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Introduction

Fluorescent nanoparticles (NPs) have emerged as powerful biosensing and bioimaging tools due to their superior optical properties in respect to organic dyes, while their available surface chemistry allows combining different functionalities in one theranostic platform. [START_REF] Wolfbeis | An overview of nanoparticles commonly used in fluorescent bioimaging[END_REF][START_REF] Kelkar | Theranostics: Combining Imaging and Therapy[END_REF][START_REF] Qian | AIE Luminogens for Bioimaging and Theranostics: from Organelles to Animals[END_REF][START_REF] Howes | Colloidal nanoparticles as advanced biological sensors[END_REF] There are several different types of fluorescent NPs, with the most famous being: quantum dots (QDs), [START_REF] Michalet | Quantum Dots for Live Cells[END_REF][START_REF] Hildebrandt | Energy Transfer with Semiconductor Quantum Dot Bioconjugates: A Versatile Platform for Biosensing, Energy Harvesting, and Other Developing Applications[END_REF] dye-doped silica nanoparticles [START_REF] Montalti | Dye-doped silica nanoparticles as luminescent organized systems for nanomedicine[END_REF] and carbon dots (CDs). [START_REF] Luo | quantum" dots for optical bioimaging[END_REF][START_REF] Mochalin | The properties and applications of nanodiamonds[END_REF] On the other hand, NPs assembled exclusively of organic materials have also gained a large interest, [START_REF] Peng | Soft fluorescent nanomaterials for biological and biomedical imaging[END_REF] with systems such as aggregation-induced emission (AIE) NPs, [START_REF] Chen | Aggregation-induced emission: fundamental understanding and future developments[END_REF][START_REF] Li | ACQ-to-AIE Transformation: Tuning Molecular Packing by Regioisomerization for Two-Photon NIR Bioimaging[END_REF][START_REF] Mei | Aggregation-Induced Emission: Together We Shine[END_REF] conjugated polymer NPs [START_REF] Wu | Highly Fluorescent Semiconducting Polymer Dots for Biology and Medicine[END_REF][START_REF] Pecher | Nanoparticles of Conjugated Polymers[END_REF] as well as dyeloaded lipid [START_REF] Klymchenko | Dye-Loaded Nanoemulsions: Biomimetic Fluorescent Nanocarriers for Bioimaging and Nanomedicine[END_REF] and polymer NPs, [START_REF] Li | Polymer-encapsulated organic nanoparticles for fluorescence and photoacoustic imaging[END_REF][START_REF] Reisch | Fluorescent Polymer Nanoparticles Based on Dyes: Seeking Brighter Tools for Bioimaging[END_REF][START_REF] Ong | Recent Advances in Polymeric Nanoparticles for Enhanced Fluorescence and Photoacoustic Imaging[END_REF] progressively becoming more popular and widespread. Among all the previously mentioned nanoparticle types, dye-loaded polymeric nanoparticles are attractive systems for various reasons: (i) the polymeric matrix can be designed to be biodegradable and biocompatible; (ii) it is possible to co-encapsulate dyes with other contrast agents and/or drugs; (iii) the wide variety of organic dyes available makes it possible to prepare fluorescent NPs with virtually any spectroscopic characteristics. [START_REF] Andreiuk | Fluorescent Polymer Nanoparticles for Cell Barcoding In Vitro and In Vivo[END_REF][START_REF] Reisch | Collective fluorescence switching of counterion-assembled dyes in polymer nanoparticles[END_REF][START_REF] Trofymchuk | Tuning the color and photostability of perylene diimides inside polymer nanoparticles: towards biodegradable substitutes of quantum dots[END_REF][START_REF] Wagh | Development of Biocompatible Polymeric Nanoparticles for in Vivo NIR and FRET Imaging[END_REF][START_REF] Wagh | Polymeric Nanoparticles with Sequential and Multiple FRET Cascade Mechanisms for Multicolor and Multiplexed Imaging[END_REF] However, at high concentrations fluorophores tend to aggregate, giving rise to the aggregation-caused quenching phenomenon (ACQ), limiting the overall brightness of the system. [START_REF] Reisch | Fluorescent Polymer Nanoparticles Based on Dyes: Seeking Brighter Tools for Bioimaging[END_REF] This issue has been tackled with different approaches: the most popular and straightforward being the use of aggregation induced emission (AIE) molecules. [START_REF] Chen | Aggregation-induced emission: fundamental understanding and future developments[END_REF][START_REF] Li | ACQ-to-AIE Transformation: Tuning Molecular Packing by Regioisomerization for Two-Photon NIR Bioimaging[END_REF][START_REF] Mei | Aggregation-Induced Emission: Together We Shine[END_REF][START_REF] Li | Polymer-encapsulated organic nanoparticles for fluorescence and photoacoustic imaging[END_REF][START_REF] Zhang | Polymeric AIEbased nanoprobes for biomedical applications: recent advances and perspectives[END_REF][START_REF] Geng | Eccentric Loading of Fluorogen with Aggregation-Induced Emission in PLGA Matrix Increases Nanoparticle Fluorescence Quantum Yield for Targeted Cellular Imaging[END_REF] It was also demonstrated that the incorporation of long hydrocarbon chains and/or bulky side groups can mitigate the ACQ phenomenon in different organic nanostrucutres. [START_REF] Grazon | Ultrabright Fluorescent Polymeric Nanoparticles Made from a New Family of BODIPY Monomers[END_REF][START_REF] Tian | Twisted perylenedyes enable highly fluorescent and photostable nanoparticles[END_REF][START_REF] Zhang | Highly Fluorescent Molecularly Insulated Perylene Diimides: Effect of Concentration on Photophysical Properties[END_REF] In addition, when dealing with charged dyes, a powerful approach is the use of bulky hydrophobic counterions (BHC), [START_REF] Reisch | Collective fluorescence switching of counterion-assembled dyes in polymer nanoparticles[END_REF][START_REF] Andreiuk | Fighting Aggregation-Caused Quenching and Leakage of Dyes in Fluorescent Polymer Nanoparticles: Universal Role of Counterion[END_REF] which insulate the fluorophores effectively to avoid ACQ and at the same time improve the dye encapsulation inside the polymeric matrix, thus preventing dye leaching in biological media. These counterions belong to the class of weakly coordinating anions due to their large size and delocalization of charge. [START_REF] Krossing | Noncoordinating Anions-Fact