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in Figure 4a–c). Since the outer segments of photoreceptor are strongly interdigitated with RPE 
microvilli, it is possible that during the mechanical rupture part of RPE, in particular the microvilli, 
and thus associated MNPs, remain adherent to the photoreceptor layer (Figure 4d, arrow). These 
considerations enable prediction on the dynamics of MNP trafficking in the eye. Specifically, the 
exclusive presence of MNPs in RPE at the long time points, suggests that MNP presumably are 
degraded in loco by iron dissolution, excluding other exit mechanisms, such as passage through the 
hyaloid into the anterior chamber, exit through the trabecular meshwork or choroid layer and transport 
in lymphatic or systemic circulations. 

Figure 4. Prussian Blue staining on paraffin section of Xenopus embryos at different time 
points from MNPs injection. MNPs are blue labeled. n = 45 each time point. (a) Three days 
after injection; (b) five days after injection; (c) 10 days after injection; (d) 20 days after 
injection. Arrowheads point to MNP localization in interdigitated RPE microvilli with the 
outer segment of photoreceptors; arrow points to MNPs derived from RPE rupture, during 
manipulation (details in the material and methods section). Scale bar, 50 µm. 

 

2.3. MNP Localization Is not Driven by Superficial Charge and Size 

It is known that nanoparticle size and surface charge influence the movement of nanoparticle-based 
ocular drug delivery systems [6]. Because of the high viscosity of vitreous humor (two to four times 
higher than pure water), different sized nanoparticles, injected into the vitreous cavity of unilateral 
eyes of pigmented rabbits, diffuse differently in the vitreous and in ocular tissues, with a half-life 
elimination from the vitreous cavity, which closely correlated with the particle diameter [7]. Specifically,  
2 μm diameter particles diffuse in the vitreous cavity to the trabecular meshwork, while smaller 
nanoparticles (<200 nm) were also observed in the retina and other tissues. One study demonstrated 
the importance of charge on the intravitreal movement of nanoparticles [9]. It has been suggested that 
hyaluronic acid, a negatively charged glycosaminoglycan abundant in vitreous, may interact with 
cationic complexes. Peeters et al. [29] showed that cationic liposome complexes clearly aggregated in 
the vitreous while the binding of the liposome to the biopolymers in the vitreous is reduced by 
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decreasing the zeta potential to become anionic. In another study, IVT injected anionic HSA-NPs 
diffused freely in the posterior direction from the vitreous to the retina, while IVT injected cationic 
HSA-NPs were bound to and aggregated in the vitreous [9]. Based on these reported studies, we 
investigated the effect of size and charge on MNP movement by comparing the localization of our 
MNPs (250 nm, −17 mV) with the localization of particles of similar size but more negatively charged 
(polyacrylic acid-coated MNPs, hereafter labeled as MNP−) (data unshown), or positively charged 
(polyethyleneimine-coated MNPs, hereafter labeled as MNP+) [30], or particles with neutral charge but 
small size (Feraheme® MNPs; Cambridge, MA, USA, hereafter labeled as MNPs). The morphology of 
the particles used in this study is shown in Figure 5, and Table 1 summarizes the particle features, in 
terms of hydrodynamic diameter and surface potential. Surprisingly, the results were the same with all 
kinds of MNPs, i.e., they localized in RPE one day after injection (Figure 6). No particles where 
detected in VC and most of them were found in RPE with only a small fraction in NR for all kinds of 
MNPs analyzed (Figure 6d). Moreover, also with all MNP−, MNP+ and MNPs there was no particles 
diffusion to extra-ocular tissues (Figure 7). 

For the first time, we demonstrated that charge surface, beyond the size, does not influence the 
localization of nanoparticles in RPE. We speculate that MNPs, with different charge and size, can 
diffuse in the vitreous, infiltrate among retinal neurons without cells engulfing until they reach RPE. 
These cells have a strong phagocytic activity, required for maintaining constant renewal process of the 
photoreceptor outer segments [31]. Consistent with this, it has been previously demonstrated that RPE 
cells are able to ingest microspheres in vitro [32] and in vivo [33] after subretinal injection. 

Figure 5. (a) TEM images of MNP; (b) TEM images of MNP−; (c) TEM images of MNP+; 
(d) TEM images of MNPs. 
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Figure 6. Prussian Blue staining on paraffin section of Xenopus embryos one day after 
injection. Particles are blue labeled. n = 45 each group. (a) Left eye injected with MNP−; 
(b) Left eye injected with MNP+; (c) Left eye injected with MNPs; (d) Graphical 
representation of MNP, MNP+, MNP− and MNPs localization in eye regions of the embryo 
population. VC, vitreous chamber; NR, neural retina; RPE, retinal pigmented epithelium. 
Scale bar, 50 µm. 

