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Dye-loaded polymer nanoparticles (NPs) emerge as a powerful tool for bioimaging applications, owing to their exceptional brightness and controlled small size. However, aggregation-caused quenching (ACQ) and leakage of dyes at high loading remain important challenges of these nanomaterials. The use of bulky hydrophobic counterions has been recently proposed as an effective approach to minimize ACQ and dye leakage, but the role of counterion structure is still poorly understood. Here, a systematic study based on ten counterions, ranging from small hydrophilic perchlorate up to large hydrophobic tetraphenylborate derivatives, reveals how counterion nature can control encapsulation and emission of a cationic dye (rhodamine B octadecyl ester) in NPs prepared by nanoprecipitation of a biodegradable polymer, poly-lactide-co-glycolide (PLGA). We found that increase in counterion hydrophobicity enhances dye encapsulation efficiency and prevents dye adsorption at the particle surface. Cellular imaging studies revealed that 95% encapsulation efficiency, achieved with most hydrophobic counterions (fluorinated tetraphenylborates), is absolutely required, because non-encapsulated dye species at the NPs surface are the origin of dye leakage and strong background in cells. The size of counterions is found to be essential to prevent ACQ, where the largest species, serving as effective spacer between dyes, provide the highest fluorescence quantum yield. Moreover, we found that the most hydrophobic counterions favor dye-dye coupling inside NPs, leading to ON/OFF fluorescence switching of single particles. By contrast, less hydrophobic counterions tend to disperse dyes in the polymer matrix favoring stable emission of NPs. The obtained structure-property relationships validate the counterionbased approach as a mature concept to fight ACQ and dye leakage in the development of advanced polymeric nanomaterials with controlled optical properties.

Fighting aggregation-caused quenching and leakage of dyes in fluorescent polymer nanoparticles: universal role of counterion

INTRODUCTION

In the last decades, fluorescent nanoparticles (NPs) have grown from a scientific curiosity to a reliable tool in bioimaging [1] and theranostics. [2] Although quantum dots have been the most popular class of luminescent NPs for a long time, [3] organic NPs become more and more attractive due to their biodegradability and high versatility. [4] Intensive work in the field generated a number of families of fluorescent organic NPs, such as conjugated polymer NPs, [1c] dye-loaded polymer [2h, 4a] and lipid [5] NPs as well as dye-based NPs, [6] notably using aggregation-induced emission (AIE) dyes. [2h, 7] Among these families, dye-loaded polymer NPs are of particular interest because they combine high stability, potential biodegradability (of the polymer matrix) and capacity to co-encapsulate other contrast agents and drugs. [2h, 8] However, this class of NPs still faces two major challengesinefficient encapsulation of fluorophores and aggregation-caused quenching (ACQ) of these dyes. Several studies have shown that higher hydrophobicity of the dyes increases their encapsulation efficiency in hydrophobic matrices and stability towards dye leakage. [9] However even the most hydrophobic dyes still suffer from incomplete encapsulation at loadings higher than 1% (w/w). [10] On the other hand, a fruitful direction to fight ACQ is to design fluorophores exhibiting efficient emission in the solid state. [7b, 11] The direct approach is introducing bulky groups [12] and polymer chains [13] to the fluorophore, which can prevent pi-pi stacking of dyes in the polymeric matrix. However, this method has limitations in terms of fluorophore structure and requires additional synthetic efforts. AIE has become a highly popular and efficient approach to prevent ACQ of dyes in the solid state, [7,14] although this method is focused on NPs presenting a core of pure AIE dyes. [2g- i, 15] Recently we introduced an efficient approach to fight ACQ in dye-loaded polymer NPs using bulky hydrophobic counterions as spacers for ionic dyes. [8,16] We have shown that the bulky counterion tetrakis(pentafluorophenyl)borate (F5-TPB) in the ion pair with rhodamine B octadecyl ester (R18) enables dye encapsulation with minimal ACQ, resulting in 40-nm polymer NPs that are 5-100-fold brighter than corresponding quantum dots. [8,[16][17] This approach was proven to be compatible with other cationic dyes, such as cyanines, leading to a development of a method for long-term rainbow cell barcoding. [18] Moreover, F5-TPB counterion can be replaced with another fluorinated tetraphenylborate [18] and a fluorinated aliphatic aluminate. [19] Finally, the counterion-based approach was recently applied to create an unprecedented giant light-harvesting nanoantenna that allowed detection of single molecules in ambient light conditions, [20] and amplified detection of nucleic acids. [21] These bulky hydrophobic counterions belong to the class of weakly coordinating anions, characterized by high charge delocalization, large size, absence of basic sites, presenting mainly fluorine or hydrogen at their anion surface. [22] Primary applications of weakly coordinating anions include catalysis, [23] electrochemistry, [24] ionic liquids, [25] microporous materials, [26] lithium batteries, [27] ion-selective electrodes, [28] ion sensors, [29] solar cells [30] and organic light-emitting diodes. [31] It has been already known, that the nature of a counterion can strongly affect the properties of cationic fluorophores in solutions, [32] lipid droplets [5,33] and counterion-assembled NPs made exclusively of dyes [34] . However, it remains unclear how the structure of the counterion affects encapsulation and emission of dyes inside polymer NPs. In particular, it concerns the capacity of counterion to (1) operate as a phase transfer agent, favoring encapsulation of cationic species into hydrophobic polymer matrix and (2) prevent dyes from pi-pi stacking, thus minimizing ACQ. Addressing these issues would open the routes to new nanomaterials with high brightness and complete encapsulation of cationic cargofeatures of utmost importance for bioimaging, theranostics and drug delivery. Moreover, understanding the ways counterions structure tunes NP properties, like particle blinking and energy transfer efficiency would enable preparation of variety of advanced materials with desired properties without changing the polymer matrix. [17a] In the present work we prepared ion pairs of a hydrophobic octadecyl-rhodamine B (R18) with ten counterions of different sizes and hydrophobicities (Fig. 1), ranging from small hydrophilic perchlorate to large hydrophobic tetraphenylborate (TPB) derivatives, and encapsulated them into PLGA (poly-lactide-co-glycolide, biodegradable polymer) NPs. The properties of the counterions, namely their size and hydrophobicity, were found to define to a large extent the properties of the obtained polymer NPs, like their size, dye encapsulation efficiency, fluorescence quantum yield, fluorescence anisotropy, dye-dye energy migration, as well as single-particle brightness and blinking.

