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Introduction

The primary feature of nanoparticles (NPs) as tools for nanomedicine is their capacity to encapsulate a cargo, as it enables targeted delivery of drugs or contrast agents to the cells and tissues preventing nonspecific distribution of active molecules all over the body. [1][2][3] Polymer NPs are particularly promising nanocarriers, because their solid hydrophobic matrix can efficiently host a variety of hydrophobic guest molecules, in particular drugs. 4,5 As polymer NPs can be built from biodegradable matrix polymers, the nanocarrier can be cleared from the body and ensure long-term release of active molecules. [6][7][8] One of the major limitations of these nanocarriers is uncontrolled rapid leakage (or leaching) of the cargo in biological media, also called burst release. [9][10][11][12][13][14] It results in undesired release of drugs in healthy tissues producing toxic side effects. One reason for burst release is related to matrix properties of polymer NPs, in particular porosity, which favors fast diffusion of the drug within the matrix towards the NP surface. 10,15,16 The other key reason is surface adsorption of the cargo instead of its encapsulation inside the matrix of the NP. Uncontrolled rapid release is particularly critical in biological media and cells, because hydrophobic cargo, being insoluble in water can be readily solubilized by lipid components of serum or cell membranes. As release of drugs is very difficult to monitor in complex biological media and in live cells, fluorescent dyes are used as model cargos for polymer NPs. [17][18][19][20][21][22][23] Dye-loaded polymeric NPs are attractive systems to address the problem of cargo leakage. On one hand, they are powerful tools for fluorescence bioimaging in vitro and in vivo. [24][25][26] Indeed, owing to high brightness, biodegradability and capacity to encapsulate different cargos, dye-loaded polymer NPs emerged as a powerful alternative to inorganic nanoparticles, such as quantum dots, 27,28 dye-doped silica NPs, 29,30 etc. They have already found a variety of applications, including cellular and in vivo imaging, [START_REF] Wagh | Small[END_REF][START_REF] Wagh | [END_REF] , imaging of cellular uptake, [33][34][35][36] long-term cell tracking, 24,35 cell barcoding, 24 receptor-specific cell targeting, [START_REF] Wagh | Small[END_REF]37,38 single-molecule detection 39 and single-particle tracking 40 , biosensing, 41 as well as in vivo studies for visualizing tumors 42,43 , theranostics 44 , photodynamic therapy, 45 etc. On the other hand, dye-loaded polymeric NPs can model the behavior of drug-loaded NPs. The encapsulated fluorescent dyes are excellent probes that can report on the cargo release from nanocarriers. [17][18][19][20][21][22][23] Dye-loaded and drug-loaded NPs share two key common requirements. The first requirement is the high loading of cargo. In drug-loaded NPs, it is essential for enhancing therapeutic efficacy, whereas in dye-loaded NPs, it is needed to reach the maximal possible brightness. However, in dye-loaded NPs, high loading leads to aggregation-caused quenching (ACQ), because of -stacking of flat aromatic dye molecules into nonfluorescent H-aggregates. Several methods have been developed to date to prevent ACQ: aggregationinduced emission 46 , the use of bulky side groups 47,48 and bulky hydrophobic counterions 33,49 . Secondly, similarly to drug-loaded NPs, dye-loaded NPs should be stable against rapid cargo leakage inside biological systems. Indeed, the liberated dye of NPs is a source of strong background and non-specific off-target fluorescence. In this case, the cells incubated with NPs become strongly fluorescent not because of the nanoparticle entry, but due to leakage of dyes from particles in solution and their further diffusion inside cells. 17-19, 22, 50 Some reports linked the problem of dye leakage to insufficient hydrophobicity of the encapsulated dyes. 19,21 However, so far there is no systematic study on the importance of chemical structure of cargo dye for preventing the burst release in biological media and living cells.

In the present work, we synthesized various BODIPY dye derivatives bearing different hydrophobic groups: aromatic as well as aliphatic groups with single or multiple hydrocarbon chains. BODIPYs are neutral dyes with low polarity, featuring excellent absorption and fluorescent properties. 51,52 BODIPY dyes and their analogues have been attractive building blocks in molecular and nano-constructs for fluorescence imaging and photodynamic therapy applications. [53][54][55][56][57] Therefore, they are good candidates as a model cargo. Using the biodegradable polymer poly(lactic-co-glycolic acid) (PLGA), we prepared NPs by nanoprecipitation containing different BODIPY derivatives. NPs were characterized depending on the BODIPY structure and loading concentration by measuring their size, aggregation of dyes inside NPs and fluorescence quantum yield. Then, using florescence correlation spectroscopy (FCS) we evaluated the leakage of different BODIPY dyes from NPs in the presence of fetal bovine serum (FBS). Finally, the stability of NPs loaded with different BODIPY dyes was tested after incubation with living Hela cells by confocal fluorescence microscopy.

