratio of Fe':Fe'! = 1:2) was added dropwise to 800 mL of 0.75 M
NaOH solution (25°C). The naked SPION suspension formed was then washed and peptized
several times with 1 M HNOj3 solution and water. The suspension was then dialyzed at pH 3
with a HNOs solution for 2 days, and was subsequently stored at this pH. The particle
concentration was 23 mg-mL!. X-Ray Diffraction (XRD) patterns of the nanoparticles were
characteristic of the magnetite spinel structure (Fe3O4) (results not shown).

PEGx-Si was obtained by reacting ICPTS with PEGx * in anyhdrous THF at 60°C
under nitrogen flow for 48 h, with DBTL as a catalyst. The PEG2k-S1 was then precipitated in
hexane. Pegylated SPIONs were obtained as follows: 0.13 mmol of PEG2k-Si was dissolved
in 40 mL ethanol/water (50/50: v/v), pH 4, at 25°C ***_ One hundred milligrams of SPIONs
were added and the reaction proceeded for 48 h under N; flow. The suspension was then
dialyzed with water for one week. The resultant nanoparticles were called PEG2k-SPIONS.

PEGk-SPIONs were also grafted with DMSA 0. Pegylated particles were obtained as
described above, except for the addition of 0.0439 mmol of DMSA 2 h prior to the end of the
reaction. The modified SPIONs were then sedimented 3 times at pH 3 in the presence of a
magnetic field, peptized at pH 10, and adjusted to pH 7. These nanoparticles were called
DMSA + PEG2k-SPIONS.

Naked SPIONs, PEGok-SPIONs and DMSA + PEGok-SPIONs are schematically

represented in Figure 1-a.



2.1.4  Cell culture

Macrophage cell types from mice with leukemia (RAW 264.7) and HepG2 hepatocytes
from a human liver carcinoma were cultured in 10 cm diameter petri dishes, in DMEM
medium supplemented with 10% fetal bovine serum (FBS).

2.1.5 Animal study

3 month old Swiss Albino mice (30 g) were purchased from the animal care unit of the
University Hospital of Dijon.

2.2 Physicochemical characterization

The zeta potential (§) and the hydrodynamic size (du) of the nanoparticles were measured
with a Malvern Zetasizer, using DTS Nano 4.20 software. The nanoparticle suspensions were
diluted to approximately 200 ug.mL"' in 10 M NaCl solution. The NaCl stock solution had
previously been filtered through a 0.8 um filter. The & potentials of functionalized and naked
SPION suspensions were measured from pH 3 to pH 12; pH was adjusted with 0.1 M HCI and
0.1 M NaOH, respectively.

TEM observations were performed with a JEOL JEM-2100 instrument operating at 200
kV. The copper grids were dipped in a dilute suspension of samples and left to dry completely
before analysis. The mean size of the crystallites, dtem, was obtained from at least one
hundred particles.

Specific surface area measurement of naked SPIONs was performed using a 5 isotherm
point BET (Brunauer-Emett-Teller) method with a BELSORP-mini apparatus with N> gas
adsorption.

Thermogravimetric analyses (TGA) were performed with a symmetrical thermobalance
(SETARAM TAG?24). The heating rate was 2°C.min"' up to 800°C under N»/O> (0.12/0.04

L.min"). Sample weights were around 5 to 10 mg. Any weight loss was assumed to be due to



polymer degradation. The amount of DMSA on the particles was measured with Ellman’s
reagent assay titration 04,

The particle relaxivities (r2 in mMpe!-s™) were calculated using the following method *7.
Water proton transverse relaxation time (T2) measurements at 3.0 T were carried out at 298 +
1 K with a Siemens Magnetom Trio TIM, using a commercially-available birdcage head coil.
Relaxation time measurements were performed on test tubes containing SPIONs, with or
without surface modification, in acrylamide gel at a range of concentrations (0, 0.013, 0.038,
0.063, 0.088, 0.125, and 0.25 mMk.). For T> determination, a multi-echo spin-echo (SE) pulse
sequence was used, with Tr (repletion time) = 5000 ms, matrix = 256 x 204, Field of View
(FOV) =100 x 80 mm and slice thickness = 5 mm. Images were acquired at 32 echoes, from
Tg = 8.2 ms to 275.2 ms, with an 8.2 ms interval. Image analysis was performed using ImageJ
(Image Analysis Software developed by the NIH, USA). The signal decay curve was fitted to

the equation S(Tg) = A exp(-Tg/T2) using a non-linear function. The relaxivity, r> (in mM

