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In vitro experiments have shown the great potential of magnetic nanocarriers for multimodal
imaging diagnosis and non-invasive therapies. However, their extensive clinical application is
still jeopardized by a fast retention in the reticuloendothelial system (RES). Other issue that
restrains their potential performance is a slow degradation and excretion, which increases their
toxicity risks. We report a promising case in which multicore iron oxide nanoparticles coated
with poly(4-vinylpyridine) polyethylenglycol copolymer show low RES retention and high
urinary excretion, as confirmed by Single Photon Emission Computerized Tomography
(SPECT), Gamma Counting , Magnetic Resonance Imaging (MRI) and Electron Microscopy
(EM) biodistribution studies. These iron oxide-copolymer nanoparticles have high PEG density
in their coating that may be responsible for this effect. Moreover they show a clear negative
contrast in MR imaging of kidneys. These nanoparticles with an average hydrodynamic diameter
of approximately 20 nm, were nevertheless able to cross the glomerulus wall, which has an
effective pore size of approximately 6 nm.,Transmission Electron Microscopy inspection of
kidney tissue revealed the presence of iron containing nanoparticle clusters in proximal tubule
cells. This therefore makes them exceptionally useful as magnetic nanocarriers and as a new

MRI contrast agent for kidneys.
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39 Introduction

40  In vitro experiments have shown the enormous potential of nanocarriers, in general, and of
41  magnetic nanocarriers, in particular, in biomedical applications' Their capacity for targeted drug
42 delivery, stimuli-responsive drug release, and multi-therapeutic loading are taking over
43  traditional drug therapy. They have also shown considerable potential for multimodal imaging
44  diagnosis® and non-invasive therapies, including localized externally-triggered hyperthermia and
45  combined therapies.” However, translating all these benefits into real clinical practice has met a
46  Dbottleneck: nanocarriers are tenaciously retained by the reticuloendothelial system (RES) before
47  having the chance to hit the target. Apart from a severe drop in targeting efficiency, persistent
48  retention in the liver delays clearance, increases toxicity, and restricts the use of nanocarriers as
49  MRI contrast agents to this organ.

50  The recognition and uptake of nanoparticles (NPs) by the Kupfer cells of the immune system is
51  highly dependent on the NP surface.”” However, when nanoparticles encounter the macrophages,

52 their surface is not the same as it originally was, given that it has already been covered with a

Published on 22 June 2018. Downloaded by CIC biomaGUNE on 6/22/2018 1:33:01 PM.

53  corona of plasma proteins in blood. These proteins are the real triggering factor for uptake by
54  macrophages. Furthermore, the composition and structure of this protein corona depends on the
55  adsorption properties of the original nanoparticle surface, thereby indirectly determining the
56  degree of NP retention by the RES. As such, the efficacy of poly(ethylene glycol) (PEG)
57  coatings in preventing a reaction by the RES has already been clearly demonstrated’. And it has
58 also been shown that the real effect by PEG coatings consists in promoting the adherence of
59  clustering proteins,® which are not recognized by macrophages, as opposed to albumin, which is
60 the usual component of the protein corona of NPs. As an example, the RES retention of

61  phosphate-coated Au NPs (Dy =11 nm) decreased from 93% ID to 3.3% after coating with 10
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kD PEG.” It has also been shown that the effect by PEG depends on the density of PEG on the
shell surface and in the chain size.’

The coating on the core-shell iron oxide nanoparticles (IONPs) used in this work has been
designed to achieve a high PEG density. First, iron oxide nanoparticles are directly precipitated
in a poly(4-vinyl pyridine) (P4VP) matrix and are redispersed in slightly acidic solutions.
Subsequently, PEG acrylate chains are incorporated into the pyridine groups by a Michael
reaction, with an acrylate terminal group at one of the ends of the PEG chain, as shown in
Scheme 1, thereby providing the NPs with a high-density PEG coating of the NPs. By increasing
the pH to blood level (7.4), the free pyridine groups are made hydrophobic. As it has been
previously reported, this type of NP does not present either hematological complications® or
relevant cell cytotoxicity.” Moreover, the synthetic strategy permits easy multifunctionalization,
such as with optical dyes,” antibodies, therapeutic drugs, and molecular thermometers.'’

11-14 and

Biodistribution techniques can be classified into two categories: in vivo instant imaging
ex vivo postmortem analysis of extracted tissues.”” In the case of iron oxide nanoparticles
(IONPs), ex vivo chemical analysis is not highly reliable'®'” due to the variable content of
endogenous iron in tissues. However, IONPs can be detected and quantified ex vivo in a
magnetometer,'® and they can be imaged in vivo by MRI thanks to the intense negative contrast
they provide due to changes in the water proton nuclear relaxation induced by superparamagnetic
nanoparticles.'”” MRI has the advantage of being a non-invasive imaging technique that offers
excellent soft tissue contrast, as well as better spatial resolution and prolonged observation time.
However, the sensitivity of MRI is low compared to radiochemical methods. For instance, the in

vivo MRI detection threshold of IONPs (approximately 200—700 mg (Fe) for a 70-kg patient) is