Results and discussion

As parent compounds, we selected B-P and B-Mes, where the latter bears additional ethyl groups in the  position pyrrole rings and a mesityl group at the meso position, instead of phenyl. In addition to higher hydrophobicity of B-Mes, these additional groups were reported to decrease aggregation-caused quenching of the dyes. 58 Based on core structure of B-Mes, we designed a series of BODIPY derivatives, where aryl group at meso position was replaced with different hydrophobic groups. To this end, a corresponding BODIPY-acid derivative 1 was synthesized, which was further reacted with different primary and secondary aliphatic amines to afford final hydrophobic BODIPY derivatives (Scheme 1).

Scheme 1.

(A) Synthesis of the hydrophobic BODIPYs. (B) Chemical structures of studied BODIPY dye derivatives and their calculated LogP (CLogP) values denoting their increasing lipophilicity.

Further, we have prepared blended PLGA-BODIPY NPs containing different amounts of BODIPY dyes using our previously developed nanoprecipitation method. 33,59 It is based on solvent displacement, 60 but in our case the use of hydrophobic polymer bearing one charged group per polymer enables preparation of relatively small NPs in the size range (15-60 nm). 33,59 In the present case, a solution of PLGA and a corresponding BODIPY dye in acetonitrile was injected rapidly into aqueous buffer under intense shaking at rt. The obtained NPs were studied without further purification, because neither dialysis nor filtration through a hydrophobic (PTFE) filter changed the dye concentration in the sample (data not shown). Owing to spherical shape of dye-loaded PLGA NPs prepared by nanoprecipitation, 24,59 their size can be characterized by dynamic light scattering (DLS). Figure 1A shows the hydrodynamic diameters of the produced BODIPY-loaded polymer NPs. At dye loadings ≤ 200 mM (with respect to the polymer), the hydrodynamic diameter of most BODIPY NPs was about 35-40 nm. At 200 mM dye loading and higher, the size of all BODIPY NPs increased to 45-60 nm. BODIPY NPs displayed quite narrow volume size distribution (e.g. polydispersity index (PDI) 0.068-0.192 for NPs with 100 mM loading) with a single maximum that was shifted slightly to higher values with increase in the dye loading (Fig. S1). It should be noted, that the size of produced BODIPY-loaded polymer NPs was 4 to 5 times lower than that of BODIPY aggregates formed in the same aqueous buffer without the polymer, using concentration corresponding to 100 mM loading (Fig. 1B). Interestingly, BODIPY aggregates also displayed a mono-modal size distribution, however the distribution curves were broader (PDI 0.086-0.27) in comparison to PLGA NPs at corresponding dye concentration (Fig. S1). Formation of monodisperse NPs have been previously shown for some hydrophobic dyes. 61,62 Significantly smaller size of NPs than that of aggregates suggests that during nanoprecipitation hydrophobic BODIPY dyes form blended structures with PLGA NPs.

To estimate the fraction of the dye that was blended with NPs, i.e. the loading efficiency, we used PTFE filter of 200 nm, which was expected to separate dye-loaded NPs from dye aggregates in water. In a control experiment, the filtration of dye NPs prepared without PLGA resulted in nearly complete disappearance of the dye absorption, as shown from the UV-visible spectra (Fig. S2). This result is in line with the large size of the dye aggregates without polymer (Fig. 1B). In a sharp contrast, after filtration of dye-loaded PLGA NPs, a large fraction of the dye was still observed in the absorption spectra (Fig. 1C and Fig. S2). These results suggest the filtration process could separate to some extent the dyeloaded polymeric NPs from dye aggregates in water, so that the fraction the dye in the filtered NPs with respect to total dye before the filtration reflects the dye loading efficiency (Fig. 1C). Remarkably, nearly all tested BODIPYs showed high dye loading efficiency, around 90%, except the least hydrophobic B-P showing 73.4±0.5 % efficiency. Based on the feeding ratio dye/polymer, the encapsulation efficiency, and measured hydrodynamic diameter of NPs, the number of dyes per particle can be theoretically estimated. For instance, in case of B-2C8 at 200 mM loading (86.1 % loading efficiency, 50 nm diameter), the estimated number of dyes per particle is ~6800. The absorption and fluorescence spectra of representative NPs loaded with different amounts of B-Mes, and more hydrophobic B-C18, bearing the longest hydrophobic chain, are shown in Figure 2. In the organic solvent methanol, where only molecular species of BODIPY dyes are expected, the absorption spectrum displayed a single band at 520 nm with a slight shoulder on the blue side for both dyes (Fig. 2). On the other hand, in water, where these dyes are poorly soluble, the absorption spectra of both dyes showed significant broadening with a shoulder at the shorter wavelengths, which, according to early works is a characteristic to formation of aggregated species. 63 At the lowest studied loadings in PLGA NPs (1 mM), BODIPY dyes displayed absorption spectra typical for non-aggregated dyes, like in methanol, although for B-C18 a small short-wavelength shoulder of aggregates could already be noticed. At high dye BODIPY loading (200 mM), a strong broadening of absorption spectra and an increase in the shoulder were observed for all studied dyes (Fig. 2, 3 andS3), indicating that BODIPY dyes tend to form aggregates in PLGA NPs. Nevertheless, B-C18 displayed stronger tendency to aggregate in PLGA matrix than B-Mes, as the characteristic short-wavelength shoulder was observed for B-C18 at low and medium loadings, in contrast to B-Mes (Fig. 2). When all synthesized dyes were compared together using the absorbance ratio at the shoulder vs the maximum (Fig. 3), it can be seen that aggregation in polymer NPs was much more pronounced for BODIPY dyes with long and branched hydrophobic chains, such as B-C18, B-C12 and B-2C8, B-b2C8. The least aggregated was B-P dye, which is clearly the least hydrophobic one. BODIPY dyes bearing cyclic groups, B-Ad and B-cC12, showed intermediate aggregation inside PLGA NPs. In any case, even at 200 mM loading the absorption spectra of dyes in PLGA NPs were narrower than those in water without polymer (Fig. 2 andS3), which additionally support that the dyes are blended with PLGA in particles.