1 -1
_ ), was then determined by fitting the relaxation rate (1/T2) as a function of iron

concentration in mMMFe.
2.3 Biological observations
2.3.1 Cellviability

The MTT assay was used to measure the cytotoxicity of SPIONs in two different cell
lines (RAW 264.7 and HepG2). This measured mitochondrial metabolic activity, which
converted the MTT reagent from a yellow tetrazolium salt to the dark blue formazan by
reductive cleavage of the tetrazolium ring. Formazan crystals were then dissolved in an
organic solvent and quantified by measurement of the absorbance of the solution at 570 nm,
with the resultant value being proportional to the number of living cells. To determine cell
viability, the cells were seeded in a 96-well plate and incubated at 37°C in a 5% CO2

atmosphere for 24 h until they reached 50% confluency. Cells were then incubated in the



presence of the different types of SPIONs or Resovist® (at two concentrations: 25 and 50
ugre.cm? well area), and physiological saline (NaCl at 0.15 M). These two concentrations
were chosen on the basis of the dose injected in the in vivo study. Briefly, 5.6 pgre.g”! mouse
were injected (30 g mice, 2 mL of circulating blood *®), i.e. 168 ugres/mouse and 84 pg.ml™!
blood. In 96-well plates, the working volume was 100 puL so we selected 8.4 pgre/well (about
25 ugre.cm™ since each well had a surface area of 0.32 cm2). This concentration was then
doubled for high-dose cytotoxicity assessment. Previous studies have employed these doses to
investigate both MRI biodistribution and cytotoxicity (MTT assays) of SPIONs **°°_ After 1,
3, and 24 h of incubation, the wells were washed 2 times with PBS at 37°C. Then 100 pL
MTT (2 mg.mL'l) was added in Puck G+ medium (126.6 mM NaCl, 3.8 mM KCI, 0.11 mM
CaCl2-2H20, 0.62 mM MgSOs-7H20, 0.86 mM Na,HPO4-2H20, 0.61 mM KH:PO4, 14.3
mM NaHCOs, and 1.1 g.L"! glucose, pH 7.4) for 1 h at 37°C. Puck G+ corresponded to basic
osmotic medium and was used to avoid interference during the MTT reaction. Excess MTT
was then removed and 200 pL of isopropanol with HCI1 (0.1 M) was incubated with the cells
for 1 h at room temperature. The absorbance in each well was then read in a
spectrophotometer (Wallac Victor3, Perkin Elmer) at 570 nm. Average absorbance (from n =
4) was normalized to the control. The viability (in %) was then calculated by
absorbanceies/absorbancecontror X 100.
2.3.2 SPION interactions with macrophages and hepatocytes

Optical microscopy: RAW 264.7 and HepG2 cells seeded on 1 cm diameter glass
coverslips in 24-well plates were incubated for 3 h in the presence of Resovist®, PEGak-
SPIONs, or DMSA + PEG2k-SPIONSs at a concentration of 25 pgre.cm™. The cells were then
washed 2 times with PBS and fixed with 4% paraformaldehyde, 0.5% glutaraldehyde, and
0.1% triton for 15 min. Then the cells were fixed in sodium borohydride (25 mg.mL"" in PBS)

for 10 min, washed once with PBS, incubated with 2% potassium ferrocyanide and 0.6



mmol/L HCl for 10 min, and washed with water. Cells were then stained with 0.2%
paroraxilin for 1 min, before washing consecutively with water, 95% and 100% ethanol, and
100% xylene for 10 min. The dissolved iron from the SPIONs reacted with potassium
ferrocyanide to give a blue product. The cells were then mounted on glass slides using
Eukitt® (Sigma) and observed by optical microscopy. RAW 264.7 and HepG2 cells incubated
with complete media were observed as control.