200 times greater than that of Positron Emission Tomography (PET).* Therefore, a convenient
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85 way to follow the whole cycle of IONPs in the body would be to use a combination of both
86  methods: a) radio imaging®' to precisely screen the circulation of IONPs during the first critical
87  hours (or few days) and b) MRI to check the persistence of IONPs in a certain organ or tissue.
88  Alternatively, sensitivity and spatial resolution in in vivo magnetic nanoparticles (MNP)
89  detection are greatly enhanced in magnetic particle imaging (MPI), which is based on a direct
90  detection of the MNPs from their non-linear magnetization, although it is only applicable In NPs
91  with a relatively large size.*

92  Positron or gamma-emitting radiolabels are probably the most direct and sensitive detection

23,24 .
“* However, in order to take

93  methods, with the highest penetration among imaging techniques.
94  full advantage of these benefits in IONP biodistribution studies, the radiolabels should form part
95  of the nanoparticle structure so they unequivocally mark the NP position. Nevertheless, in most
96  cases, radiotracers are introduced by adsorption on the IONP surface,” by chelation™ or covalent

97  bonding®™ to the polymer shell, or by encapsulation in a lipid membrane.”” Then, the metabolic

98  system can cause the radiolabels to detach from the nanoparticle,® thus falsifying the

25,29-32

Published on 22 June 2018. Downloaded by CIC biomaGUNE on 6/22/2018 1:33:01 PM.

99  biodistribution pattern. The most direct method for radiolabeling IONPs is through the
100  transformation of some Fe atoms in the oxide structure into *°Fe,” (a PET radiotracer), or by
101 generating radioactive "N from '°O by proton irradiation.’* Recently, the radiotracer has been

3536 Two different methods

102 incorporated to the iron oxide nanoparticle at the synthesis stage.
103 have been proposed: 1) thermal decomposition of Fe(acac); in the presence of '''InCl;** and 2)
104  co-precipitation of Fe(III) and °®*Ga(Ill) chloride salts.’® In the former case, the synthesis

105  procedure is complex, given that it involves a reflux process at a high temperature. In the latter

106  case, the drawback is the purification step after precipitation.
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111 h 99m

In is a commercially available radionuclide that, together wit Tc, is used the most in

clinical nuclear medicine.* Its half-life of 2.8 days makes it very adequate for NP biodistribution
studies. However, the use of this radionuclide has been mostly related to purely organic NPs,>’>"
% and rarely to core-shell inorganic NPs,* including iron oxides.*' In this report, a direct and
reliable method of gamma-radiolabeling of IONPs has been achieved by doping the crystalline

structure with !

In through simple coprecipitation in the presence of this ion. The biodistribution
of the NPs in mice after coating with PAVP-APEG amphiphilic copolymer has been followed by

SPECT, gamma-counting, and MRI.

Results and discussion

llllll.

Direct labeling of iron oxide nanoparticles with gamma-emitter
In order to determine the quality of the radiolabeling, the capacity of Fe’" and In’* to precipitate
in the form of double oxides was evaluated by X-ray powder diffraction analysis of oxide
precipitates from solutions of a mixture of Fe’* and In’" chloride salts. The diffraction patterns of
precipitates from solutions containing an In’* atomic ratio of 0.1 or less (Figure 1S) showed a
single crystalline structure corresponding to g-Fe,Os (maghemite), thereby indicating that In and
Fe were coprecipitating in the same crystal lattice. Moreover, the diffraction peaks gradually
shifted to lower angles as the In ratio in the solution was increased (inset in Figure 1S), which
indicates an increase of the cell parameter due to the progressive incorporation of In’" ions (with
a higher ionic radius than Fe’") into the iron oxide lattice. When the In’" ratio in the solution was
increased to 0.5, the precipitate was also single phase (Figure 2S), but the structure was that of

In(OH)s, with a lower lattice parameter due to the replacement of In’" ions by smaller Fe*" ions.

We could therefore state that under our precipitation conditions, In and Fe are apparently

6
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130 interchangeable in their respective oxide structures, wherefore '''In ions will detach from iron
131 oxide NPs only when the whole nanoparticle is dissolved. Nevertheless, the possibility that In’*
132 might leach from the nanoparticles after injection in blood was tested by dialysis. An aqueous
133 suspension of In/Fe oxide nanoparticles having the same In/Fe ratio as that which was used in the
134 SPECT and gamma-counting experiments was dialysed against human serum for 24 hours. The
135 analysis of the dialysate by atomic emission (ICP- OES) showed no presence of either Fe’" or

136  In’" ions within the detection limits of the instrument.

137 NP size and structure.

138  The size characterization of NPs was performed using non-radioactive samples prepared under
139  the same conditions as those used in the biodistribution studies. TEM images of the samples
140  before PEG coating (Figure 1A) show non-aggregated spherical IONPs with an average size of
141  3.840.8 nm and a lognormal size distribution (Figure 1B). CryoTEM images of the NPs after
142 PEG coating showed that the IONPs in suspension were grouped in a grape-like loosely packed

143 clusters (Figure 1C). We calculated the diameter of spheres with the same volume estimated

Published on 22 June 2018. Downloaded by CIC biomaGUNE on 6/22/2018 1:33:01 PM.