or Fiction? A Survey of Likely Candidates[END_REF] Notable examples are fluorinated tetraphenylborates (TPBs), tetraalcoxyaluminates, bis(alkylsulfonyl)-imides, etc. Weakly coordinating ions found a broad range of applications ranging from catalysis, [START_REF] Jia | Counterion Effects in Homogeneous Gold Catalysis[END_REF] electrochemistry, [START_REF] Geiger | Organometallic Electrochemistry Based on Electrolytes Containing Weakly-Coordinating Fluoroarylborate Anions[END_REF] ionic liquids, [START_REF] Rupp | Ionic Liquids with Weakly Coordinating [M <sup>III</sup> (OR <sup>F</sup> ) <sub>4</sub> ] <sup>-</sup> Anions[END_REF][START_REF] Raabe | Tetraalkylammonium Salts of Weakly Coordinating Aluminates: Ionic Liquids, Materials for Electrochemical Applications and Useful Compounds for Anion Investigation[END_REF] lithium batteries, [START_REF] Rupp | Size Matters! On the Way to Ionic Liquid Systems without Ion Pairing[END_REF] ion sensors [START_REF] Xie | Charged Solvatochromic Dyes as Signal Transducers in pH Independent Fluorescent and Colorimetric Ion Selective Nanosensors[END_REF] and organic light-emitting diodes. [START_REF] Ma | Orange-red-and white-emitting diodes fabricated by vacuum evaporation deposition of sublimable cationic iridium complexes[END_REF] Owing it their capacity to control aggregation of cationic dyes, BHC found yet another application in the formulation of dyeloaded polymeric nanoparticles, [START_REF] Reisch | Collective fluorescence switching of counterion-assembled dyes in polymer nanoparticles[END_REF][START_REF] Andreiuk | Fighting Aggregation-Caused Quenching and Leakage of Dyes in Fluorescent Polymer Nanoparticles: Universal Role of Counterion[END_REF] ultra-small fluorescent micelles, [START_REF] Shulov | Noncoordinating anions assemble cyanine amphiphiles into ultra-small fluorescent nanoparticles[END_REF] and ultrabright dyecounterion aggregates. [START_REF] Yao | Highly fluorescent organic nanoparticles of thiacyanine dye: A synergetic effect of intermolecular H-aggregation and restricted intramolecular rotation[END_REF][START_REF] Bwambok | Near-Infrared Fluorescent NanoGUMBOS for Biomedical Imaging[END_REF][START_REF] Shulov | Fluorinated counterion-enhanced emission of rhodamine aggregates: ultrabright nanoparticles for bioimaging and light-harvesting[END_REF][START_REF] Aparin | Ionic Aggregation-Induced Emission: Bulky Hydrophobic Counterions Light Up Dyes in Polymeric Nanoparticles[END_REF] Originally, the concept of bulky counterions for preventing ACQ in polymer NPs was developed based on perfluorinated tetraphenyl borate (F5-TPB). [START_REF] Reisch | Collective fluorescence switching of counterion-assembled dyes in polymer nanoparticles[END_REF] Later studies showed that these counterions can be replaced by other bulky, hydrophobic, and especially fluorinated counterions based on aluminates [START_REF] Andreiuk | An aluminiumbased fluorinated counterion for enhanced encapsulation and emission of dyes in biodegradable polymer nanoparticles[END_REF] and boron hydrides. [START_REF] Andreiuk | Fighting Aggregation-Caused Quenching and Leakage of Dyes in Fluorescent Polymer Nanoparticles: Universal Role of Counterion[END_REF] In addition, supramolecular bulky counterions based on a complex of anion with a macrocycle were also introduced for preventing ACQ of different dyes. [START_REF] Benson | Plug-and-Play Optical Materials from Fluorescent Dyes and Macrocycles[END_REF] The concept of ionic dye insulation with BHC is quite generic because it is applicable to different cationic rhodamines [START_REF] Severi | Smartphone-assisted detection of nucleic acids by light-harvesting FRET-based nanoprobe[END_REF] and cyanines. [START_REF] Andreiuk | Fluorescent Polymer Nanoparticles for Cell Barcoding In Vitro and In Vivo[END_REF][START_REF] Ashokkumar | Ratiometric Nanoparticle Probe Based on FRET-Amplified Phosphorescence for Oxygen Sensing with Minimal Phototoxicity[END_REF] It enabled preparation of polymeric NPs in the size range of 10-40 nm with brightness 100-fold higher than corresponding QDs. [START_REF] Reisch | Tailoring Fluorescence Brightness and Switching of Nanoparticles through Dye Organization in the Polymer Matrix[END_REF][START_REF] Melnychuk | DNA-Functionalized Dye-Loaded Polymeric Nanoparticles: Ultrabright FRET Platform for Amplified Detection of Nucleic Acids[END_REF] They enabled single particle tracking both in vitro inside cells [START_REF] Reisch | Protein-Sized Dye-Loaded Polymer Nanoparticles for Free Particle Diffusion in Cytosol[END_REF][START_REF] Egloff | Size-Dependent Electroporation of Dye-Loaded Polymer Nanoparticles for Efficient and Safe Intracellular Delivery[END_REF] as well as in vivo in mice brain. [START_REF] Khalin | Ultrabright Fluorescent Polymeric Nanoparticles with a Stealth Pluronic Shell for Live Tracking in the Mouse Brain[END_REF] Moreover, counterion ensures close proximity of dyes inside polymeric NPs, which induces ultrafast dye-dye energy transfer generating giant lightharvesting nanoantenna that amplifies ~1000 fluorescence signal thought Forster Resonance Energy Transfer (FRET). [START_REF] Trofymchuk | Giant light-harvesting nanoantenna for single-molecule detection in ambient light[END_REF] The latter has already been applied for amplified FRET-based detection of nucleic acids [START_REF] Melnychuk | DNA-Functionalized Dye-Loaded Polymeric Nanoparticles: Ultrabright FRET Platform for Amplified Detection of Nucleic Acids[END_REF][START_REF] Egloff | Enzyme-free amplified detection of cellular microRNA by light-harvesting fluorescent nanoparticle probes[END_REF][START_REF] Melnychuk | Light-Harvesting Nanoparticle Probes for FRET-Based Detection of Oligonucleotides with Single-Molecule Sensitivity[END_REF] and oxygen. [START_REF] Ashokkumar | Ratiometric Nanoparticle Probe Based on FRET-Amplified Phosphorescence for Oxygen Sensing with Minimal Phototoxicity[END_REF] However, in all these previous works, the counterion function was focused on preventing ACQ and dye leaching; while theoretically it could be possible to tailor the structure of the counterion in order to implement new functions into the nanomaterials.