Transmission Electron Microscopy: RAW 264.7 cells were incubated with Resovist®,
PEG2k-SPIONs, or DMSA + PEGa-SPIONSs at a concentration of 25 pgre.cm™. Cells were
then washed 3 times with PBS and fixed at room temperature with 4% paraformaldehyde and
1.5% glutaraldehyde in a phosphate buffer (0.1 M, pH 7.4) for 30 min. The cells were then
washed 4 times in phosphate buffer and then one last time overnight at 4°C. Cells were then
post-fixed using 1% osmium tetraoxide solution in phosphate buffer, washed and dehydrated
by 15 min incubations in successive ethanol baths (from 30% to 100%). Cells were then
embedded in epoxy resin (EMBed-812) overnight at 37°C, followed by 48 h at 60°C. Resins
were then cut with an ultramicrotome (slices from 80 to 90 nm). After cutting, the slices were
stained with uranyl acetate and lead citrate solution for contrast enhancement and observed by
TEM on a HITACHI H-7500 operating at 80 kV.

2.3.3 Mice MRI analyses

Mice were injected with 100 pL of physiological saline (NaCl at 0.15 M) (n = 6),
Resovist® (n = 6), PEGa.SPIONs (n = 6), or DMSA + PEG2-.SPIONs (n = 4). SPION
suspensions were diluted in physiological saline to a concentration of 1.68 mgr..mL". To
reach a concentration of 5.6 mgre.kg! mouse, the injected dose was around 168 pgre per
mouse. This experiment was conducted in accordance with French ethical guidelines for in

vivo studies (authorization number B0410).
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Injected mice were then analyzed by 3.0 T MRI at 1, 3, and 24 h after injection. Gradient
echo T>* weighted was used for acquisition with echo-time TE = 2.9 ms, repetition time Tr W
= 300 ms, slice thickness = 2 mm and an in-plane resolution of 0.35 um?2. Images were
acquired in sagittal, longitudinal and transverse slice orientations. On coronal images, the
average contrast of the liver was calculated using Image J and reported in grey level (where O
was full black and 2048 was full white). Half of each mouse population was sacrificed 3 h
after injection for organ analysis and the other half was sacrificed after 24 h.

2.3.4 SPION distribution in organs

The livers and hearts of the sacrificed mice were harvested and sliced. These organs were
then treated with Prussian blue to reveal the presence of iron from dissolved SPIONs. Optical
microscopy was then performed on the slices and the images obtained from test and control
animals were compared.

2.3.5 Statistics

All statistics were performed using the GraphPad Prism software and an unpaired t-test.
3 Results and discussion
3.1  Physicochemical characterization of SPIONs

Some physicochemical characteristics of the synthesized and functionalized SPIONs are
summarized in Table 1 and compared to those of the commercial Resovist® SPION
suspension used as the reference nanomaterial in this study. No significant differences were
observed in the crystallite sizes of Resovist® and the synthesized SPIONs. The hydrodynamic
diameter of naked SPIONs increased to around 40 nm after PEGok functionalization. This size
was close to that of Resovist®. The major difference between PEG2x-SPIONs and Resovist®
was their charge. At pH 7, Resovist® was negatively charged, while PEG2x.SPIONs were
only slightly negatively charged (almost neutral). The addition of 0.3 molecule of DMSA per