Fluorescence spectra reflected similar tendencies. The emission spectra of B-Mes and B-C18 were narrow in methanol, whereas in water they were much broader and red-shifted (Fig. 2). When coprecipitated with PLGA NPs at low dye loading, they showed emission spectra similar to that in methanol, indicating that majority of emissive species are in the molecular form within PLGA polymer matrix. However, at higher loadings, broadening of the emission band together with the red shift was observed for both dyes (Fig. 2) as well as for all other studied BODIPY derivatives (Fig. S4). These spectral changes indicate that aggregation of BODIPY molecules in polymer NPs occurs at high dye loadings. In neat water, all studied BODIPY dyes, except B-P showed very low values of fluorescence quantum yield (QY), clearly because of their strong aggregation (Fig. 4A). Co-precipitation of BODIPY dyes with PLGA strongly affected QY (Fig. 4B). At the lowest dye loading in PLGA NPs (< 10 mM), QY were high reaching for some dyes values close to 1 (Fig. 4A). Remarkably, for most of dyes these values exceeded those in methanol (0.4 -0.6, Fig. 4B), suggesting that rigid polymer matrix minimizes nonradiative deactivation of the dyes. With increase in dye concentration in PLGA NPs, the QY values decreased gradually, showing that dye aggregation leads to poorly emissive species. Remarkably, the least hydrophobic B-P kept relatively high values of QY, so that at 500 mM loading, QY of B-P was ~0.27, very close to that in water. We could speculate that at the high dye loading B-P is not well encapsulated, so that its emission is similar to free molecular species dissolved in water. This is not the case for other dyes, where for most of loadings the QY values in PLGA NPs are higher than those in water. Further, we have modeled the biological environment to test the leakage of BODIPY dyes from the polymer particles by adding 10 % fetal bovine serum (FBS) to BODIPY (200 mM) NP solutions. The leakage of dyes was evaluated by fluorescence correlation spectroscopy (FCS) (Table 1). [64][65][66] FCS is a powerful tool to characterize NPs size [START_REF] Dominguez-Medina | Annual Review of Physical Chemistry[END_REF] and polydipersity, [START_REF] Pal | [END_REF] as well as to evaluate their behavior in biological media, 69 including their stability, 70,71 and formation of protein corona on the surface of NPs. 72,73 Recent studies showed the possibility to use FCS to study leakage of dyes from unilamellar lipid vesicles, 74 and lipid nano-droplets directly in biological media. 17,75 In the latter studies, it was shown that dye leakage can be readily detected as an increase in the number of emissive species, because dyes, initially concentrated inside NPs, are spread all over the biological media. Without FBS most of the NPs showed a number of emissive species of 0.4-0.7 per excitation volume. The only exceptions were NPs prepared with B-Mes and especially B-P showing much larger number of emissive species, 2.0 and 14.2, respectively. The latter suggests that a significant fraction of these dyes are not encapsulated and free in solution, in line with our conclusions made for B-P based on spectroscopy data. Moreover, the quality of the fit of the auto-correlation curve was less good in case of B-P PLGA NPs in buffer, probably because of contribution from the non-encapsulated fraction of the dye (Fig. S5). For most NPs, addition of FBS induced a significant enhancement of signal intensity as well as large increase in the number of emissive species (3.6-26.9-fold, Table 1), except for NPs encapsulating B-C18 and B-2C8 dyes (only 1.8-fold). An increase in the number of emissive species in the detection volume is directly linked to the amount of free BODIPY dyes escaped from NPs due to interaction with FBS components (proteins and lipoproteins). On the other hand, the increase in overall average signal intensity of the sample in the presence of FBS is probably related to dyes that are initially quenched inside NPs and that enhance their emission once bound to the serum components. Again, this value was the largest for B-P, confirming very poor encapsulation of this dye into PLGA NPs. Importantly, in case of NPs prepared with B-C18 and B-2C8, the fluorescence intensity did not change much in the presence of FBS, confirming that the dye leakage in these cases is minimal. The obtained results showed a clear correlation of the dye leakage with hydrophobicity of BODIPY dyes. Indeed, the highest stability against leakage is observed for the most hydrophobic dyes B-C18 and B-2C8 displaying the highest ClogP values (13.44, 14.75 respectively), despite of their quite different chemical structure. The first dye, B-C18, has the longest hydrophobic C18 chain, while the second, B-2C8, has two octyl chains. Surprisingly, even small shortening of the hydrophobic chain, as in the case of B-C12 (ClogP value 11.58), dramatically increased the leakage from NPs, showing the largest increase in signal intensity and the number of emissive species (Table 1). When comparing the dyes with two-branched chains, B-2C8 and B-b2C8, branching had a negative impact on the stability of NPs, as B-b2C8 NPs showed much stronger changes in serum. Then, dyes with cyclic alkyl groups (B-cC12) showed similar poor resistance to leakage. Finally, dyes without any hydrophobic chain (B-P, B-Mes) showed dye leakage even in water and it was further enhanced by FBS. These dyes, being the least hydrophobic, showed the poorest encapsulation.

