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Surface modification of nanoparticles (NPs) provides them with desired functions for biological and biomedical applications. Unique feature of polymeric NPs is flexibility in their modification through pre-and post-functionalization. Here, we explored these two approaches in case of dyeloaded NPs, formulated by nanoprecipitation from a hydrophobic polymer based on poly(methyl methacrylate) (PMMA). We synthesized two PMMA-conjugates bearing an azide group together with one or three negatively charged carboxylates to ensure surface exposure of the reactive group.

In our post-functionalization approach, we prepared azide-bearing NPs and then monitored by Forster resonance energy transfer (FRET) the in situ click reaction with the fluorescent ligand bearing strained alkyne (DBCO). Remarkably, for polymers with a single charge next to azide the reaction was much faster compared to the three-charged analogue. We concluded that the click reaction proceeds though initial ligand adsorption to the NP surface, so that the single charge provides reduced electrostatic repulsion with the ligand and closer placement of azide to the surface. In the pre-functionalization approach, the dye ligand was conjugated to the polymer through a cleavable disulfide bond before NPs formulation. We found that the negative charge next to azide is essential to expose the dye ligand to NPs surface, allowing reductive cleavage of the disulfide. The latter enabled preparation of FRET-based probes with ratiometric response to the reductive stimulus. They were validated in live cells, showing color switching to reductive environment of endosomes, monitored by ratiometric fluorescence imaging. The present work provides insights into two types of chemical functionalization of polymeric NPs and the surface reactivity as a function of introduced charged groups, which will help to design effective functional nanoparticle probes for biosensing and bioimaging.