144  from cryoTEM images, and the average value (SD) was 11.5(5.9). The contrast between the
145  polymer and the water background was too low to allow observation of the polymer coating
146  around the iron oxide nuclei. Therefore, the total size of the core-shell nanoparticles was
147  determined by DLS. This resulted in an average hydrodynamic diameter of 18 nm. The size
148  distribution is shown in Figure 1D, and an overview of the synthesis procedure and the NP
149  structure is presented in Scheme 1. The average sizes of the IONPs represent approximately 15-
150  20% of the average hydrodynamic sizes. Considering that the pyridine groups are hydrophobic
151  and that PEG residues are hydrophilic at the pH of the medium (7.40), we propose the following
152  as a tentative description of the structure of the MNP@P4VP@APEG composite nanoparticles in

7
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suspension: internally, they would be formed by a folded P4VP chains holding the MNPs in the
interior by N-Fe coordination bonds, and externally, they would be formed by solvated PEG
chains in a radial disposition. More information about the PEG coating reaction and the brush
structure of the PAVP-APEG graft copolymer coating is given in the SI file. This brush structure

confers a high PEG density to the coating, in comparison with linear polymer folded structure.
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Figure 1. A) TEM image of iron oxide-P4VP nanoparticles suspended in water at pH = 3, before being coated with
PEG; and B) Size distribution by number of iron oxide nanoparticles from TEM images. C) cryo TEM and STEM
(inset) images of iron oxide@P4VP@APEG copolymer nanoparticles suspended in water at pH = 7.4; and D) size

distribution in frequency by number (%) from DLS data.
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Scheme 1. Simplistic diagram of the structure and synthesis of radiolabeled iron oxide-polymer nanoparticles
showing: the position of the radionuclide, the grafting of APEG chains to pyridine moieties on P(4VP) polymer
matrix, the amphiphilic character of the PAVP-APEG polymer shell, and the distribution of positive and negative
charges in the core-shell nanoparticles. The spherical shape is a drawing license, and it does not correspond either to

the real shape of the iron oxide clusters, which is grape-like (as it can be seen in Fig. 1), or to the shape of the

polymer shell.
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Radiotracing experiments.

The biodistribution of nanoparticles after tail injection of 150 uL of the suspension described in
the experimental section was followed by SPECT (dose of 18 umol Fe/kg). The images gave a
very clear signal of the biodistribution of IONPs, even when the injected dose was less than the
typical values used in MRI clinical studies’ (40-70 umol Fe/kg) and 3 times lower than the

values at which clinical problems appear*” (60 pumol Fe/kg). Figure 2 shows the maximum


http://dx.doi.org/10.1039/C8NR03084G

Published on 22 June 2018. Downloaded by CIC biomaGUNE on 6/22/2018 1:33:01 PM.

177

178

179

180

181

182

183

184

185

186

187

188

189

190
191

Nanoscale

Page 10 of 33

View Article Online
DOI: 10.1039/C8NR03084G

intensity projections (MIPs). It can be clearly observed that the maximum activity in the first
instance is detected in the blood and in organs with high blood irrigation such as the heart and
lungs, but also in the liver, kidneys, etc. As time elapses, the activity in the blood and lungs
decreases, while it increases in the bladder and kidneys. After 3.5 hours, all the activity is
concentrated in the kidneys and, to a lesser extent, in the liver and bladder.

The accumulation of the !

In-labelled iron oxide nanoparticles in several organs was also
followed by radiocounting (Figure 3), which confirmed the SPECT observations. The presence
in blood is very high during the first minutes and then decreases substantially after 15 min.
Presence in the urine increases up to 30 min, and then it drops, probably due to the fact that the
animals inevitably urinate. A certain amount of activity is also found in the spleen, which could

not be detected clearly in the SPECT images. After the first hour and over the next 24 hours, the

activity in the kidney, liver, and spleen decreases.

LUNG

LIVER

STOMACH

KIDNEY

INTESTINE

90s 5 min 20 min 1h 3.5h BLADDER

Figure 2. SPECT images of the biodistribution of iron oxide polymer nanoparticles in mice at different time points

after tail vein injection.
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192

193 Figure 3. Accumulation of iron oxide polymer nanoparticles in various mice organs at different time points after

194 tail vein injection, as determined by dissection and gamma counting. L.I.: Large intestine; S.I.: Small intestine;

195  Cereb.: Cerebellum.

196 MR experiments.
197  Relaxometric measurements of indium-doped IONP suspensions for different dilutions are
198  shown in Figure 7S. The r»/r; ratio was 27.4 at 37 °C for a frequency of 60 MHz, with an r2 = 38

199 mFe's" which is lower than what would correspond to a pure maghemite NPs of the same size

Published on 22 June 2018. Downloaded by CIC biomaGUNE on 6/22/2018 1:33:01 PM.

200  due to the partial replacement of iron by a non magnetic ion. However, it still comparable to
201  what has been reported for ultrasmall magnetic colloids,” thereby allowing the NPs to be
202  detected by a standard T2-weighted MRI.

203  The biodistribution of IONPs was also followed by MRI in 6 mice. The results confirm those of
204 gamma imaging and radiocounting. Figure 4A shows a clear reduction of the transverse
205 relaxation times (T2) after injection of the IONPs, which mostly happens in the kidneys, thereby
206  demonstrating the capacity of IONPs as negative MRI contrast agents for this organ. Conversely,
207  no significant changes of the relaxation times were observed in the liver or spleen, thereby

208 indicating a low retention of IONPs by the RES. The evolution of the change in T2 relaxation

11
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times confirms that the accumulation of nanoparticles in the kidneys of mice takes place
progressively during the first two hours after i.v. administration of the contrast agent (Figure

4B), which concurs with the SPECT and radiocounting results.