It should be also noted that the addition of FBS resulted in an increase in the hydrodynamic diameter (D) for most of NPs (Table 1). It is well known that when NPs come into contact with a biological fluid their surfaces are being covered with a "corona" of biological macromolecules, usually proteins, 72,73,76,77 which naturally leads to an increase in NPs size. Interestingly, the largest increase in size (by 20-24 nm) was observed for B-C18 and B-2C8 dyes, i.e. for the most stable NPs (Table 1). This increase corresponds well to the thickness of protein corona (10-12 nm), which is within the range reported for different serum proteins (3-14 nm) adsorbed on quantum dots, 73 and similar to that reported for PLGA NPs in FBS. 48 For NPs loaded with other BODIPYs the increase in size was smaller and, in some cases, even decrease in size was observed (B-P, B-C12). The latter could be explained by strong leakage from these NPs, especially in the case of B-P and B-C12 loaded NPs, which shifted downward the apparent values of the NPs size. a nnumber of emissive species per focal volume, tdiffdiffusion time, cppcounts per particle, Dhydrodynamic diameter, nser/nchange in the emissive species number after addition of FBS. Excitation was 488 nm, while emission was collected through band-pass filter 525 / 50. Note that the excitation and signal collection for BODIPY NPs was much less efficient than for the dye reference fluorescein. In particular, due to the use quad-band (405/488/532/635) dichroic filter, a significant part of emission from BODIPY NPs (around 532 nm) was not collected.