Introduction

Chemical modification of nanoparticles (NPs) at the surface provides them with desired functions for biological and biomedical applications. [START_REF] Chen | Rethinking cancer nanotheranostics[END_REF][START_REF] Sapsford | Functionalizing nanoparticles with biological molecules: Developing chemistries that facilitate nanotechnology[END_REF] On one hand, NPs bearing recognition ligands allow specific targeting of diseased cells and tissues, which is important in drug delivery applications in order to enhance efficiency of drugs and decrease their side effects. [START_REF] Nicolas | functionalization strategies and biomedical applications of targeted biodegradable/biocompatible polymer-based nanocarriers for drug delivery[END_REF][START_REF] Ulbrich | Targeted Drug Delivery with Polymers and Magnetic Nanoparticles: Covalent and Noncovalent Approaches, Release Control, and Clinical Studies[END_REF][START_REF] Cheng | Formulation of functionalized PLGA-PEG nanoparticles for in vivo targeted drug delivery[END_REF] On the other hand, grafting specific recognition groups to luminescent NPs helps to develop new nanoparticle probes for early diagnosis of diseases. [START_REF] Chen | Rethinking cancer nanotheranostics[END_REF][START_REF] Howes | Colloidal nanoparticles as advanced biological sensors[END_REF] Multifunctionality is a primary feature of NPs: capacity of their core to encapsulate drugs and imaging contrast agents as well as multivalent exposure of different ligands at the surface lead to superior performance in comparison with conventional molecular systems. [START_REF] Kim | Synthesis and Biomedical Applications of Multifunctional Nanoparticles[END_REF] In case of luminescent NPs, the critical advantage is their superior brightness compared to molecular emitters, which in combination with grafted targeting/recognition groups can yield ultrasensitive fluorescent probes. [START_REF] Wolfbeis | An overview of nanoparticles commonly used in fluorescent bioimaging[END_REF] Among luminescent NPs, one should mention semiconductor quantum dots, [START_REF] Wegner | Quantum dots: bright and versatile in vitro and in vivo fluorescence imaging biosensors[END_REF][START_REF] Tang | Tunable Ultrasmall Visible-to-Extended Near-Infrared Emitting Silver Sulfide Quantum Dots for Integrin-Targeted Cancer Imaging[END_REF][START_REF] Erogbogbo | Biocompatible luminescent silicon quantum dots for imaging of cancer cells[END_REF] dye-doped silica NPs, [START_REF] Montalti | Dye-doped silica nanoparticles as luminescent organized systems for nanomedicine[END_REF][START_REF] Ow | Bright and stable core-shell fluorescent silica nanoparticles[END_REF] metal clusters, [START_REF] Zhang | Gold Nanoclusters-Based Nanoprobes for Simultaneous Fluorescence Imaging and Targeted Photodynamic Therapy with Superior Penetration and Retention Behavior in Tumors[END_REF][START_REF] Yu | High-Resolution Shortwave Infrared Imaging of Vascular Disorders Using Gold Nanoclusters[END_REF][START_REF] Shah | Design Aspects of Bright Red Emissive Silver Nanoclusters/DNA Probes for MicroRNA Detection[END_REF] carbon dots [START_REF] Lim | Carbon quantum dots and their applications[END_REF][START_REF] Zheng | Glowing graphene quantum dots and carbon dots: properties, syntheses, and biological applications[END_REF] as well as organic NPs, such as 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][START_REF] Jiang | Light-Harvesting and Amplified Energy Transfer in Conjugated Polymer Nanoparticles[END_REF] aggregation-induced emission NPs, 22- 24 dye-loaded polymer [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] and lipid NPs. [START_REF] Klymchenko | Dye-Loaded Nanoemulsions: Biomimetic Fluorescent Nanocarriers for Bioimaging and Nanomedicine[END_REF][START_REF] Peng | Soft fluorescent nanomaterials for biological and biomedical imaging[END_REF] Functionalization of NPs is generally done using two-component chemical reactions that do not require any catalyst, which facilitates purification step. [START_REF] Sapsford | Functionalizing nanoparticles with biological molecules: Developing chemistries that facilitate nanotechnology[END_REF] In particular, the most popular are peptide coupling reaction with an activated carboxylic acid, thiol exchange, and biorthogonal 'click' reactions. 'Click'-chemistry, in particular strain-promoted azide-alkyne cycloaddition (SPAAC), is very popular for NPs surface modification due to its high efficiency, solvent insensitivity and moderate reaction conditions. [START_REF] Sletten | Bioorthogonal Chemistry: Fishing for Selectivity in a Sea of Functionality[END_REF] It has been applied to attach ligands to different nanomaterials with alkyne or azide-functionalized surfaces. [START_REF] Li | Click-chemistry for nanoparticle-modification[END_REF] Functionalization of NPs depends on their chemical composition and surface chemistry. [START_REF] Sapsford | Functionalizing nanoparticles with biological molecules: Developing chemistries that facilitate nanotechnology[END_REF][START_REF] Biju | Chemical modifications and bioconjugate reactions of nanomaterials for sensing, imaging, drug delivery and therapy[END_REF] Conjugation of quantum dots to biomolecules (proteins, DNA) was achieved either by covalent binding to the functional groups present on the shell of QDs or by adsorption or non-covalent self-assembly using engineered proteins. [START_REF] Sapsford | Functionalizing nanoparticles with biological molecules: Developing chemistries that facilitate nanotechnology[END_REF][START_REF] Zhou | Surface ligands engineering of semiconductor quantum dots for chemosensory and biological applications[END_REF] In case of silica nanoparticles, different reactive functional groups can be introduced during the cocondensation process during their preparation. [START_REF] Montalti | Dye-doped silica nanoparticles as luminescent organized systems for nanomedicine[END_REF] Generally, modification of inorganic NPs is done after preparation of NPs. In contrast, organic NPs can be functionalized via both