MATERIALS AND METHODS

Materials

PLGA (lactide 50 mole %, glycolide 50 mole %, Mn 24,000; PDI 1.7), Sodium tetrakis [3,5bis(1,1,1,3,3,3-hexafluoro-2-methoxy-2-propyl)phenyl]borate trihydrate (F12-TPB), Potassium tetrakis [3,5-bis(trifluoromethyl)phenyl]borate (F6-TPB), Potassium hexafluorophosphate (PF6), Sodium tetrafluoroborate (BF4) and rhodamine B octadecyl ester perchlorate (R18/ClO4) were purchased from Sigma-Aldrich and used as received. Lithium Tetrakis(pentafluorophenyl)borate ethyl ether complex (F5-TPB) was purchased from TCI and used as received. Tris(pentafluorophenyl)borane and tetramethylammonium solution (25% w/w, aqueous) were purchased from Alfa Aesar. KB(CN)4, KB(CF3)4 and KB21H18 were synthesized as described previously [35] . Synthesis of F5-3PB-OH is described in Supporting Information.

Methods

NMR spectra were recorded at 20 o C on Bruker Avance III 400 MHz and Bruker Avance III 500 MHz spectrometers. Mass spectra were obtained using an Agilent Q-TOF 6520 mass spectrometer.

General procedure for synthesis of R18/counterion pairs. 10 mg (0.012 mmol) of Rhodamine B octadecyl ester perchlorate (R18/ClO4) was mixed with 3-10 equivalents of the appropriate counterion salt in DCM and the mixture was sonicated for 5 minutes. Products of ion exchange were purified on preparative TLC plates using DCM/MeOH mixtures as eluent. Results are summarized in the Table S1. Other details are given in Supporting Information.

Estimation of counterion sizes was done with Chem3D software using MM2 method for structure energy minimization.

Preparation of fluorescent NPs. PLGA was dissolved at 2 mg/ml in acetonitrile containing different amounts of rhodamine-counterion pairs (5 and 50 mM with respect to the polymer). These solutions were injected with a pipette under stirring to a ninefold volume excess of 20 mM phosphate buffer (pH 7.4). The obtained nanoparticle solution was then rapidly diluted fivefold with the same buffer.

Characterization of NPs.

Absorption and emission spectra were recorded using Cary 4000-HP Scan ultraviolet-visible spectrophotometer (Varian) and FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon) equipped with a thermostated cell compartment, respectively. Steadystate fluorescence anisotropy was measured on a Fluorolog spectrofluorometer (Horiba Jobin Yvon). DLS measurements were performed on a Zetasizer Nano ZSP.

Fluorescence quantum yields (QYs) were measured using rhodamine B in methanol (QY = 0.70 [36] ) as a reference. The absorption of NPs solution did not exceed 0.2, and the fluorescence spectra of both the reference and the NPs were measured at the same excitation wavelength and slits width. Absorption spectra, containing contribution from scattering of large NPs, were corrected for scattering using Origin software.

Encapsulation of ion pairs inside nanoparticles was measured as the ratio of dye quantity (in moles) in the sample after and before dialysis (MEMBRA-CEL MD34 14x100 membrane, MWCO 14000) versus 1 mM beta-cyclodextrin solution in water as recipient medium according to a protocol below: Absorption spectra of freshly-prepared NPs was measured, then 450 µL of NP solution were mixed with 550 µL of 1 mM beta-cyclodextrin solution, and the resulting solution was dialyzed for 24 hours with 1 mM beta-cyclodextrin solution as a recipient medium. After dialysis, the solution inside the membrane was recovered, and its volume and absorption spectra were measured to obtain values of dye encapsulation.

Calculation of LogPHWA.

