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Surface charge of supramolecular nanosystems for in vivo biodistribution: a microSPECT/CT imaging study
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Bioimaging has revolutionized medicine by providing accurate information for disease diagnosis and treatment. Nanotechnology-based bioimaging is expected to further improve imaging sensitivity and specificity. In this context, we have developed supramolecular nanosystems based on self-assembly of amphiphilic dendrimers for single photon emission computed tomography (SPECT) bioimaging. These dendrimers bear multiple In 3+ radionuclides at their terminals as SPECT reporters. By replacing the macrocyclic DOTA cage with the smaller NOTA scaffold as the In 3+ chelator, the corresponding dendrimer exhibited neutral In 3+complex terminals in place of negatively charged In 3+ -complex terminals. This negative-toneutral surface charge alteration completely reversed the zeta-potential of the nanosystems from negative to positive. As a consequence, the resulting SPECT nanoprobe generated a highly sought-after biodistribution profile accompanied by a drastically reduced uptake in liver, leading to significantly improved tumor imaging. This finding contrasts with current literature reporting that positively charged nanoparticles have preferential accumulation in the liver. As such, this study provides new perspectives for improving the biodistribution of positively charged nanosystems for biomedical applications.

Introduction

Molecular imaging has revolutionized cancer management by providing precise information relating to tumor detection, grading, staging, and diagnosis, as well as monitoring treatment response and efficacy for personalized medicine. [1,2] Nevertheless, there is high demand for further improvements in terms of sensitivity, specificity, and spatial resolution.

Nanotechnology is expected to overcome these limitations by further improving imaging sensitivity and specificity via the so-called 'enhanced permeability and retention (EPR)' effect, also termed passive tumor targeting. [3][4][5] EPR allows nanosized macromolecules or particles to preferentially accumulate in tumor tissue because of the leaky vasculature and disabled lymphatic system characterizing the tumor microenvironment. [6] As a result, the local concentration of imaging agents in tumor lesions can be significantly increased, leading to better imaging outcomes. Moreover, nanosystems can carry multiple or hundreds of imaging reporters, which can significantly enhance the contrast signal for more accurate imaging and diagnosis. Consequently, different nanosystems have been explored and studied for tumor imaging. [3][4][5] Dendrimer nanosystems are of particular interest for the delivery of imaging agents because of the unique dendritic structure and multivalent cooperativity confined within the nanoscale dimension. [7][8][9][10][11][START_REF] Zhao | Nanotechnology Characterization Tools for Biosensing and Medical Diagnosis[END_REF] We have recently established small amphiphilic dendrimers that are able to self-assemble into supramolecular nanosystems for effective tumor imaging using positron emission tomography (PET) and single photon emission computed tomography (SPECT) (Figure 1). [START_REF] Garrigue | Proc. Natl. Acad. Sci[END_REF][START_REF] Ding | [END_REF] Both PET and SPECT are radio-imaging techniques that have a high sensitivity yet unlimited tissue penetration, and are able to visualize functional information quantitatively. [15,16] Notably, SPECT is the most prevalent clinical imaging modality, accounting for >75% of all nuclear imaging procedures. [17] Thus, we have focused our recent efforts on optimizing our supramolecular dendrimer systems for SPECT imaging. tetraazacyclododececane-1-(glutaric acid)-4,7,10-triacetic acid) at the terminals (In-1 in Figure 1). [START_REF] Ding | [END_REF] By virtue of its amphiphilic nature, In-1 self-assembled into small and stable supramolecular nanomicelles for effective SPECT imaging of tumors based on the favorable combination of EPR-based passive tumor targeting and the dendrimeric structure bearing multivalent SPECT reporters. Nevertheless, In-1 also displayed high liver retention, which represents a severe limitation for its future clinical translation. It is well known that different chelators can significantly impact the biodistribution of radiotracers based on their size, charge, geometry, and lipophilicity when complexed with radionuclide metal ions. [18][19][20] As the macrocycle DOTA ring in the DOTAGA chelator forms a negatively charged complex with In 3+ , we suspected that, despite the small nanosize of the corresponding In-1 nanomicelle, the overall surface charge of the In-1 nanoparticle might cause the high liver uptake and retention. Thus, we hypothesized that suppressing the negative surface charge of the dendrimer could limit this unfavorable liver retention.