nm? of PEG2x.SPIONs did not change the size of the nanoparticles, but induced a negative
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charge (¢ = -30mV) at pH 7. According to the study performed by Fauconnier et al. 3!, the
maximum concentration of DMSA/nm? should be around 2. However, Ge et al. demonstrated
that this concentration could induce some cytotoxicity *¢. The lower DMSA concentration and
the presence of PEG grafted on the surface of DMSA + PEG2-SPIONs should decrease the
potential for cytotoxicity. The presence of DMSA on these SPIONs also decreased the PEG
density on the surface from 3.3 to 0.6 molecule/nm?, probably by removing excess of polymer
from the surface of the SPION. The relaxivities (r2) were all in the same range, regardless of
the nature of the surface coating. These measurements confirmed that all of the SPIONs had
roughly the same size because the relaxation time (T2) linked to r» was size-dependent >5%%3,
It has also been demonstrated that greater aggregation of magnetic particles could increase 12
% by increasing the presence of magnetic mono-domains in the aggregates *>. In addition,
LaConte et al. recently showed that the charges of these nanoparticles did not influence r» *°.
Finally, the concentration (molecule/nm?) at which the SPIONs were coated with either
carboxydextran or PEG2k, with or without DMSA, did not influence their magnetic properties.
These similarly-sized nanoparticles were studied in vitro and in vivo to determine the potential
influence of their initial surface charge and coating on their biological behaviors. Figure 1-b
shows the { potentials of naked SPIONs, PEG2-SPIONs, and DMSA + PEGa-SPIONs at
different pH conditions (from 3 to 12). The isoelectric point of naked and PEG2x SPIONs was
around pH 7, showing the absence of charge on these two types of nanoparticles. However,
the absolute ( values of PEG2k-SPIONs (+10 mV) were lower than those of naked SPIONs
(+40 mV) at acidic pH; this shielding effect proved that PEG2 had been efficiently grafted
onto the SPIONs. For the DMSA + PEG2k-SPIONS, the isoelectric point was below pH 3,
proving that these particles were negatively charged at the pH range used in subsequent

analyses.
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The cytotoxicity of naked and functionalized-SPIONs was evaluated in macrophages

(RAW 264.7) and hepatic cells (HepG2), as shown in
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Figure 2. These two cell lines were chosen to model the usual in vivo targets of SPIONs:
the RES and the liver. Compared with control cells, 24-h incubations with the two test
concentrations (25 and 50 pgre.cm?) of functionalized nanoparticles did not produce
significant cytotoxicity, with cell viability remaining above 80% (Figure 2). The unexpectedly
high assay values observed (only at the high concentration, after a 24-h incubation with one
cell line) may have been due to interference between iron oxide and the assay.

Prussian blue staining experiments were carried out on RAW 264.7 and HepG2 cells
incubated for 3 h in the presence of the three different functionalized SPIONs (at 25 pgpe.cm™
of well) and compared with control cells, incubated with medium only (Figure 3). Blue
colored spots observed on the images were caused by Prussian blue reacting with iron
(dissolved from SPIONs) and potassium ferrocyanide. Thus, SPION-containing areas were

labeled with the blue pigment. In RAW 264.7 cells incubated with Resovist®, blue spots co-
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localized with the cells. No blue spots were observed at this magnification in RAW 264.7
cells incubated with PEG2x.SPIONs, while many were observed in and around these cells
following incubation with DMSA + PEG2k.SPIONs. The distribution of the blue stain in the
latter case may have indicated some stronger interactions between these nanoparticles and
RAW 264.7 cells. This could reflect particle aggregation under these experimental conditions.
Resovist® was also found to co-localize with HepG2 cells. Although very few PEG2x.SPIONs
seemed to have interacted with HepG2 cells, DMSA + PEG2-SPIONSs interacted more with
these cells. Some aggregations of these latter particles were observed on these hepatic cells,
but not to the extent found on RAW 264.7 macrophage cells. These observations suggested
that these particles had aggregated in some places before their dissolution and reaction with
potassium ferrocyanide. As the Prussian blue was observed with an optical microscope, it was
not possible to distinguish between co-localization and real internalization of the particles.
However, these results showed that DMSA + PEG..SPIONSs interacted more with the cells
than PEG2x.SPIONs, which may be due to their surface charge and some aggregation of the
negatively-charged particles. Moreover, Resovist® particles did not show any obvious
aggregation (compared to DMSA + PEG2) but showed more interaction with cells than
PEG2k-SPIONSs. Thus, macrophage cells should interact more with SPIONs than hepatic cells
because of their phagocytosis role in vivo. Regarding cellular uptake, there was no evidence
of PEG2k-SPION internalization by RAW 264.7 cells.