In this work we further extended the library of bulky counterions by testing a family of lanthanide (gadolinium and europium) chelated counterions with increasing hydrophobicity (Figure 1A). Lanthanide-based nanomaterials found a wide usage in theranostics applications due to their unique spectroscopic properties, such as: many narrow emission bands, long lifetimes, background-free X-ray-excited luminescence, and potentially upconversion. [START_REF] Bao | Learning from lanthanide complexes: The development of dye-lanthanide nanoparticles and their biomedical applications[END_REF][START_REF] Liang | An Activatable X-Ray Scintillating Luminescent Nanoprobe for Early Diagnosis and Progression Monitoring of Thrombosis in Live Rat[END_REF][START_REF] Guo | Direct Detection of Circulating Tumor Cells in Whole Blood Using Time-Resolved Luminescent Lanthanide Nanoprobes[END_REF] In the specific context of dye-loaded polymeric nanoparticles, the reasons behind preparing NPs loaded with lanthanide-based counterions are multiple: (i) lanthanides are heavy atoms routinely used as contrast agents in transmission electron microscopy (TEM), therefore dyeloaded fluorescent nanoparticles encapsulating a lanthanide-based counterion can function as multifunctional platforms for fluorescence microscopy and TEM; (ii) europium complexes are attractive luminescent reporters due to their long-lived emission, [START_REF] Armelao | Design of luminescent lanthanide complexes: From molecules to highly efficient photo-emitting materials[END_REF][START_REF] Bünzli | Lanthanide Luminescence for Biomedical Analyses and Imaging[END_REF][START_REF] Eliseeva | Lanthanide luminescence for functional materials and bio-sciences[END_REF] allowing background-free time-gated luminescence biosensing; [START_REF] Hagan | Lanthanide-based time-resolved luminescence immunoassays[END_REF][START_REF] Wang | Recent developments in lanthanide-based luminescent probes[END_REF][START_REF] Vuojola | Luminescent lanthanide reporters: new concepts for use in bioanalytical applications[END_REF][START_REF] Cardoso Dos Santos | Lanthanide-Complex-Loaded Polymer Nanoparticles for Background-Free Single-Particle and Live-Cell Imaging[END_REF] (iii) emission bands of the UV-excited europium complexes fall in the visible, making it a potential Förster resonance energy transfer (FRET) donor for the cationic fluorescent dyes coupled with such counterion, generating ultra-long Stokes shift systems. We tested these lanthanide-based counterions by formulating NPs loaded with two cationic dyes: an octadecyl ester of rhodamine B (R18) and a dioctadecyl derivative of cyanine 5 (DiD) (Figure 1A). NPs prepared with Gd-based counterions featured superior quantum yields, smaller sizes and narrower emission bands in respect to NPs prepared with R18 perchlorate and DiD perchlorate. Moreover, when imaged by TEM they displayed a strong contrast in respect to NPs formulated without heavy atom-based counterions. When an ion pair of cationic DiD with anionic europium complexes were used for encapsulation, we obtained an efficient FRET from the lanthanide anion to the cationic dye generating delayed fluorescence with ~340 nm Stokes shift. Cellular studies showed that the dye/Gd-anion loaded NPs readily internalized by endocytosis with little to no leaching of the fluorescent dye, while NPs prepared in absence of the bulky counterion displayed a marked dye leaching behavior. Finally, the NPs loaded with dye paired with the lanthanide anion displayed minimal cytotoxicity at concentrations habitually used for cellular imaging. 

Results and discussion

Preparation of NPs based on lanthanide counterions

To design the lanthanide counterions, we used Gd and Eu salts, known to yield optically transparent and emissive complexes, respectively. For the Gd ion, we prepared three complexes characterized by increasing size and/or fluorination level in the following order: Gd(TTA)4 < Gd(NTA)4 < Gd(HPFNP) (Figure 1A), based on previous reported synthetic protocols. [START_REF] Raj | Two-, and Three-Dimensional Arrays of Eu <sup>3+</sup> -4,4,5,5,5-pentafluoro-1-(naphthalen-2-yl)pentane-1,3-dione complexes: Synthesis, Crystal Structure and Photophysical Properties[END_REF] For the Eu ion, the two largest complexes were prepared: Eu(NTA)4 and Eu(HPFNP). First, we attempted to prepare pure salts of R18 dye with corresponding lanthanide-based counterions (Figure 1A) by ion exchange followed by silica gel chromatography, following previously reported protocol for F5-TPB counterions. [START_REF] Andreiuk | Fluorescent Polymer Nanoparticles for Cell Barcoding In Vitro and In Vivo[END_REF][START_REF] Reisch | Collective fluorescence switching of counterion-assembled dyes in polymer nanoparticles[END_REF] However, the dye salts showed tendency to decompose on silica. We suspect that lanthanide-based counterions are not as hydrophobic as fluorinated TPB (e.g. F5-TPB), so that they undergo an ion exchange on the silica. Therefore, we mixed the dye perchlorate salt with the lanthanide-based counterion potassium salt in organic solvent and used this mixture to formulate polymeric NPs. The latter were obtained by charge-controlled nanoprecipitation [START_REF] Reisch | Charge-Controlled Nanoprecipitation as a Modular Approach to Ultrasmall Polymer Nanocarriers: Making Bright and Stable Nanoparticles[END_REF] of PMMA-MA polymer in a buffer from acetonitrile containing both polymer and the mixture of the dye with the lanthanide complex.