We previously developed an amphiphilic dendrimer

Accordingly, we replaced the macrocyclic DOTA cage with the NOTA (1,4,7triazacyclononane-1,4,7-triacetic acid) scaffold by conjugating the chelator NODAGA

(1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid) at the dendrimer terminals, because the NOTA ring can form a neutral complex when chelating the trivalent metal ion In 3+ (In-2 in Figure 1). [21] Also, the macrocycle NOTA scaffold is smaller than the DOTA cage, and hence generates more stable complexes with small metal ions such as Ga 3+ , In 3+ , and Cu 2+ . [22] It should be noted that here we use DOTA and NOTA cages or rings as macrocyclic scaffolds for complexing with metal ions, rather than as the specific chelators in this work.

Their corresponding chelators used in this work, DOTAGA and NODAGA, are, respectively, DOTA and NOTA-derivatives, often used for convenient conjugation with other chemical entities to present DOTA and NOTA scaffolds, thus maintaining the full denticity of DOTA and NOTA when chelating with metal ions.

Indeed, changing the DOTA cage to the NOTA ring at the amphiphilic dendrimer terminals had a profound impact on the surface charge of the resulting dendrimer, completely reversing the zeta potential from negative to positive when complexing with the trivalent metal ion In 3+ . As a consequence of this alteration, the radioactive In 3+ -labelled imaging nanoprobe

In-2 led to a highly favorable biodistribution with drastically reduced uptake in liver, generating significantly improved tumor imaging. Although current literature reports that positively charged nanoparticles preferentially accumulate in the liver, [3][4][5] our results clearly show that the presence of neutral surface regions of nanosystem with overall positively charged zeta potential could also result in drastically reduced liver uptake. Therefore, our findings provide new perspectives for improving the safety and biodistribution of various nanosystems for biomedical applications. Herein, we present and discuss our work in establishing In-2 as a promising agent for SPECT imaging of tumors, highlighting the importance of surface charge for the biodistribution of nanoparticles as a general concept.

Results and discussion

We prepared the dendrimer 2 bearing the macrocyclic NOTA cages at the terminals according to our previously reported synthesis. [START_REF] Garrigue | Proc. Natl. Acad. Sci[END_REF] However, in the present study, we reduced the quantity of the reagent NODA-GA(tBu)3 by half in order to facilitate the purification procedures while maintaining the chemical integrity and high yield of product 2 (Figure 2A and Scheme S1). Chelation of the stable isotope 115 In 3+ by 2 was performed using 115 InCl3 at 25°C

for 10 min at pH 4.0-4.5 (Figure 2A). These conditions contrasted with those used for the synthesis of In-1, which required substantially higher temperatures (55°C) and longer times (120 min). The successful complexation of four 115 In 3+ ions by the macrocyclic NOTA scaffolds in 2 was confirmed using high-resolution mass spectroscopy, which revealed the isotopic pattern characteristic of the triply charged species [ 115 In-2+3H] 3+ of the expected molecular structure (Figure 2C, Figure S1). [START_REF]We were unable to obtain well-resolved NMR spectra for In-2 because of the highly quadrupolar effect of the 115[END_REF] Previously, we also supported the synthesis of the dendrimer In-1 carrying the DOTA cages through isothermal titration calorimetry (ITC). [START_REF] Ding | [END_REF] We used the same approach to study the thermodynamics of the interaction between In 3+ and the dendrimer 2 bearing the NOTA cages for generating In-2 (Figure 2B). The titration of both dendrimers 1 and 2 with the trivalent cation In 3+ presented very similar calorimetric behaviors. The spontaneous formation of In-2

was promoted by a favorable binding free energy (ΔG) of -7.64 kcal mol -1 . This value arises from the balanced and favorable contributions of both the entropic (-TΔS = -2.21 kcal mol -1 ) and the enthalpic (ΔH = -5.43 kcal mol -1 ) components, which are similar to the binding thermodynamic parameters for In-1 (ΔG = -7.86 kcal mol -1 , -TΔS = -2.61, and ΔH = -5.25 kcal mol -1 ). A 4:1 stoichiometry was also determined for the In-2 complex by the ITC-derived number of occupied sites (n = 3.95), corroborating the results obtained using high-resolution mass spectroscopy (Figure 2C).