A B

10

-10
—4—Kidneys
=

15 - Liver
Spleen

-20 : . . T T
0 20 40 t(myn) 80 100 120

Figure 4. Figure caption. A: 2D-T2 relaxation maps at two different locations of the abdomen of a mouse, showing

the liver (solid arrow, top images) and the kidneys (hollow arrow, bottom images) with the changes in T2 values
before administration of the contrast agent (left) and 2 hours afterwards (right). B: average evolution of DT2 in the

kidneys, liver, and spleen of 6 mice after injection of IONPs.

Histological studies.

A TEM histological inspection of kidney tissue slices shows the presence of iron oxide
nanoparticles in samples from mice sacrificed at 0.5 h, 2 h, and 24 h after injection (Figure 5 and
4S-6S). Their presence was confirmed by EDX analysis and was scarce in all cases, although
these nanoparticles were apparently more frequent in the 0.5 hour samples. IONPs were found
inside proximal convoluted tubule cells, wherefore they had crossed the filtration membrane of

the glomerulus before being reabsorbed by the proximal tubule cells. They were located inside

12
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224 vesicles, probably lysosomes. The brightness in Figure 5 and 4S-6S corresponds to OsO4, which
225 was used as a staining agent and was adsorbed on the surface of the polymer coating, thus
226  marking the contours of the whole IO-polymer composite nanoparticle. The sizes are actually
227  within the range of a DLS hydrodynamic diameter distribution measured in vitro and are much
228  larger than individual IONPs. EDX concentration profiles across the composite nanoparticles
229  indicate the presence of iron in large areas within the composite nanoparticle. It can thus be
230 inferred that the nanoparticles preserve the core-shell structure during the process, as from
231  injection and through to tubule cell internalization, and consequently also when they cross the
232 glomeruli, despite the fact that their hydrodynamic size is much larger than that of the
233  glomerulus membrane pores. The fate of these nanoparticles is difficult to predict. They could be
234  reabsorbed into the veins, they could be re-expelled into the tubules and be excreted through

235  urine, or they could stay in the tubule cells until degradation by lysosomes.

Published on 22 June 2018. Downloaded by CIC biomaGUNE on 6/22/2018 1:33:01 PM.
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237 Figure 5. Figure caption. Dark field STEM images obtained with an HAADF detector, at different magnifications,
238  of an iron oxide@P4VP@APEG nanoparticle in the proximal tubule cell of a kidney slice of a mouse sacrificed 30
239 minutes after injection. Uranyl and OsO, were used as staining agents. The drawing in the down left side of the

240  figure shows the location of the nanoparticles within the kidney filtration system.

241  Comparison with previous studies

242 For the in vivo application of NPs, it is paramount to prevent NP retention by the RES before
243  even considering targeted delivery to regions of interest. After this is ensured, it is then essential
244  for NPs to be cleared rapidly from the body after accomplishing their function in order to reduce
245 the risks of toxicity.** There are two pathways for excretion: renal and hepato-biliary clearance.®’
246  The hepato-biliary pathway goes from the liver into the small intestine and subsequently into
247  fecal excretion. When NPs in the liver are trapped by hepatocytes, the transport thereof to feces
248 s relatively fast.** The hepato-biliary clearance of NPs is inversely related to size, as it was
249  observed in a study with gold NPs in a size range of 5 to 200 nm.*”” However, NPs are rarely
250  taken up by endothelial cells and hepatocytes. They are mostly found in Kupffer cells,” where
251  IONPs decompose into molecular iron species in a slow process and are finally incorporated into
252 hemoglobin,” as it has been observed by *°Fe direct-labeling of IONPs.

253  Liver fenestrae are relatively large (50-100 nm),*® wherefore NPs with a wide ranges of sizes can
254  circulate freely through the liver. Their retention in this organ is determined by recognition by
255  macrophages, which partially depends on hydrodynamic size but mostly depends on the
256  nanoparticle surface. For instance, QDs coated with mercaptopropionic acid and with very small
257  sizes [Dy(TEM) = 3-4 nm, Dy(DLS) = 8.2 nm] showed higher accumulation in the liver and
258  spleen (45 ID%/g) than in the kidneys (17 ID%)," as determined by chemical analysis. On the

259  other hand, kidney fenestrae have an effective size cutoff of = 10 nm,” and the upper size limit

