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Abstract

Hypothesis. Iron oxide and other ferrite nanoparticles have not yet found widespread
application in the medical field since the translation process faces several big hurdles. The
incomplete knowledge of the interactions between nanoparticles and living organisms is an
unfavorable factor. This complex subject should be made simpler by synthesizing magnetic
nanoparticles with good physical (relaxivity) and chemical (colloidal stability, anti-fouling)
properties and no biological activity (no immune-related effects, minimal internalization, fast
clearance). Such an innocent scaffold is the main aim of the present paper. We systematically
searched for it within the class of small-to-medium size ferrite nanoparticles coated by small
(zwitter)ionic ligands. Once established, it can be functionalized to achieve targeting, drug
delivery, etc. and the observed biological effects will be traced back to the functional molecules
only, as the nanosized scaffold is innocent.

Experiments. We synthesized nine types of magnetic nanoparticles by systematic variation of
core composition, size, coating. We investigated their physico-chemical properties and
interaction with serum proteins, phagocytic microglial cells, and a human model of
inflammation and studied their biodistribution and clearance in healthy mice. The nanoparticles
have good magnetic properties and their surface charge is determined by the preferential
adsorption of anions. All nanoparticle types can be considered as immunologically safe, an
indispensable pre-requisite for medical applications in humans. All but one type display low
internalization by microglial BV2 cells, a process strongly affected by the nanoparticle size.
Both small (3 nm) and medium size (11 nm) zwitterionic nanoparticles are in part captured by
the mononuclear phagocyte system (liver and spleen) and in part rapidly (=1 h) excreted through
the urinary system of mice.

Findings. The latter result questions the universality of the accepted size threshold for the renal
clearance of nanoparticles (5.5 nm). We suggest that it depends on the nature of the circulating
particles. Renal filterability of medium-size magnetic nanoparticles is appealing because they
share with small nanoparticles the decreased accumulation-related toxicity while performing
better as magnetic diagnostic/therapeutic agents thanks to their larger magnetic moment. In
conclusion, many of our nanoparticle types are a bio-compatible innocent scaffold with

unexpectedly favorable clearance.
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1. Introduction

Translating magnetic nanoparticles (NPs) into clinical practice has proved a difficult process.
In 2018, just five magnetic NP formulations indicated for iron replacement therapy were FDA-
and EMA-approved and marketed while the previously approved magnetic NP contrast agents
have been withdrawn from the market.[1-5] A few successful examples can be found in the
device category, such as Nanotherm (MagForce AG) for hyperthermia treatment of
glioblastoma and the recently approved Magtrace/Sentimag (Endomagnetics Ltd.) to guide
lymph node biopsies.[6]

Several hurdles limit the clinical translation and marketability of NPs.[7] For instance,
only a minor fraction (<0.7%) of intravenously injected inorganic NPs (Au or SiO2) with a
cancer-targeting coating (Trastuzumab or folic acid) reach the tumor site and just 0.002% of
these actually enter cancerous cells.[8] The most important hurdles are the complexity of NP-
based diagnostic/therapeutic systems, incomplete understanding of the interaction of NPs with
living organisms (especially the NP pharmaco-kinetics and -dynamics), immunological effects
(immuno-stimulation, -suppression, -toxicity),[3-5] and the accumulation of NPs in organs,
often related to the effective scavenger action of the mononuclear phagocyte system (MPS).[9].

To reduce the structural complexity that makes it difficult to optimize NPs with regard
to the many requirements needed for a successful translation into clinical practice, we focus on
a simpler NP structure, as recommended in Ref. [5]. We aim at establishing a bio-compatible
magnetic NP scaffold, comprising an inorganic magnetic crystalline core coated with a small
organic ligand (as opposed to polymeric ligands). The scaffold should have weak interaction
with the organism, leading to low protein adsorption and non-specific cell internalization,
absence of immune-related effects, and favorable bio-distribution and clearance. Such an
innocent scaffold would be available for grafting with a biologically-functional ligand (e.g., a
targeting or diagnostic or therapeutic molecule) and the investigation of this functional NP-
based system would be easier since we will know that the magnetic NP scaffold itself is
innocent.

Magnetic NPs have already been reported in the literature as bio-compatible, mostly
based on their low protein adsorption, cellular uptake, and cytotoxicity. [10-12] On the other
hand, most magnetic NPs display immune-related effects. [3] We systematically searched for
the desired magnetic NP scaffold within the class of spherical, small-to-medium size, spinel
ferrite NPs coated by short-chain (zwitter)ionic ligands. Spinel ferrites MFe>O4 are a class of
magnetic oxides, widely used because of their good bio-compatibility and efficacy as an agent

for magnetic resonance imaging (MRI), hyperthermia, and magnetic drug delivery.[13] Small



ionic or zwitterionic ligands have recently received much attention because of their ability to
reduce protein adsorption [14-16] and because zwitterion-coated NPs exhibit low association
with immune cells in whole human blood. [17]

In 2007 zwitterionic sulfobetaine-coated Au NPs [18] and carboxybetaine-coated
(cysteine) quantum dots [19] were reported. The latter study established the size threshold for
the renal clearance of NPs at 5.5 nm. Later, several quantum dots and gold NPs coated with
carboxy- or sulfo-betaines displayed minimal protein adsorption and low aspecific
internalization; only small zwitterions provided the NPs with favorable clearance. [15] Two
examples of magnetic iron oxide NPs were reported: NPs coated with a carboxybetaine
polyampholyte [20] or the small zwitterionic dopamine sulfonate (ZDS) molecule. [21] The
latter NPs have low affinity toward serum proteins both in vitro and in vivo (mice) are scarcely
taken up by HelLa [22] and HepG2 cells. [23] Immune-related effects were investigated only
for iron oxide NPs coated with two polymeric carboxybetaines. NPs coated with 3-
(dimethylamino)propylamine-substituted poly(maleic anhydride-alt-1-decene) did not induce a
change in cytokine or chemokine levels [24] whereas NPs coated with
distearoylphosphoethanolamine-polycarboxybetaine (DSPE-PCB) induced a strong mixed
Th1/Th2 type immune response but did not change the 1L-10 level. [25] In both cases, NPs
were not tested for bacterial endotoxin.

We selected two zwitterionic ligands, dopamine sulfonate (DS) and ZDS, [21] in
addition to caffeic acid (CAF) and coryneine chloride (COR), which provide nominally anionic
and cationic coating, respectively (Figure 1). We chose a diameter range (3 to 22 nm) that spans
from ultrasmall to medium-size and corresponds to two orders of magnitude change for volume
and magnetic moment.[26]. This size range can be accessed by thermal-decomposition
synthetic methods, which yields monodisperse crystalline NPs and it is below the 50-200 nm

range that elicits highly effective scavenging from the MPS. [27]
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Figure 1. Pictorial representation of the systematic one-factor-at-a-time variation of the
physico-chemical properties of the ferrite NPs used in this study. The horizontal axis represents
the NP mean diameter (3 to 22 nm), the vertical axis portrays the divalent atom present in the
ferrite core (Mn, Fe, Co), and the front-back axis depicts the (zwitter)ionic ligands. Their

chemical structure is shown.

In addition to the physico-chemical characterization of the NPs, we investigated
immune-related effects, cellular internalization, and bio-distribution. The former are of utmost
importance because, on one hand, NP-based drugs and devices inducing immune-mediated
adverse effects [3-5, 28, 29] are unlikely to be successfully translated but, on the other hand,
they can improve the promising anticancer immunotherapies by modulating the behavior of

myeloid and lymphoid cells.[30] Immune-related effects were studied by a whole human blood



assay and an in vitro kinetic model of inflammation based on primary human monocytes. Aimed
at minimizing non-specific internalization, we assessed cellular internalization using highly
phagocytic immortalized murine microglial cell line BV2. BV2 cells can also provide useful
information about the fate of NPs present in the central nervous system (CNS) since t cells
appear to be a valid substitute for primary microglia in many experimental settings. [31]
Furthermore, prompted by conflicting reports, [32, 33] we assessed whether BV2 cells are able
to externalize NPs by exocytosis.

The importance of optimizing the pharmaco-kinetics of NP-based medical systems is
obviously huge.[8, 34] To avoid accumulation at undesired sites and maximize availability of
NPs, one can decrease the captation by the MPS and/or increase the renal clearance. NP
captation is a major hurdle to the application of NPs to medicine since the MPS can quickly
eliminate intravenously administered NPs from the bloodstream.[9] This can be partially
counteracted by an appropriate choice of the NP size and surface chemistry, as mentioned
above. Renal clearance prevents NP accumulation in the body thus easing both acute and
chronic toxicity.[35] The bio-distribution of NPs intravenously injected in healthy mice was
followed by MRI and histological assays.

In the following we will show that innocent magnetic NP scaffolds can be prepared that
satisfy the above-mentioned requisites despite the complex behavior of the NP surface charge.
We particularly mention the absence of immune-related effects in whole human blood. We also
found that NPs as large as 11 nm are effectively cleared by urinary excretion. This finding is
unexpected since it is held that inorganic NPs are cleared through the kidneys if their
hydrodynamic diameter is < 5.5 nm.[19] Many later reports showed renal clearance of NPs
smaller than 5.5 nm, [35] and up to now this cutoff has generally been regarded as valid. We
discuss this surprising observation in the context of recent results on the function and

ultrastructure of the kidneys.

2. Materials and Methods

2.1 Chemicals

Iron pentacarbonyl (Fe(CO)s), oleic acid (OlAc, 90%), oleylamine (OlAm, technical grade,
70%), 1,2-hexadecanediol (97%), 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (MEEA,
technical grade), caffeic acid (95%), dopamine hydrochloride, methyl iodide, 1,3-



propanesultone, N,N-diisopropylethylamine (DIPEA), triethylamine (TEA), trifluoroacetic
anhydride (TFAA), 2,2-dimethoxypropane (DMP), LiOH, and Na.COs were purchased from
Sigma Aldrich and used as received. Solvents: methanol (MeOH), ethanol (EtOH, 98%),
dibenzyl ether (98%), 1-octadecene (ODE, 90%), acetone (tech. grade), hexane,
dimethylformamide (DMF), tetrahydrofuran (THF) and dichloromethane (DCM) were
purchased from Sigma Aldrich and used as received. Water for injection (WFI, Ph. Eur.) was

purchased at local pharmacies.

2.2 Synthesis of NPs
Synthesis of Iron Oxide (FeOx) NPs
The FeOx NPs were synthesized by modifications of the procedure reported in Ref. [36]. The
general procedure is as follows. In a 100-mL three-necked round-bottom flask, equipped with
condenser, thermocouple, and rubber septum, OlAc (3.90 g, 13.8 mmol) was dissolved in 30
mL of ODE under stirring and argon atmosphere. The solution was heated to 105 °C and
degassed three times by vacuum-argon cycles. After 10 min Fe(CO)s (600 uL, 4.56 mmol, 0.16
M) was injected through the rubber septum. After 20 min the reaction mixture was heated to
320 °C (heating rate 15 °C/min) and aged at that temperature for 1.5 h. The mixture was then
cooled to 120 °C, and air was admitted into the reaction vessel to ensure oxidation of the NPs.
After cooling at RT, the reaction crude was precipitated with acetone, and the NPs were
collected by centrifugation (3400 g, 10 min). The NPs were repeatedly washed with acetone
and EtOH and collected by centrifugation (3400 g, 10 min). The resulting OlAc-coated NPs
were dispersed in hexane at a concentration 1-5 gre/L. The iron concentration of the dispersion
was measured by the spectrophotometric method described in [23]. The isolated yield was about
50%.