Method A: Mutually presaturated phases A (heptane), 200 µl, and B (water/acetonitrile 1/1), 1 ml, were placed into an Eppendorf tube, and 5 µl of ~ 0.3 mM acetonitrile solution of a R18-counterion ion pair were added to the aqueous phase (B). The phases were vigorously vortexed and afterwards centrifuged to partition the phases. Afterwards 50 µl of each phase were added to 1 ml of EtOH and R18 concentration in the resulting solutions was measured. LogPHWA was calculated as a logarithm of the ratio of dye concentration in phase A (apolar) to dye concentration in phase B (polar). Method A was applied to R18/F5-3PB-OH, R18/B21H18, R18/F5-TPB, R18/F6-TPB and R18/F12-TPB ion pairs, however it was not suitable for less hydrophobic ion pairs, whose absorption in heptane phase was below detection limit. For the less hydrophobic ion pairs method B was developed. Method B: Mutually presaturated phases A (heptane), 1 ml, and B (water/acetonitrile 1/1), 1 ml, were placed into an Eppendorf tube, and 25 µl of ~ 0.3 mM acetonitrile solution of a R18counterion ion pair were added to the aqueous phase (B). The phases were vigorously vortexed and then centrifuged to partition the phases. Afterwards each phase was carefully collected and the concentration of dye in each phase was measured without dilution. LogPHWA was calculated as a logarithm of the ratio of dye concentration in phase A to dye concentration in phase B. Method B was applied to R18/ClO4, R18/BF4, R18/PF6, R18/B(CN)4 and R18/B(CF3)4 ion pairs. Single-particle measurements were performed in the TIRF (Total Internal Reflection Fluorescence) mode using a home-made wide-field setup based on an Olympus IX-71 microscope with an oil immersion objective. A DPPS (Cobolt) continuous wave laser emitting at 532 nm was used for excitation. The laser intensity was changed between 0.08 and 0.5 W cm -2 by using a polarizer and a half-wave plate (532 nm). The fluorescence signal was recorded with an EMCCD camera (ImagEM Hamamatsu).

Cellular studies. KB cells were grown in DMEM (Gibco-Invitrogen), supplemented with 10% fetal bovine serum (Dominique Dutscher) and 1% MEM vitamins, 1% L-glutamine, 1% MEM non-essential aminoacids and 0.4% antibiotic gentamicin at 37 °C in humidified atmosphere containing 5% CO2. Cells were seeded onto 8-chambered LabTek at a density of 3 × 10 4 cells per well 24 h before the microscopy measurement. For imaging, the culture medium was removed and the attached cells were washed with Opti-MEM (Gibco-Invitrogen) three times. Next, a freshly prepared solution of NPs, loaded at 5 and 50 mM with different R18-counterion ion pairs, prepared as described above, were diluted 20 times in Opti-MEM, added to the cells and incubated for 3 hours. Cell membrane staining with wheat-germ agglutinin-Alexa488 was done for 5 min at room temperature before the measurements. Fluorescence imaging was performed on a Leica TSC SPE confocal microscope using a 63× oil immersion objective. The different channels were recorded as follows: excitation 488 nm, emission recorded from 495 to 560 nm for wheat-germ agglutinin-Alexa488; excitation 561 nm, emission recorded from 570 to 650 nm for dye-loaded NPs.

RESULTS AND DISCUSSION

Selection of the counterions and characterization of their dye salts

The counterions were selected to achieve maximal variability in terms of size and hydrophobicity. Thus, our smallest counterions (ClO4 and BF4) were ~0.33 nm in diameter, whereas the largest one (F12-TPB) was ~1.6 nm (Figure 1), according to molecular modeling. We used 10 counterions in order to achieve gradual variation of the size. Larger size of counterion should also increase delocalization of the charge. [22] As the size was systematically increased by additional fluorinated groups (except B21H18), we could consider that increase in the size (i.e. increase in the fluorination level) should directly increase hydrophobicity of the counterion. Indeed, fluorination of organic molecules increases significantly their hydrophobicity, which is sometimes called super-hydrophobicity. [37] Using these counterions, we prepared the corresponding 10 salts with cationic rhodamine B octadecyl ester (R18). The synthesis of these salts was based on ion exchange, where the starting material, R18 salt with ClO4 anion (R18/ClO4), was mixed in organic solvent (dichloromethane) with an excess of a salt of an anion of interest followed by purification through chromatography. Thin later chromatography (TLC) of these salts in dichloromethane revealed remarkable variation of their mobility on silica gel. While R18 salts with ClO4 and BF4 did not move on TLC at all, PF6, B(CN)4 and F5-3PB-OH showed some non-negligible Rf values (Figure 2A). Much higher mobility was observed for all other studied counterions with Rf increasing in the following order: B(CF3)4 < B21H18 ~ F5-TPB < F6-TPB < F12-TPB (Table S2). Thus, as a general trend, the salts having larger anions and higher values of fluorination showed higher mobility, which could be explained by lower polarity of these salts. To verify the variation of polarity and its link to the hydrophobicity of these salts, we studied distribution of the dye salts in a two-phase system composed of three solvents: heptane, acetonitrile and water. In this case heptane and water form, respectively, highly apolar and polar phases, whereas acetonitrile was used to improve the solubility of the dye salts in water. The obtained logarithm of partitioning constants in this ternary solvent mixture (LogPHWA) showed gradual changes as a function of the counterion (Figure 2B, Table S3). The lowest values were observed for small hydrophilic anions ClO4 and BF4, and LogPHWA increased gradually with the size and fluorination level of the counterion, reaching the highest values for F6-TPB and F12-TPB. We should note that B21H18, which does not have fluorines at all, also showed relatively high values of LogPHWA, indicating that these boron clusters are also remarkably hydrophobic. The LogPHWA values correlated well with the Rf values obtained from TLC, namely higher Rf values usually corresponded to higher values of LogPHWA. The only exception was F5-3PB-OH, which showed unexpectedly low Rf values, probably due to interactions of its OH group with silica. Overall, our TLC and two-phase distribution studies showed that larger and more fluorinated counterions form significantly more hydrophobic salts with the R18 dye, which should affect their further encapsulation into the hydrophobic polymer matrix of nanoparticles. 