14
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260  of NPs for renal clearance is usually deemed to be approximately 6 nm.”' For example, in a study
261  of the biodistribution of cysteine-coated QDs with sizes of D, (TEM) = 2.85, 3.02, 3.30, 3.80,
262  4.31 nm and Dy = 4.64, 4.91, 5.64, 6.40 nm, respectively, a cut-off size of 5.64 nm (DLS size)
263  was established for renal excretion.”> Similar results have been obtained with Au NPs.”> These
264  NPs can be produced with fine size control and can be directly labeled with '**Au, which makes
265  them ideal candidates for studying the filtering capacity of kidneys. It was observed in a series of
266  Au NPs with core sizes of Dp = 1.4, 5, 18, 80, and 200 nm and hydrodynamic sizes Dy=2.9,
267 12.1, 21, 85, 205 nm*’ that only the smallest went through, although in amounts 10 times less
268  than those found in the liver. Thus, a small size is necessary but does not guarantee the renal
269  clearance of NPs, because they can still be strongly retained by the RES, depending on the
270  coating. In that case, the coating was triphenylphosphine mono-sulfonate with a negative Zeta-
271  potential. Other studies of Au NPs yielded similar results.”> There are also exceptional cases in
272 which a high accumulation in the kidneys has been found for nanoparticles with relatively large

273  sizes. For example, naked A,O; NPs** with a size of 10 nm labeled internally with °N showed

Published on 22 June 2018. Downloaded by CIC biomaGUNE on 6/22/2018 1:33:01 PM.

274  relatively high accumulation in the bladder (about 4% ID) and kidneys (about 1% ID) in
275  comparison with the liver (about 4% ID). For larger nanoparticles (40 nm), the concentration in
276  the bladder (2.6% ID) and kidneys (0.6% ID) was still high, despite a large increase in the liver
277 (28% ID).

278  Indirect and direct biodistribution results for IONPs are summarized in tables 1 and 2,
279  respectively. Most indirect labeling methods have shown a large accumulation in the liver and
280  spleen and low excretion through urine.” Moreover, the supposed detection in the urinary

21,32,40,54

281  system was attributed, at least in some cases, to detached free labels. The few reports

282  from direct radiolabeling studies indicate that IONPs are mostly retained in the liver and spleen
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even for relatively small sizes (D, = 2.2 nm, Dy = 20 nm) and after being coated with PEG™ or

dextran.’® These studies also show that the coating is decisive in IONP biodistribution. For

instance, IONPs with sizes of D, = 4.8 nm and Dy =5.2 nm (therefore smaller than kidney

fenestrae) showed renal excretion by MRI only when they were coated with zwitterionic

molecules (dopamine sulfonate), but they were completely retained in the liver when the coating

was DMSA.»

Table 1. Biodistribution of iron oxides in mice by indirect labeling methods using radio-counting and

radiocamera analysis.

Size (nm) Coating Radiolable accumulation (%ID/g) time ref
D, Dy (rlaedionucli ligand :2::” ::;:ln :Ir?:: ung  other
10 275 PLGA-GC' 99Tc free (TcOy) 41 <1 4 13 2.2h 21
10 163 biotinated organosilica 99Tc free (TcOy) 12 0.8 2 3h 572
5 106 dextran 99Tc DPA 99 10 min 58
100 dextran 111In ChL6-DOTA® 32 15 3 48h 59
8-12 95 PLGA-b-PEG-COOH 68Ga NODA 4 0.5 <0.2 05 2h 60
5 45  Aspartic 64Cu DOTA 31 5 1h 61
5 40  dextran 99Tc free (TcOy) 24 1.8 0.7 2h 62
30 dextran-PEG 19F-PEG 53.3* 86% <2 332 6h 20
30  dextran 111In ChL6-DOTA® 49 9 2 48h 59
20  dextran 111In ChL6-DOTA* 24 7 4 48h 59
5.5 23  PEG-BP 99Tc DPA 11 2 14 5° 2.2h 31
10 23 PAA As* free (AsO,") 26 58 2h 55
10 23 PEG As* free (AsO,") 25 12 2.5h 55
10 23 PAA-PEG 69Ge E’ye e 25 8 1h 63
10-15 DMSA 99Tc free ion 2.6 0.35 1h 64
6.2 20 phospholipid-PEG 64Cu DOTA 53 7 12 37°% 1h 32

" hydrophobic poly(D,L-lactic-co-glycolic acid) core and a hydrophilic glycol chitosan; * experiment performed in rats-
rabbits; > ChL6: breast cancer targetting chimeric monoclonal antibody; ‘permeability Surface Area Product (PS/V) for
Major Organs (107s™); * heart and blood; ® blood

16
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Table 2. Biodistribution of iron oxides in mice by direct labeling methods

Method Size (nm) Coating Radionucl. accumulation (%ID/g) time ref
D, Dy liv.+spleen kidney  blad.+urine lungs

radiocounting 80 AMI-25  59Fe 82 2 2 1h 33

radiocounting 7.8 37 PEG 111In 40 12h 35

PET/CT 2.2 20.6 dextran 68Ga 35 6 3 1h 36

magnetometer 9.2 110 DMSA 41 9 30 min 18

289

290  Low RES retention, urinary excretion, and the presence of the NPs in the kidneys are exceptional
291  results compared to previous IONP biodistribution results. Actually, reports on semi-quantitative
292  biodistribution analysis of dendronized IONPs by indirect IR luminescence labeling on the
293  coating founded urinary excretion, but in combination with a rapid hepato-biliary clearance
294  (which implies liver retention as explained in the introduction).®> However, it must be stressed
295  that radiolabeling by crystal doping with '''In ions is direct, and therefore the radio signal

296  unambiguously marks the position of IONPs until they are fully metabolized. MRI observations

Published on 22 June 2018. Downloaded by CIC biomaGUNE on 6/22/2018 1:33:01 PM.