The above procedure with Fe(CO)s:OlAc 1:3 mol/mol gave 11 nm monodisperse NPs.
NPs with different size were obtained by varying both the Fe(CO)s:OlAc molar ratio and the

reactant concentration as summarized in Table 1.

Table 1. Details of the solvothermal synthesis of OlAc-coated FeOx NPs.

Nominal [Fe(CO)s] Fe(CO)s: OlAc  Isolated Yield
diameter (nm) (M) (mol/mol) (%)
3 0.26 1:1 26
11 0.16 1:3 50



17 0.25 1:6 44
22 0.25 1:8 18

Synthesis of Ferrite NPs

Ferrite (MFe204, M = Mn, Co) NPs were synthesized following the procedure reported in [37]
except for the use of 1,2-hexadecanediol instead of 1,2-tetradecanediol. The molar ratio
M(acac). : Fe(acac)s was 1:2. After the high temperature synthesis, the NPs were repeatedly
washed with acetone and EtOH and collected by centrifugation (3400 g, 10 min). The resulting
OlAc-coated NPs were dispersed in hexane at a concentration 1-5 gre/L. The isolated yield was
about 30% with respect to Fe.

2.3 Synthesis of Ligands

Synthesis of Dopamine Sulfonate (DS)

Synthesis of dopamine sulfonate (DS) was carried out according to a modification of a
previously reported procedure (Scheme 1). See the Supplementary Data for further detail.

HO NH,*CI O\\é’ DIPEA HO H\/\/SO:{
/ _ =
j@/y + O\j EtOH, 50°
HO 72n  HO
DS

Scheme 1. Synthesis of dopamine sulfonate (DS)

Synthesis of Zwitterionic Dopamine Sulfonate (ZDS)

The published synthesis of zwitterionic dopamine sulfonate (ZDS) involves the double
alkylation of the amine group of DS using Mel in basic conditions.[21] This procedure suffers
from several drawbacks due to the reactivity of the vicinal aromatic diol. First, dopamine is
readily oxidized under basic conditions to dopamine quinone, which easily undergoes self-
polymerization. Second, in these conditions Mel can alkylate either or both the phenolic groups.

These side reactions make product isolation difficult and lower the yield.



A more effective synthetic procedure was conceived, which involves the protection of
the 3,4-dihydroxy moiety as acetonide, followed by the formation of the quaternary ammonium
ion and final deprotection. (Scheme 2). In detail, the first step in our synthesis of ZDS is the
protection of both the amino group, through the formation of trifluoracetate-dopamine, and the
3,4-dihydroxy moiety by DMP in the presence of a catalytic amount of p-toluenesulfonic acid
(p-TsOH) leading to the formation of the acetonide. Once the 3,4-dihydroxy moiety was
protected, the amino protection could be removed at RT under very mild conditions using a
solution of LiOH in H.O/THF. See the Supplementary Data for further detail.
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Scheme 2. Synthesis of zwitterionic dopamine sulfonate (ZDS)

Synthesis of coryneine chloride (COR)
Coryneine was prepared starting from compound 3 using acetonide as a protecting group for
the vicinal diol. See the Supplementary Data for further detail.
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Scheme 3. Synthesis of coryneine chloride (COR)

Ligand Exchange on the NP Surface

Ligand exchange aimed at replacing oleic acid with DS, ZDS, CAF or COR as a NP coating
was carried out by a two-step procedure involving MEEA as an intermediate ligand, as
previously described for ZDS.[21, 23] The procedure was modified to use a lower ligand : NP
ratio. The general procedure is as follows. Dried OlAc-coated NPs (15 mg of Fe) were added
to a solution of MEEA (375 uL, 435 mg) in MeOH (1.5 mL). The mixture was stirred for 5 h
at 70 °C under nitrogen. The NPs were precipitated by addition of a hexane/acetone 3:1 v/v
mixture (16 mL) and collected by centrifugation (3400 g, 10 min). The MEEA-coated NPs were
added to a solution of ligand (75 mg) in DMF/water 2:1 v/v mixture (18 mL). The mixture was
stirred at 70 °C for 12 h under argon. When using CAF, Na2COs (136 mg) was added to improve
the exchange yield. The hydrophilic NPs were precipitated with acetone and redispersed in

water. The resulting NPs were purified from the excess ligand by dialysis against water
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(MWCO 12500 Da, 24 h). Water for injection (WFI, Ph. Eur.) was used both for ligand
exchange and dialysis.

NP samples for immunogenic testing were prepared with care to minimize the content
of bacterial endotoxin. Disposable sterile apyrogenic labware was used when commercially
available. Otherwise, labware was kept in oven at temperature > 150 °C for 2 days, then washed

with ag. NaOH 1 M and rinsed with EtOH before use. WFI was used throughout the procedure.

2.4 Physico-chemical characterization techniques and instruments
'H and *3C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance
spectrometer (Bruker, Ettlingen, Germany; *H: 400 MHz, *C: 100 MHz).

Transmission electron microscopy (TEM) images, electron diffraction (ED) patterns,
electron energy loss spectra (EELS), electron spectroscopy imaging (ESI) maps, and energy
dispersive X-ray (EDX) spectra were collected using a Zeiss LIBRA 200FE microscope (Carl
Zeiss AG, Oberkochen, Germany) equipped with an Oxford X-Stream 2 EDX spectrometer
(Oxford Instruments plc, Abingdon, UK). The TEM specimen was prepared by evaporating in
air a drop of diluted NP dispersion on a carbon coated copper grid. The size distribution of the
iron oxide cores was obtained analyzing TEM images by the software PEBBLES.[38] PEBBLES
iIs freely available from the authors (http://pebbles.istm.cnr.it).

Chemical composition data were extracted from EELS spectra using Egerton’s Sigmal.3
software [39] and from EDX spectra using the INCA software (Oxford Instruments, Abingdon,
UK).

Ultraviolet-visible (UV-Vis) spectra were recorded on a Thermo Scientific Evolution
600 spectrophotometer.

Fourier-transform infrared (FTIR) spectra were recorded on a Thermo Nicolet NEXUS
670 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The specimen for
FTIR was prepared by grinding and pelleting dry NPs with KBr [40] (NP : KBr 1:100 w/w).

Measurement of the NP hydrodynamic diameter and £ potential was carried by dynamic
light scattering (DLS) using a Bl 90 Plus (Brookhaven Instruments Corporation, Holtsville,
NY, USA). Measurement of hydrodynamic diameter was performed at 25 °C on dialyzed NPs
dispersed in WFI or in the complete cell culture medium [Roswell Park Memorial Institute
(RPMI)-1640 medium + 5% heat-inactivated fetal bovine serum (FBS)] at a final concentration
of ca. 50 ugre/mL. The volume-weighted NP hydrodynamic diameter was calculated from DLS
data using the CONTIN software,[41, 42] which allows for reliable results. The calculation of

12



NP hydrodynamic diameter by the inversion of DLS correlograms is an exponentially ill-posed
problem and its solution critically depends on experimental noise.[43] Therefore, it is of utmost
importance that one has full control on all regularization and inversion parameters, which is
usually not the case when commercial software is used.

The ¢ potential was measured on dialysed NPs dispersed in WFI or phosphate buffered
saline (PBS) 1x at a final concentration of ca. 50 pgre/mL. The pH was adjusted using 10 mM
aqueous HNO3 or tetramethylammonium hydroxide (TMAOH) since it has been shown that
NO3z and TMA ions do not perturb the stability of uncoated magnetite NPs.[40]

2.5 Methods for uptake and transport of NPs in phagocytic cells

Microglial cultures

BV2 cells. BV2 cells are mouse microglial cells transformed and immortalized by v-raf/v-myc
recombinant retrovirus.[44] Cells have morphological, phenotypic and functional
characteristics of macrophages and microglia. BV2 cells were provided by Dr F. Aloisi (Istituto
Superiore di Sanita, Roma) and grown in RPMI-1640 medium, supplemented with 5% heat-
inactivated fetal bovine serum (FBS, endotoxin < 5 EU/mL) (both from Gibco, Life
Technologies, Carlsbad, CA).

Primary microglia. Mixed glial cell cultures, containing both astrocytes and microglial cells,
were established from postnatal rat Sprague—Dawley pups (P2), as previously described. [45]
Briefly, after dissection, hippocampi and cortices were dissociated by treatment with trypsin
and DNase-1 for 15 min at 37 °C, followed by fragmentation with a fire-polished Pasteur
pipette. Dissociated cells were plated on poly-L-lysine-coated T75 flasks in minimal essential
medium (E-MEM, Invitrogen) supplemented with 20% FBS and glucose (5.5 g/L). Microglial
cells were harvested from 7-10 days-old cultures by orbital shaking for 30 min at 1300 rpm and
plated on poly- L-ornithine-coated tissue culture dishes or glass coverslips. In a set of
experiments cells were stained with the PKH67 green fluorescent membrane dye (2 pM, Sigma-
Aldrich, Inc.) and added to purified microglial cultures previously exposed to NPs. All
experimental procedures followed the guidelines established by the European Directive
2010/63/EU and Italian Legislation (L.D. no. 26/2014). All efforts were made to minimize the

number of animals used and their suffering.
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Quantification of NP internalization by microglial cells

Cells were seeded on 10 cm-plates, (0.5-1.0 - 10° cells/cm?), grown for 24 h and exposed to
NPs dispersed in culture medium to different final concentrations and for different times. The
cells were then washed five times with PBS to remove all non-internalized NPs, detached from
plates and collected by centrifugation at 800 g for 5 min. Pellets were resuspended in distilled
water, and protein content measured by the BIO-RAD-DC protein assay (Bio-Rad Laboratories,
Inc., Hercules, California, USA). The cell pellets were digested and treated with excess
disodium 4,5-dihydroxy-1,3-benzenedisulfonate (tiron) at pH = 7 for 1 h to form the red
complex [Fe(tiron)s]®" that was spectrophotometrically quantified as previously described [23]
(see the Supplementary Data for the detailed procedure). Cellular iron concentration C(Fe) is
expressed as the mass ratio between cellular iron and protein (ugre/mgp). When MFe2O4 (M =
Mn, Co) NPs were used, the C(Fe) was scaled in accordance with the chemical composition of
the NP core before comparing it with the C(Fe) of FeOx NPs.