Dye-loaded NPs and their properties

All 10 dye salts were then encapsulated in PLGA polymer NPs through nanoprecipitation of PLGA and the dye salt in organic solvent into aqueous solution at neutral pH. [8,16,38] The PLGA nanoparticles were formulated at 5 and 50 mM dye loading with respect to the polymer. At low dye loading (5 mM), the hydrodynamic diameter of NPs, as estimated by DLS, was 40-50 nm for all the studied counterions (Table S4). At 50 mM, only dye salts with large hydrophobic counterions led to small (40-60 nm) and colloidally stable particles (Figure 3 and S20, Table S5). By contrast, for all small hydrophilic counterions, such as ClO4, BF4, PF6 and B(CN)4), relatively large particles (>100 nm) were observed. Moreover, such NPs appeared colloidally unstable and precipitated overnight. These data suggest that high loading of dyes salts with small hydrophilic counterions produces aggregation of NPs. Previously, we showed this phenomenon only for NPs loaded with R18/ClO4 salt, which, according to DLS and electron microscopy data, displayed aggregation and large size, in contrast to those loaded with R18/F5-TPB. [16] Here, we show that the problem is observed for variety of small hydrophilic anions. Our observations support the hypothesis that during nanoprecipitation the ion pair of R18 with these anions dissociated in water giving cationic amphiphile R18. The latter may adsorb at the surface of newly formed NPs and neutralize their negative surface charge. [16] Our previous works showed that the driving force for the formation of small polymeric NPs is the negative charge of the polymer, which ensures efficient repulsion of the newly formed NPs. Therefore, cationic R18, dissociated in water from its small hydrophilic counterion, could neutralize the negative charge of NPs, thus decreasing their colloidal stability and provoking their aggregation. On the other hand, the ion pair of R18 with bulky hydrophobic counterions probably cannot dissociate in water and acts as an apolar entity, favoring dye encapsulation without disturbing formation of small NPs. The latter is in line with the fact that loading of R18 with F5-TPB did not change the surface charge of PLGA NPs, indicating that bulky hydrophobic counterion F5-TPB prevents adsorption of R18 on NPs surface, but favors its encapsulation. [16] To further clarify this issue, we studied the encapsulation efficiency of dye salts inside NPs. To this end, 50 mM dye-loaded NPs were dialyzed against 1 mM solution of betacyclodextrin, which proved to be an efficient method to wash out poorly encapsulated R18. [18] First, we confirmed by absorption spectra that beta-cyclodextrin could solubilize R18/ClO4 dye salt (Figure S21). We found that the remaining dye fraction after dialysis (encapsulation efficiency) depended strongly on the nature of the counterion. Indeed, the encapsulation efficiency was lowest for the small hydrophilic counterions ClO4, BF4, PF6 and B(CN)4 and highest for the most hydrophobic counterions (Figure 3, Table S5). These results confirmed our hypothesis that hydrophobic counterions minimize adsorption of R18 salts on the particle surface and favor their encapsulation. Then we studied optical properties of the obtained dye-loaded NPs. Fluorescence spectra of PLGA NPs loaded at 50 mM with R18 dye salts showed significant variations in the intensity (Figure 4A) and slight changes in the band position (Figure S22, Table S6) as a function of the counterion. Indeed, for the bulky hydrophobic counterions (B21H18, F5-TPB, F6-TPB, F12-TPB), NPs displayed stronger fluorescence intensity, while the blue shifted emission was systematically observed for their fluorinated analogues (F5-TPB, F6-TPB, F12-TPB). For this loading, fluorescence quantum yields (QYs) showed clear dependence on the nature of the counterion (Figure 4B, Table S5). The lowest QY values were observed for small hydrophilic anions (ClO4, BF4, PF6 and B(CN)4), whereas the highest values corresponded to the most hydrophobic and bulky anions, namely B21H18, F5-TPB, F6-TPB, F12-TPB. By contrast, the QY values were high (>50%) for all 5 mM dye-loaded NPs independently of counterion (Table S4). In absorption spectra, 5 mM dye-loaded NPs showed relatively narrow bands for all the counterions, being clearly different form aggregates of R18/ClO4 in water (Figures S23-S25). This indicates that at low dye loading the dyes salts, independently of the counterion, were probably well encapsulated inside polymer matrix without signs of dye aggregation, thus explaining high QYs. By contrast, at 50 mM loading, R18 with small hydrophilic counterions showed broadened and red-shifted absorption spectra, close to that of R18/ClO4 aggregates in water (Figure S26, Table S6). In case of medium-sized counterions (B(CF3)4 and F5-3PB-OH, Figure S27) and especially bulky hydrophobic counterions (B21H18, F5-TPB, F6-TPB, F12-TPB, Figure S28) the absorption spectra looked more narrow and significantly red shifted with respect to the R18/ClO4 aggregates in water and their maxima were close to that of R18/ClO4 in methanol (Table S6). These results suggest that at high loading R18 with small hydrophilic anions undergo strong aggregation that leads to dye self-quenching (ACQ). By contrast, in case of bulky hydrophobic counterions, ACQ of dyes inside NPs is much less pronounced despite the high loading. These observations corroborate with our earlier report [16] showing that the R18 salt with F5-TPB counterion is much less quenched in PLGA NPs than the R18 salt with ClO4. Here, we show this tendency for a large range of anions, which suggests that bulky and hydrophobic nature is a key to preventing aggregation-caused quenching of cationic R18. Independently of their chemical structure, these anions play a role of spacer for the cationic rhodamine dye, thus preventing formation of non-fluorescent pi-pi stacked aggregates. On the other hand, these results also suggest that fluorination of the counterion is important, but not absolutely required condition, because very good QY was also obtained for ion pair with B21H18 anion, which has no fluorines at all. Based on its high LogPHWA and Rf values, we could speculate that the combination of high hydrophobicity and large size of B21H18 is crucial to achieve effective prevention of aggregation-caused quenching. The R18 salt with B(CF3)4 anion exhibited intermediate values of QY, probably due to its intermediate values of size and hydrophobicity in comparison to other studied anions. It is important to note that purification of these NPs by dialysis in the presence of beta-cyclodextrin improved quantum yields for all small hydrophilic anions, although the obtained QY values never reached those for the bulky hydrophobic counterions (Figure 4B, Table S5). We expect that a poorly encapsulated fraction of dyes is probably self-quenched at the NP surface, so that its removal improves the QY of NPs. Importantly, this purification procedure does not change the QY values for NPs with bulky hydrophobic anions, in line with their capacity to encapsulate efficiently the R18 dye. When dyes are localized in close proximity within the polymer, they may start communicating by so-called excitation energy transfer (EET). This process can be readily monitored by fluorescence anisotropy, because EET leads to loss of anisotropy. [16] In the rigid polymer matrix, where fluorophores do not undergo molecular rotation, EET is the only mechanism of anisotropy loss. The lower are the values of anisotropy, the larger population of dyes is involved in EET. Our data show that extremely low values of anisotropy (0.002) were observed only for four counterions: F5-TPB, F6-TPB, F12-TPB and B21H18 (Figure 4B, Table S5). For all other counterions, the anisotropy value was much higher, and the purification of NPs by dialysis further increased it. This effect was especially pronounced for B(CF3)4, where the value reached 0.071, which was ~100-fold higher than those observed for the three fluorinated TPB counterions. This result underlines that the counterion can strongly alter organization of dyes inside the polymer matrix. Thus, in line with our original works on F5-TPB, the bulky hydrophobic (TPB) counterions tend to organize the dyes in form of clusters where the dyes undergo very fast EET. 35,49 Our recent work suggested that with F5-TPB, EET within R18 dyes can reach unprecedented time scales of 30 fs. [20] The observed much higher values of anisotropy for less hydrophobic anions, including B(CF3)4, suggest that their dye salts do not form these emissive dye clusters, but tend to disperse as ion pairs isolated in polymer matrix with poor interfluorophore communication along with non-emissive dye aggregates.