With the synthesized In-2 in hand, we then examined the spontaneously self-assembling features of In-2 in water. Using transmission electron microscopy, we observed the formation of small and spherical nanoparticles of an average size of 18 nm by In-2 in water (Figure 3A), similar to those generated by the self-assembly of In-1 (Figure 3F). Furthermore, dynamic light scattering analysis confirmed the presence of nanoparticles of similar sizes for both dendrimers

In-1 and In-2 in water and in phosphate buffer at pH 7.4 (Figure 3B, G, and Figure S3). This highlighted that, like In-1, In-2 also self-assembled into nanomicelles. We then used a fluorescent spectroscopic assay with Nile Red to estimate the critical micelle concentration (CMC) of In-2, which was around 40 µM, similar to the CMC value for In-1 (49 µM) (Figure S4). In addition, we measured the surface zeta potential of the In-2 nanomicelles, and obtained a positive value of +11 mV (Figure 3C), which could be ascribed to the interior tertiary amine functionality, since the In 3+ complex with the NOTA ring in the NODAGA chelator at the dendrimer terminal is neutral. This is distinctly different from that of In-1, where each DOTA cage within the DOTAGA terminal in complex with In 3+ has a net negative charge, thereby generating In-1 nanomicelles with an overall negative zeta potential of -8 mV (Figure 3H). To further confirm the spontaneous self-assembly of In-1 and In-2 into nanomicelles, we performed molecular dynamics simulations following a consolidated procedure. [START_REF] Garrigue | Proc. Natl. Acad. Sci[END_REF][START_REF] Ding | [END_REF] Starting from randomly distributed monomers, we obtained stable spherical micelles for both systems during the timescale of the simulations (1.0 µs) (Figures 3D,F,I,J). The corresponding average micelle diameters computed from the equilibrated molecular dynamics simulations were 15 nm and 13 nm for the In-1 and In-2 systems, respectively, which were in good agreement with the experimental results obtained using both dynamic light scattering and transmission electron microscopy. By inspecting the conformational structures of both micelles, no back-folding of the terminal groups was detected, in line with our previous findings obtained for similar systems [13, 14] . Accordingly, the In 3+ -bearing terminal units are all located at the periphery of the micelles in both the In-1 and In-2 systems. Further analysis of the electrostatic surface potential confirmed the foreseen effect of replacing the DOTA cage with the NOTA scaffold, with a negative electrostatic potential observed for In-1 (Figure 3I) and a positive potential for In-2 3D), in agreement with the experimentally-determined surface zeta potentials (Figures 3C,H). Moreover, the surface of the In-1 micelle was characterized by the presence of localized negatively charged regions, corresponding to the trivalent In 3+ ions in complex with the DOTA cages at the DOTAGA terminals (Figure 3J), while the In-2 nanoparticles presented patches of neutral charge, corresponding to In 3+ ions in complex with NOTA rings at the NODAGA terminals (Figure 3E).

(Figure
Next, we prepared the radioactive dendrimer complex [ 111 In]In-2 for SPECT imaging.