prefunctionalization as well as post-functionalization. [START_REF] Petkau | Pre-and postfunctionalized self-assembled π-conjugated fluorescent organic nanoparticles for dual targeting[END_REF] In the pre-functionalization method, the ligand is initially attached to the polymer chain prior to nanoparticle formation. [START_REF] Mackiewicz | Precise engineering of multifunctional PE gylated polyester nanoparticles for cancer cell targeting and imaging[END_REF] This approach is robust because it enables precise control of grafting chemistry. It has been successfully applied for biologically important ligands, such as biotin, [START_REF] Mackiewicz | Precise engineering of multifunctional PE gylated polyester nanoparticles for cancer cell targeting and imaging[END_REF] folic acid. [START_REF] Zhang | Folic acidfunctionalized AIE Pdots based on amphiphilic PCL-b-PEG for targeted cell imaging[END_REF] However, conjugation of hydrophobic polymers used for NPs formulation with biomolecules is challenging, since most of the biomolecules (e.g. DNA and proteins) are insoluble in organic solvents and could be denatured in case of proteins, while hydrophobic polymers are insoluble in water. [START_REF] Whitfield | Functional DNA-Polymer Conjugates[END_REF][START_REF] Alemdaroglu | DNA meets synthetic polymers-highly versatile hybrid materials[END_REF] Moreover, in the pre-functionalization approach, it is important to ensure that after NPs formation, ligand will be exposed on the surface of NPs and thus will be accessible to their targets. In the post-functionalization method, the NPs are initially formed and then reaction takes place with ligand. [START_REF] Wu | Bioconjugation of ultrabright semiconducting polymer dots for specific cellular targeting[END_REF] This approach is favorable for attachment of biomacromolecules (watersoluble), since often due to solubility issues or sterical hindrance, it is impossible to attach them directly to the polymer prior to NPs formation. [START_REF] Oh | Recent advances in chemical functionalization of nanoparticles with biomolecules for analytical applications[END_REF] These two approaches of ligand attachment were investigated in case of polydiacetylene micelles, [START_REF] Doerflinger | Biotin-functionalized targeted polydiacetylene micelles[END_REF] where biotin was first attached to amphiphilic unit via click reaction before micelles formation, however it degraded during the polymerization process. Therefore, postfunctionalization approach was used, which allowed grafting biotin to the surface of formulated alkyne-decorated micelles. Moreover, combining these two approaches it was possible to obtain multifunctional fluorescent organic NPs, where the amphiphilic oligomer was first prefunctionalized with a ligand for biological targeting and azide, which allowed further postfunctionalization of NPs. [START_REF] Petkau | Pre-and postfunctionalized self-assembled π-conjugated fluorescent organic nanoparticles for dual targeting[END_REF] In the field of polymeric NPs, dye-loaded polymeric nanoparticles attracted particular attention in the recent years. [START_REF] Li | Polymer-encapsulated organic nanoparticles for fluorescence and photoacoustic imaging[END_REF][START_REF] Ong | Recent Advances in Polymeric Nanoparticles for Enhanced Fluorescence and Photoacoustic Imaging[END_REF][START_REF] Reisch | Collective fluorescence switching of counterion-assembled dyes in polymer nanoparticles[END_REF] We showed that their high brightness can be achieved by the encapsulation of dye with bulky counterion which minimizes the self-quenching. [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] Their size can be tuned by introducing few charged groups into the polymer, which drives kinetically controlled nanoprecipitation. [START_REF] Reisch | Charge-Controlled Nanoprecipitation as a Modular Approach to Ultrasmall Polymer Nanocarriers: Making Bright and Stable Nanoparticles[END_REF][START_REF] Reisch | Protein-Sized Dye-Loaded Polymer Nanoparticles for Free Particle Diffusion in Cytosol[END_REF] Recently, we established the method of functionalization of polymer NPs with nucleic acids, where oligonucleotides were attached to the surface of nanoparticles via SPAAC reaction. [START_REF] Melnychuk | DNA-functionalized dye-loaded polymeric nanoparticles: ultrabright FRET platform for amplified detection of nucleic acids[END_REF][START_REF] Melnychuk | Light-Harvesting Nanoparticle Probes for FRET-Based Detection of Oligonucleotides with Single-Molecule Sensitivity[END_REF] Specially designed polymer bearing both azide and negatively charged carboxylate was used here to ensure exposure of azide at the NPs surface after polymer nanoprecipitation. [START_REF] Melnychuk | DNA-functionalized dye-loaded polymeric nanoparticles: ultrabright FRET platform for amplified detection of nucleic acids[END_REF] Due to light-harvesting properties of these NPs, [START_REF] Trofymchuk | Giant light-harvesting nanoantenna for single-molecule detection in ambient light[END_REF] DNA functionalization yielded nanoprobes 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] down to single molecule, [START_REF] Melnychuk | Light-Harvesting Nanoparticle Probes for FRET-Based Detection of Oligonucleotides with Single-Molecule Sensitivity[END_REF] which is attractive for point-of-care diagnostics based on cancer RNA markers (e.g. microRNA) [START_REF] Egloff | Enzyme-free amplified detection of cellular microRNA by light-harvesting fluorescent nanoparticle probes[END_REF] and compatible with a smartphone RGB camera. [START_REF] Severi | Smartphone-assisted detection of nucleic acids by light-harvesting FRET-based nanoprobe[END_REF] However, the grafting of oligonucleotides to NPs was relatively slow and required heating and excess of the biomolecules. Therefore, we assumed that kinetics of the click reaction at the interface of the polymeric NPs depends on the exposure of the reactive groups. Moreover, it was important to compare this approach with the pre-functionalization strategy using similar dye-loaded polymeric NPs.