Single-particle emission properties

We then studied our dye-loaded NPs at the single-particle level. To this end, freshly prepared non-dialyzed NPs were immobilized at the glass surface and imaged using wide-field fluorescence microscopy. NPs with small hydrophilic counterions were not tested because they produced particle aggregation. Fluorescent particles were observed as bright spots, distributed randomly on the surface (Figure 5A). The best quality images were obtained for B21H18, F5-TPB, F6-TPB and F12-TPB (Figure 5A and Figure S30), where particles appeared bright on a relatively dark background. For B(CF3)4 the background signal was higher, probably because some fraction of poorly encapsulated dyes desorbed from particles, producing some background noise. The images of quantum dots QD585 remained relatively dim despite the use of even higher excitation power, showing that all our NPs are much brighter than QD585. Quantitative analysis revealed that all our NPs were 20-40-fold brighter than QD585 particles at the same instrumental settings. Previous studies showed that high brightness of NPs could be achieved using R18 salt with F5-TPB [16] and an aluminate F9-Al [18] counterions. Here, we show that other counterions of very different structure can operate similarly to F5-TPB. Particularly interesting in this respect are B21H18 and B(CF3)4. The former is the first example of a non-fluorinated anion capable to prevent ACQ of R18, while the latter is by far the smallest fluorinated anion that prevents ACQ despite being >2-fold smaller than F5-TPB. Next, we analyzed the fluorescence intensity of single particles as a function of time. With some counterions, such as B(CF3)4 and F5-3PB-OH, NPs showed stable fluorescence, whereas for all others a complete ON/OFF switching was observed (Figure 6A). The latter was previously reported for NPs loaded with R18/F5-TPB, [16] and was assigned to unprecedented communication of R18 dyes, assembled inside the polymer matrix by the F5-TPB counterion. The counterion plays the role of both spacer, which prevents dyes from ACQ, and "glue" that brings the dyes together and ensures fast EET. [16][17]20] In these conditions, any transient dark species inside a particle can quench the entire particle. Here, we showed that this unique ON/OFF switching behavior of a large dye ensemble is realized for different types of counterions: three from fluorinated TPB and one from the borohydride family. A remarkable observation in this respect is a complete absence of the ON/OFF switching behavior for B(CF3)4 and F5-3PB-OH. The size of these two anions is significantly smaller and they are significantly less hydrophobic (i.e. lower LogPHWA and Rf values) compared to the fluorinated TPBs. The absence of blinking also matches well the high values of fluorescence anisotropy observed for these two counterions (Figure 4B, Table S5), confirming that for these anions the dye-dye communication through EET is clearly less efficient as compared to the fluorinated TPBs. Thus, by varying the counterion nature we can tune the NP emission from complete ON/OFF switching to stable emission. Photostability of these NPs was also monitored with the same wide-field setup by recording the average fluorescence intensity of all detected NPs as a function of time (Figure 6B). These studies revealed that all NPs, demonstrating ON/OFF switching behavior, showed continuous decay of fluorescence, clearly due to conversion of the NPs into the dark state. In all these cases, dark species accumulate within the particles, which further leads to complete loss of their fluorescence. In sharp contrast, NPs containing B(CF3)4 and F5-3PB-OH, which did not undergo ON/OFF switching, showed stable fluorescence without clear signs of fluorescence decay. These results show that the counterions with medium size and hydrophobicity minimize dye-dye energy transfer and ensure higher photostability of their NPs.