To obtain more insight into these interactions, TEM observations of RAW 264.7 cells
incubated for 3 h with the three different nanoparticles (at 25 pgre.cm? of well) were carried
out (Figure 4). Resovist® (top images) and DMSA + PEG2.SPIONs (bottom images) were
easy to detect inside vesicles that were probably phagosomes. As observed in the optical
Prussian blue staining, the SPIONs were aggregated, with sizes greater than 100 to 200 nm for

Resovist® and around 500 nm for DMSA + PEG2k.SPIONs. These particles were entrapped

14



and therefore concentrated in vesicles. It was obvious from these observations that their sizes
had increased from 40-50 nm (Table 1, PCS measurements) to a few hundred nm in contact
with cells and their medium. This phenomenon has been described previously under
biological conditions. For instance, Schlorf et al. reported the aggregation effect of fibrinogen
and plasma after a 1-h incubation with dextran-coated SPIONs 7 In addition, Khandhar et al.
showed that the Resovist® response to MPS (Magnetic Particle Spectrometry)
characterization was modified after incubation with media >® while their neutral Poly(maleic
anhydride-alt-1-octadecene) (PMAO)-PEG-coated iron oxide nanoparticles remained
unaffected °°. On the other hand, it was very difficult to detect PEG2k.SPIONs inside RAW
264.7 cells, even at a high magnification. The small black dots around 50 nm circled in yellow
in Figure 4 could potentially be pegylated SPIONs, because the electron contrast was slightly
higher than the background. Consequently, some PEG2-SPIONs could be present inside
vesicles, but in very small quantities (compared with other conditions) and with small sizes,
as they were not detected with Prussian blue staining. No aggregates of PEG2x.-SPIONs were
detected inside RAW 264.7 cells following a meticulous observation by TEM. These results
suggested that PEG2k SPIONs were more stable under biological conditions than the other
nanoparticles tested.

Optical and electron microscopy observations demonstrated that the negatively charged
particles interacted more with hepatic (HepG2) and macrophage (RAW 264.7) cell lines than
did pegylated neutral nanoparticles. Resovist® and DMSA + PEG2x.SPIONs were
internalized in vesicles of around 500 nm and were easily detectable by Prussian blue staining
or in TEM. In contrast, PEG2x-SPIONs were more difficult to observe in the cell cultures and
this could be due to a reduced internalization of these nanoparticles by RAW 264.7 and
HepG?2 cells. If these PEG2k-SPIONs avoid being taken up by RES cells, they could remain in

the blood circulation for longer than the negatively-charged particles tested.
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Swiss albino mice were injected with physiological saline or 168 pgre of Resovist®,
PEG2x-SPIONs, or DMSA + PEG2k-SPIONs. Mice were then analyzed using MRI at 1, 3, and
24 h after injection. On the coronal images obtained 3 h after injection (Figure Sa, livers
circled in red), liver and heart contrasts were analyzed and reported in arbitrary units (Figure
5b and 5c¢). On the MRI images of Figure 5a, the liver of the control mouse appeared less dark
than the livers of SPION-injected mice. Moreover, the liver of mice injected with PEGoxk-
SPIONSs looked less dark than the other two. This result was confirmed by quantification,
showing a significant difference (Figure 5b). No other difference in contrast was observed in
any other organ during the whole experiment. As shown in Figure 5b, the average contrast of
control mice livers did not change significantly during the experiment (around 700 to 800
a.u.), which suggested that there was no physiological influence on contrast during the
experiment. For mice injected with SPIONs, the average contrast of the livers decreased
significantly after 1 h, illustrating the negative contrast effect of the SPIONs on this organ.
For the negatively-charged particles, the liver contrast reached final values of 50-100 a.u. 1 h
after injection. However for PEG2k.SPIONs, even though the liver contrast had decreased to
similar values of around 100 a.u. 24 h after injection, the contrast was relatively high, around
500 and 400 a.u. at 1 and 3 h post-injection, respectively. As the final contrast value of PEG2k-
SPIONs after 24 h was similar to that of the other SPIONs, and all the nanoparticles had
approximately the same r» relaxivities, this indicated that the PEG2x-SPIONs accumulated less
in the liver 1 and 3 h after injection and would therefore probably have remained in the
circulation during this period. For other organ, no significant differences were observed
between the contrast of control and injected mice, as shown for the heart in Figure 5c. The
functionalized SPIONs used during this study therefore only showed a negative contrast in the
liver. Moreover, neutral pegylated SPIONs seemed to be taken-up more slowly than their