FCS results were supported by time-laps studies of absorption (Fig. S6 I and III) and emission spectra (Fig. S6 II and IV, Fig. 5) of BODIPY NPs in a buffer and after addition of serum (FBS). Without FBS, absorption of BODIPY NPs (Fig. S6 III) showed negligible changes over time, while emission intensity decreased to a small extent (Fig. S6 IV, Fig. 5B). These results suggest that NPs are relatively stable over the studied time period. On the contrary, after addition of serum, emission intensity of all NPs, expect B-C18 and B-2C8 NPs, started and continued increasing for 24 h (Fig. 5 andS6). These results are in line with FCS data, suggesting that only B-C18 and B-2C8 NPs are stable in FBS, while all others undergo dye leakage to the biological environment. For most of leaky NPs, the release looked continuous over 24h with somewhat faster increase in the first 90 min. The fluorescence increase was especially strong B-C12, B-cC12 and B-Ad NPs (Fig. 5A), and it was accompanied by a decrease in the relative intensity of the shoulder corresponding to the aggregated dyes (Fig. S6 CI-FI). These dyes being aggregated and self-quenched within NPs probably partitioned to FBS in molecular form. Finally, BODIPY-loaded NPs were incubated with HeLa cells and further studied by confocal microscopy (Fig. 6). After 2h incubation, an intensive and nearly homogeneous fluorescence all over the cytoplasm was observed for all BODIPY NPs, except those loaded with B-2C8 and B-C18 dyes. This homogeneous fluorescence inside the cells suggests that a significant fraction of the dye cargo was released from the particles and the free dye could readily distribute all over the cells. As these dyes are highly hydrophobic they probably stain intracellular membrane compartments of the cells. In sharp contrast, NPs loaded with B-2C8 and B-C18 displayed a granular pattern localized close to the nucleus, indicating that the dyes remained enclosed inside endosomes (Fig. 6). In the case of these NPs, negligible fluorescence in the cytoplasm of the cells was observed. This cell staining profile is in line with our earlier studies on PLGA NPs loaded with Lumogen Red 48 and dye ions pairs 19,24 that also did not exhibit any dye leakage. The observed results are in full accordance with the FCS data, showing that only NPs loaded with B-2C8 and B-C18 are resistant to dye leakage in biological media. Overall, our results highlight significance of the cargo hydrophobicity for efficient encapsulation inside polymeric NPs prepared by nanoprecipitation. Analysis of the loading efficiency by the filtration suggests that all the studied dyes, except the least hydrophobic B-P, are efficiency blended with the polymer NPs (Fig. 1C), whereas optical spectroscopy and microscopy data show strong variation in the dye leakage for these dyes as a function of their chemical structure (Table 1, Fig. 5 and6). In our case, it is clear that only the most hydrophobic BODIPY derivatives (ClogP > 13) are capable to be encapsulated well into PLGA NPs showing no leakage in serum and living cells. On the one hand, it is clear that more hydrophobic dyes due to their higher LogP will have tendency to better partition into hydrophobic matrix and be less soluble in water. On the other hand, the problem is connected with the nanoprecipitation, which is a kinetically controlled process. [79][80][81] More hydrophobic molecules being less soluble in water should nanoprecipitate faster in aqueous media than more polar dyes. Therefore, during polymer nanoprecipitation the most hydrophobic BODIPY dyes may precipitate faster than or at least as fast as the polymer. This type of co-precipitation would result in efficient encapsulation (Scheme 2), where the dyes form a core of polymeric particle or at least distribute well inside the matrix of polymer NP. Indeed, we could show recently that such a core-shell structure is formed in the case of encapsulation of salts of rhodamine derivatives with hydrophobic counterions, and that it depends on the polymer hydrophobicity. 81 It was also shown that more hydrophobic counterions improved encapsulation of a rhodamine dye into PLGA NPs. 82 However, less hydrophobic dyes may precipitate much slower than the polymer, which would lead first to formation of the polymer particle followed by adsorption of the dye on the particle surface (Scheme 2). This type of co-precipitation should lead to poor encapsulation and therefore to leakage in biological media, observed in our FCS, optical spectroscopy and cell imaging studies. In this respect, the differences between B-2C8 and B-b2C8 should be mentioned. Although these two dyes have very similar hydrophobicity and LogP, the branched structure of alkyl chains of B-b2C8 should significantly slow down its precipitation in aqueous media, leading to less efficient encapsulation prone to the dye leakage. Remarkably, as shown in our time-laps measurements (Fig. 5), the leakage is a relatively slow processes on the time scale of hours, probably because poorly encapsulated dyes still need to diffuse to the particle surface before being desorbed and transferred to components of serum (e.g. albumins and lipoproteins). We should stress that in our case the poor encapsulation does not mean inefficient loading, because BODIPYs of medium hydrophobicity can be efficiently loaded (blended) in PLGA NPs, but still leak to a large extent in biological media because of their shallow location within the particle (Scheme 2). Finally, we should note that most of the studied dyes except B-P are rather hydrophobic and poorly soluble in water. Therefore, their leakage cannot be observed in water, but requires a biological media, such as serum (Table 1) or cell membranes (Fig. 6) that could solubilize these dyes, driving the leakage of adsorbed or poorly encapsulated dyes. Our conclusions corroborate with previously reported observations for polymeric NPs. 19,21 Indeed, Pegaz et al. showed that hydrophobicity of porphyrins is essential in obtaining stable polymeric NPs without dye leakage in cells. 21 Our recent works showed that stable NPs could be made either from highly hydrophobic perylene diimide dye (Lumogen Red) 48 or using hydrophobic cationic dyes with bulky hydrophobic counterions. 19,24,33,82 Scheme 2. Schematic presentation of nanoprecipitation of a hydrophobic polymer together with a fluorescent cargo of different hydrophobicity. It is illustrated that more hydrophobic cargos tend to be well encapsulated inside polymer NPs, while more polar molecules localize at the particle surface, which makes them prone to dye leakage.