Statistical analysis of NP internalization data

Results from replicate cultures of one representative experiment or from replicate experiments
are presented as mean + SEM, standard deviation and range. Statistical analysis was carried out
by JASP 0.9.2 and the R package PMCMR. Since most datasets do not satisfy the equal-
variance requirement, as tested by Levene’s test, the difference between mean values of
different treatments was tested by the ANOVA method corrected for heteroscedasticity using
the Brown-Forsythe and Welch corrections, and by the non-parametric Kruskal-Wallis test.
Multiple comparisons between treatment means were carried out by the Conover test [46]

adjusted by the Benjamini-Hochberg false discovery rate (FDR) method.[47]

Prussian Blue staining and imaging
NP-treated cells were extensively washed with PBS and fixed for 30 min in 4%
paraformaldehyde (PFA), incubated for 30 min with freshly prepared Perls’ reagent (4%
potassium ferrocyanide/12% HCI, 1:1 v/v), washed in PBS and mounted onto microscope
slides. Bright-field and fluorescent images were acquired at 40x magnification using a Leica
DMI 4000B microscope (Leica Microsystem GmbH, Wetzlar, Germany), equipped with
differential interference contrast (DIC) microscopy.

For histological analysis of liver, kidney, spleen and dorsal muscle, mice were
sacrificed after the last magnetic resonance imaging (MRI) session, and perfused with 0.01 M
PBS for 5 min and then with PBS-buffered 4% formaldehyde for 15 min. The organs were

14



collected, dehydrated and embedded in paraffin. Tissues were cut with a slice thickness of 8
um and the sections were stained with Perls’ reagent following the same protocol used for cells.
Finally, the slices were counterstained with nuclear fast red (NFR) for 5 min. Three sections
from each tissue were photographed at 20x magnification under a Zeiss Axioskop microscope

equipped with an EOS 40D Canon Camera (Ota, Tokyo, Japan).

Cell viability assay

Microglia viability was analysed by fluorescence staining with propidium iodide (PI, 1 mg/mL;
Molecular Probes, Life Technologies Ltd., Paisley, UK) for dead cells, with calcein-AM (0.5
mg/mL, Invitrogen, Life Technologies Ltd.) for viable cells and with Hoechst 33342 as a
DNA/nuclear marker (8.1 mM; Molecular Probes, Life Technologies Ltd.). Incubation was
performed for 20 min in E-MEM (Invitrogen) supplemented with 20% FBS (Gibco) and
glucose (5.5 g/L) at 37 °C and 5% CO». Fluorescence images were acquired by Leica DMI
4000B microscope. The percentage of cell death was calculated as the ratio of PI"/calcein” cells

(dead) to the total number of Hoechst-stained microglia in 15 fields/condition.

In vitro MRI

The measurement of the relaxation rate of NPs and the establishment of the minimal
concentration of Fe detectable by MRI were carried out in a phantom study. The phantoms were
prepared in tubes containing H>O or mouse urine to create a localizable dispersion containing
different concentrations of NPs in spots. For the 3 nm/FeOx/ZDS NPs the final concentration
of Fe in the phantoms was 1.5, 3, 6, 12, 24, 48, 96, 128 and 160 pg/mL, respectively. On the
other hand, for the 11 nm/FeOx/ZDS NPs the final concentration of Fe in the phantoms was
1.5, 3,6, 12, 24,48, 96, and 128 pg/mL.

To establish the minimal number of NP-labeled BV2 cells that produced significant
decrease in T, values or signal intensity (SI), 3 - 10° BV2 cells were seeded in a 30 mm-plates
for 1 day. After 6 h of incubation with 100 pg/mL of 11 nm/FeOx/ZDS NPs, BV2 cells were
washed three times with 0.01 M PBS to remove excess of NPs and then suspended in 0.01 M
PBS. Control BV2 cells were incubated in absence of NPs. Different numbers of control and
NP-labeled BV2 cells were embedded in 900 puL of 2% low-melting agarose gel (Sigma-
Aldrich) into tubes with 5 mm diameter. NP phantoms were constructed via dilution of BV2
cells to concentrations of 0, 111 - 10%, 166 - 10°, 333 - 10°, 666 - 10°, and 1000 - 10° cells/mL.
Sample tubes containing NPs were placed around a homogeneous 20 nM CuSOg4 solution.

Further, all the tubes were placed at the center of the magnet bore.
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All the in vitro imaging was performed into a vertical 4.7 T Bruker Avance Il 200 system
with 15 cm bore (Bruker, Ettlingen, Germany). For BV2 cells, imaging of phantoms was
performed using T2 MAP and T2-weighted sequences, whereas for the 11 nm/FeOx/ZDS NPs,
a Tt MAP analysis was also performed. In detail, the sequences are as follows.

To-weighted images were acquired using the fast low angle shot (FLASH) sequence.
The imaging parameters were as the follows: echo time (TE) = 5 s; repetition time (TR) = 200
ms; number of averages = 2; number of repetition = 1; flip angle = 40°; field of view (FOV) =
4.0 cm x3.0 cm; slice thickness = 3 mm; number of slice = 1; in-plane resolution = 312x312
um?/pixel®.

T> maps were acquired using the multi-slice multi-echo (MSME) sequence. The imaging
parameters were as the follows: TE = 10; Effective ET = 10-80 ms with a total of 8 echoes and
echo length of 10 ms; number of averages = 4; number of repetition = 1; FOV = 4.0 cm x 3.0
cm; slice thickness = 3 mm; number of slice = 1; in-plane resolution = 312x312 pum?/pixel?.

T1 maps were acquired using the Rapid Acquisition with Refocused Echoes - variable
repetition time (RARE-VTR) sequence. The imaging parameters were as the follows: TE = 10
s; Rare factor = 1; TR = 6000 ms, 3000 ms, 1500 ms, 800 ms, 400 ms, 200 ms, 100 ms and 50
ms; number of averages = 1; number of repetition = 8; FOV = 4.0 cm x3.0 cm; slice thickness
= 3 mm; number of slice = 1; in-plane resolution = 312x312 pm?/pixel?.

T and T values, as well as T»-weighted signal intensity induced by NPs at each

concentration were determined within regions of interest (ROIs) of about 4 mm?.

2.6 Methods for immune/inflammation-related effects.

Limulus amebocyte lysate (LAL) assay

Contamination of endotoxin (bacterial lipopolysaccharide, LPS) in NPs was performed with
the chromogenic Pyrochrome LAL assay (Associates of Cape Cod Inc., East Falmouth, MA,
USA), modified and adapted for the use on nanoparticulate samples.[48] At least three
concentrations of each particle were tested, which were further checked for interference with
the optical readout and an acceptable recovery rate (100 = 20%). Endotoxin contamination of

NPs was expressed as endotoxin units (EU) per mg of Fe.

Whole blood assay (WBA)
Whole blood was collected in ethylenediaminetetraacetic acid (EDTA) buffer from healthy

donors, after informed consent. NPs were pre-incubated in fresh autologous plasma for 1 h at
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37°C prior to addition to WBA tubes. WBA tubes were prepared with 750 of RPMI-1640
medium (GIBCO by Life Technologies, Paisley, UK) alone or containing LPS (2.5 ng/mL), the
selected NPs, or both, on which 250 ul of anti-coagulated whole blood were added. By
considering the concentration of the stock NP suspensions and real-life situations, final NP
concentrations selected for use in the WBA were never above 10 pg/mL. The experimental
concentration of each NP type was chosen from preliminary dose-response experiments and by
taking in consideration the measured level of endotoxin contamination. NP concentrations
were: ZDS-coated FeOx NPs, 2 pg/mL; DS- and CAF-coated FeOx NPs, 1 ug/mL; ZDS-coated
CoFe>O4 NPs, 8 ug/mL; and ZDS-coated MnFe>O4 NPs, 7 pg/mL. Blood tubes were incubated
24 h at 37 °C, after which 100 uL of 5% Triton-X (Sigma-Aldrich, Inc.) was added, to lyse
cells. Tubes were inverted 5 times until lysis was complete. Lysed blood was frozen at -80°C

until assayed.[49]

Kinetic model of inflammation
To assess the interference of NPs with a normal innate/inflammatory response, an in vitro
kinetic model of inflammation was used, based on primary monocytes isolated from the blood
of healthy donors. Briefly, peripheral blood mononuclear cells (PBMCs) were isolated by
gradient density centrifugation on Ficoll-Paque PLUS (GE Healthcare, Bio-Sciences AB,
Uppsala, Sweden). Monocytes were isolated from PBMCs using CD14 magnetic separation
(Monocyte Isolation Il kit; Miltenyi Biotec, Bergish-Gladback, Germany). Purity of monocytes
was determined by differential counting on cytosmears stained with Diff-Quik (Medion
Diagnostics, Duedingen, Switzerland). Viability was assessed by Trypan Blue dye exclusion.
Monocyte purity and viability was always >95%.

Monocytes (2.5 x 10°% per well) were cultured in 12-well plates (Corning Costar,
Milano, Italy) in RPMI-1640 medium (GIBCO), supplemented with 50 ug/mL gentamicin
(Sigma-Aldrich, Inc.) and 5% heat-inactivated human AB serum (Sigma-Aldrich, Inc.).
Temperature and stimuli were controlled to mimic the microenvironment found in inflamed
tissue. CCL2 (20 ng/mL), LPS (5 ng/mL), TNFa (10 ng/mL), and IFNy (25 ng/mL) were added
and removed sequentially (cytokines purchased from R&D Systems, Minneapolis MN, USA)
as follows. From 0 to 2 h, monocytes were exposed to CCL2. At 2 h, cells were washed, and
exposed to a cocktail of LPS, TNFa, and the 11 nm ZDS-coated FeOx NPs (2 pg/mL, pre-
incubated 1 h at 37 °C in heat-inactivated human AB serum) or solvent, and the temperature
increased from 37 °C to 39 °C. At 7 h, IFNy (25 ng/mL) was added. After 15 h, medium was

17



refreshed with or without NPs, and temperature was restored to 37 °C. Supernatants were
collected, and cells were harvested in 700 pl Qiazol (Qiagen, Hilden, Germany) for RNA
extraction. Supernatant and cell collection occurred at 0, 4, 8, 15, and 24 h, and all samples

stored placed at -80 °C until testing.

Cytokine measurements

Measurements of IL-1p and IL-1Ra were conducted with enzyme-linked immunosorbent assay
(ELISA) kits (R&D Systems). Samples were assayed in duplicate, and absorbance was
measured at 450 nm and corrected for background at 550 nm. Cytokine levels measured in
culture supernatants are expressed as pg/10° plated monocytes, whereas cytokines measured in

the WBA are expressed as pg/mL blood.