negatively-charged counterparts.
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Prussian blue staining of livers and hearts was conducted to determine whether less
PEG2.SPIONs were taken up by the liver than Resovist® and DMSA + PEGx-SPIONs
(Figure 6). As the slices observed were taken in the middle of the organs, any nanoparticles
detected were assumed to have been taken up by the organ. Firstly, no SPIONs were observed
in heart slices, consistent with the MRI findings. However, livers from mice injected with
SPIONSs had blue spots, revealing the presence of iron oxide nanoparticles, even 3 h after
injection. It is also important to note that fewer blue spots were observed in PEG2x.SPION-
injected mice than in mice administered with the other two types of nanoparticle. By 24 h
after injection, the quantity of SPIONs appeared to be very similar. These Prussian blue
observations, coupled with the MRI images and contrast analyses, demonstrated that less
PEG2k.SPIONs were taken up by the liver 3 h after injection, whereas approximately all the
Resovist® and DMSA + PEG2«.SPIONs were within the liver, even 1 h after injection.

One of the reasons for these observations of lower liver uptake of PEG2k.SPIONS,
compared with the negatively-charged SPIONs, could be explained by the in vitro results.
Internalization experiments showed less internalization of PEG2x-SPIONs by hepatic and
macrophage cells after 3-h incubations. This lower uptake of PEG2k.SPIONs by macrophages
could help explain their longer circulation time. With PEG, the opsonization of particles by

blood proteins and their subsequent uptake by macrophages is usually slower 2

, resulting in
an extended blood circulation of PEG-coated nanoparticles which could limit the negative
contrast of the liver. These protein adsorption differences have also been observed in vitro.
The agglomerated SPIONs seen on Prussian blue microscopy imaging could be due to
interactions between SPIONs and plasma proteins (usually albumin) . The absence of
PEG2.SPION detection correlated with the lower opsonization rate of these particles,

compared with those that were negatively-charged. However this phenomenon could not fully

explain the longer blood circulation observed with PEG2x-SPIONs, because DMSA + PEGox-
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SPIONs also had PEG on their surface. The negative charge of these latter SPIONs could
provide an explanation for their increased interactions with hepatic cells 3!, It was observed
that DMSA + PEG2-SPIONs tended to be taken up more by hepatocytes than PEGok-
SPIONS, leading to a longer latency in liver than the negatively-charged particles. Moreover,
when the SPIONs were charged at physiological pH, they aggregated in the presence of cells
and their medium. A final surface charge-related explanation for the slow liver uptake of only
PEG2k-SPIONS is the aggregation of negatively-charged SPIONS. It has already been reported
that particles larger than 40 nm are easily taken up by the liver 7625, In the present study, the
microscopy observations were consistent with this theory.

4 Conclusion

This study prepared and investigated two different types of SPIONs as potential MRI
contrast agents and compared them to commercial SPIONs (Resovist®) that were coated with
carboxydextran and negatively-charged.

In conclusion, it was observed that negatively-charged and pegylated nanoparticles had
the same biological behavior (cytotoxicity, cellular internalization, and MRI biodistribution)
as nanoparticles coated with negatively-charged carboxydextran, even though the surfaces of
these particles were very different. The results indicated that the biological behavior of
nanoparticles with similar sizes and magnetic properties was mainly governed by the charge,
rather than the coating. However, the nature of the coating may also play a role as the density
of PEG2k was much lower with DMSA than without it.
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Figure 1: a) Representation of the three types of synthesized SPION (shown in orange). From left to right: naked
SPION, SPION coated with PEGzk (shown in grey), and SPION coated with PEGa«k (shown in grey) + DMSA

(shown in red); b) {-potential at the indicated pH for the three types of SPION, measured in 10-2 M NaCl solution.
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Figure 2: Cytotoxicity results from MTT assays performed on RAW 264.7 and HepG2 cells

with Resovist®, PEGx-SPION, and PEGx-SPION + DMSA after 1-, 3-, and 24-h

incubations. The results are given as a percentage of the control cells, incubated with medium

only. Concentration used: 25 and 50 pgre.cm™. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.001, for the comparison with control cells.