Here, we investigated two principle approaches that lead to surface functionalized dye-loaded polymeric NPs and studied the kinetics of these processes (Fig. 1). To this end, PMMA-based polymers were functionalized with azide group together with 1 or 3 anionic amino acids, which is expected to control the formation of small NPs, chemical reactivity and exposure of the reactive groups. In the case of post-functionalization, we found that the single negative charge next to azide provides much faster SPAAC reaction with strained alkyne-dye conjugate compared to the threecharged analogue. On the other hand, in the pre-functionalization approach, presence of three negative charges helps to better expose dye ligand at the NPs surface. Finally, based on the obtained results we designed FRET-based nanoprobes for reductive thiols, where FRET donor NPs bearing acceptor dye through disulfide linker, and validated them in live cells. 

Results and discussion.

Post-functionalization of polymeric nanoparticles

In the post-functionalization approach, we prepared NPs from a polymer bearing a bi-functional moiety with negatively charged group and reactive azide group (Fig. 1). Negative charge is essential to yield small NPs by nanoprecipitation, while placing azide unit next to this charged group ensures its effective exposure for further click reaction (Fig. 1B). [START_REF] Melnychuk | DNA-functionalized dye-loaded polymeric nanoparticles: ultrabright FRET platform for amplified detection of nucleic acids[END_REF] In the present study, we varied the nature of this bifunctional group by inserting either one or three negatively charged groups next to azide. The polymer with a single charged group PMMA-AspN3 was prepared as previously reported from commercial PMMA-MA by coupling with a Boc-protected amino acid derivative Asp(OtBu)-N3. To introduce three carboxylates into the polymer (PMMA-Asp3N3), we synthesized a peptide linker Fmoc-Asp(OtBu)3N3 by attaching sequentially two Fmoc-Asp(OtBu)-OH groups to Asp(OtBu)-N3 using Boc-based peptide synthesis in solution. After Fmoc removal, the obtained linker, Asp(OtBu)3N3 was coupled to the PMMA-MA polymer, affording PMMA-Asp(OtBu)3N3, with a good substitution ratio (73%), according to 1 H-NMR.

As a control polymer, we used non-functionalized PMMA-MA, bearing small fraction of (1.6 mol%) of carboxylate. We also used PMMA-N3, obtained by direct coupling of PMMA-MA with 3-aminopropyl-azide, which did not contain negative charge. However, this polymer yielded large aggregates on nanoprecipitation (Fig. S1), in line with the previous work. [START_REF] Melnychuk | DNA-functionalized dye-loaded polymeric nanoparticles: ultrabright FRET platform for amplified detection of nucleic acids[END_REF] Even after mixing it with negatively charged polymer PMMA-MA significantly larger NPs were obtained compared to parent PMMA-MA (Fig. S1). Thus, we confirmed that polymer azide without negatively charged group are not suitable for the preparation of small NPs.

Then, we prepared fluorescent NPs from polymers with azide and charged groups PMMA-AspN3 (NP-AspN3) and PMMA-Asp3N3 (NP-Asp3N3) or control charged polymer PMMA-MA (PMMA-MA) via nanoprecipitation with fluorescent dye (R18/F5-TPB at 20 wt% loading with respect to the polymer) from acetonitrile into an aqueous buffer (pH 7.4). As a ligand to attach with NPs, we choose Sulfo-Cy5(DBCO). These two dyes were chosen because they are a good FRET pair with a Forster radius of 6.1 nm, [START_REF] Trofymchuk | Giant light-harvesting nanoantenna for single-molecule detection in ambient light[END_REF] so that the grafting of Cy5(DBCO) can be monitored using FRET from NPs (donor) to the ligand (acceptor).

First, we incubated 3 types of NPs (NP-AspN3, NP-Asp3N3 and NP-PMMA-MA) with an excess of Sulfo-Cy5(DBCO) (2µM) for 24h at rt and purified the reaction mixture on a size exclusion column (PD10). Size, shape and polydispersity of NPs before and after functionalization were studied by DLS and TEM. Remarkably, both types of NPs containing azides were 30-37 nm, which were even smaller than control NP-PMMA-MA (Fig. 2 A,B). Also, with higher content of carboxylic groups size of NPs decreased by 3 nm according to DLS (and by 6.5 nm according to TEM), indicating that the higher charge of polymer contributes to smaller NPs. These results are in line with our earlier work on random PMMA-MA polymers, where larger charge fraction also contributed to smaller NPs. [START_REF] Reisch | Protein-Sized Dye-Loaded Polymer Nanoparticles for Free Particle Diffusion in Cytosol[END_REF] Moreover, after surface modification with Cy5 dyes, the size of the functionalized NPs increased by 1.9 and 2.6 nm for NP-AspN3, NP-Asp3N3, respectively, according to TEM (Fig. 2A), which corresponded well to the shell of ~1 nm thickness of grafted Sulfo-Cy5(DBCO). TEM data correlated well with the DLS data showing rather homogeneous distribution of spherical particles for all azide-decorated NPs (Fig. 2).

To monitor the reaction of NPs with Sulfo-Cy5(DBCO), we performed absorption spectroscopy.