RNA extraction and real time PCR

RNA purification from cell samples collected in Qiazol (see above) was performed using the
miRNeasy kit (Qiagen), and quantified with a ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). cDNAs were reverse-transcribed from total RNA (100
ng) according to the QuantiTect Reverse Transcription Kit (Qiagen) instructions. Three
separate reverse transcriptions were performed for each sample, and an identical reaction
without the reverse transcriptase was run, as negative control. Polymerase chain reaction (PCR)
was performed by a Rotor-Gene™ 3000 (Corbett Research, Doncaster, Victoria, Australia),
using the QuantiTect SYBR Green PCR master Mix (Qiagen). The final reaction contained 12.5
pL 2x QuantiTect SYBR Green PCR Master Mix, 0.3 pM of each primer and 2.5 pL of cDNA
in a total volume of 25 puL. PCR conditions were 95 °C for 15 min, followed by 40 cycles of 95
°C for 15 s, 50-60 °C for 30 s and 72 °C for 30 s. Primer sequences were supplied by Qiagen
both for target (IL1B and IL1RN) and housekeeping (GAPDH) genes. Relative gene expression

was calculated using the efficiency correction method.[50]

Statistical analysis of cytokine expression and production data

Data of cytokine expression and production are presented as mean + standard deviation (SD)
of values from replicate cultures of one representative experiment or of replicate donors.
Statistical significance was calculated by Student's #-test. A p value < 0.05 was considered as

suggesting a statistically significant difference.
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2.7 Methods for biodistribution of ZDS/FeOx NPs in mice
Animals and experimental protocols
The procedures concerning animal care, procedures and euthanasia were carried out in
accordance with Italian laws and with the current European Union Council (2010/63/UE)
guidelines for the use of laboratory animals in chronic studies. The in vivo MRI experiments
were approved and authorized by the National Ministry of Health - University of Milan
Committee (Approval number 12/12-30012012). The study was conducted applying the
ARRIVE guidelines.

To study NP biokinetics, CD1 male mice (30-35 g body weight; Charles River, Calco,
Italy) were injected with: (i) physiological solution (n = 3), (ii) 1 or 4 mg Fe/kg of 3
nm/FeOx/ZDS NPs (n =5 and 1, respectively), (iii) 1 or 4 mg Fe/kg of 11 nm/FeOx/ZDS NPs
(n =5 and 1, respectively). NPs were administered by tail vein injection over 5 seconds. The

injected NP volume was ~150 pL, with individual injection volumes adjusted on animal weight.

In vivo mouse MRI
Mice were scanned with a Bruker 4.7 T vertical-bore imaging system (AMX3 Bruker, Ettlingen,
Germany). The mice were anesthetized with 2% isofluorane (Merial, Lyon, France) in 100%
O2 in an induction chamber, then fixed on a MR-compatible stereotactic holder and placed into
a 3.8 cm diameter birdcage coil. The anesthesia was maintained with 1% isofluorane in 100%
O2, and respiration rate was continuously monitored during MRI measurements using a MR-
compatible Small Rodent Air Heater System (SA Instruments, Inc., New York, USA), also used
to synchronize image acquisition with the respiration. Breathing and body temperature were
maintained around 30 breaths-per-minute and at 37 °C, respectively. For all the animals, MRI
scanning started with baseline scans prior to the injection of the NPs.

For mice treated with 11 nm/FeOx/ZDS NPs, T»>-weighted MR images were collected
at 5, 10, 15, 30 and 60 min post-injection without removing the mouse from the coil. T»-
weighted and T> MAP images were also collected at 2 and 4 h and 1, 2, 7 and 14 days from
injections. For mice treated with 3 nm/FeOx/ZDS NPs, T»>-weighted MR images were collected
at 5, 10, 15, 30 and 60 min post injection without removing the mouse from the coil, and then
at 3and 6 h.

MAP and T»-weighted abdominal imaging needed respiratory gating and used the same
MSME and FLASH sequence used in in vitro MRI experiments. In detail, for T» MAP scans,

10 slices with 1.3 mm thickness were positioned in the axial plane with 1.0 mm interslice gap,
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whereas for T,-weighted scans, 8 slices with 1.0 mm thickness were positioned in the coronal
plane with 0.5 mm interslice gap.

Analysis of MRI data was performed using custom software implemented in the Python
environment. Processing stages for quantification of T, and of T» Sl data included (i) manual
track of the ROIs, (ii) translation of the ROI over all images in the time-course images, and (iii)
automated T, value calculation or T, SI within the ROI. Analysis of T> Sl involved
normalization of intensity within each image by signal amplitude of the adjacent CuSO4
phantom to correct for temporal fluctuations in hardware sensitivity and scan-to-scan

differences in the pulse power/receiver gain settings.

Statistical analysis of MRI data

The data are expressed as mean value + SD. Statistical analysis of T, MAP data was performed
by one-way ANOVA followed by Dunnett’s Multiple Comparison Test. The T>* S| data were
instead analyzed by Kruskal-Wallis followed by Dunnett’s Multiple Comparison Test.

3. Results and Discussion
We compared the biological effects of NPs belonging the class of spherical spinel ferrite NPs
coated by short-chain catechol-based (zwitter)ionic ligands with diameter from 3 to 22 nm. We
We varied core composition, size, and coating of the NPs (Figure 1). The latter two properties
are reported to strongly affect the interaction of NPs with biological systems.[27] We
considered three ferrites MFe2O4 (M = Mn, Fe, Co), four coating ligands [dopamine sulfonate
(DS), zwitterionic dopamine sulfonate (ZDS), caffeic acid (CAF), and coryneine chloride
(COR)] and four diameters (3, 11, 17, and 22 nm). Clearly, a full factorial experimental design
would require a very large number of NP types (3x4x4 = 48). We then fell back to a one-factor-
at-a-time design entailing the choice of pivotal reference NPs, which are varied by a single
parameter at a time. This design requires of 1+2+3+3 = 9 NP types. The controlled variation of
individual physico-chemical parameters across different NP batches adheres to the recent tenets
about the investigation of the biological effects of NPs.[3, 51]

As reference NPs, we selected 11 nm iron oxide NPs coated with ZDS. [21-23, 52]
These NPs are colloidally very stable, do not significantly adsorb proteins, and are scarcely
internalized by HelLa and HepG2 cells. The NPs with varied parameters are: (i) ZDS-coated
iron oxide NPs with diameter 3, 17, and 22 nm, (ii) ZDS-coated mixed ferrite (MFe204, M =
Mn, Co) NPs, and (iii) 11 nm iron oxide NPs coated with DS, CAF, and COR. CAF-coated
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ferrite NPs [53, 54] were previously shown to passively accumulate in a mouse model of
glioblastoma.[55] COR-coated NPs have not yet been reported to the best of our knowledge.
The selected ligands are low molecular weight (MW) molecules (182—-304 dalton). All have a
catecholic (3,4-dihydroxyphenyl) moiety, able to strongly bind to the inorganic core,[56, 57]

and a short (zwitter)ionic [14, 23] tail endowing stability in aqueous media (Figure 1).

3.1 Synthesis and morphology of NPs

Iron oxide (FeOx) NPs were synthesized by a thermal decomposition process which yielded
monodisperse spherical NPs.[36] Electron diffraction (ED) showed that these NPs have the
cubic ferrite crystal structure (Figure S1, Supplementary Data). TEM images of selected NPs
are shown in Figure 2. (see Figure S2, Supplementary Data for other TEM images) The NP
(core) size measured using the PEBBLES software is reported in Table 2 (see Figure S3,
Supplementary Data for NP size histograms). The as-synthesized NPs are coated with oleic acid
(OlAc) in the form of oleate as demonstrated by comparing the FTIR spectra of the NPs, Fe(ll1)
oleate, and OlAc. (Figure S4, Supplementary Data).
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Table 2. Size of NPs before and after ligand exchange measured from TEM images. The
number of measured NPs N is reported along with the median (d), standard deviation 4, and
dispersion index oqd/(d) of the diameter distribution. The property that distinguishes a NP type
from the reference NPs (11 nm FeOx with ZDS coating, first row) is highlighted in bold.

As synthesized After ligand exchange

Nominal Final (d) od (d) od

. . N

size Core coating (nm) (nm) od/{d) (nm) (hm) od/{d)
11 FeOx ZDS 1547 103 04 4% 1003 10.7 0.6 5%
3 FeOx ZDS 2873 33 05 14% 204 32 04 14%
17 FeOx ZDS 1293 167 08 5% 306 168 0.8 5%
22 FeOx ZDS 2014 226 16 7% 265 218 1.6 7%

7.5 CoFex04  ZDS 1762 74 13 18% 233 71 14 20%
7.5 MnFex0s ZDS 2006 78 15 20% 1670 74 13 18%

11 FeOx DS? 1018 107 06 6% 2389 109 08 7%
11 FeOx CAF? 1018 107 06 6% 2298 108 08 7%
11 FeOx COR* 1018 107 0.6 6% 69 108 05 5%

& These sample were prepared starting from a single batch of FeOx/OIAc NPs.

b The size of the ligand-exchanged NPs refers to primary NPs within aggregates.

Manganese and cobalt ferrite NPs were synthesized following a different thermal
decomposition procedure.[37] Despite some effort, we were not able to synthesize
monodisperse spherical 11-nm mixed ferrite NPs since shape and dispersion were strongly
dependent on the NP size. The best compromise we could find was to use spheroidal 7.5 nm
NPs with dispersion = 20% (see Figure 2 and Table 2). They have cubic ferrite crystal structure
(Figure S1, Supplementary Data). EELS and EDX data show that both ferrite NPs are slightly
deficient in the divalent metal M = Mn, Co (Table Error! Reference source not found.,
Figures S5-S6, Supplementary Data). Elemental maps obtained by ESI show that Fe and the

divalent metal are both present in all NPs. (Figure S7, Supplementary Data)

Table Error! Reference source not found.. Composition of MFe>O4 NPs by EELS and EDX

spectroscopy.
Fe : M atomic ratio
M EELS EDX
Co 3.0+0.3 3.1+01
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Mn 29+0.2 28+0.2

To replace the pristine oleic acid coating of the NPs with the ligands in Figure 1, we used a
two-step ligand exchange.[21] First, oleic acid is replaced with polyether acid MEEA to make
the NPs more hydrophilic. After isolation, the NP can be dispersed in a DMF solution of the
target ligand. The second ligand exchange is driven by the stronger iron-binding ability of the
catechol moiety with respect to that of the carboxylic acid group. The procedure was monitored
by FTIR spectroscopy (Figure S4, Supplementary Data). The pristine OlAc coating was
successfully replaced with the four hydrophilic ligands. Aqueous dispersions of ZDS-, DS-, and
CAF-coated NPs (C = 1 mgre/mL) did not show any sign of precipitation or turbidity after more
than 1 year. COR-coated NPs gave turbid suspensions that precipitated in a few hours. The NP
crystal phase (Figure S1, Supplementary Data), shape and size (Figure 2, Table 2, and Figure
S2, Supplementary Data) are unaffected by the ligand exchange procedure. The NP median
diameter changes by tenths of nanometer and the dispersion index varies by less than 2%. TEM
images of COR-coated NPs show thick, large NP aggregates. A detailed TEM investigation
(Figure S2j, Supplementary Data) showed that the aggregation did not involve an

agglomeration of the inorganic cores.