297  and histological studies confirm these results. The choice of '

In as radio-label responds to its
298  wide use in clinical practice that ensures a low toxicity. '''In decays by electron capture
299  (followed by gamma emission) leading ultimately to the formation of a cadmium atom ('''Cd),
300  which of course has different chemical properties that may have an effect in the crystal structure

"1 atoms introduced in the

301  of the NPs, by creating “local defects”. However, the number of
302  NPs is extremely low. This number can be calculated from the amount of radioactivity and the
303  '"In half-life as 2.1 x 10" mol/mCi. Hence, the formation of such defects due to spontaneous

304 decay of ''In is too low to enable its experimental characterization using, e.g., X-Ray

305  diffraction.
17
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The low retention in the liver and spleen can be explained by the stealth effect of PEG coatings
due to their capacity to reduce protein adsorption and promote an adequate protein corona
coating to avoid recognition by macrophages.® Indeed, numerous studies on PEG surface density
have shown that grafted brush copolymers, such as that used in this report, allow a higher PEG
density as compare to self-assembled linear chains.®® It has also been shown that the capacity of

66
* For

PEG coating to avoid protein adsorption is directly related to the PEG grafting ratio.
instance, a PEG surface density of 30 ethyleneglycol monomers (EGM) per nm” was able to
prevent protein adsorption, but when the density was decreased below 4 EG/nm’ the anti-
adsorption effect was negligible. In our case, NMR studies have shown that the APEG grafting
reaction on P4VP backbone chains has a nearly 100% yield (see SI file). Thus, considering the
nucleus average diameter of 11.5 nm obtained from TEM images the PEG density in our
nanoparticles would be 234 EGM/nm” (Even considering the external nanoparticle diameter of
18 nm from DLS, the density (96 EGM/nm”) would be still high in comparison with the cited
report).

A second significant finding in this study was that our MNPs showed a certain accumulation in
the kidneys that is sufficient to provide a clear MRI negative contrast of this organ. Gd
complexes are the preferred MRI contrast agents in clinical practice because they give a bright
contrast, whereas IONPs have an image darkening effect.””* On the other hand, IONPs are
advantageous in terms of blood circulation times (which reduces their targetting efficiency),
detection sensitivity, and multimodal-imaging.®” Besides, IONPs can be especially indicated for
patients with liver and kidney problems, because Gd complexes present toxicity effects in these

patients.’” However, up to now their use has been restricted to liver. This report opens the way

for their clinical use in kidneys also.

18
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329  Presence in the urine and in the kidney tubule cells means that NPs can cross the glomerular
330  barrier. It is surprising that NPs such as those used in these experiments, consisting of multicore
331 composite nanoparticles containing several individual IONPs with a hydrodynamic size of
332 approximately 20 nm, could be filtered through the glomeruli pores that are approximately one-
333  third the size. Nevertheless, this was corroborated by TEM observations, which showed the
334  presence of the composite nanoparticles in the interior of proximal tubule cells. It has to be
335 pointed out that cut-off sizes of 5-6 nm for kidney filtration had been determined with rigid
336 inorganic NP systems.”" Our system has a distinct arquitecture: 1) the individual iron oxide
337  nanoparticles in the multicore nucleus are not bonded to each other, but they are loosely packed
338  within the polymer matrix; 2) the polymer coating is formed y hydrophilic PEG chains.
339  Therefore we may expect some degree of flexibility in our NPs that could allow them to squeeze
340  through the pores of the glomeruli similarly to how red blood cells pass through capillaries in the
341  circulatory system.

342

Published on 22 June 2018. Downloaded by CIC biomaGUNE on 6/22/2018 1:33:01 PM.

343 Experimental

344  Materials. Iron(IIl) bromide (FeBrs, 98%), Iron(Il) bromide (FeBr,, 98%), poly(4-vinyl
345  pyridine) (P4VP, Mn = 60.000 Da) were all products of Sigma Aldrich and were used as
346  received without further purification. Poly(ethylene glycol) (200) acrylate (APEG(200),
347  Mn(PEG) = 200 Da, Monomer&Polymer), and poly(ethylene glycol) (1000) monoacrylate
348  (APEG(1000), Mn(PEG) = 1000 Da, Monomer&Polymer) were purified by a modified method.’
349  Carboxylic acid terminated APEG(1000), APEG(1000)COOH, was prepared by reacting
350  succinic anhydride with the hydroxyl end group of APEG(1000) following the procedure

351  described elsewhere.*” The purity of polyethylene glycol derivatives was confirmed by proton

19
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NMR spectroscopy (BRUKER AV-400) and mass spectroscopy (MALDI TOF-MS,

BrukerMicroFlex).

Synthesis of core-shell IONPs. The preparation of the ferrofluids was performed in two steps:
1) synthesis of maghemite/P4VP nanocomposites, and 2) PEG coating of the nanocomposite NPs
in a PBS medium.