 

Figure 7. Prussian Blue staining on paraffin section of Xenopus embryos one day after 
injection. Particles are blue labeled. n =45 each group. (a) Left eye injected with MNP−;  
(b) Left eye injected with MNP+; (c) Left eye injected with MNPs. H, heart; CNS, central 
nervous system; S, somites; N, notochord; G, gut. Scale bar, 50 µm. 
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The peculiar properties of MNPs could provide a possible explanation of the mechanism of particle 
localization in RPE. First, their nanometric size could allow MNPs to diffuse across the porosity of the 
vitreous humor which is a highly-hydrated network of protein fibrils and charged polysaccharide 
chains. Second, dipole-dipole interactions could occur during the particles penetration across the 
sensory retina, leading to the formation of bigger aggregates. Finally, the formation of such clusters 
could facilitate phagocytosis by RPE cells which can easily internalise particles of micrometric size [32]. 
According to this, MNPs could be proposed as carriers for sustained intracellular delivery of drugs, 
especially those characterised by low retention in RPE cells due to drug efflux mechanisms. 

2.4. MNP RPE/Choroid Localization Is not Species-Specific 

In order to understand if the capability of MNPs to localize in RPE is species specific, we injected 
3.5 ng of particles in the left eye of zebrafish embryos at 48 h post fertilization. We found that  
one day after injection the MNPs localize specifically in RPE in zebrafish as well as in Xenopus 
(Figure 8). This datum suggests that the localization of MNPs in RPE is not species-specific. Further 
experiments will be devoted to demonstrate RPE-specific localization of MNPs also in mammalians, 
as already demonstrated with other NPs [8,9] but not yet with MNPs [23]. 

Figure 8. Prussian Blue staining (without pararosaniline counterstaining) on paraffin 
section of zebrafish embryos one day from injection. MNPs are blue labeled.  
Scale bar, 50 µm. n = 45. 

 

3. Experimental Section 

3.1. Nanoparticles 

MNP used in this work are nano-screenMAGARA supplied by Chemicell, The vial,  
nano-screenMAGARA, as provided by the supplier, contains an aqueous dispersion of magnetic 
fluorescent nanoparticles 25 mg/mL. The particles have a magnetic core of magnetite and a 
polysaccharide matrix of glucuronic acid, a derivate of glucose. The magnetite core is overlaid with a 
red fluorescence dye (excitation: 578 nm; emission: 613 nm). MNPs are Feraheme (ferumxytol) which 
are magnetite nanoparticles coated with polyglucose sorbitol carboxymethylether, supplied by AMAG 
Pharmaceuticals (Cambridge, MA, USA) and approved by FDA (USA) to treat iron deficiency anemia 
in adult patients with chronic kidney disease. Each mL of the sterile colloidal solution of Feraheme 
(AMAG Pharmaceuticals, Cambridge, MA, USA) injection contains 30 mg of elemental iron and  
44 mg of mannitol. The formulation is isotonic with an osmolality of 270–330 mOsm/kg. 
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The polyacrylic acid-coated Fe3O4 nanoparticles (labeled MNP−) were synthesized through a 
modified oxidative hydrolysis method, based on the precipitation of FeSO4 in basic media (NaOH) 
with a mild oxidant. Reactants were dissolved in distilled water and bubbled with N2, then the 
polyacrylic acid (PAA) was added dropwise under constant stirring. After complete reaction, the black 
precipitate was held at 90 °C for 24 h under N2 and finally cooled to room temperature with an ice bath. 

A similar method was used for the polyethyleneimine-coated Fe3O4 nanoparticles (MNP+), which 
has been described in detail elsewhere [30]. 

3.1.1. Transmission Electron Microscopy (TEM) 

MNP distribution and morphology were analyzed by transmission electron microscopy (TEM) 
using a FEI Tecnai T20 microscope (Hiilsboro, OR, USA) and operating at 200 keV. TEM samples 
were prepared by placing one drop of a dilute suspension of nanoparticles in water on a carbon-coated 
copper grid and allowing the solvent to evaporate at room temperature. 

3.1.2. Dynamic Light Scattering (DLS) and Zeta Potential 

DLS and zeta potential were evaluated in water at room temperature using 90 Plus Particle Size 
Analyzer and Zeta Potential Analyzer (Brookhaven Instrument Corp., Holtsville, NY, USA). Zeta 
potential was measured at pH = 7.5 in 0.01 M of KCl. 