3.2 Colloidal behavior of the NPs in aqueous media

The colloidal behavior of ligand-exchanged NPs in aqueous dispersion was investigated using
different techniques based on DLS. The volume-weighted mean hydrodynamic diameter D of
the NPs was calculated analyzing the DLS correlograms by the CONTIN software.[41, 42] and
is reported in Table 3.

For ZDS-, DS-, and CAF-coated NPs dispersed in WFI, the volume-weighted
distribution of the hydrodynamic diameter comprises a single peak and D is close to the median
TEM core diameter (d). Therefore, the NPs are well dispersed in water and no significant
amount of NP aggregates is present.

The D values of NPs just after dispersion in the cell culture medium (RPMI added with
5% FBS) and after 6 h are not significantly different and both are close to the values in WFI.
(Table 3). No appreciable protein adsorption or aggregation occurred, perhaps except the case
of CAF-coated NPs. Detecting NP size changes by DLS could be hampered by the presence of
proteins To improve sensitivity to size, we monitored the intensity of the scattered light (Is)

over time (Figure S8, Supplementary Data). The analysis of Is during a 6 h interval after
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dispersion in the BV2 cell culture medium showed that ZDS-coated NPs and, to a slightly lesser
degree, DS- and CAF-coated NPs are colloidally stable in the cell culture medium and can
interact with cells in culture as well-dispersed protein-free NPs, whereas COR-coated NPs are
present as large aggregates. Serum protein adsorption onto ZDS- and DS-coated FeOx NPs (d
= 8.0 nm, D = 10 nm) was previously investigated by size exclusion chromatography
(SEC).[21] The SEC results indicated no protein adsorption on NPs coated with ZDS but
significant adsorption on DS-coated NPs in 10% FBS, in contrast to our results. It was later
shown that ZDS-coated FeOx NPs (d = 5.3 nm, D = 9.5 nm) have minimal non-specific affinity

toward serum proteins also in vivo in mice.[22]

Table 3. Volume-weighted mean hydrodynamic diameter D of NPs dispersed in WFI and in the
BV2 cell culture medium. The property that distinguishes a NP type from the reference NPs (11
nm/FeOx/ZDS, first row) is highlighted in bold.

D (nm)
(mean + SD, n = 10)
. . Final Culture Culture
Nominal size Core coating WFI medium—-0h medium—-6h
11 FeOx ZDS 12+ 05 13+1 13+2
3 FeOx ZDS 58+05 9+1 9+1
17 FeOx ZDS 20+ 1 16+3 18+2
22 FeOx ZDS 21+3 25+4 17+5
7.5 CoFe204 ZDS 12+1
7.5 MnFe204 ZDS 10+1
11 FeOx DS 19+1 20+ 3 17+3
11 FeOx CAF 18+1 207 44 +7
11 FeOx COR 260 + 40 210+ 40 210+ 40
Cell culture medium 10+1

To better understand the surface chemistry and colloidal stability of the NPs, we
measured the { potential of the NPs dispersed in PBS 1x (pH = 7.4) as reported in Table 4. The
 potential of COR-coated NPs could not be measured because of aggregation. While DS- and
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CAF-coated NPs have slightly negative { potential, ZDS-coated NPs display strongly negative
values (11 to —28 mV) despite the ZDS molecules are neutral. Clearly, this behavior cannot
be explained based on the ligand charge. Zwitterionic sulfobetaine micelles preferentially
adsorb anions and display negative { potential.[58] Since the outer surface of ZDS-coated NPs
is structurally similar to that of zwitterionic micelles, anion adsorption can account for the
observed negative values. To support this hypothesis, we investigated how the { potential of
ZDS-, DS-, and CAF-coated 11 nm FeOx NPs varies with pH, using dispersions of NPs in WFI.

Table 4. £ potential of NPs dispersed in PBS 1x. The property that distinguishes a NP type from
the reference NPs (11 nm/FeOx/ZDS, first row) is highlighted in bold.

. . Final ¢ (mV)
Nominal size Core . (mean + SD,
coating

n =10)

11 FeOx ZDS -16+2
3 FeOx ZDS -28+2
17 FeOx ZDS -18+2
22 FeOx ZDS -29 43
7.5 CoFe204 ZDS -22+3
7.5 MnFe204 ZDS -14+3
11 FeOx DS 24
11 FeOx CAF -8+6

The dispersions of ZDS- and DS-coated NPs in WFI have pH close to 7 while that of
CAF-coated NPs is slightly basic (pH 7.7) probably because of partial hydrolysis of the caffeate
anion.[59] The { potential of these dispersions is very close to 0 mV in all cases. It is noteworthy
that dispersions of these NPs in WFI at concentration ~1 gre/L are stable for a few years. The
pH was adjusted by adding aqueous HNO3z or TMAOH. The behavior displayed by the NPs is
somewhat complex but it is reproducible across measurements and for different NP batches

(Figures 3 and S9,Supplementary Data).
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Figure 3. { potential of 11 nm ZDS-coated FeOx NPs at different pH. The { potential was
measured starting from NPs in WFI (pH = 7) and then adjusting the pH by adding aqueous
HNO3z or TMAOH (hollow circles). The dashed arrows indicate how the pH was varied. The
datum measured after decreasing the pH from the highest value is shown as a solid circle. The
{ potential in PBS 1x is shown as a solid square. Error bars correspond to the standard error of
the mean; they are smaller than the symbol in many data points. The green lines are just a guide

to the eye.

Starting from pH =7, the  potential of 11 nm ZDS-coated FeOx NPs quickly becomes negative
after addition of both acid and base. Since the quaternary ammonium and sulfonate groups of
ZDS (Figure 1) are charged in the investigated pH range, the observed behavior can be ascribed
to the preferential adsorption of OH™ (pH > 7) or NO3z™ (pH < 7) anions. Addition of base makes
the { potential more negative because more OH™ anions are adsorbed. The addition of acid shifts
the C potential toward 0 mV since at low pH the negatively charged NPs attract the abundant
HsO* cations thereby reducing the ( potential. When the dispersion is brought from pH 12 to
pH 6.3 by adding HNO3, the { potential remains negative because the neutralized OH™ ions are
replaced by NOs™ anions. Thus, the “slanted Mexican hat” shape of the { — pH curve of ZDS-
coated NPs can be easily understood on the basis of preferential ion adsorption. [58]

A more detailed discussion can be found in the Supplementary Data where it is also
shown that the aqueous dispersions of DS-coated and CAF-coated NPs display a similar
behavior. Our results agree with the negative { potential of other zwitterionic NPs.[15] The

complex { — pH behavior of these NPs depends more on the preferential anion adsorption at the
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organic coating than on the charge distribution of the coating ligands. The predominant role of
the preferential ion adsorption unfortunately made quite similar the { potential of NPs coated
with ligands having nominally different molecular charge. The electrolytic composition of the
dispersion medium is a key factor in the NP surface charge, which has to be taken into

consideration when designing NPs for biological applications.

3.3 Relaxometry of NPs

The T: and T, relaxation times of 3 and 11 nm/FeOx/ZDS NPs samples with different
concentrations of Fe were calculated using a custom software. The longitudinal (R1) and
transverse (R2) relaxation rates linearly depend on iron concentration (Figures S10 and S11,
Supplementary Data). The relaxivities ri1 and r2 of 3 nm and 11 nm/FeOx/ZDS NPs in water or
mouse urine are reported in Table 5, along with literature data. The ratio r2/ry is used to classify
MRI contrast agents as positive (T1) or negative (T2). [60] T2 contrast agents present a high r
and r2/r1 (>10) ratio, whereas T1 contrast agents have low r2/r1. The 11 nm/FeOx/ZDS NPs are
a T» contrast agent (ro/ro = 58 in water and 31 in urine). Previously reported 5 nm FeOx/ZDS
also are a T contrast agent, [61] while, 3 nm/FeOx/ZDS NPs are a T1 contrast agent (r2/r1 ratio
= 6.1 in water and 6.9 in urine), in line with recent data showing that small iron oxide NPs are
T1 positive contrast agents. [62] Our 3 nm/FeOx/ZDS NPs have relaxivities in water very
similar to those displayed by 3 nm ZES-SPIONS [52] provided that allowance is made for the
different B field. The unequal relaxivities in mouse urine are probably due to the different assay

protocols used.

Table 5. Longitudinal (r1) and transverse (r2) relaxivity of FeOx/ZDS NPs in water and mouse

urine compared to literature data.

Water Mouse urine
NPsize B ri/ ra/ ralry ri/ ra/ ralry Ref.
/Intm /T mMts! mMtst mMtst mM1tst
3 1.5 5.2 10.5 2.0 - - - [52]
3 4,7 2.36+0.06 14.9+0.1 6.3+0.2 2.16+0.03 14.91+0.08 6.9+0.1 Present
work
3 7 1.5 17 11 4.7 9.1 1.9 [52]
5 7 6.1 58.9 9.6 — — — [61]
11 4.7 2.05+0.02 118+4 58+2 2.01+0.04 62+3 31+2  Present
work
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3.4 Uptake and transport of NPs in phagocytic cells (microglia)

We next assessed how NPs interact with BV2 cells, a microglial cell line of murine origin. [63]
Microglial cells are the macrophages resident in the brain and we have chosen them because (i)
they are phagocytic cells, expected to effectively internalize NPs and then suited to compare
how uptake is affected by the NP physico-chemical properties, and (ii) phagocytic cells offer a
transport system for drugs, genes [64] or magnetic NPs in the CNS, where they might
externalize NPs in microvesicles.[32]. Cellular iron concentration C(Fe), expressed as the
cellular iron/protein mass ratio (1gre/MQprotein), IS tabulated in the Supplementary Data (Tables
S1-S5). Corrected ANOVA and Kruskal-Wallis (KW) tests indicated that, in each experiment,
not all C(Fe) means are equal (p < 0.05). The significance of pair-wise C(Fe) differences was
tested by the post-hoc Conover test adjusted by the Benjamini-Hochberg FDR method (C-BH).
In all experiments, the internalized Fe is less than 10% of the Fe initially present as NPs in the
culture medium.

The kinetics of the NP uptake by BV2 cells was investigated by treating the cells with
reference 11 nm/FeOx/ZDS NPs (50 pgre/mL) and measuring C(Fe) at different times from
treatment, up to 8 h (Figure 4a). C(Fe) in BV2 cells increases with the incubation timeand is
proportional to the square root of treatment time up to 6 h (Figure S12, Supplementary Data),
suggesting that the NP internalization is diffusion-limited. The 6 h and 8 h data are not different
(p =0.25). So, the NP uptake reaches a plateau after 6 h and we selected an incubation time of
6 h for further uptake assays.