First, we investigated the optimal ratio between the dye and the BHC counterion in the formulation of NPs. To this end, PMMA-MA NPs were loaded with 250 mM of R18 with respect to the polymer and varied quantities of Gd-based BHC (Figure 1A), and then their sizes and spectroscopic properties evaluated (Figure 2). It was immediately clear that NPs formulated with R18 perchlorate in absence of BHC tended to yield poorly emissive particles due to ACQ. Moreover, according to the dynamic light scattering (DLS), their size was much higher than that observed for blank PMMA-MA NPs (~50 nm). [START_REF] Reisch | Tailoring Fluorescence Brightness and Switching of Nanoparticles through Dye Organization in the Polymer Matrix[END_REF] The latter suggested that the dyes were not properly encapsulated, resulting in relatively large particle aggregates (Figure 1C), in line with previous studies. [START_REF] Reisch | Collective fluorescence switching of counterion-assembled dyes in polymer nanoparticles[END_REF][START_REF] Andreiuk | Fighting Aggregation-Caused Quenching and Leakage of Dyes in Fluorescent Polymer Nanoparticles: Universal Role of Counterion[END_REF] Preparing NPs with a dye/BHC molar ratio 1:1 improved neither the quantum yield, nor the particle size (Figure 2B). A three-fold excess of BHC marginally increased the quantum yield (QY) of the NPs and yielded smaller sizes, while NPs formulated with a 10-fold excess of BHC yielded NPs with very high quantum yields (up to 0.34) and the smallest size for all three tested Gd-BHC. For the highest dye loading (250 mM vs polymer), we observed that the presence of higher quantities of Gd-BHC in the polymeric matrix also had an effect on absorption spectra (Figure 2A), with the short-wavelength shoulder intensity decreasing with the increase in Gd-BHC loading. Indeed, for NPs without BHC, the absorbance ratio between the shoulder and the maximum peak was 0.42. For Gd(TTA)4/dye ratios of 1 and 3, the contribution of the shoulder decreased to 0.39 and at 10-fold excess of Gd(TTA)4 further dropped to 0.37. Overall, this decrease of the height of the shoulder is an indication of a lower degree of the dye aggregation in presence of the counterion. [START_REF] Andreiuk | Fighting Aggregation-Caused Quenching and Leakage of Dyes in Fluorescent Polymer Nanoparticles: Universal Role of Counterion[END_REF] It should be noted that the BHC/dye ratios employed in these NP formulations (feed ratios) do not necessarily reflect the actual BHC/dye ratio in the formed NPs. We measured the actual BHC/dye ratio inside NPs by quantifying the absorption spectra of samples before and after dialysis vs release medium containing -cyclodextrin (Figure S1), according to previously developed method. [START_REF] Andreiuk | Fighting Aggregation-Caused Quenching and Leakage of Dyes in Fluorescent Polymer Nanoparticles: Universal Role of Counterion[END_REF][START_REF] Andreiuk | An aluminiumbased fluorinated counterion for enhanced encapsulation and emission of dyes in biodegradable polymer nanoparticles[END_REF] The actual BHC/dye ratios were found systematically lower than the feed ratio: for the feed BHC/dye ratio of 10, the actual ratio after dialysis was 3.7 for Gd(TTA)4, and 6.1-6.2 for Gd(NTA)4 and Gd(HPFNP)4 (Figure S2A). The observed higher actual ratios for Gd(NTA)4 and Gd(HPFNP)4 compared to that for Gd(TTA)4 correlate well with their higher hydrophobicity. Together with the spectroscopy data, these results suggest that excess of Gd-BHC is necessary to displace all perchlorate anions, in order to prevent ACQ of R18 in the polymer matrix of NPs.

Dialysis experiments also allowed us to estimate the encapsulation efficiency of R18 dye. In line with previous studies, [START_REF] Andreiuk | Fighting Aggregation-Caused Quenching and Leakage of Dyes in Fluorescent Polymer Nanoparticles: Universal Role of Counterion[END_REF][START_REF] Andreiuk | An aluminiumbased fluorinated counterion for enhanced encapsulation and emission of dyes in biodegradable polymer nanoparticles[END_REF] we observed a poor degree of dye encapsulation for NPs formulated with R18 perchlorate (Figure S2B). In sharp contrast, introducing a BHC rendered the R18 dye encapsulation efficiency nearly quantitative for all studied BHC/dye ratios (Figure S2B), suggesting crucial role of La-counterions for efficient dye encapsulation, in line with the previous study on fluorinated tetraphenylborates. [START_REF] Andreiuk | Fighting Aggregation-Caused Quenching and Leakage of Dyes in Fluorescent Polymer Nanoparticles: Universal Role of Counterion[END_REF] 

Effects of dye loading

After establishing that the optimal BHC molar excess vs R18 was 10-fold, we proceeded to test different loadings of R18 with and without the 10-fold excess of different Gd-BHC. At the lowest loading (5 mM), there was no any marked effect of counterion on particle size because the dye concentration was too low to influence the particle formation process (Figure 2D). However, there was a strong effect on fluorescence quantum yields, with an increase from 0.4 to >0.9 in presence of Gd-BHC. This result is a clear indication that even at very low loading R18 shows a marked tendency to aggregate inside the polymeric matrix. The dye aggregation was further supported by an observed significantly higher short-wavelength shoulder in absorption spectra of R18-only NPs compared to that of the dye in EtOH (Figure S3A). At the intermediate loading of R18 (75 mM) there was a marked effect on both particle size and fluorescence quantum yield, where Gd(TTA)4 performed best, both in terms of QY and size (0.48 and 22 nm). However, at the highest loading (250 mM), the trend inverted, and the highest QY was obtained by employing the largest counterion Gd(HPFNP)4 (Figure 2D). The latter NPs displayed a quantum yield of 0.34, which is close to that of PMMA-MA NPs loaded with R18 and fluorinated tetraphenylborate F5-TPB (our benchmark counterion). [START_REF] Trofymchuk | Giant light-harvesting nanoantenna for single-molecule detection in ambient light[END_REF] In contrast, the situation was different without BHC: at intermediate and high loadings, the quantum yield of R18 perchlorate was 0.028-0.031, indicating strong ACQ. Our previous studies showed that in the absence of bulky fluorinated counterions (e.g. using non-fluorinated tetraphenylborate), the mean fluorescence lifetime drops dramatically at higher dye loading, in contrast to bulky fluorinated counterion F5-TPB. This much lower lifetime values indicate that that ACQ of R18 is associated with fast non-radiative deactivation processes in the dye aggregates. The capacity of Gd-BHC to prevent ACQ is clearly related to their much larger size compared to perchlorate used in parent R18 dye. Indeed, the radius of Gd(TTA)4 anion is ~1 nm 68 vs 0.24 nm for perchlorate. [START_REF] Jenkins | Reappraisal of thermochemical radii for complex ions[END_REF] This implies that the difference in their diameter and thus the distance between the π-π planes of the dyes is increased by ~1.5 nm with BHC, which can explain their effect against ACQ. We compared the brightness of our system with quantum dots (QD585), luminescent nanoparticles with a CdSe semiconductor core, which have been extensively used in bioimaging due to their exceptional brightness and photostability. [START_REF] Michalet | Quantum Dots for Live Cells[END_REF][START_REF] Hildebrandt | Energy Transfer with Semiconductor Quantum Dot Bioconjugates: A Versatile Platform for Biosensing, Energy Harvesting, and Other Developing Applications[END_REF] Taking into account the number of encapsulated dyes (n), the extinction coefficient of each dye () and the quantum yield (QY), we can estimate the brightness (B) of each dye loaded NP sample using the equation B = n ×  × QY. [START_REF] Reisch | Fluorescent Polymer Nanoparticles Based on Dyes: Seeking Brighter Tools for Bioimaging[END_REF] The number of encapsulated dyes can be calculated from the volume of the NPs (obtained from the DLS diameters assuming spherical shape) and the loading of dye in the polymeric matrix. For NPs loaded with R18/Gd(TTA)4 (250 mM): B = 2800 × 125,000 M -1 cm - 1 × 0.20 = 7 × 10 7 M -1 cm -1 , which is roughly equivalent to ~226 QD585 (B = 3.1 × 10 5 M -1 cm - 1 , with excitation at 532 nm, assuming that QY = 1). For R18/Gd(NTA)4 B = 10200 × 125,000 M -1 cm -1 × 0.21 = 2.5 × 10 8 M -1 cm -1 , roughly equivalent to ~800 Qdots 585. While for NPs R18/Gd(HPFNP)4 (250 mM) B = 5500 × 125,000 M -1 cm -1 × 0.43 = 3 × 10 8 M -1 cm -1 , roughly equivalent to ~1000 QD585. We should note that the differences would be less dramatic if Qdots 585 are excited in the violet region (e.g. 405 nm), where it is expected to show 10-fold higher absorption coefficient. Moreover, the hydrodynamic dimers of QD585 is smaller (20-25 nm) than PMMA-MA studied here (34-53 nm).