Radiolabeling was performed using [ 111 In]In 3+ in ammonium acetate buffer, and the obtained [ 111 In]In-2 complex had an excellent radiochemical purity of over 93%, which was remarkably stable and maintained up for at least 48 h at 37°C in human serum (Figure 4A). SPECT imaging In line with our original hypothesis, we tentatively rationalized the discrepancies in biodistribution to the difference in chelators and the resulting alteration in surface charge of In-1 and In-2, since the size variation between the In-1 and In-2 nanomicelles was very small (Figure 3). As discussed above, after changing the DOTA cage in In-1 to the NOTA scaffold in In-2 at the dendrimer terminals, the zeta potential of the corresponding In 3+ -labelled nanomicelles formed by these dendrimers changed accordingly (Figures 3E and3J), leading to a more than 2-fold reduced accumulation of [ 111 In]In-2 in the liver. Of note, the majority of published studies report that positively-charged nanoparticles are more likely to accumulate in the liver than their negatively charged counterparts. [3][4][5] Our results, however, demonstrate that overall positively charged nanosystems exhibiting neutral regions on their surface can also exhibit reduced liver uptake. As a consequence, a significantly improved biodistribution and imaging profile was obtained with [ 111 In]In-2 compared to [ 111 In]In-1. Our findings highlight that the impact on pharmacokinetics and biodistribution is dependent not only on the choice of chelator, [22,[START_REF] Strand | [END_REF] but also on the nature of the whole imaging probes. This overall feature may impact the ability of probes to bind to proteins in body fluids, depending on the different surface charges, and hence impacting the overall biodistribution. [25] In addition, lowering the liver uptake can also help to improve the safety and biodistribution profiles of the supramolecular nanosystems that have been developed for biomedical applications in general. Moreover, the dendrimer In-2 enabled better tumor imaging, which was significantly enhanced (up to 2.0fold) and long-lasting (up to 48 h after injection) for both-tumor-to-muscle and tumor-to-liver ratios (Figures 5C and5D). This feature is particular interesting in developing imaging-guided internal radiotherapy.

It is noteworthy that the mice receiving the radioactive [ 111 In]In-2 did not display any abnormal behaviors or adverse effects during all experimental imaging procedures.

Furthermore, healthy mice that received the nonradioactive In-2 did not exhibit any organ damage or blood biochemistry defects, even when the administered dose of In-2 was 10 times higher than that required for SPECT imaging (Figure 6). As shown in Figure 6A, histological analysis of organs from mice treated with In-2 revealed no gross lesions or significant underlying pathologies in any organ tissue sections. Also, several major blood biochemistry parameters including alanine transaminase, aspartate transaminase, total bilirubin, creatinine, urea, total protein, alkaline phosphatase, triacylglycerol and total cholesterol, remained at the levels comparable to those found in untreated mice (Figure 6B). This highlighted that no acute events were associated with In-2 in terms of normal liver, kidney, and muscle function, further confirming that the main organs functioned well after treatment with In-2. All these data demonstrate that [ 111 In]In-2 produces no adverse effects, but delivers effective SPECT imaging quality. 

Conclusion

By replacing the DOTA cage with the NOTA scaffold to chelate the radionuclide In 3+ , we established a new amphiphilic dendrimer In-2 bearing neutral coordination complexes with the trivalent In 3+ ions at the dendrimer terminals for SPECT imaging. This modification had a drastic impact, generating significantly improved tumor imaging and a beneficial biodistribution profile. Notably, the uptake of In-2 in the liver was reduced significantly, by more than 2-fold compared with that of In-1; at the same time, the imaging contrast was also considerably enhanced up to 2-fold and sustained even up to 48 h after injection. This study presents not only the supramolecular dendrimer nanosystem In-2 for safe and effective SPECT imaging of tumors, but also new perspectives for improving the safety and biodistribution of supramolecular nanosystems for biomedical applications such as theranostics based on imaging-guided internal radiotherapy.
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Surface charge of supramolecular nanosystems for in vivo biodistribution: a microSPECT/CT imaging study

Replacing the DOTA cage with the NOTA scaffold to chelate the radionuclide In 3+ , the corresponding dendrimer nanosystem completely reversed the zeta-potential from negative to positive, generated a highly favorable biodistribution profile with a drastically reduced uptake in liver, and exhibited significantly improved tumor imaging.