According to the absorption spectra, in case of control NP-PMMA-MA, Cy5 dye was completely removed from the reaction mixture by purification with the size exclusion column (Fig. 2 C,D).

In sharp contrast, for NP-AspN3 and NP-Asp3N3, Cy5 signal was present in the absorption spectrum with 5-times higher amount for the NP-AspN3 in comparison to NP-Asp3N3. Then, fluorescence emission spectra of the obtained systems were measured. For the reaction mixtures before the purification, two emission bands corresponding to rhodamine donor (at ~580 nm) and FRET acceptor Cy5 (at ~670 nm) was observed for all 3 types of NPs, although in case of NP-AspN3 the emission intensity was low (Fig. 3A). After purification of NP-PMMA-MA, the Cy5 acceptor signal disappeared, while for azide containing NPs, FRET signal of acceptor was conserved (Fig. 3B). Their semi-empirical parameter of FRET ratio [START_REF] Preus | Advances in Quantitative FRET-Based Methods for Studying Nucleic Acids[END_REF] decreased only marginally after purification, in contrast to control NP-PMMA-MA (Fig. S2), confirming covalent grafting of NPs. As absorbance spectra revealed the much higher amount of acceptor dyes in case of NP-AspN3, the low emission intensity was probably a result of excessive functionalization of the NPs surface with Cy5 dyes, leading probably to their self-quenching (Fig. 3A,B). These results suggest that NP-AspN3 is more reactive towards Sulfo-Cy5(DBCO) than NP-Asp3N3.

To compare the reactivity of the polymeric NPs we studied the kinetics of their reaction by adding 50 nM of Sulfo-Cy5(DBCO) and monitoring the appearance of the acceptor signal and decrease of the donor signal (Fig. 3C,D). This experiment revealed that the NP-AspN3 reacted much faster than NP-Asp3N3. After 1h, relative intensity of the acceptor was much higher for NP-AspN3 compared to NP-Asp3N3 (Fig. S3). For control NP-PMMA-MA, the initial FRET was observed, with slight quenching of the donor, which did not evolve over time (Fig. 3C,D,S3), confirming initial non-specific binding of the acceptor to NPs surface and the absence of chemical reaction. It should be noted that when acceptor alone was excited at the wavelength of the donor (530 nm), its emission was negligible, which confirm FRET processes in our azide-bearing NPs. We also incubated the NPs with an increasing amount of Sulfo-Cy5(DBCO) and measured emission spectra (A/D intensity ratio) right after the addition of acceptor and after 24 h of reaction (Fig. S4). By addition of 2.4 nM of Sulfo-Cy5(DBCO), which corresponds to one acceptor per NP (nanoparticle contains ~2000 donors), we did not observe appearance of FRET band even after 24h. But starting from 24 nM of Cy5 (10 acceptors per NP), emission appeared and its contribution (A/D ratio) further grew with increasing concentration of Sulfo-Cy5(DBCO). Already at low concentrations (0.121 µM) NP-AspN3 showed strong FRET signal (A/D ratio) after 5 min incubation, which further increased after 24h. In case of NP-Asp3N3, the FRET signal was weaker especially at short incubation times, while for control PMMA-MA NPs no FRET was observed for both incubation times. At the higher acceptor concentrations (0.969 -1.942 µM), FRET signal for NP-Asp3N3 significantly increased, while for NP-AspN3 we observed a loss of FRET signal, especially after 24h. Thus, we confirmed that because of high reactivity, NP-AspN3 is able to graft a large number of acceptors to its surface, which causes their self-quenching. In case of control PMMA-MA NPs, we observed the initial appearance of FRET signal only at higher concentrations of acceptor, which did not change after 24h, so that it corresponds to the non-specific rapid adsorption of the dye to the nanoparticle surface without any chemical reaction.

The reaction mixtures with higher concentrations of Cy5 acceptor were purified and the number of acceptors per nanoparticle was calculated (Table 1) from the absorption spectra (Fig. S5). For all the studied concentrations, the number of acceptors per NP was ~5-times higher for NP-AspN3 compared to NP-Asp3N3, reaching the maximum of 129 dyes per NP. Based on the theoretical total amount of azide groups in NPs, the reaction yield was calculated showing that nearly 14.6% of all azide groups of NP-AspN3 were functionalized at the highest used Sulfo-Cy5(DBCO) concentration vs only 3.1% for NP-Asp3N3 (Table 1). Based on the obtained results, we can hypothesize that the reaction process involves first the adsorption of Cy5-DBCO on the NP surface, evidenced from model PMMA-MA NPs, and further its covalent attachment. Apparently, in case of NP-AspN3 the repulsion between one carboxylic group and sulfo-groups of Cy5-DBCO is not as strong as in case of 3 carboxylic groups and it facilitates the reaction. However, the relatively strong repulsion between 3 carboxylic groups of NP-Asp3N3 and sulfo-groups of Cy5 does not allow Cy5-DBCO to access well the azide.