Conclusions

Uncontrolled rapid release of cargo from polymeric nanoparticles constitutes a fundamental problem in the design of nanocarriers for drugs and contrast agents. Here, we investigated fluorescent dye-loaded PLGA NPs prepared by nanoprecipitation. As a cargo, we designed fluorescent BODIPY dyes of different polarity (calculated LogP), in order to understand the effect of cargo structure on the optical properties of NPs as well as on their stability against dye leakage (leaching). Spectroscopic studies showed that dye loading inside PLGA NPs has a profound effect on the formation of non-fluorescent aggregates of dyes in the polymer matrix. Nevertheless, even at very high loading (200 mM with respect to the polymer), we could obtain NPs with acceptable fluorescence quantum yields of ~5-10%. Singleparticle characterization by FCS revealed that in the presence of 10 % of FBS most of the BODIPY dyes leak from PLGA NPs, except BODIPY bearing long hydrophobic chain (octadecyl) B-C18 and two shorter chains (dioctyl) B-2C8. The extent of leakage decreased clearly with increase in the dye hydrophobicity (LogP). The time-laps absorption and fluorescence studies confirmed this result, revealing that the release kinetics for the leaky NPs is on the time scale of hours. Fluorescence microscopy of cells incubated with BODIPY NPs confirmed that only for B-C18 and B-2C8, presenting highest values of LogP, remained inside the cells, being observed in form of bright endocytosed dots. By contrast, all other BODIPY NPs underwent significant dye leakage after incubation with cells, evidenced by a homogeneous fluorescence inside the cells. These results highlight an importance to avoid common misinterpretation of imaging data, where the observed fluorescence inside the cells does not necessarily mean the signal from internalized NPs, but rather emission of the dye cargo released from NPs. Moreover, the obtained results show that the nanoprecipitation protocol can provide efficient encapsulation of cargo into polymeric NPs only when the cargo is highly hydrophobic. We hypothesize that highly apolar dyes tend to form a core of highly concentrated dyes surrounded by a shell of nearly blank polymer, which prevents burst release from NPs. The present work provides new insights on the efficient cargo loading into polymeric NPs with minimal burst release based on a simple method of nanoprecipitation, which is important for development of fluorescent and drugloaded nanomaterials.

Materials and methods

Materials

Poly(D,L-lactide-co-glycolide) (PLGA, lactide 50 mol %, glycolide 50 mol %, acid terminated, Mn 24 000, PDI 1.7, and Mn 8800, PDI 1.7) was purchased from Sigma-Aldrich and used as received. Sodium phosphate monobasic (>99.0%, Sigma-Aldrich) and sodium phosphate dibasic dihydrate (>99.0%, Sigma-Aldrich) were used to prepare 20 mM phosphate buffer solutions at pH 7.4. Tris(hydroxymethyl)aminomethane (Tris base, >99.8%, Sigma-Aldrich) and HCl (1 M) were used to prepare 20 mM Tris buffer with a pH of 7.4. Milli-Q water (Millipore) was used in all experiments. Membrane probe dSQ12S was synthesized as described before. 78 

Synthesis of BODIPY derivatives

B-P 83 and B-Mes 58 were synthesized according to a published protocols. NMR spectra were recorded at 20°C on Bruker Avance III 400MHz spectrometer. Mass spectra were obtained using an Agilent Q-TOF 6520 mass spectrometer. Compound 1. A sealed tube in which was added glutaric anhydride (800 mg, 7.017 mmol), dioxane (4 mL) followed by 3-Ethyl-2,4-dimethylpyrrole (1.6 mL, 14.03 mmol, 2 eq) and BF3.OEt2 (1.6 mL, 10.52 mmol, 1.5 eq) was allowed to stir at 110°C for 1 hour before being cooled down to room temperature. The sealed tube was open and the solvents were evaporated. The crude was purified by column chromatography on silica gel (DCM/MeOH: 99/1 to 98/2) and crystallization (DCM/Heptane : 1/1) to 38.64, 37.1, 33.2, 30.62, 30.58, 28.82, 28.74, 28.72, 27.9, 27.5, 23.91, 23.84, 23.10, 23. 

NPs preparation

Stock solutions of PLGA (10 mg/ml) and BODIPY dyes (1 mM) were prepared in acetonitrile. PLGA solution was further diluted to 2 mg/ml with acetonitrile containing different concentration of BODIPY dyes corresponding to 1 to 200 mM loading with respect to the polymer. The molar concentration of dye in the polymer NPs was expressed with respect to the polymer, assuming polymer density of 1 g/ml. These polymer-dye solutions under stirring (shaking) were added quickly by a micropipette to a tenfold volume excess of 20 mM phosphate buffer at pH 7.4 (21 °C). The particle solution was then quickly diluted five-fold with the same buffer and then used directly in further studies. All dye loadings mentioned in the present study were calculated based on the initial (feeding) dye/polymer ratios.