Cellular studies

Finally, we incubated our NPs with living cells in order to evaluate their compatibility with cell imaging applications. In this case we tested NPs with all the counterions, including small hydrophilic ones, to see if their poor encapsulation capacity would influence the cell staining profile. Fluorescence confocal microscopy images of KB cells, incubated with NPs, showed dramatic differences for NPs containing different counterions (Figure 7, Figure S31). Indeed, for NPs containing bulky hydrophobic fluorinated TPBs, dotted fluorescence of NPs was observed inside the cells, in line with earlier works showing that these small PLGA NPs enter cells by endocytosis. [16,18] On the other hand, for small hydrophilic anions continuous fluorescence was observed all over cells without any signs of particle fluorescence, suggesting strong dye leakage from NPs (Figure 7 and Figure S31). We expect that the non-encapsulated dye desorbs from NPs surface due to contact with cell membranes and then gets dissolved in lipids of membranes, generating high fluorescence signal all over the cells. The observed significantly higher fluorescence intensity in this case is due to much higher efficiency of contact-mediated dye transfer from all NPs outside and inside the cells comparing to endocytosis of NPs, [39] in agreement with our previous work. [19] The intermediate case was observed for NPs containing B(CF3)4, F5-3PB-OH and B21H18, where both continuous fluorescence from the leaked dye and dotted fluorescence from NPs were observed. These results show that only in the case of highly fluorinated TPBs, especially F6-TPB and F12-TB, no leakage was detected, whereas in all other cases, the surface-bound dyes detached from the NP surface and spread all over the cells. This conclusion is in line with our encapsulation studies showing that only fluorinated TPBs exhibit the capacity to encapsulate the cationic R18 dye with nearly quantitative efficiency. Remarkably, an encapsulation efficiency of 0.92 in case of F5-TPB was still not sufficient, as for high loading some dye release was still observed (Figure 7). We further performed the same cell imaging studies using B(CF3)4 (Figure S32) and F5-TPB (Figure S33) NPs after purification by dialysis with beta-cyclodextrin. It could be seen that purification drastically decreased intracellular emission background from the free dye. These results show, that removal of the poorly encapsulated fraction of dyes from the NP surface can significantly decrease the amount of released dye in biological media. NPs were loaded at the concentration of 5 and 50 mM with R18 salts with different counterions. Excitation was done with 561 nm laser, emission was collected from 570 to 650 nm. For R18/ClO4 and R18/B(CF3)4 NPs at both loadings the brightness was decreased 4 times for better visibility. Membranes were stained with wheat-germ agglutinin-Alexa488 (in green). The excitation was done at 488 nm, emission was collected from 500 to 550 nm.