Transmission electronic microscopy

Transmission electron microscopy (TEM) was done for NPs at the three different R18 dye loadings (5, 75 and 250 mM) formulated with a ten-fold excess of Gd(TTA)4, as well as NPs loaded with 250 mM R18 together with Gd(NTA)4 and Gd(HPFNP)4 counterions (Figure 3). It should be noted that TEM size analysis mostly reproduced the results obtained with DLS, with the only exception of R18/ Gd(TTA)4 (250 mM). The reason for the latter is unclear, but it might be due to the process of immobilization on the TEM grid, which can compromise the stability of NPs. Moreover, it should be noted that the Gd-loaded NPs could be readily detected via TEM without the use of any contrast agent, while control NPs without Gd-BHC were noticeably less visible (Figure 3). This implies that heavy Gd-atoms could improve TEM contrast, so that the combination of dye with Gd-BHC could enable bimodal imaging combining TEM and fluorescence techniques. 

Encapsulation of cyanine 5 dye and FRET from Eu-BHC

Next, we tested whether Gd-BHC can prevent ACQ of another cationic dyecyanine 5 derivative DiD (Figure 1A), operating in a far-red to near-infrared region. [START_REF] Weissleder | A clearer vision for in vivo imaging[END_REF][START_REF] Yuan | Far-red to near infrared analyteresponsive fluorescent probes based on organic fluorophore platforms for fluorescence imaging[END_REF] At low loading (5 mM) the same trend as for R18 was reproduced, with a strong increase in quantum yield (from 0.49 to 0.85), Gd(TTA)4 performing the best and Gd(HPFNP)4 performing the worst (Figure 4A). As previously observed for the R18 dye, DiD perchlorate also displayed a tendency to aggregate inside the polymeric matrix even at low loadings (Figure S3B). At the highest loading investigated with DiD (75 mM), again the trend inverted, with Gd(TTA)4 yielding the lowest QY (0.13) among the three tested Gd-BHC and Gd(HPFNP)4 showed the best QY (0.21). Thus, for two cationic dyes R18 and DiD of different color and dye family, we found that at the highest loading the bulkiest counterion Gd(HPFNP)4 provides the best dye insulation against ACQ. Thus, the bulkiest BHC provides the best spacing/insulation of the cationic dyes, which ensures their minimal ACQ in the polymeric NPs at the high loading (i.e. local concentration). Moreover, according to fluorescence correlation spectroscopy (the sample was incompatible with DLS laser at 633 nm), hydrodynamic diameter of DiD-loaded NPs significantly decreased in the presence of BHCs, similarly to R18-loaded NPs (Figure S4).

The most interesting aspect of formulating DiD-loaded NPs was in constructing a FRET system where Eu-based BHC function as donors and DiD as acceptor. Eu ions display many narrow emission bands in the visible, [START_REF] Bünzli | Lanthanide Luminescence for Biomedical Analyses and Imaging[END_REF][START_REF] Eliseeva | Lanthanide luminescence for functional materials and bio-sciences[END_REF] its strongest one overlapping very well with DiD absorption. Moreover, owing to its aromatic ligands the Eu complexes strongly absorb in the UV. Therefore, the ion pair with DiD could undergo FRET, yielding a system with a quite large Stokes shift, absorbing in the UV to emit in the far red.

We formulated FRET NPs comprising 75 mM of DiD (acceptor) and a ten-fold molar excess (i.e. 750 mM) of Eu-BHC (donor). Control NPs loaded with only donor or only acceptor were also formulated. We found that when exciting the Eu-BHC (at 340 nm) the FRET NPs displayed a strong acceptor emission and relatively weak donor bands, while at the same concentration donor only NPs showed much stronger donor emission (Figure 4B). Acceptor only NPs, when excited at 340 nm, showed a negligible emission, three orders of magnitude weaker than that of the FRET NPs, meaning that the contribution of direct excitation of the acceptor is negligible in the FRET NPs. NPs formulated with Eu(HPFNP)4 displayed a higher quantum yield in respect to NPs formulated with Eu(NTA)4 (Figure 4C). When introducing the acceptor, the total QY of the system improved for both BHC, but more significantly for Eu(NTA)4, almost doubling in value (Figure 4C). Moreover, we recorded the time-resolved fluorescence decay curves of donor-only NPs and FRET NPs at emission wavelength of Eu (Figure 4E) and calculated their lifetimes. We found that donor only NPs displayed a single exponential decay, with NPs loaded with K[Eu(NTA)4] having a lifetime of 281±1 μs and NPs loaded with K[Eu(HPFNP)4] having a lifetime of 296±1 μs. On the other hand, FRET NPs displayed a biexponential decay, meaning that the system had two different lifetimes (18.0±0.3 μs and 127±2 μs for NPs with Eu(NTA)4 as donor; 9.2±0.1 μs and 61±1 μs for NPs with Eu(HPFNP)4 as donor). The lifetime with the largest amplitude was the shortest. This means that not all Eu-BHC transfer efficiently their excitation energy, with only a minor fraction of Eu-based complexes having a longer lifetime. Remarkably, timegated emission spectrum of NPs loaded with DiD and Eu(HPFNP)4 after 100 μs delay still showed a significant contribution of DiD emission, centered at 682 nm (Figure S5). As at this time delay one should not expect any emission of DiD (~3 ns lifetime in PMMA-MA NPs [START_REF] Trofymchuk | Giant light-harvesting nanoantenna for single-molecule detection in ambient light[END_REF] ) originated from the direct excitation, we can conclude that this long-wavelength band corresponds to the delayed emission generated by FRET from Eu(HPFNP)4 donor to DiD acceptor.