For estimating the loading efficiency of BODIPY dyes in PLGA NPs, BODIPY-loaded PLGA NPs (200 mM dye loading) in buffer were first filtered through PTFE filter with pore size 0.20 µm (Rotilabo ® syringe filter) and then the filtrate was diluted 20 times in dioxane. The loading efficiency was calculated as the ratio of BODIPY absorbance after (Af) and before (A0) filtration measured in dioxane: Af/A0 × 100%. For comparison, NPs of BODIPY dyes without PLGA were prepared, filtrated and then analyzed similarly.

Characterization of NPs

Dynamic light scattering (DLS) measurements were performed on a Zetasizer Nano series DTS 1060 (Malvern Instruments S.A.). It uses a laser source at 633 nm, which excludes any light excitation of our dye-doped NPs. The Zetasizer software provided with standard cumulants and size distribution by volume analysis was used to characterize nanoparticles by DLS. For the data analysis the following parameters were used for the solvent (water) -temperature T 25°C, refractive index RI 1.33, viscosity 0.8872 cP. For the distribution analysis of correlation function a non-negative least squares algorithm was applied. Nanoparticles were assumed to be all homogenous and spherical in shape. Absorption and emission spectra were recorded on a Cary 4000 scan UV-visible spectrophotometer (Varian) and a FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon) equipped with a thermostated cell compartment, respectively. For standard recording of fluorescence spectra, the excitation wavelength was set to 485 nm, unless indicated. The fluorescence spectra were corrected for detector response and lamp fluctuations. Fluorescence quantum yields were calculated using rhodamine 6G in ethanol (QY = 0.95) as a reference with an absorbance of 0.01 at (520 nm). FCS measurements were acquired on a home-build setup based on a Nikon Ti-E inverted microscope. For sample excitation we have used the module of 488 nm diode laser (Oxxius, France) guided through the fiber optics and focused inside the sample with a water immersion objective (100X, NA=1.2). For the fluorescence signal detection, fibered Avalanche Photodiode (APD, Perkin-Elmer, Fremont, CA) was used. Before the APD, the fluorescence signal was filtered through 405/488/532/635 nm BrightLine® quad-edge laser-grade dichroic (Semrock, NY) and ET525 /50 single band-pass filter (Chroma Corp., Rockingham, VT). The fluorescence signal was further processed by an ALV7002/USB digital correlator (ALV, Langen, Germany). For FCS data analysis we have used PyCorrFit free software created by Muller et al. 84 To calculate the size and concentration of NPs, 50 nM solution fluorescein (TRIS, pH 9) was used as a reference. In case of 10% FBS, the change in the viscosity (0.94 cP in 10% FBS vs. 0.88 cP in water at 25C) 85 was taken into account in the calculation of size of NPs.

Cellular experiments

HeLa cells (ATCC® CCL-2) were grown in Dulbecco's modified Eagle's medium (DMEM, Gibco-Invitrogen), supplemented with 10% fetal bovine serum (FBS, Lonza) and 1% antibiotic solution (penicillin-streptomycin, Gibco-Invitrogen) at 37 °C in a humidified atmosphere containing 5%CO2. Cells were seeded onto a chambered coverglass (IBiDi) at a density of 5 × 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). Then, a freshly prepared solution of NPs (at 20-fold dilution of the original formulation corresponding to ∼0.15 nM of NPs) in Opti-MEM was added to the cells and incubated for 2 hours. Cell membrane staining with dSQ12S 20 nM was done for 10 min at rt before the measurements. Confocal fluorescence images of the cells were taken on a Leica TSC SPE confocal microscope using a 63× oil immersion objective. The different channels were recorded as follows: (i) for BODIPY NPs, excitation 488 nm, emission from 495 to 560 nm; (ii) for dSQ12S, excitation 635 nm, emission from 650 to 750 nm.

Figure 1 .

 1 Figure 1. Hydrodynamic diameters of PLGA NPs encapsulating different BODIPY dyes at various loadings measured by DLS (A). Samples without polymer (in buffer) (B) were prepared in the same way as NP solutions, using concentration corresponding to 100 mM loading. 20 mM phosphate buffer (pH 7.4) was systematically used. The size analysis was based on the statistics by volume. Loading efficiency of different BODIPY dyes in PLGA NPs calculated from UV-visible absorbance changes after filtration through PTFE filter (C). The formulation corresponds to 200 mM dye loading.

Figure 2 .

 2 Figure 2. Normalized absorption (left) and fluorescence (right) spectra of PLGA NPs loaded with different amounts of B-Mes (A) and B-C18 (B) dyes, respectively, in 20 mM phosphate buffer (pH 7.4). For comparison, absorption and fluorescence spectra of B-Mes and B-C18 in water and methanol at concentration corresponding to 100 mM in PLGA are also shown.

Figure 3 .

 3 Figure 3.The ratio of the absorbance of the short-wavelength shoulder (500 nm for all dyes except or B-P: 475 nm) to the maximum for different BODIPY dyes inside PLGA NPs.