Moreover, azide group in NP-AspN3 is located much closer to the NP surface compared to NP-Asp3N3 having much longer tripeptide Asp3N3 linker, so that the adsorbed Cy5-DBCO molecules have better access for the "click" reaction. These factors may explain why NP-AspN3 is about 5fold more reactive compared to NP-Asp3N3.

Pre-functionalization of the polymer and preparation of FRET-based nanoprobe

In case of the pre-functionalization approach, where the polymer is functionalized before the NPs formulation, the key question is whether the formed dye-loaded nanoparticles expose the ligand at the surface of NPs (Figure 1). To this end, we conjugated PM-AspN3, PM-Asp3N3 and PMMA-MA polymers with the Cy5 ligand through a cleavable disulfide bond. PMMA-Cy5(SS) was obtained via a multistep reaction by attaching a linker with disulfide bond to PMMA-MA, and further coupling with Sulfo-Cy5. PM-AspN3-Cy5(SS) and PM-Asp3N3-Cy5(SS) were obtained through the reaction of corresponding PM-AspN3 and PM-Asp3N3 with Sulfo-Cy5(SS)(DBCO).

The coupling of the dyes with the polymers was confirmed by absorption spectroscopy (Fig. S6).

The nanoprecipitation of the polymers functionalized with Cy5 was performed with a varied fraction of corresponding non-labelled polymers (PMMA-MA, PM-AspN3 and PM-Asp3N3), which was expected to tune the statistical number of Cy5 acceptors per NP. R18/F5-TPB was used for encapsulation (at 20 wt% with respect to the polymer) to obtain FRET NPs as in the postfunctionalization approach. The measurements of size revealed that in case of NP-PMMA-Cy5(SS) and NP-Asp3N3-Cy5(SS) their size increased by 2 nm after acceptor grafting, while in case of NP-AspN3-Cy5(SS) the increase of size was higher (up to 10 nm) (Fig. 4A,S7). For all three types of formulated NPs, the increase in the fraction of Cy5-modified polymer increased the Cy5 emission intensity, which was accompanied by the gradual decrease in the donor intensity (for NP-PMMA-Cy5(SS) see Fig. 4B), confirming FRET in our NPs. The fluorescence emission spectra demonstrated that the FRET efficiency for the same acceptor : donor ratio is similar for NPs obtained from NP-PMMA-Cy5(SS) and NP-Asp3N3-Cy5(SS), while for NP-AspN3-Cy5(SS), FRET efficiency was generally lower, which might be due to partial aggregation of the system (Fig. 4B,C). The next step was to verify whether the Cy5 acceptor was really located at the surface of the NPs after their formulation. To this end, we added a water-soluble thiol-reducing reagent dithiothreitol (DTT) and monitored the changes in the fluorescence spectra of our FRET NPs. We monitored the reduction kinetics by measuring the emission intensity of the donor for NPs with acceptor/donor ratio 1/120 and found that the highest difference is achieved by NP-Asp3N3-Cy5(SS), while the modified NP-PMMA-Cy5(SS) demonstrated the lowest change (Fig. 5A,B).

Emission spectra after 3h of incubation with an excess of DTT revealed the nearly complete loss of the FRET signal for NP-AspN3-Cy5(SS) and NP-Asp3N3-Cy5(SS), confirming that the reduction agent cleaved the exposed acceptor from NPs surface (Fig. 5D,E,S8). However, in the case of polymer NP-PMMA-Cy5(SS), without an additional charged group, the intensity of the two emission bands changed only moderately, so that the FRET band of Cy5 was still larger than that of the donor (Fig. 5C,S8). This means that in the latter case the acceptor was probably not exposed well to the surface of NPs and was located inside (as schematically shown in Figure 1B), thus shielding the disulfide bond of the acceptor from the cleavage. In case of control particles without SS bond, NP-AspN3-Cy5, the decrease of the donor intensity was observed, probably due to the photobleaching (Fig. 5B). All these obtained results demonstrate that the linker with the charged group is absolutely necessary for the ligand (acceptor) exposure to the surface of the NP during the nanoprecipitation (Figure 1B). The same type of FRET NPs with the disulfide bond was also synthesized through postfunctionalization route. Both NP-AspN3-Cy5(SS) and NP-Asp3N3-Cy5(SS) obtained by this method demonstrated good response to the reductive stimulus (Fig. S9). Direct excitation of the acceptor confirmed that DTT did not directly influence Cy5 fluorophore (Fig. S9), but simply cleaved the disulfide bond. Finally, we compared brightness of FRET NPs prepared by pre-and post-functionalization by measuring their fluorescence quantum yield. For NP-Asp3N3-Cy5(SS) prepared by pre-and post-functionalization at 20 wt% R18/F5-TPB dye loading, the quantum yield values were relatively close, 0.44±0.05 and 0.38±0.04, respectively, being slightly lower than that of the parent PM-Asp3N3 NPs without the acceptor (0.54±0.06). Overall, the FRET NPs obtained by pre-and post-functionalization methods constitute promising fluorescent ratiometric probes for reductive environment, which is of interest for the intracellular imaging.