25



Control Resovist® PEG,,-SPION  DMSA + PEG,,-SPION

aré
4

RAW cells

HepG2 cels

Figure 3: Representative optical microscope images of RAW 264.7 and HepG2 cells stained with Prussian blue
after incubation with: complete medium (Control), Resovist®, PEG2-SPION, or DMSA + PEG2«-SPION. Blue
color represents the presence of iron from dissolved SPIONs. Concentration used: 25 pgre.cm™. Scale bar: 10

pm.
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Figure 4: Representative Transmission Electron Microscope images of RAW 264.7 cells incubated with:
Resovist®, PEG2«-SPION, or DMSA + PEG2«-SPION, showing 2 magnifications per condition. The yellow-circled

darkest points indicate the presence of SPIONs. Concentration used: 25 pgre/cm2.

27



a) 3 h post-injection

PEG2k DMSA +
b) SPION PEG2k-SPION
1000 7 %k % ®"1h ®3h ®24h
3 800 | I
3 1 e
= 600 | T
1]
g |
= 400
5
O 200 l_ i —
g . M EdEe i o
| Control Resovist® PEG2k-SPION DMSA +
C) PEG2k-SPION
1000 1h #3h ®24h
S 800 - ; ® 1 i :
5 o0 ! T
[
< 400
<
S 200
t
g 0
= Control Resovist®  PEG2k-SPION DMSA +

PEG2k-SPION

Figure 5: a) Coronal magnetic resonance images (MRI) of mice 3 h after injection of (from left to right):
physiological saline (Control), Resovist®, PEG2-SPION, or DMSA + PEG2kSPION; b) Relative MRI contrasts
measured in livers from mice injected with physiological saline (Control), Resovist®, PEG2k-SPION, or DMSA +
PEG2«-SPION at 1, 3, and 24 h after injection; ¢) Relative MRI contrasts measured in hearts from mice injected
with physiological saline (Control), Resovist®, PEG2-SPION, or DMSA + PEG2-SPION at 1, 3, and 24 h after
injection. The red line in part a) surrounds the liver. Concentration used: 5.6 mgre.kg!. MRI pictures at Te: 2.9 ms,
Tr: 300 ms, slice thickness: 2 mm, resolution: 0.35 um2. Significances were reported as: *p < 0.05, **p < 0.01.

Administration of all SPIONs significantly altered the liver contrast, compared with the control, at all time-points.
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Figure 6: Representative optical microscope images of liver and heart slices stained with Prussian blue. Livers
were obtained from mice injected with: physiological saline (Control), Resovist®, PEG2k-SPION, or DMSA +
PEG2k-SPION and sacrificed 3 and 24 h after injection. Hearts were obtained from mice injected with:
physiological saline (Control), Resovist®, PEG2-SPION, or DMSA + PEGx-SPION and sacrificed 24 h after
injection. Blue spots indicate the presence of iron from dissolved SPIONs. Concentration used: 5.6 mgre.kg™’

mouse. Scale bar: 10 pm.
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Table 1: Physicochemical properties of Resovist®, naked SPIONs, SPIONs functionalized with PEGzk, and PEGz«

+ DMSA.
drem du ¢ potential Seet r, relaxivity
Nanoparticles Molec.nm™ ; ;
(nm) (hm)  atpH7(mv) mg’ (mm”__s")
Resovist® 8+2 22+4 22+2 n.d. n.d. 260 + 14
Naked SPION 9+3 23+ 1 0+3 110 0 285 £ 12
PEG,,-SPION 9+3 385 3%3 110 3.3 PEG 260 £9
0.6 PEG
DMSA + PEG,,-SPION 9+3 36+4 -30+3 110 297 +7
0.3 DMSA

Molec: molecule ; n.d.: not determined

30