BV2 cells were exposed to increasing concentrations of 11 nm/FeOx/ZDS NPs from 5
to 500 pgre/mL for 6 h to investigate the dose-uptake relationship (Figure 4b). Tthe uptake of
reference NPs strongly depends on dose. All mean pairs are different (p < 0.030) except for the
25-50 ugre/MQgprotein pair (p = 0.17). C(Fe) depends in an approximately exponential way on the
dose of reference NPs, approaching an asymptotic value of (74%7) pugre/Mgprotein (Figure S13,
Supplementary Data). Similar protein levels were found in lysates obtained from treated and

untreated BV2 cells, ruling out NP-dependent cell damage and loss.
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Figure 5. Cellular iron concentration C(Fe) in BV2 cells after treatment with NPs differing by
core diameter, composition, and coating. a) Treatment with 50 pgre/mL of ZDS-coated FeOx
NPs with different core diameter for 6 h (n > 3). The inset shows BV2 cells after treatment with
3, 11, 17, and 22 nm NPs. b) Treatment with 50 pgre/mL of ZDS-coated NPs with different
composition of the core (MFe204, M = Mn, Fe, Co) for 6 h (n > 3); ¢) Treatment for 6 h with
50 pgre/mL of 11 nm FeOx NPs with different coatings (ZDS , DS, CAF, COR; n > 3). d)
Enlargement of c). NS = not significant difference since the post-hoc Conover test adjusted by

the Benjamini-Hochberg FDR method was not passed (p > 0.05).

When BV2 cells were exposed (50 pgre/mL, 6 h) to FeOx/ZDS NPs with different core
diameter, the NP uptake showed a marked dependence of the NP size (Figure 5a). All means
are different, except for the untreated/3-nm pair (p = 0.17). Therefore, BV2 cells do not
significantly internalize 3 nm ZDS-coated FeOx NPs. Exposure to larger NPs is associated with
a higher C(Fe). Since we treated the cells with an equal mass of NPs (as opposed to number of
NPs), C(Fe) is proportional to the probability that a NP is internalized. Therefore, larger ZDS-
coated FeOx NPs have larger probability to be internalized by BV2 cells, in agreement with
theoretical predictions fixing at 50-60 nm the optimal diameter for fast and abundant NP
internalization by phagocytic cells.[65, 66]

BV2 cells were exposed to ferrite/ZDS NPs (50 pgre/mL for 6 h) to ascertain whether
the presence of metals other than iron in the core might affect the NP interaction with microglial
cells (Figure 5b). MnFe>O4 and CoFe2O4 NPs do not have the same size as the reference FeOx
NPs, having diameter 7.4 and 7.1 nm, respectively. The data obtained do not show a correlation
between uptake and core composition. All treated cells have C(Fe) differing from control but
all treated cells have indistinguishable C(Fe) (p = 0.72 to 1.0). We can conclude that the
presence of Mn and Co in the inorganic core does not affect NP internalization, a conclusion
not unexpected for densely coated NPs.[23] These results also suggest that the internalization
efficiency of 7.1-7.4 nm ZDS-coated ferrite NPs should be similar to that of 11 nm NPs, though
a small decrease cannot be completely excluded.

Finally, BV2 cells were treated with ZDS-, DS-, CAF-, and COR-coated 11 nm FeOx
NPs for 6 h. (Figure 5¢,d). All treated cells have C(Fe) differing from control (p <0.01) and the
mean uptakes of the treated cells are all different (p < 0.024), except that involving DS- and
CAF-coated NPs (p = 0.16). Treatment with COR-coated NPs led to an increase in C(Fe) about
10 times higher than with any other NP type. The large internalization of COR-coated NPs is
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due to the aggregated state of the NPs, in line with previous observations.[23] The ZDS-, DS-,
and CAF-coated NPs gave similar C(Fe) in the 15-26 pgre/Mgprotein range. The similarity
between DS- and CAF-coated NPs may be due to the close (-potential values. The slightly
larger internalization of ZDS-coated NPs may again be attributed to the more negative (-
potential. The chemical difference between the zwitterionic DS and ZDS and the caffeate anion
(CAF) coatings seems to be of minor importance with respect to the preferential adsorption of
anions that determine the surface potential of the NPs.

In conclusion, phagocytic BV2 cells internalize ZDS-coated NPs in a time- and dose-
dependent way. Whereas the core composition and the ligand chemical nature have no influence
on the NP uptake, the latter is strongly affected by the NP size to the extent that 3 nm/ZDS/FeOx
NPs are not significantly internalized by phagocytic BV2 cells, a promising feature for long-
term NP circulation.

Reports on the NP uptake by BV2 cells are not abundant, and in many cases the NP
internalization results are not expressed in absolute units so that comparison with the present
results is not possible. C(Fe) of primary mouse microglia treated for 6 h with FeOx NPs coated
with dimercaptosuccinic acid and labeled with BODIPY [d = 5-20 nm, D = 140-160 nm, { = (-
10)-(-8) mV] [67, 68] was larger than that presently measured for 11 nm/ZDS/FeOx NPs at all
doses and similar to that of 22 nm/ZDS/FeOx NPs at the 50 pgre/mL dose. (Figure S14,
Supplementary Data). C(Fe) of the human liver carcinoma cell line HepG2 treated with 9
nm/FeOx/ZDS NPs (D = 12 nm, { = -8.6 mV) at a dose of 100 pugFe/mL for 24 h, was 5
ugre/Mgprotein, [23] much smaller than that in BV2 cells (55 pgre/MQprotein, 100 pgFe/mL, 6 h).
As expected, phagocytic BV2 cells internalize more ZDS-coated FeOx NPs than non-
phagocytic cells. It has been reported that CAF-coated FeOx NPs (d=9.6 nm, D=17 nm, { =
-45 mV) are internalized by U87-MG glioblastoma cells in dose- and time-dependent manner
but quantitative data are not available.[55] At the best of our knowledge, internalization data of
DS- and COR-coated FeOx/NPs by microglial cells are not present in the literature.

Considering the promising application of magnetic NPs to image and monitor
macrophages,[69] we wondered if our NPs could be used to this end. We observed a good
correlation between the number of BV2 cells labeled with 11 nm/FeOx/ZDS NPs and the grey-
scale value in the MR T>-weighted images. (Figure S15, Supplementary Data). In the images,
the grey difference can be easily identified by the naked eye at cellular density > 10° cells/mL.

Having studied the internalization of NPs, we wondered whether intracellular iron is
retained by microglial cells after uptake. To address this point, we shifted from immortalized

BV2 cells to rat microglia in primary cultures since, at variance from BV2 cells, primary
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microglial cells do not significantly proliferate and allow one to assess the maintenance of
intracellular iron over a period of days. Primary microglial phagocytes were incubated with 50
Mgre/mL of 11 nm/ZDS/FeOx NPs for 6 h. At the end of treatment, cells were extensively

washed and stained by Prussian blue either immediately or after additional 16-42 h in
culture. Virtually all primary cells were positive for the dye at the end of NPs
exposure, revealing that ZDS-coated NPs are efficiently internalized by these cells (Figure

6).

Figure 6. Cytochemical staining of iron in rat primary microglial cells. a) Untreated
control cells; b)cells treated with 11 nm/ZDS/FeOx NPs (50 pgre/mL) for 6 h.

Calibrations bars: 50 pm.

Quantification of intracellular iron revealed a higher Fe level in primary microglia (about 80
Mgre/MQprotein) than in BV2 cells (20 pgre/mgprotein). NO significant change in the iron content
was observed at 24 and 72 h after NP washing, indicating that primary microglia retained NP
iron over time (Figure 7). Evaluation of cellular viability by the propidium iodide/calcein assay
showed no significant increase in the percentage of dead cells at different time points of the

experiment, excluding acute and delayed NP toxicity (Figure 7, right).
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Figure 7. Stability of intracellular iron in rat primary microglia treated with 11

nm/ZDS/FeOx NPs (50 pgre/mL). Left: iron content in microglia exposed to NPs for 6 h,
washed and lysed at 0, 24 or 72 h after washing compared to untreated microglia (C), (n = 1).
Middle: protein quantification of untreated and NP-treated microglia, lysed at 0, 24 or 72 h after
NP washout (n = 1). Right: mortality of untreated (white columns) and NP-treated (black

columns) microglia at 0, 24 or 72 h after NP washout (n = 3).

It has been recently showed that THP-1 cells are able to release extracellular vesicles
(EVs), which contain iron oxide [32]. Since microglial cells are the resident CNS macrophages,
this opens the possibility that NPs may be transferred between microglial cells via EVs. To
address this possibility microglial cells were treated with 11 nm/ZDS/FeOx NPs (50 pgre/mL)
for 6 h and extensively washed. Fluorescent microglial cells, stained with the membrane dye
PKHG67, were then plated on top of NP-treated microglia and co-cultured for 24 hr. The cells
were fixed and stained with Prussian Blue to visualize intracellular iron deposits. Iron
accumulation was detected in 86% of PKH67-1abeled microglial cells, indicating that iron very

efficiently shuttles in microglia (Figure 8).
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Figure 8. Cell-to-cell iron shuttling. Primary microglial cells were treated with 11
nm/ZDS/FeOx NPs (50 pgre/mL) for 6 h washed, co-cultured with PKH67 positive microglia
for 24 h, fixed and stained with Prussian Blue. DIC image shows iron accumulations in most

microglial cells (left). Fluorescent image (right) shows intracellular iron inside PKH67 (green)
positive cells (arrow), indicating iron transfer from PKH67 negative to PKH67 positive cells.

Calibration bar: 50 pum.

The transfer of iron is paralleled by the transfer of fluorescent vesicular structures, suggesting
that EV production and uptake in recipient cells may underlie shuttling of iron between cultured

microglia (Figure 9). Further work is required to characterize iron content in EVs and confirm

this hypothesis.

PKH/Hoechst

Figure 9. Cell-to-cell shuttling of EVs. Primary microglial cells stained with PKH67 (green)

were plated on control microglia and maintained co-cultures for 24 h. Cells were fixed and their
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nuclei stained with Hoechst (light blue). Merge between DIC and fluorescent images shows the

presence of green vesicles inside a PKH67 negative microglia (arrow). Calibration bar: 20 pum.

3.5 Immune/inflammation-related effects of ligand-exchanged NPs

3.5.1 Endotoxin contamination of NPs.

Before running any biological assay, it was important to assess whether NPs are unintentionally
contaminated with bacterial endotoxin, since immune responses are easily triggered even by
minute amounts of it. [70] Indeed, in the absence of endotoxin, the immune-activating effects
of several NPs can no longer be observed.[71] As endotoxin contamination is difficult to
eliminate,[72] the best way of avoiding it is to run NP synthesis in endotoxin-free
conditions.[73] Endotoxin levels were assessed by a modified protocol, adapted for NPs, using
a selected commercial LAL assay.[48] As shown in TableS6 (Supplementary data), some of
the NPs had a significant contamination, while others were much cleaner, and in others the
contamination could not be measured.