Cellular experiments

To monitor the reductive environment inside the cells we used FRET NPs, NP-Asp3N3 bearing Sulfo-Cy5(SS)DBCO, obtained through pre-functionalization method since it demonstrated the best response to DTT in cuvettes. As a negative control, we also tested FRET NPs (NP-AspN3-Cy5), where the acceptor is attached to the NP surface without a cleavable disulfide bond.

It is known that the living cell exhibit strong reductive potential in the cytosol as well as in endosomes and lysosomes, [START_REF] Ong | Recent Advances in Polymeric Nanoparticles for Enhanced Fluorescence and Photoacoustic Imaging[END_REF][START_REF] Klymchenko | Dye-Loaded Nanoemulsions: Biomimetic Fluorescent Nanocarriers for Bioimaging and Nanomedicine[END_REF] which should result in the cleavage of disulfide bonds of the internalized NPs. In case of short incubation (20 min at room temperature), both types of FRET NPs showed strong emission at the cell surface observed in both donor and acceptor channels, giving yellow-orange color in the merged images. The ratio images built by division of the Acceptor to Donor showed dots in green pseudo-color, which corresponded to the Acceptor/Donor ratio 0.4-0.5 (Fig. 6). As the NPs did not have time to get inside the cells, their disulfide was not cleaved and thus their FRET was preserved. After 3 h of incubation at 37 °C with HeLa cells, the internalization of both reduction probe and control NPs was observed. In case of control NP-Asp3N3-Cy5, the relative intensity in the acceptor channel remained high, so that the orangeyellow color in the merged image was preserved. The corresponding Acceptor/Donor ratio image did not show significant changes (Fig. 6). In the case of the nanoprobe with the disulfide bond (NP-Asp3N3-Cy5SS), the emission in donor channel was stronger, which resulted in yellow-green color in the merged image (Fig. 6). Remarkably, the ratio image in this case showed blue dots, corresponding to significantly lower Acceptor/Donor intensity ratio, around 0.2-0.3. As only FRET NPs containing cleavable disulfide (NP-Asp3N3-Cy5SS) showed the loss of FRET signal, we concluded that incubation of NPs with cells led to the reduction of the disulfide bond and further removal of the acceptor from NPs. These cellular experiments demonstrate the proof of concept for FRET-based sensing of a reductive environment with our polymeric NPs in live cells.

According bright-field and fluorescence microscopy (Fig. 6), the cells incubated for 3h with the tested NPs did not show any signs of cytotoxicity. This qualitative observation corroborates with our earlier studies using MTT cell viability assay, where the analogous dye-loaded polymeric NPs at 10-fold higher concentrations than needed for imaging did not show significant cytotoxicity after 72 h of incubation with HeLa cells. [START_REF] Reisch | Collective fluorescence switching of counterion-assembled dyes in polymer nanoparticles[END_REF][START_REF] Andreiuk | Fluorescent Polymer Nanoparticles for Cell Barcoding In Vitro and In Vivo[END_REF] for 20 min at room temperature (A,C) and for 3 h at 37˚C (B,D), containing NP-Asp3N3-Cy5 (A,B) and NP-Asp3N3-Cy5(SS) (C,D). The excitation wavelength was at 532 nm. Signals from the donor and the acceptor were recorded at <640 and >640 nm, respectively. Labels ×1.5 and ×2 indicate that the intensity of both channels were increased 1.5-and 2-fold, respectively, for better visibility. Scale bar is 10 µm.

Conclusions

In this work we investigated two major approaches for the functionalization of polymer nanoparticles. The first approach was post-functionalization of nanoparticle surface, where ligand was attached to the nanoparticle after its formulation. The second approach was prefunctionalization of polymer with a ligand attached followed by the nanoparticles formulation.