We further measured FRET efficiency using both fluorescence emission and lifetime of the donor. For NPs with Eu(HPFNP)4 as donor, the two values were in good agreement, being close to unity. The short lifetimes of the FRET NPs confirmed also that the energy-transfer between the Eu-BHC and DiD is non-radiative resonance-energy transfer and not based on reabsorption of the donor emission. For Eu(NTA)4 as donor, the FRET efficiency calculated from the lifetime was higher than the value calculated from intensity. This overestimation is probably due to the presence of a fraction of BHC that has a longer lifetime. Aside from this, both counterions produced high FRET efficiency, with Eu(HPFNP)4 being the best performing (Figure 4D). 

Single-particle measurements

Next, we studied the fluorescence properties of the prepared NPs via fluorescence microscopy. We selected the NPs with the highest R18 loading (250 mM) and 10-fold excess of each Gdbased counterion. Their brightness was compared with quantum dots emitting in the same spectral window, QD585. The polymeric NPs and QDs were immobilized on a polyethyleneimine (PEI) covered glass surface and imaged with a wide-field fluorescence microscope. What we observed was in line with the spectroscopic data recorded in cuvette. All polymeric NP samples were brighter than the reference QDs (Figure 5), with the brightest samples being R18/Gd(NTA)4 and R18/Gd(HPFNP)4. According to single-particle microscopy analysis, R18/Gd(TTA)4 NPs were as bright as ~375 QD585, while R18/Gd(NTA)4 and R18/Gd(HPFNP)4 displayed a brightness of ~1300 QD585, in accordance with our theoretical estimations. Thus, our single-particle analysis data confirms that the largest counterions yields the brightest NPs, probably due to the best dye insulation inside NPs. 

Cellular studies

Finally, we tested our new NPs for cellular imaging experiments. NPs formulated with 10-fold excess of each of the three Gd-BHC and without were incubated with HeLa cells for 3 hours at 37 and then imaged with a fluorescence microscope in an epi-fluorescence mode. While NPs formulated in presence of Gd-BHC were internalized by endocytosis (observed as dots in the perinuclear region) with no sign of dye leaching, R18 NPs showed a marked leaching behavior with the dye staining the whole cell. This is in line with previous observations, where in absence of a BHC, the fluorescent dye was not well encapsulated in the particle and therefore tended to leach in the cellular context. [START_REF] Andreiuk | Fluorescent Polymer Nanoparticles for Cell Barcoding In Vitro and In Vivo[END_REF][START_REF] Andreiuk | Fighting Aggregation-Caused Quenching and Leakage of Dyes in Fluorescent Polymer Nanoparticles: Universal Role of Counterion[END_REF] Interestingly, NPs loaded with Gd(HPFNP)4, despite yielding the brightest particles in all the previous experiments, were barely visible, while Gd(TTA)4 and Gd(NTA)4 performed similarly well (Figure 6), whereas those with Gd(HPFNP)4, despite yielding the brightest particles in all the previous experiments, were barely visible (their signal was multiplied 3-fold to achieve comparable contrast). Finally, we tested the cytotoxicity of NPs formulated with Gd-based counterions via MTT assay and found no cytotoxic effect at concentrations habitually used for cellular imaging (up to 0.004 gL). However, cell viability began to decline at higher concentrations (Figure 7). Figure 6. Epifluorescence microscopy images of HeLa cells incubated for 30 min at 37 °C with polymeric NPs loaded with 250 mM R18 (with respect to the polymer, final R18 concentration in the medium ~1 µM) with and without a ten-fold excess of Gd-BHC. In presence of Gd-BHC NPs get internalized by endocytosis without any dye leaching, while without the Gd-counterion there is a strong leaching of the fluorescent dye. In case of Gd(HPFNP)4 the signal was multiplied by 3 (x3) in order to achieve sufficient contrast. Scale bars: 50 μm. 

Conclusion

Bulky hydrophobic counterions enable preparation of bright dye-loaded polymeric nanoparticles due to the dye insulation effect minimizing aggregation-caused quenching. Previously, this approach was validated on fluorinated tetraphenylborates and tetraalkoxyaluminates. In this work, we further extend this approach to yet another class of bulky anions: lanthanide complexes. NPs were prepared with three different Gd-based counterions and two different Eu-based counterions, with varied bulkiness, hydrophobicity and fluorination level. We found that NPs loaded with Gd-based counterions showed superior quantum yields and smaller diameters in respect to their counterparts based on small hydrophilic counterion. These positive effects were observed for both rhodamine dye R18 and cyanine dye DiD, showing that lanthanide-based counterions can be applied to different dye families. Moreover, the encapsulation of dyes with Gd-BHC provided a stronger TEM contrast in respect to control NPs. The as-prepared NPs incubated with cells could readily internalize without dye leaching, due to Gd-based counterions that ensured better dye encapsulation. MTT assays revealed the NPs to be non-toxic at the concentration used for imaging. Moreover, counterions based on Eu complexes were encapsulated with DiD and employed as FRET donors, obtaining very efficient FRET with delayed emission in the far red region upon UV excitation, thus displaying an ultra-large Stokes shift. Our findings show that the anionic complexes of lanthanides can control the aggregation behavior of cationic dyes in a polymeric matrix, yielding bright fluorescent NPs, and potentially allow implementing additional functions due to unique properties of lanthanides.

Experimental Section/Methods

Materials

Methyl methacrylate (99%), 3-sulfopropyl methacrylate potassium salt (98%), acetonitrile (anhydrous, 99.8%), rhodamine B octadecyl ester perchlorate (>98.0%), polyethylenimine (branched), potassium hydroxide (≥85%, pellets), Tris(hydroxymethyl)aminomethane (ACS reagent, ≥99.8%), 2-Acetonaphthone (99%), sodium hydride (90%, dry), THF (≥99.9%, anhydrous), Ethyl pentafluoropropionate (98%), 4,4,4-Trifluoro-1-(2-naphthyl)-1,3butanedione (99%), 2-Thenoyltrifluoroacetone (99%), Europium(III) chloride (99.99%), Gadolinium(III) chloride (99.99%) were purchased from Sigma-Aldrich. MilliQ-water (Millipore) was used in all experiments.