3.2. Embryo Preparation 

Animal procedures were performed in strict compliance with protocols approved by Italian Ministry 
of Public Health and of the local Ethical Committee of University of Pisa (authorization n. 99/2012-A, 
19.04.2012), in conformity with the Directive 2010/63/EU. Xenopus laevis embryos were generated 
and staged as described [34,35]. The larvae were reared at 14 °C in MMR solution [36] and 
anesthetized in 0.05% tricaine. Zebrafish embryos were obtained by natural mating and staged 
according to [37]. The embryos were reared at 28 °C in E3 medium [37] anesthetized in 0.02% tricaine. 

3.3. Embryo Microinjections 

Ten nanoliters of 3.5 mg/mL of MNP, MNP+, MNP− and MNPs were microinjected in anesthetized 
larvae of Xenopus laevis at stages 37 [34] in the left eye for each replicate. After injection, embryos 
were reared at 14 °C. One nanoliter of 3.5 mg/mL of MNPs was microinjected in anesthetized larvae 
of zebrafish at 48 hpf (hour post fertilization) in the left eye for each replicate. Each experiment was 
replicated three times. Each replicate was performed on 15 larvae. 

3.4. Histochemical Analysis 

Five min, 30 min, 1 h, 6 h, 1 day, 3 days, 5 days, 10 days and 20 days after ocular microinjection, 
Xenopus embryos were formalin fixed for 1 h, after which they were embedded in paraffin and 
sectioned (14 µm). Detachment of the neuroretina from RPE was found on the control and injected eye 
to the same degree, and was consistent with tissue processing artefacts [38]. 
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One day after ocular microinjection, zebrafish embryos were fixed in 4% paraformaldehyde  
for 2 h, after which they were embedded in paraffin and sectioned (10 µm). For cryostat sections the 
embryos were fixed in 4% paraformaldehyde in PBS for 2 h and cryoprotected with 20% sucrose in 
PBS for 2 h, then they were embedded in OCT cryostat embedding medium Tissue Tek® (Sakura, 
Finetek, Torrance, CA, USA) and criosectioned (12 µm). Nuclei staining was performed using  
hoechst 33342. 

The cryo- and paraffin sections were stained by Prussian Blue according to the manufacturer’s 
instructions (Sigma-Aldrich, St. Louis, MO, USA) after a treatment of pigment bleaching in 50% 
formamide-1% hydrogen peroxide in presence of cold light. 

3.5. Iron Content Assay 

Forty-eight hours from injection, left (injected) and right (control) eyes were explanted from  
30 sacrificed tadpoles and both eyes from 15 sibling wild type tadpoles were treated similarly. Each eye 
type was pooled and iron content was assessed by thiocyanate colorimetry. Briefly, the samples were 
incubated for 1 h at 60 °C in HCl 1M plus HNO3 65% to reduce MNPs in ferric iron, then sample was 
water diluted 1:10 and an equal volume of KSCN 1.5 M was added. Absorbance at 478 nm was 
immediately recorded. Known concentrations of ferric iron were used to obtain the calibration curve. 

4. Conclusions 

In the present study, we found that MNPs are able of fast and specific localization in RPE layer, in 
an embryo model for the study of vertebrate diseases. The model offers distinct advantages (small 
transparent embryos, fast development) and can be exploited in disease processes as a first step for 
therapeutic proof-of-concept studies, replacing or drastically reducing the use of mammals. 

In the present study, we demonstrated that in Xenopus embryos MNPs localize autonomously and 
specifically in RPE after IVT injection independently by particle size and surface charge. Moreover, 
this process seems to be not species-specific as IVR injected MNPs were found to localize in RPE in  
zebrafish embryos too. 

In conclusion, the MNPs have the potential for development as an ocular drug delivery, capable of 
targeting RPE with targeted sustained controlled drug release. Furthermore, the MNP carrier system 
would provide a minimal access therapy and MRI tracking for a variety of retinopathies. Moreover, the 
MNPs could be exploited also for magnetic hyperthermia treatments of ocular iper-proliferative 
diseases. Additionally, there are other challenging applications which could be explored for the use of 
MNPs, such as magnetic targeting of RPE in the treatment of retinal detachment by applying external 
magnetic forces. The versatility of the animal model proposed here opens the way to systematic 
exploration of these possibilities with easy access to in vivo experiments avoiding the use of small 
animals for initial proof of concept studies. 
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