Maghemite/P4VP nanocomposites were prepared by in situ precipitation in films of iron—P4VP
coordination compounds, following the procedure described elsewhere.® A stock solution of iron
and P4VP was prepared by dissolving 0.1 g of PAVP (952 umol in monomer), 0.4 mL of FeBr;
IM (400 wmol), 0.2 mL of FeBr, 1M (200 umol) in 5 mL of 0.01 M HBr. A vial of 0.5 mL of 5
mCi ''InCl; and another vial of 0.5 mL of 3 mCi '''InCl; were mixed, and 117 uL of the P4VP-
iron stock solution was added to this mixture, and then it was evaporated in a Petri dish to obtain
a film. The film was treated with 1 M NaOH solution for 1 h and washed with water to obtain a
maghemite nanocomposite. This nanocomposite was dispersed in 2 mL of HCI 11mM for a final
pH=3.0. Separately, 1.9 mL of stock solution of PEG acrylate polymers mixture was prepared by
dissolving 90 uL of APEG(200) and 10 ug of APEG(1000)COOH in water. 44,3 uL of this
solution was added to the nanoparticle suspension and allowed to react for 20 h under magnetic
stirring at 70 °C. After cooling, the pH of the suspension was adjusted to neutral by addition of a
sodium bicarbonate solution, the volume was adjusted to 3 mL, and the solution was filtered
through a sterile 0.22 um membrane filter (Millipore). The resulting IONP suspension was used
in radiocounting biodistribution experiments. The final composition of the suspension is

presented in Table 3.

Table 3. Composition of injected fluid

20
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mg/mL puM Molar ratio”

Fe,0s 0.17 2.30 1
4VP monomer 0.35 3.27 1.4
EG monomer  0.35 6.46 2.8
"'n 10

373 " Inthe case of Fe203 the value corresponds to Fe moles

374  An scheme the P4VP-APEG brush copolymer structure is shown in the SI file.

375  The NP suspension for the in vivo SPECT experiment was prepared in the same way as in the
376  radiocounting experiments except that the amount of radiotracer was 3 vials of 5mCi '''InCl;,
377  and the amounts of the rest of components were adjusted for a 150 uL final volume.

378  For the leaching experiments, relaxometry measurements, histologic examination and TEM
379  characterization, a nanoparticle suspension was prepared in the same way as above except that
380  the InCl; was non-radioactive in this case.

381  For the x-ray powder diffraction studies of Fe-In crystalline miscibility, 4 polymer-nanoparticle

382  samples were also prepared in a similar way except that the amounts of reactants was 10 times

Published on 22 June 2018. Downloaded by CIC biomaGUNE on 6/22/2018 1:33:01 PM.

383  higher and the In/Fe atomic ratio was 1/4000, 1/100, 1/10, and 1/1, respectively. Pure
384  iron/indium oxide samples were prepared by precipitation in water in the absence of polymer,
385  and then the samples were also submitted to heat treatment at 70 °C during 20h as for composite
386  samples.

387  Sample characterization. The total iron content in the IONP samples has been determined by
388  atomic absorption in a plasma 40 ICP Perkin—Elmer spectrometer. The size of the maghemite
389  nanoparticles was determined by transmission electron microscopy (TEM) images in a Philips
390 CM30 microscope. STEM dark field images have been acquired with a HAADF detector

391  (Fischione) that only captures strongly scattered electrons in order to get a compositional image

21
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of the sample. The hydrodynamic size distribution of the dispersed nanoparticles in the
ferrofluids was determined by Dynamic Light Scattering (DLS) using the Zetasizer Nano ZS of
Malvern Panalytical that uses a 175° detection angle with respect to the incident beam. The
suspensions were measured as prepared, without dilution (conc.: 0.17 mg(Fe,Os3)/mL, pH=7.4).
X-rays diffraction experiments were performed in a Rigaku D max B apparatus.

SPECT and radiocounting measurements. All the animal procedures were performed in
accordance with the Spanish policy for animal protection (RD53/2013), which meets the
requirements of the European Union directive 2010/63/UE regarding the protection of animals
used in experimental procedures. The guidelines were approved by the Ethical Committee of
CIC biomaGUNE and authorized by the regional government. Mice (BALB/cJRJ, 8-12 weeks of
age, Janvier Labs, France), were housed in a controlled environment (12:12 light/dark cycle with
dawn and dusk transitional periods, room temperature 22 °C, and 55% relative humidity) and
maintained on commercially available pelleted diet and sterilized water ad [libitum. Three
animals per labeled species were used for in vivo SPECT/CT experiments; dissection and gamma
counting experiments were performed on three animals at each time point.

SPECT/CT images: SPECT/CT images were acquired using the eXplore speCZT CT preclinical
imaging system (GE Healthcare, Little Chalfont, UK). With the mouse under isoflurane
anesthesia (1.5-2% in oxygen), whole-body dynamic SPECT/CT scans were acquired
immediately after injection in an energy window of 100-200 keV. During image acquisition,
mice were kept normothermic using a heating blanket (Homeothermic Blanket Control Unit;
Bruker BioSpin GmbH, Karlsruhe, Germany). After each SPECT scan, CT acquisitions were

performed to provide anatomical information about each animal. The CT acquisition consisted
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414  of 220 views acquired in 0.88° increments around the animal with 16 ms exposure per view. The
415  X-ray tube settings were 70 kV and 32 mA.