Figure 4 .

 4 Figure 4. Fluorescence quantum yield of different BODIPY dyes in solvents (A) and in PLGA NPs at different dye loadings (B). Measurements in water and methanol without polymer were done at concentration corresponding 100 mM loading. Rhodamine 6G in EtOH was taken as a reference.

Figure 5 .

 5 Figure 5. Time-dependent changes in emission intensity (at the maximum) of different BODIPY NPs (200 mM loading) after addition of 10 % FBS (A) and without FBS (B) in phosphate buffer (pH 7.4). λex = 490 nm for all dyes, except B-P: λex = 470 nm.

Figure 6 .

 6 Figure 6. Confocal fluorescence imaging of HeLa cells incubated for 2 h with PLGA NPs loaded with different BODIPY dyes (200 mM dye loading) (green). Plasma membranes of the cells were stained with dSQ12S probe 78 (20 nM, 10 min incubation) (red).

Table 1 .

 1 FCS parameters of PLGA NPs loaded with 200 mM BODIPY dyes before and after addition of 10 % FBS. a

		Avg.					
		signal			cpp	D	
	Sample	[kHz]	n	τdiff [ms]	[kHz]	[nm]	Nser/n
	Fluorescein	26.3±0.8 8.6±1.3	0.02±0	3.1±0.6 1±0	
	B-C18	1.3±0.3	0.5±0.2	1.14±0.04 3±1.6	53±6	
	B-C18 Serum	1.3±0.1	0.9±0.5	1.75±0.61 1.7±1.0 77±30	1.8±0.4
	B-2C8	2.2±0.1	0.7±0.2	1.01±0.09 3.3±0.9 47±1	
	B-2C8 Serum	2.6±0.3	1.3±0.6	1.52±0.51 2.4±1.4 67±27	1.8±0.4
	B-b2C8	1.9±0.3	0.6±0.1	0.99±0.22 3.4±0.2 45±6	
	B-b2C8 Serum 3.6±1.6	2.9±0.6	1.41±0.45 1.2±0.3 60±14	5.0±0.1
	B-C12	2.1±0.4	0.5±0.1	0.96±0.16 4.1±0.6 44±4	
	B-C12+Serum	14.2±6.5 14±2.3	0.69±0.07 1.0±0.3 30±1	26.9±4.2
	B-cC12	3.4±0.3	0.4±0.1	1.08±0.09 9.7±1.9 50±1	
	B-cC12 Serum 9.6±3.7	2.8±1.5	1.14±0.22 3.5±0.5 49±5	7.5±2.0
	B-Ad	5.6±2	0.6±0.2	0.94±0.04 9.3±0.2 43±2	
	B-Ad Serum	17.7±12 8.5±4.9	1.24±0.41 2.0±0.3 53±14	13.4±3.6
	B-Mes	11.6±7.6 2.0±0.1	1.05±0.3 5.8±4.1 48±10	
	B-Mes Serum	44.5±11.3 17.9±12.2 1.46±0.82 3.5±3.0 62±30	8.6±5.4
	B-P	129±5	14.2±4.9 1.28±0.52 9.6±2.9 60±29	
	B-P Serum	369±12	49.3±8.6 0.98±0.23 7.6±1.1 43±13	3.6±0.7

  05, 17.2, 14.8, 14.07, 14.05, 13.5, 12.43, 12.41, 12.39, 10.86, 10.85, 10.69, 10.68. HRMS (ES+), calcd for C37H62BF2N3NaO [M+Na]+ 636.4852, found 636.4827. B-cC12: 27 mg (98 %) Rf=0.32 (DCM). 1 H-NMR (500 MHz, CDCl3): δ 5.31 (d, J = 8.5 Hz, 1H, NH), 4.11-4.08 (m, 1H, CH C12), 3.07 (dt, J = 7.6, 4.2 Hz, 2H, CH2), 2.51 (s, 6H, 2 CH3), 2.41 (q, J = 7.

	6 Hz,
	4H, 2 CH2 Et), 2.36 (s, 6H, 2 CH3), 2.32 (t, J = 7.2 Hz, 2H, CH2), 2.01-1.95 (m, 2H, CH2), 1.62 (m, 2H),
	1.49-1.36 (m, 20H, CH2 C12), 1.06 (t, J = 7.6 Hz, 6H, 2 CH3 Et). 13 C NMR (126 MHz; CDCl3): δ 170.8,
	152.3, 143.7, 135.8, 132.7, 131.0, 46.2, 36.7, 30.3, 27.66, 27.59, 24.0, 23.7, 23.48, 23.33, 21.4, 17.2,
	14.8, 13.4, 12.43, 12.41. HRMS (ES+), calcd for C33H52BF2N3NaO [M+Na] + 578.4069, found 578.4056.
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