Role of a counterion in dye encapsulation and emission

During nanoprecipitation the interdiffusion of water and acetonitrile leads to supersaturation of the organic compounds. [40] In our case, supersaturation of polymer and the dye salt, driven by hydrophobic forces results in nanoprecipitation of both components together. Therefore, encapsulation of the dye salt should depend on its hydrophobicity. According to chromatography (Rf) and phase partitioning (LogPHWA), the most apolar and hydrophobic dye salts are formed by the largest and most fluorinated counterions. These salts will have the strongest tendency to interact with hydrophobic matrix of PLGA polymer, thus explaining their better encapsulation and lowest leakage in living cells. On the other hand, for all other counterions, the dye salts are much less hydrophobic, as could be seen from low values LogPHWA and Rf. In these cases, polymer could precipitate at the same time or even faster than the dye salt, thus resulting in some fraction of the dyes being located at the surface of polymer NPs without efficient encapsulation (Figure 3). Moreover, in case of the smallest and most hydrophilic anions, the dye salts could additionally dissociate in aqueous media. Then, generated cationic R18 dye being adsorbed at the NPs surface could decrease their negative surface charge (Figure 8) and, thus, compromise their colloidal stability as observed by DLS. Indeed, we have shown previously that the amount of charged groups on the polymers used for NP formation is crucial for the formation of small particles. [8, 17b] The small size of polymer NPs containing R18 with bulky hydrophobic and medium-sized counterions suggests that these ion pairs probably do not dissociate in water and do not neutralize surface carboxylates. Surface binding of dyes with small hydrophilic counterions is clearly seen in cellular experiments, where dye leakage results in the fluorescence staining of the whole cell (Figure 7). This type of leakage is known as burst release, which is typically observed for drug-loaded nanoparticles, [41] including those made of PLGA. [42] Here, we showed that this burst release can be minimized by hydrophobic counterions forming ion pairs with ionic cargo. The second issue is the control of emission properties of dye-loaded NPs by counterion nature. We found that fluorescence quantum yields correlates well with size and hydrophobicity of counterions (Figure 4B), suggesting that the largest and the most hydrophobic counterions are the most efficient in fighting aggregation-caused quenching. In this case, counterion plays a role of bulky spacer between dyes, providing sufficient distance required to prevent quenching processes, such as electron transfer and H-aggregation. Remarkably, none of small hydrophilic counterions, including those containing fluorines (BF4 and PF6), was able to prevent ACQ, indicating that their size is insufficient to prevent undesired quenching processes. One could consider that there is a critical size, below which the counterion loses capacity to prevent ACQ. Indeed, starting from counterions of intermediate size, B(CF3)4 and F5-3PB-OH, the quantum yield drops abruptly. We could speculate that the size of the counterion should not be significantly smaller than the size of the dye. Previously, we showed both F5-TPB and F12-TPB are efficient against ACQ in cyanine 3 dye. [19] However, larger dye cyanine 5 delivered higher quantum yields in couple with F12-TPB, which is larger than F5-TPB, which shows that critical size of counterion should be reached also for cyanines. It was also shown that fluorination of counterion plays an important role to prevent ACQ in pure dye salts of R18 [34d] and some cyanines. [19,43] In this work, we found a first example of non-fluorinated counterion (B21H18) that prevents well ACQ in dye-loaded NPs. This example confirms that its high hydrophobicity, evidenced by Rf and LogPHWA, as well as the large size are probably the most critical factors preventing ACQ. However, earlier studies showed that relatively bulky and hydrophobic non-fluorinated tetraphenylborate (TPB) produces strong quenching of R18. [16] The key differences of B21H18 from TPB are the following. (i) It should not undergo electron transfer processes that could quench the cationic dye, unlike TPB. [44] (ii) Its surface hydrogen atoms bear partial negative charge, while hydrogen atoms of TPB bear partial positive charge. The latter feature of B21H18 is similar to F5-TPB, where the negative charge is delocalized at the fluorine atoms on the surface of the anion. [22a] Finally, we found that the nature of a counterion can largely modulate the interfluorophore communication, which is evident from fluorescence anisotropy (Figure 4B) and single particle blinking behavior (Figure 6). As shown in our recent work, R18/F5-TPB is so hydrophobic that during nanoprecipitation it might self-assemble even faster than PLGA, which may result in formation of nanoclusters of this dye salt, followed by formation of the polymer matrix around this cluster. [16,38] The very small inter-fluorophore distances in these nanoclusters lead to very efficient and extremely fast energy transfer within all the dyes in the cluster. In consequence, a single transient dark state can temporally quench fluorescence emission from the whole cluster, leading to the OFF-state and, therefore, to blinking. In the present study this is probably the case for the four most hydrophobic and bulky anions, namely B21H18, F5-TPB, F6-TPB and F12-TPB. Formation of such dye clusters is supported by remarkably low fluorescence anisotropy (Figure 4B), implying very efficient dye-dye communication, and ON/OFF particle switching (Figure 6A), where hundreds of strongly coupled encapsulated dyes in the cluster can be turned off by single dark species. [8] Moreover, nearly quantitative encapsulation and absence of dye leakage in cells show that these dye salts are deeply embedded inside the particle core, in line with our assumption of the core-shell organization of these NPs (Figure 8). By contrast, small hydrophilic counterions are unable to form these emissive clusters, because they cannot prevent ACQ, as evidenced by low quantum yields (Figure 4B). Here, we should clearly distinguish formation of self-quenched pi-pi stacked dye aggregates in the presence of small hydrophilic counterions and emissive clusters formed with bulky hydrophobic counterions capable of preventing ACQ (Figure 8). A significant fraction of these non-fluorescent aggregates is located at the particle surface, as can be seen from strong increase in the quantum yield after dialysis with beta-cyclodextrin (Figure 4B). The high fluorescence anisotropy observed in case of these small hydrophilic anions (Figure 4B) is probably related to remaining small fraction non-aggregated ion pairs dispersed in the polymer matrix of NPs (Figure 8). For counterions with intermediate properties, such as B(CF3)4 and F5-3PB-OH, the fraction of dispersed dye salt in the polymer matrix is probably higher, as seen from the highest values of anisotropy for these two counterions after dialysis (Figure 4B). We expect that the intermediate hydrophobicity of these salts matched that of PLGA, so that nanoprecipitation of the polymer was probably going with similar speed as encapsulation of the dye, thus dispersing the dye in the matrix without formation of emissive dye clusters (Figure 8). This hypothesis is confirmed by total absence of fluorescence ON/OFF switching at the single-particle level. This dispersed distribution ensured maximal dye-dye separation inside the polymer matrix, thus minimizing communication through EET, confirmed by relatively large values of fluorescence anisotropy (Figure 4B). We could conclude that dispersion of the dye inside the polymer can prevent ON/OFF switching of NPs and ensure their high photostability (Figure 6B). Overall, counterions can tune the organization of dyes inside the polymer matrix of NPs and thus change their emission from intermittent to stable and continuous, while ensuring high fluorescence quantum yields by preventing ACQ. This tuning will help designing bright fluorescent nanomaterials for specific applications. On one hand, NPs with clustered dyes, produced by bulky hydrophobic counterions, will be of high interest for superresolution imaging, light harvesting and FRET-based sensing. Indeed, we showed recently that R18 dye salt with bulky hydrophobic counterion F5-TPB loaded at high concentration in polymer NPs enables ultrafast EET at the fs time scale, producing highly efficient light-harvesting process, with antenna effect >1000. [20] This high dye cooperativity, favored by F5-TPB, has already enabled preparation of ultra-bright FRET platforms (100-fold brighter than corresponding quantum dots) for amplified detection of nucleic acids. [21] On the other hand, NPs with dispersed dyes (using counterions of medium hydrophobicity, such as B(CF3)4 and F5-3PB-OH), which exhibit stable emission, will be of high interest as robust labels for single molecule/particle tracking and imaging applications. It is well established that brightness, photo-stability and continuous non-blinking emission of NPs are of key importance for single-particle tracking in live cells. [5,45] 