1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine Perchlorate (DiD' oil) and Qdot585 streptavidin conjugate were purchased from Thermo-Fisher Scientific.

Synthesis

The polymer PMMA-HSO3 was synthesized following a previously described procedure. [START_REF] Reisch | Protein-Sized Dye-Loaded Polymer Nanoparticles for Free Particle Diffusion in Cytosol[END_REF] HPFNP was synthesized according to a previously described procedure. [START_REF] Raj | Two-, and Three-Dimensional Arrays of Eu <sup>3+</sup> -4,4,5,5,5-pentafluoro-1-(naphthalen-2-yl)pentane-1,3-dione complexes: Synthesis, Crystal Structure and Photophysical Properties[END_REF] The lanthanide-based complexes were synthesized according to a previously described procedure. [START_REF] Raj | Two-, and Three-Dimensional Arrays of Eu <sup>3+</sup> -4,4,5,5,5-pentafluoro-1-(naphthalen-2-yl)pentane-1,3-dione complexes: Synthesis, Crystal Structure and Photophysical Properties[END_REF] The ligand, either 2-thenoyltrifluoroacetone (TTA), 4,4,4-trifluoro-1-(-2-naphtyl)-1,3-butanedione (NTA) or HPFNP was dissolved in ethanol and combined with EtOH solution of KOH. Then aqueous lanthanide(III) chloride solution was added dropwise to reach the molar ratio to ligand of 1:4 in case of Gd(III), and 1:3.2 in case of Eu(III). The product was precipitated with water, the precipitate was then filtered, washed twice with cold water and dried.

Nanoparticles preparation and characterization

PMMA-HSO3 (at a concentration of 2 mg mL -1 ), different amounts of dye ranging from 5 mM to 250 mM (with respect to the polymer) and Gd-based counterions (where specified) were dissolved in acetonitrile. This as-prepared organic stock solution was then diluted initially in a ten-fold excess of milliQ water under shaking and then rapidly diluted a second time in a fivefold excess of milliQ water.

The encapsulation degree of R18 dye was measured through absorption spectroscopy by quantifying the dye absorption peak in the sample before and after dialysis, using previous established protocol. [START_REF] Andreiuk | Fighting Aggregation-Caused Quenching and Leakage of Dyes in Fluorescent Polymer Nanoparticles: Universal Role of Counterion[END_REF] The actual BHC/dye ratio was measured through absorption spectroscopy by quantifying the ratio of absorbance of the counterion and dye peaks before and after the dialysis. Dialysis was performed by mixing 0.45 mL of NPs with 0.55 mL of 1 mM cyclodextrin solution. This solution was then dialyzed using a MEMBRA-CEL MD34 14V100 membrane (MWCO 14000) for 24 hours with 1 mM -cyclodextrin solution as a recipient medium. Then the solution was recovered and its absorption spectrum was measured.

Nanoparticle diameter was determined by DLS using a Zetasizer Nano ZSP (Malvern Instruments S.A.). For the data analysis the mean value of the size distribution per volume was taken. Nanoparticle diameter of DiD-loaded NPs was determined by fluorescence correlation spectroscopy. The measurements were performed on a custom-built confocal setup based on a Nikon Ti-E inverted microscope with a Nikon 60× 1.2NA (Tokyo, Japan) water immersion objective. Excitation was provided by a cw laser diode (638 nm, Oxxius, Lannion, France) and photons were detected through a bandpass 694/50 nm filter (Semrock, Rochester, NY, USA) with a fibered avalanche photodiode (APD SPCM-AQR-14-FC, PerkinElmer, Rodgau, Germany) connected to an online hardware correlator (ALV7000-USB, ALV GmbH, Hessen, Germany). The typical acquisition time was ~7 min (40 × 10 s) with a nominal excitation power of 1 mW. The data were analyzed using PyCorrFit software. [START_REF] Müller | PyCorrFit-generic data evaluation for fluorescence correlation spectroscopy[END_REF] For the spectroscopic characterization all the solvents used were of spectroscopic grade and MilliQ water was used in all experiments. Absorption spectra were recorded on a Cary-4000 scan UV-visible spectrophotometer (Varian), while emission spectra were recorded with a Spectrofluorometer FS5 (Edinburgh Instruments). Fluorescence spectra were corrected both for lamp fluctuations and detector response. The emission spectra were recorded setting the excitation wavelength to 535 nm for R18-based NPs and at 340 nm for Eu-based NPs and at 620 nm for NPs loaded exclusively with DiD. Fluorescence quantum yields of nanoparticles loaded with rhodamine B octadecyl ester perchlorate were calculated using Rhodamine 101 (QY = 1.0 in MeOH) as a standard; [START_REF] Würth | Relative and absolute determination of fluorescence quantum yields of transparent samples[END_REF] for nanoparticles loaded with Eu complexes (with and without FRET acceptor), quinine sulfate (QY = 0.52 in H2SO4 0.05 M) was taken as reference; while for nanoparticles loaded exclusively with DiD, Nile blue (QY = 0.27 in EtOH) was taken as a reference. [START_REF] Brouwer | Standards for photoluminescence quantum yield measurements in solution (IUPAC Technical Report)[END_REF] Fluorescence decays of nanoparticles loaded with Eu complexes (with and without FRET acceptor) were recorded on a Cary Varian Eclipse Spectrofluorometer using the lifetime mode with excitation wavelength of 337 nm (20 nm slit) and emission wavelength 612 nm (20 nm slit). Emission lifetimes were obtained by fitting the data to single or biexponential decay function. FRET efficiency was calculated both from donor fluorescence intensity and lifetime using the following formulas:

𝐸 = 1 - 𝐼 𝐷 𝐴 𝐼 𝐷 (1) 𝐸 = 1 - 𝜏 𝐷 𝐴 𝜏 𝐷 (2) 
where 𝐼 𝐷 𝐴 and 𝐼 𝐷 are the donor fluorescence intensity in presence and absence of acceptor respectively, 𝜏 𝐷 𝐴 and 𝜏 𝐷 are the donor fluorescence lifetime in presence and absence of acceptor respectively.