416  The SPECT images were reconstructed using the 2D OSEM iterative algorithm with 10
417  iterations/l subsets in the 154-188 keV energy window. The images were reconstructed into 128
418  x 128 x 32 arrays with a voxel size of 0.4 x 0.4 x 2.46 mm and were corrected for scatter but not
419  attenuation. The CT images were reconstructed using a cone beam filtered back-projection
420  Feldkamp algorithm into 437 x 437 x 523 arrays with a voxel size of 0.2x 0.2 x 0.2 mm.

421  Dissection and gamma counting: Animals (n = 18, three per time point) were anesthetized with
422  isofluorane and a solution of labeled iron oxide@P4VP@APEG composite nanoparticles were
423  injected through the tail vein. After injections, animals were allowed to recover. Just before
424  sacrifice by cervical dislocation (five, 15 and 30 min and one, 2, and 24 h after dose
425  administration), animals were anaesthetized again and blood samples collected by cardiac
426  puncture. After sacrifice, liver, lungs, brain, cerebellum, intestine, and thyroid glands were

427  quickly removed and rinsed twice with deionised water; urine samples were also obtained. The

Published on 22 June 2018. Downloaded by CIC biomaGUNE on 6/22/2018 1:33:01 PM.

428  amount of radioactivity in each organ was determined using an automatic gamma counter.

429  Minispec and Magnetic Resonance Imaging (MRI) measurements. Relaxivities were
430  measured at 37 °C on a Bruker Minispec MQ60 instrument (Bruker Biospin GmbH, Ettlingen,
431  Germany) operating at 1.47 T (60 Mhz). All experiments were performed using a volume of
432 300ul of a dispersion of the ferrofluid in water up to 0.1mM iron concentration. Longitudinal
433  (T1) and transverse (T2) relaxation times were determined using the inversion recovery and the
434  CPMG methods, respectively. T1 and T2 relaxation times allowed us to determine the
435  corresponding relaxivities (rl and r2) fitting the relaxation rate (R1 and R2) dependence of the

436  concentration using the following equation:
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1000

Rip(s™h) = T, (ms)
1,2

Ri2(s™) = Rypz0 + 112 [CA]

where R0 corresponds to the relaxation rates of the solvent used to prepare the solutions, [CA]
is the concentration of the contrast agent, and r, » is the relaxivity.

MRI studies have been performed on a 7 T on horizontal bore Bruker biospec USR 70/30 MRI
system (Bruker Biospin, Ettlingen, Germany) using the BGA12-S mini imaging gradient and a
40 mm inner diameter volume-coil working in quadrature for both, signal transmission and
reception. A number of n=6 BALB/cJRj female mice (8 weeks old) weighing (22.7+2.1 g) were
included in the study. Animals were anesthetized with isofluorane (2-3 % carried in a 35/65
0,/N; gas mixture) and temperature was maintained at 37+1 °C with a water pad. Temperature
and respiration rate were continuously monitored inside the MRI using a SAII M1030 system,
used also for synchronize image acquisition with the respiration rate of the animal.

Using a PE catheter and a 30G needle attached to the tail vein of the animals, 100 pl of contrast
agent (200 pg/ml of Iron in NaCl 0.007 M and pH 7.5) was injected to the animals inside the
magnet, allowing the acquisition of MR images prior, and up to 240 min post injection, in
intervals of 20 min. A multi-slice multi-echo pulse sequence (20 echoes, TE=8 ms; TR=2500
ms; Averages, Nav=2; Matrix = 160x160 points; FOV = 24x24 mm; spatial resolution =
150x150 um; 8-12 slices of 1 mm thickness in 2 slice packages (one covering the kidneys/spleen
region and another the liver region)). T2 parametric maps were generated on a pixel-by-pixel
basis fitting the acquired images to a 2 parameter exponential decay (y=a+b*exp(-TE/T2)) using

self-developed routines for the NIH software Image-J. Mean differences in T2 relaxation times
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458  (AT2 = T2 — T2 contrast) Were calculated for each time-point (t) in manually selected regions of

459  interest (ROIs: liver, Spleen, Kidney).

460 Conclusions

461  This report presents SPECT and gamma-counting biodistribution studies using a new, reliable,
462  and direct radiolabeling method, which is complemented by an MRI biodistribution study that is
463  also direct. The results obtained using densely PEG-coated IONPs are outstanding. Both gamma
464  and MRI studies revealed a low presence in the liver and spleen, which is clear evidence that
465 NPs have successfully avoided the effects of the RES and that they are good candidates for
466  targeted therapy after being functionalized with a targetting agent. Furthermore, gamma-labeling
467  studies showed considerable excretion in the urine, which substantially reduces the problem of
468  eliminating NPs after being used in therapeutic applications. Another notable and surprising
469  result is that IONPs, which have a hydrodynamic size that is three times as large as kidney
470  fenestrae, can cross the glomeruli and be mostly excreted through the urine. However, the most

471  evident and immediate clinical application of NPs presented in this report is their efficiency as an

Published on 22 June 2018. Downloaded by CIC biomaGUNE on 6/22/2018 1:33:01 PM.

472  MRI contrast agent for kidneys, which is a field that has been scarcely explored. The
473  biodistribution and physical properties of the hybrid, radioactive, and magnetic tracer that we
474  have presented will allow it to be used for targeting and used as a contrast agent for MRI and

475  SPECT outside the liver.
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