CONCLUSIONS

Recently, the use of bulky hydrophobic counterions emerged as a promising approach for preventing aggregation-caused quenching of cationic dyes in polymeric nanomaterials. The present work has shed light on how the encapsulation and emission of dyes inside a polymer nanoparticle can be controlled by the counterion nature. To this end, a systematic study on ten counterions of different size and hydrophobicity with a cationic dye (rhodamine B octadecyl ester) was performed in nanoparticles prepared by nanoprecipitation of a biodegradable polymer PLGA. First of all, it was shown, that high hydrophobicity of a counterion is essential for quantitative encapsulation of cationic cargo and formation of small and colloidally stable nanoparticles. Quantitative encapsulation, achieved only with the most hydrophobic counterions, proved to be critical in the cellular imaging studies, where only nanoparticles with >95% encapsulation efficiency showed no signs of dye leakage inside the cells. Second, the size of the counterion is essential to prevent aggregation-caused quenching of dyes in the polymer matrix, clearly because larger counterions better separate fluorophores from each other. On the other hand, small hydrophilic counterions systematically failed to prevent ACQ. Third, the nature of a counterion can tune the emission of dye-loaded NPs from stable to intermittent. Indeed, counterions with the largest size and hydrophobicity favor clustering of the dyes inside the polymer matrix, resulting in nearly complete ON/OFF switching of NPs. This type of NPs will be particularly suitable for super-resolution imaging as well as for lightharvesting and sensing applications where dye-dye energy transfer is of key importance. On the other hand, counterions with medium size and hydrophobicity favor homogeneous distribution of the dye inside polymer matrix, thus favoring stable emission of NPs, which is important for single-particle tracking applications. The obtained structure-property relationships validate the counterion-based approach as a mature concept to fight aggregation caused quenching and dye leakage in polymeric nanomaterials, which we call "counterionenhanced encapsulation and emission". In comparison to other strategies for preventing aggregation-caused quenching, the counterion-based approach has the following unique features. (1) Simple preparation, which uses basic modification of common organic dyes (introduction of alkyl chain) in combination with commercially available counterions. Here, nanoparticles are readily prepared by a rapid one-step nanoprecipitation protocol. (2) Compatibility of the approach with classical cationic dyes, such as rhodamine and cyanines, [18] which are known for their high brightness and photostability. However, it should be mentioned that the method requires charged dyes, which can be considered as a limitation. (3) Possibility to tune dye-dye coupling by selecting the counterion and changing the dye loading. On one hand, this enables preparation of NPs with highly cooperative dyes undergoing ON/OFF switching and efficient energy transfer. On other hand, NPs with stable continuous fluorescence could be also prepared. The obtained results open a path to rational design of ultra-bright fluorescent nanomaterials for bioimaging, tracking and sensing applications. Moreover, the efficient encapsulation achieved with help of counterions can be extended to other ionic contrast agents and drugs for preparation of nanomaterials for theranostics.

Figure 1 .

 1 Figure 1. Counterions and R18 dye used for preparation of dye-loaded fluorescent polymeric nanoparticles.
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 2 Figure 2. (A) Thin layer chromatography plate of R18 salts with different counterions, run with dichloromethane as eluent. (B) LogPHWA values measured for the studied ion pairs.
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 3 Figure 3. Hydrodynamic diameter of dye-loaded PLGA NPs according to DLS and encapsulation efficiency of R18 salts with different counterions. Dye salt loading was 50 mM with respect to polymer.
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 4 Figure 4. Fluorescence properties of PLGA NPs loaded at 50 mM of R18 dye salts with different counterions. (A) Fluorescence spectra of the dye-loaded NPs before the dialysis. The intensity was normalized to the corresponding fluorescence quantum yield. (B) Fluorescence quantum yield and anisotropy of the dye-loaded NPs before and after dialysis.
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 5 Figure 5. Single-particle characterization of dye-loaded polymer NPs by wide-field fluorescence microscopy. (A) Microscopy images of some of the dye-loaded polymer NPs in comparison to quantum dots QD585. Excitation wavelength was 532 nm with power density of 0.08 W/cm 2 (0.5 W/cm 2 for QDs). Integration time was 305 ms. Image size was 27x27 µm. (B) Single-particle brightness of dye-loaded polymer NPs measured at two different excitation power densities. The values are relative to the brightness of a single QD585 at 0.5 W/cm 2 . Errors are standard deviation of the mean for 3 images. At least 200 particles per image were analyzed in each condition.
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 6 Figure 6. Single-particle emission traces (A) and photostability (B) of dye-loaded NPs containing R18 dye salts with different counterions, studied under wide-field microscopy. (A) Fluorescence intensity traces of representative single NPs recorded at integration time of 30.5 ms. Excitation wavelength was 532 nm with power density of 0.08 W/cm 2 . (B) Fluorescence intensity recorded for all particles within an image as a function of time.

Figure 7 .

 7 Figure 7.Confocal images of KB cells, incubated for 3h with dye-loaded PLGA NPs. NPs were loaded at the concentration of 5 and 50 mM with R18 salts with different counterions. Excitation was done with 561 nm laser, emission was collected from 570 to 650 nm. For R18/ClO4 and R18/B(CF3)4 NPs at both loadings the brightness was decreased 4 times for better visibility. Membranes were stained with wheat-germ agglutinin-Alexa488 (in green). The excitation was done at 488 nm, emission was collected from 500 to 550 nm.

Figure 8 .

 8 Figure 8. Scheme of proposed models of R18 dye distribution inside PLGA NPs for a) for ion pairs with small hydrophilic counterions, like ClO4 and b) ion pairs with large hydrophobic counterions, like fluorinated TPBs.
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