We used the NPs at concentrations such that the endotoxin contamination was below 0.1

EU/mL and no interference in the LPS recovery test occurred. [48]

3.5.2 NPs do not activate an innate/inflammatory reaction in human blood cells.

To assess whether NPs have the capacity of triggering an innate immune reaction in human
cells, we have used a very effective assay that describes the overall effect of all blood cells, the
whole blood assay (WBA), which is one of the assay recommended for pyrogen and endotoxin
testing.[74, 75] We have focused on the ability of NPs to induce the production of two
inflammation-related cytokines, the inflammatory factor IL-1f and its natural inhibitor IL-1Ra.
Both factors are mainly produced by monocytes, the major innate immune cells present in the
blood, thus this assay essentially reproduces the results of other assays, the PBMC activation
assay and the monocyte activation test (MAT), also recommended as suitable tests for
endotoxin detection by the European Centre for the Validation of Alternative Methods
(ECVAM). As shown in the Figure 10, in unstimulated conditions blood cells typically produce
a significant level of the anti-inflammatory cytokine IL-1Ra, but not the inflammatory cytokine
IL-1B, this being a homoeostatic behavior. In response to the inflammatory stimulus LPS, blood

cells produce a significant level of the innate inflammatory cytokine and, as a feed-back self-
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protecting reaction, higher levels of the inhibitor, aiming at controlling the activity of IL-1p.
Thus, a proper defensive immune reaction implies the production of the active effectors and the
molecules for controlling its activity, so as to allow defense without risking side effects. An
anomalous response, with uncontrolled inflammation, would be characterized by high levels of
IL-1B not accompanied by high levels of IL-1Ra. None of the different types of NPs,
independently of size, core or coating composition, was able to elicit any activation in blood
cells, which in the presence of NPs behaved as in the presence of medium alone (negative
control) (Figure 10). As a routine procedure when using NPs in vitro on human cells, NPs were
previously incubated with human plasma (from the same donor as the blood used in the WBA),
so as to mimic the in vivo conditions of NP administration, in which NPs are expected to be
immediately coated with plasma proteins and factors before getting in contact with blood cells.
We have tested some of these NPs also in the other two assays, the PBMC activation assay and
the MAT, and obtained identical results, i.e., no significant effects were ever detectable (data
not shown). Thus, the NPs are unable to directly induce an innate/inflammatory response in

human blood cells.
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Figure 10. Direct activation-inducing effect of ligand-exchanged NPs on human blood cells.
The effect of size, coating, and core composition of NPs in inducing the production of the
immune/inflammatory cytokines IL-1p and IL-1Ra in human whole blood is shown. Fresh
blood was exposed to medium alone (control) or containing LPS (2.5 ng/mL, positive control),
or different types of ligand exchanged NPs for 24 h. *** p < 0.001 vs. control, NT = not tested.

Data are representative of two donors and are reported as mean + SD (four replicates/donor).

NPs do not interfere with an ongoing human innate/inflammatory reaction.

Although the NPs turned out completely inactive in triggering an immune reaction in human
cells, they might nevertheless be able to interfere with an ongoing protective reaction, by either
exacerbating or suppressing it, thereby posing a health risk. Thus, we have tested the NPs in a
kinetic in vitro model that reproduces the course of a defensive innate immune reaction [71]
The results in the Figure 11 report the profiles of the defensive reaction, in terms of expression
and production of the inflammatory and anti-inflammatory cytokines IL-1 and IL-1Ra by

human blood monocytes, in the absence or in the presence of 11 nm/ZDS/FeOx NPs. IL-1(3
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expression peaks at 4-8 h, whereas the production of the cytokine is maximal at 14 h (as
production implies a number of post-transcriptional steps). The presence of these NPs does not
affect either expression or production of the inflammatory cytokine (Figure 11, left panels). The
inhibitory factor IL-1Ra is expressed later relative to IL-1 (peaking at 15 h), but the protein is
released immediately, as there are no post-transcriptional steps. This makes the peak of IL-1
production coinciding with the peak of the inhibitor, thereby obtaining the perfect balance
between activity and its control. Also, in the case of IL-1Ra, the presence of the NPs does not
affect the expression or production of the inhibitor (Figure 11, right panels), except for a slightly
higher production of the anti-inflammatory factor at 24 h in the NP-treated group. This profile
implies that the balance between inflammation and anti-inflammation is well maintained also

in the presence of NPs. Tests with other NPs showed the same behavior (data not shown).
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Figure 11. Influence of NPs on the course of a defensive immune innate/inflammatory
response. Human blood monocytes were exposed to a sequence of treatments simulating a
normal inflammatory response (see Experimental Section). Control (circles) and NP treatment
(squares) samples were assessed at different time points. Representative data (mean + SD) from
2-4 replicate tests from 1 representative donor (IL-1Ra) or average of 2 donors (IL-1B). Gene

expression of /L 1B and ILIRN (upper panels), the genes encoding IL-1p and IL-1Ra, is shown
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as arbitrary units (AU). Cytokine production (lower panels) is expressed as pg/10° monocytes.

* p <0.05 vs. control.

The conclusion is that, at the endotoxin-free concentrations used, none of the
investigated NPs has a direct effect in eliciting an innate immune/inflammatory reaction in
human blood cells, and in addition they do not interfere with the normal development of a
defensive reaction, and can therefore be considered as immunologically safe. These findings
may seem at variance with the immune stimulatory or suppressive effects described for several
types of polymer-coated FeOx NPs reported in Ref. [5], with the caveat that many of the
previous studies were performed with very high dosages in mice or in vitro on tumor cell lines,

and that endotoxin contamination was usually not assessed..

3.6 Biodistribution of ZDS/FeOx NPs in mice

In vivo MRI characterization study revealed that both 3 and 11 nm/FeOx/ZDS NPs are in part
quickly (=1 h) cleared from the blood through the kidneys and in part remain in the mononuclear
phagocyte system (MPS), e.g., in the liver and spleen, for prolonged periods of time. This
behavior is clearly seen in the T>-weighted MR images and in the time courses analysis of the
To* signal intensity (SI) (Figures 12 and 13). However, the 3 and 11 nm iron oxide NPs have a
slightly different biokinetic behavior and distribution.

Figures 12, 13 and 14 show transverse and coronal views of the abdomen of
representative mice for each group of treatment before and at different time points after
injection. As shown by the analysis of T.* SI (Figures 12 and 13), we found considerable
similarity between animals within each experimental group.

The T>* Sl of dorsal muscle did not significantly change after 3 and 11 nm/FeOx/ZDS
NPs injection, showing that a negligible amount of NPs is present in dorsal muscle (Figure S16,
Supplementary Data).

On the contrary, in the MPS of liver and spleen, the T>* Sl changed rapidly. As shown
in Figure 12, the liver darkened just after injection, due to the early hepatic uptake of NPs. The
NP accumulation depends on both dose and size. KW analysis demonstrates that both 3 nm and
11 nm/FeOx/ZDS NP injections significantly affected the T>* Sl of liver overtime (p < 0.05 for
4 mg/kg of 3 nm/FeOx/ZDS NPs, and p < 0.01 for 1 mg/kg of 11 nm/FeOx/ZDS NPs,
respectively). The T>* Sl fell by about 10% and 65% at 1 h after injection of the 3
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nm/FeOx/ZDS NPs for the dose 1 and 4 mg/kg, respectively, and the T>* Sl reduction was still
appreciable at 6 h. This effect was larger for the 11 nm/FeOx/ZDS NPs. The T>* Sl fell by
about 30% and 80% within 1-4 h after NP injection for the dose 1 and 4 mg/kg, respectively.
The To* SI was still significantly lower than the baseline at 1 day (p < 0.05 by Dunnett’s
Multiple Comparison post-hoc test, DMC) and then increased over time from day 2 and reached
values similar to the baseline at day 14 (Figure 12). There is evidence that long-term clearance
of FeOx NPs trapped in MPS organs occur through the feces. [76]

In the spleen, the T>* SI decreased by 30-40 at 15 minutes after 1 and 4 mg/kg of 3
nm/FeOx/ZDS NP injection but it was only about 20-40% at 6 h. For the 11 nm/FeOx/ZDS
NPs, the change of T>* Sl was about 40 and 80% at 15 minutes after 1 and 4 mg/kg NP injection,
respectively, and slowly recovered, remaining low until day 14. These data show that the
clearance of FeOx/ZDS NPs from the MPS depends on both NP size and organ, and that it is

faster in the liver than in the spleen for the 11 nm NPs and the opposite for the 3 nm NPs.
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Figure 12. Representative transverse T2-weighted MR images of liver (a), spleen and kidney
(b) in a mouse injected with 1 mg/kg of 11 nm/FeOx/ZDS NPs, acquired before (#) and at
different time points after NP injection. The arrows indicate liver (red) and spleen (orange),
whereas outlines indicate borders of the renal cortex (purple), medulla (green) and pelvis
(yellow). (¢) Graphs of the T>* SI expressed as percent of pre-injection baseline and after
normalization of each value with corresponding signal produced by the CuSO4 phantom (n =5
mice for 1 mg/kg of 11 nm/FeOx/ZDS NPs; n = 1 mouse for 4 mg/kg of 11 nm/FeOx/ZDS
NPs). KW analysis demonstrated that the NP injection significantly affected the T> value in
liver (p <0.01), spleen (p < 0.01) renal cortex (p < 0.01) and renal pelvis (p <0.01). ** p<0.01
and * p < 0.05 vs. 7 by DMC post hoc test.
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Figure 13. Representative coronal Tz2-weighted MR images of liver, spleen and kidney (a) in a
mouse injected with 4 mgre/kg of 3 nm/FeOx/ZDS NPs, acquired before (#) and at different
time points after NP injection. The arrows indicate liver (red) and spleen (orange), whereas

outlines indicate borders of the renal cortex (purple), medulla (green) and pelvis (yellow).
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Graphs (b, ¢) of the T>* SI of different organs, expressed as percent of pre-injection baseline
and after normalization of each value by the corresponding signal produced by the CuSO4
phantom. b) 1 mgre/kg (n =5 mice); ) 4 mgr./kg (n =5 mice). KW analysis demonstrated that
the NP injection significantly affected the T, value in liver (p < 0.05 only for dose of 4 mg/kg),
spleen (p < 0.05) renal cortex (p < 0.05), renal medulla (p < 0.05 only for dose of 4 mg/kg) and
renal pelvis (p < 0.05). * p <0.05 vs. o by DMC post hoc test.

To assess renal clearance, we investigated the T>* Sl in the different parts of the kidney
and in the bladder. The T>* Sl in the renal cortex and medulla slightly fell in NP dose and size
dependent manner (Figures 12 and 13). In the renal cortex, the T>* Sl fell by about 10% and
20% at 5 minutes after 1 mg/kg of 3 and 11 nm/FeOx/ZDS NPs, respectively. For the 4 mg/kg
dose of 3 and 11 nm/FeOx/ZDS NPs, the decrease was about 25% and 40%, respectively. The
T2* Sl returned to the baseline level within 1 h, except for 11 nm/FeOx/ZDS NPs. In the latter
case, the To* Sl reduction was still appreciable at 2 h, but the value of T>* SI was comparable
to the baseline at 4 h. In the renal medulla the kinetic behavior of T>* Sl is similar. The T>* S
fell by about 30-35% at 5 minutes after 4 mg/kg of 3 and 11 nm/FeOx/ZDS NPs and returned
to baseline level after 2 h from NP injection. Similar results were obtained for the renal pelvis.
Both 3 and 11 nm/FeOx/ZDS NPs rapidly (=1 h) clear through the kidney. No sign of NP
accumulation was detected.