Single-particle fluorescence microscopy

For single-particle fluorescence microscopy experiments, the NPs were adsorbed on a glass surface (LabTek 8-well plate) according to a previously described procedure (Reisch et al., 2014). The glass surface was first treated with KOH solution 1 M, and subsequently incubated with a solution of polyethylenimine (PEI) 1 g L -1 in TRIS 10 mM, pH 7.4. The NP suspensions were diluted 100 times and they were incubated on the PEI-covered glass for 15 min before washing and measuring with a layer of milliQ water above the sample. QD585 (10 pM) were immobilized on the glass surface with the same protocol.

Single-particle measurements were performed in the wide-field epi-fluorescence more with a Nikon Ti-E inverted microscope with a 60x objective (Apo TIRF, oil, NA 1.49, Nikon). The excitation was provided by light-emitting diodes (SpectraX, Lumencor). Sample was excited at 550 nm with a LED at a power of 6.75 mW. Images were recorded with an integration time of 200 ms and the single particle analysis was performed on the FIJI software.

Particles were detected using a FIJI macro (available upon request) applied to a projection (average intensity) of 10 frames using an appropriate threshold: after automatic background subtraction the mean intensities of circular region of interest with a diameter of 6 pixels around the as-found intensity maximum were measured. Then the intensity in the circular regions of interest was integrated over the first 5 frames and it was used to generate the particle intensity histograms.

Transmission electron microscopy 5 μL of NPs suspension were deposited on carbon-coated copper-rhodium TEM grids previously treated via amylamine glow-discharge. The prepared grids were imaged using a Tecnai F20 Twin transmission electron microscope (FEI Eindhoven Holland) operating at 200 kV. Images of areas of interest were acquired with a US1000 camera (Gatan). Image analysis was performed in FIJI.

Cellular studies

HeLa cells were cultured in DMEM (Gibco-Invitrogen) supplemented with 10% FBS (Lonza), 5% L-glutamine (Gibco-Invitroven) and 1% antibiotic solution (penicillin-streptomycin, Gibco-Invitrogen) at 37 °C in a humidified atmosphere containing 5% of CO2. Cells were seeded in a μ-dish (glass bottom, 35 mm, IBiDi) at a density of 100k cells per well 24 h before the microscopy measurement.

For imaging, the culture medium was removed and the cells were washed with Opti-MEM (Gibco-Invitrogen). Cells were stained with Hoechst dye with a concentration of 5 μg mL -1 for 15 min at 37 °C. Then cells were washed again with Opti-MEM and a freshly prepared suspension of NPs (with a concentration of 0.004 g L -1 ) in Opti-MEM was added to the cells and incubated for 30 min at 37 °C. Finally, cells were washed once again with Opti-MEM and imaged.

Cytotoxicity studies were performed by seeding HeLa cells in 96-well plates with a concentration of ~10k cells per well in 100 μL of the DMEM growth medium and incubating them overnight. Then NPs were added by replacing the DMEM with the same culture medium containing increasing quantities of nanoparticles. Cells were incubated for 24 hours in presence of NPs, then the culture medium was removed and the wells washed with PBS. The wells were filled with DMEM containing MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and the cells were again incubated at 37 °C for 4 h. The formazan crystals were redissolved by adding 100 μL of DMSO and shaking gently for 10 min. Then the absorbance at 570 nm on each well was read with a microplate reader. Experiments were carried out in triplicates and the viability of the cells is expressed as a percentage of viable cells compared to the control group.

Figure 1 .

 1 Figure 1. Dyes and counterions used for preparation of dye-loaded polymeric NPs. (A) Cationic fluorescent dyes: R18 (in green), DiD (in red); sulfonate bearing polymer (in grey), and lanthanide-based anions (in blue and light blue) used for nanoparticle preparation. (B) Preparation of NPs via nanoprecipitation scheme. (C) Hypothetic models of fluorescent dye distribution inside polymeric NPs when prepared with small hydrophilic counterions (left) and bulky hydrophobic counterions (right).

Figure 2 .

 2 Figure 2. Characterization of NPs loaded with R18 and Gd-based counterions. (A) Normalized absorption and emission spectra of NPs formulated with R18 (250 mM) and increasing quantities of Gd(TTA)4, the red arrow highlights a decreasing of the absorption spectrum shoulder upon the increase of Gd(TTA)4/dye ratio. (B) Fluorescence quantum yield (top) and particle size (bottom) as a function of counterion/dye molar ratio for each counterion (λexc = 535 nm). (C) Normalized absorption and emission spectra of NPs loaded with R18 (5 mM and 75 mM) without BHC or with a ten-fold excess of Gd(TTA)4. (D) Fluorescence quantum yield (top) and particle size (bottom) for R18-loaded NPs as a function of dye loading with and without a ten-fold excess of each Gd-based counterion (λexc = 535 nm).

Figure 3 .

 3 Figure 3. TEM images of R18 loaded NPs with different Gd-based counterions in a ten-fold excess (top) and relative size distributions (bottom). Scale bars: 50 nm.

Figure 4 .

 4 Figure 4. FRET NPs loaded with DiD and Eu-based counterion. (A) Fluorescence quantum yields for NPs at different DiD loadings formulated with and without a ten-fold excess of each Gd-based counterion. (B) Absorption (left) and emission (right) spectra for FRET and control nanoparticles formulated with DiD at a loading of 75 mM and a ten-fold excess of Eu(NTA)4 (top) and Eu(HPFNP)4 (bottom) (for FRET and donor-only NPs: λexc = 340 nm, for DiD-only NPs: λexc = 620 nm). (C) Quantum yields of Eu(NTA)4 and Eu(HPFNP)4 nanoparticles with and without acceptor. (D) FRET efficiency of FRET NPs calculated from fluorescence intensity and fluorescence lifetime. (E) Fluorescence decay curves for Eu(NTA)4 NPs (left) and Eu(HPFNP)4 NPs (right) with and without DiD.

Figure 5 .

 5 Figure 5. Single-particle characterization of Gd-based NPs. (A) Single particle fluorescence images of polymeric NPs prepared with a 10-fold excess of Gd-based counterion with a dye loading of 250 mM compared to reference quantum dots QD585. (B) Brightness histograms of the images shown in (A). Wide field microscopy was performed with excitation at 550 nm. Scale bars: 5 μm.

Figure 7 .

 7 Figure 7. Cytotoxicity experiments for polymeric NPs loaded with 250 mM R18 + Gd-BHC 10x. The error bars represent the standard error of the mean (n = 6).
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