This conclusion is further supported by the bright signal appearing early within the
bladder, indicating the excretion of urine containing NPs. Figure 14 shows that, 5 min after
injection, the bladder displays some positive contrast (white signal) that increases and extends
in the bladder overtime, up to 1 h. This indicates excretion of both 3 and 11 nm/FeOx/ZDS
NPs.
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Figure 14. Representative coronal T2-weighted MR images of a mouse injected with 1 mg/kg
of 3 nm/FeOx/ZDS NPs (a) or 11 nm/FeOx/ZDS NPs (c), acquired before (#0) and at different
time points after NP injection. The arrows indicate bladder (red) and muscle (orange). Graphs
of the bladder T>* SI are expressed as percent of pre-injection baseline after normalization of
each value by the corresponding signal produced by the CuSO4 phantom [(b) n = 4 mice for 1
and 4 mg/kg of 3 nm/FeOx/ZDS NPs; (d) n = 3 mice for 1 mg/kg of 11 nm/FeOx/ZDS NPs and
n =1 mouse for 4 mg/kg of 11 nm/FeOx/ZDS NPs]. KW analysis demonstrates that 4 mg/kg
of 3 nm/FeOx/ZDS NPs injection significantly affected T>* Sl of urine (p < 0.05). * p < 0.05
vs. to by DMC post hoc test.

To further characterize in vivo the MR contrast effects of the NPs, we also evaluated T2
relaxation times derived from MR images. The T2 relaxation times graphed in Figure 15 and
the corresponding MR images show that 11 nm/FeOx/ZDS NPs determined a relevant
enhancement of the liver and spleen contrast overtime (One-way ANOVA, p < 0.05 and p <
0.01, respectively). Changes in T2 were still induced at 4 h post-injection and the contrast

enhancement effect produced by NPs was found to persist in the days following injection. In
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the liver, the contrast enhancement effect was lost within 7 days, whereas it was still present in
the spleen after 14 days, confirming the different clearance of the NPs from these organs
observed in Tz.weighted images. At renal level, we did not observe any significant change in
the T2 value overtime in the three regions analyzed (cortex, medulla and pelvis). These results

confirm the conclusions drawn from the analysis of the T>*.
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Figure 15. Representative transverse To MAP MR images of liver (a), spleen and kidney (b) in
a mouse injected with 1 mg/kg of 11 nm/FeOx/ZDS NPs, acquired before (#) and at different
time points after NP injection. The arrows indicate liver (red) and spleen (orange), whereas
outlines indicate borders of the renal cortex (purple), medulla (green) and pelvis (yellow). (¢)
Evolution of the T, relaxation times. One-way ANOVA analysis demonstrates that NPs
injection significantly affected T> value in liver (p < 0.05) and spleen (p < 0.01). *** p < 0.001,
**p <0.01and * p <0.05 vs. o by Dunnett's post hoc test.
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After the last MRI acquisition, mice were sacrificed and paraffin-embedded sections of
liver, kidney and dorsal muscle were histologically stained for iron (Figure 16). In the liver,
Prussian Blue staining revealed positive stained granules, indicating iron accumulation, in
Kupffer cells and some hepatic sinusoids 4 h after injection with NPs. The iron staining
appeared to be NP dose and size dependent. The iron accumulation was higher for higher dose
of NPs and for 11 nm NPs with respect to 3 nm NPs (data not shown). At 14 days after NP
injection, no blue-stained iron particles were detected in the liver. Conversely, we observed an
increased accumulation of blue granules in the spleen of mice treated with 11 nm/FeOx/ZDS
NPs compared to control mice (treated with physiological solution) at day 14 after injection. In
the spleen, the iron deposition was consistently intracellular, mainly in red pulp areas,
suggesting that the NPs had accumulated in macrophages. Iron was never detected in kidney
and dorsal muscle of treated mice at any time point. No stained granules were detected in any
tissue of control mice (treated with physiological solution). The correlation between 7>* SI and
the histological results confirms that NPs accumulate in liver and spleen but not in kidneys

despite their transit through the urinary tract.
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Figure 16. Representative Prussian blue staining of liver (A), spleen (B), kidney (C) and dorsal
muscle (D) of mice injected with physiological solution (left panels) or 1 mg/kg of 11
nm/FeOx/ZDS NPs at 4 h (middle panels) and 14 days (right panels) after injection. Scale bar:
50 pm.

Renal clearance of NPs substantially reduces the NP toxicity by reducing NP
accumulation in the body.[35] Renal excretion occurs when the NPs are able to pass through
the renal glomerular filtration barrier (GFB), which is composed of three layers (Figure S17,
Supplementary Data). Going from the capillary space to the urinary space, these are (i) the
glycocalyx-coated fenestrated capillary endothelium, (ii) the glomerular basal membrane
(GBM), and (#ii) the podocyte visceral epithelium. Current models suggest that all three layers
of the filtration barrier are likely important (including the glycocalyx of the endothelial layer),
but relative contributions remain unknown.[77]

Using cysteine-coated zwitterionic CdSe/ZnS quantum dots, it was established that
inorganic NPs with hydrodynamic diameter D < 5.5 nm are cleared through the kidneys of
healthy rats,[19] a size cutoff similar to the accepted 6-nm limit for proteins.[78] Many
subsequent reports showed renal clearance of NPs with D § 6 nm, [35] including ZDS-coated
FeOx NPs.[52, 61] This cutoff for inorganic NPs has been held as valid up to now.

The rapid renal excretion of our 3 nm/FeOx/ZDS NPs is not unexpected since it has
been previously reported for similar NPs, having core diameter d = 3 nm, D = 4.4/4.7 nm [52]
and d =4.8 nm, D = 6.5 nm.[61] These values place our 3 nm/FeOx/ZDS NPs (d = 3.2 nm, D
= 9 nm) somewhat beyond the established cutoff for D but, considered the relatively large
uncertainty of D and the small core size d, the renal clearance of our NPs seems in line with
previous results. Conversely, it is surprising that 11 nm/FeOx/ZDS NPs are in part quickly
excreted since both d = 10.7 nm and D = (13 + 1) nm are well beyond the accepted threshold
for renal clearance. The higher cutoff of FeOx/ZDS NPs with respect to CdSe/ZnS/cysteine
quantum dots shows that the nature of the particles affects their renal filterability. Assuming
that the cutoff difference is related to the organic coating (and not to the inorganic core), the
different filterability should be ascribed to the unequal interactions of the carboxybetaine amino
acid cysteine (-NH3*/~COQO") and sulfobetaine ZDS (>NMe,"/-SO3") with the GFB barrier.
This conclusion is supported by functional studies that showed that the size cutoff for

macromolecules depend on their chemical structure.[79]
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The renal glomerulus structure is not inconsistent with the excretion of NPs having d =
10.7 nm and D = 13 nm. Recent imaging studies have shown that the GFB pore sizes are larger
and more polydisperse than previously thought. The glomerular capillary endothelium of rats
contains pores (fenestrae) with diameter 74 + 15 nm [80] and in humans the pores have size 70-
100 nm.[81] The glycocalyx covering the luminal side of the endothelium is loose [82] and the
spacing of its fibers in rats is at least 20 nm. [83] The GBM is a meshwork of proteoglycan
fibers having pores in the 10-32 nm range in rats.[84] Finally, the filtration slits between the
epithelial podocytes are about 40 nm wide in mice. [85] In rats, the proteins bridging across the
slits [86] form pores with size 12 £ 1 nm (range: 6 to 30 nm) when observed by scanning
electron microscopy [87] and size 22 £ 8 nm when observed by helium ion scanning
microscopy.[80] Therefore, there are no obvious structural limits to the excretion of NPs with
D >5.5nm.

4. Conclusions

ZDS-coated medium-size (10-11 nm) FeOx NPs are promising nano-scaffolds as they do not
adsorb serum proteins and display low internalization by non-phagocytic cells.[21, 23] We have
further supported the innocence of these NPs by showing that they (i) do not activate nor
interfere with the human innate/inflammatory reactions and (ii) are scarcely internalized also
by phagocytic (BV2) cells.

To broaden the search for innocent nano-scaffolds, we synthesized eight types of
magnetic NPs, each differing from the reference NPs for a single feature, namely, size, core
composition, and coating. Except for COR-coated NPs, all are colloidally stable in aqueous
media and do not adsorb serum proteins in vitro. The NP uptake only depends on the NP size.
The NPs are immunologically safe, an indispensable pre-requisite for medical applications in
humans. Therefore, all colloidally-stable NP types are innocent scaffolds and, within the
investigated range, the most convenient NP type can be used. For instance, usage of DS instead
of ZDS avoids the protection/deprotection of the phenolic hydroxyls during the methylation of
the amine group. Synthetic convenience is highest using commercially available CAF.

The coating ligand has scarce influence on the NP uptake. This does not question the
known dependence of NP internalization on surface charge [88] but is related to the unexpected
result that our NP types have negative { potential. The effective surface charge of NPs coated

with small (zwitter)ionic molecules is determined by the preferential adsorption of anions and
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not by the formal (possibly pH-dependent) ligand charge. This must be taken into account when
designing NPs for biomedical applications.

Both small (3 nm) and medium-size (11 nm) ZDS/FeOx NPs are promising MRI
contrast agents (of 771 and 7> type, respectively) because of their good relaxivity and bio-
distribution. Despite some accumulation in spleen and kidney lasting about 2 weeks, both are
rapidly (=1 h) excreted through the urinary system. The renal clearance of 3 nm/FeOx/ZDS NPs
has already been proved [52] but that of 11 nm/FeOx/ZDS is surprising because they are much
larger than the established size threshold for renal clearance. This finding shows that the 6 nm
threshold cannot be generalized as it may depend on the chemical nature of the circulating
particles. Renal filterability of zwitterionic FeOx NPs with D up to 13 nm (and d = 10.7 nm)
broadens the pathway to effective theranostic systems based on magnetic NPs since such
medium-sized FeOx NPs have much larger magnetic moment than typical ultrasmall FeOx NPs
(50-fold increase from 3 to 11 nm), leading to better T relaxivity,[89] specific absorption ratio
for hyperthermia,[90] and response to external magnetic fields.[91]

Some issues have yet to be clarified. The hypothesis that NPs may induce innate immune
memory by epigenetic modulation of gene expression is important from the translation
standpoint and requires careful scrutiny. [92] Another important issue is the quantitation of the
fraction of NPs that are renally excreted, captured by the MPS NPs, or accumulated in other
compartments. Finally, a detailed investigation of the in vivo interaction between NPs and the
liver [93, 94] and spleen will be instrumental to design NPs with minimal accumulation in these

organs.
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