Both methods have their advantages and limitations. The straightforward modification of the polymer (pre-functionalization) allows better control on the polymer chemistry as well as the number of ligands per NP during the nanoprecipitation and it eliminates the purification step after NPs preparation. However, this method is limited to the molecules that are soluble in organic solvents in order to be directly attached to the polymer. Since proteins and oligonucleotides have poor solubility in organic solvents, this method is not well adapted for functionalization of NPs with water-soluble biomolecules. Moreover, this method does not guarantee the proper exposure of the ligand at the NPs surface. On the other hand, the post-functionalization proceeds in buffer, so that nanoparticles can be functionalized with any water-soluble molecule. This can be exemplified by numerous reports in literature for NPs with small ligands and biomolecules [START_REF] Sapsford | Functionalizing nanoparticles with biological molecules: Developing chemistries that facilitate nanotechnology[END_REF][START_REF] Cheng | Formulation of functionalized PLGA-PEG nanoparticles for in vivo targeted drug delivery[END_REF][START_REF] Wu | Bioconjugation of ultrabright semiconducting polymer dots for specific cellular targeting[END_REF][START_REF] Oh | Recent advances in chemical functionalization of nanoparticles with biomolecules for analytical applications[END_REF] and it has been recently applied for dye-loaded polymeric NPs with nucleic acids. [START_REF] Melnychuk | DNA-functionalized dye-loaded polymeric nanoparticles: ultrabright FRET platform for amplified detection of nucleic acids[END_REF][START_REF] Melnychuk | Light-Harvesting Nanoparticle Probes for FRET-Based Detection of Oligonucleotides with Single-Molecule Sensitivity[END_REF] However, here the number of ligands depends on the reaction yield, so the reaction conditions for the desired number of ligands per NP should be adjusted. Moreover, post-functionalization approach includes a purification step to remove excess of the ligand.

In this work, we primarily investigated the chemical reactivity of NPs prepared from polymers bearing azide group through a linker with varied charge density. We found that one charged group is absolutely necessary to obtain small NPs and, at the same time, to achieve the reaction with the ligand Cy5-DBCO. Remarkably, further increase in the charge from one to three carboxylates reduces reactivity of azide NPs with DBCO ligand. Finally, control NPs without reactive azide groups showed some degree of non-specific adsorption of the ligand, which can be easily removed during the purification step by size exclusion. All these results together allowed us to conclude that the coupling reaction of the ligand at the NPs starts with non-specific adsorption of the ligand at the surface, which increases its local concentration. The latter favors the click reaction with azide groups present at the surface of NPs. This phenomenon explains why NPs bearing azide through a short linker with a single charge (NP-AspN3) are much more reactive than those with longer linker with a triple negative charge (NP-Asp3N3). We expect that the increase in the negative charge close to azide provokes the repulsion between the polymer and ligand molecules and places azide away from the NPs surface, which decelerates the reaction rate. Therefore, the reactivity of NPs surface is strongly controlled by the design of the linker between the reactive group and the polymer.

In case of pre-functionalization strategy, the choice of the polymer is also very important. Indeed, we found that the ligand bearing reducible disulfide bonds is better exposed at the surface when a triple-charged linker is used, as shown by the faster reduction kinetics compared to the shorter single-charge linker. Thus, the more negatively charged linker between the ligand and the polymer makes better accessibility of functional moieties of the ligand in solution. However, these observations are based on a relatively hydrophobic PMMA-derived polymer. In case of other types of polymers with significantly altered polarity, one cannot exclude that the effect of the charged linker could be different for both pre-and post-functionalization strategy.

Our work shows that FRET can be used to study reactivity of the surface of polymeric NPs and the reactions can be monitored in the real time. The latter is possible because NPs provide a signal amplification of the acceptor emission through light harvesting, so that only acceptor molecules grafted to NPs are observed, while the background from direct excitation of acceptors can be neglected. Moreover, FRET can be used for sensing the accessibility of the ligand to the environment as exemplified by our reduction experiments. Finally, the obtained FRET NPs bearing acceptor ligand through a disulfide bond can be used as nanoprobes for detection of reductive stimuli in cells. Their high brightness and signal amplification through light harvesting makes these nanoprobes more sensitive to the chemical reactions at their surface because a single acceptor can tune emission of 100-1000 encapsulated dyes. [START_REF] Melnychuk | DNA-functionalized dye-loaded polymeric nanoparticles: ultrabright FRET platform for amplified detection of nucleic acids[END_REF][START_REF] Melnychuk | Light-Harvesting Nanoparticle Probes for FRET-Based Detection of Oligonucleotides with Single-Molecule Sensitivity[END_REF][START_REF] Trofymchuk | Giant light-harvesting nanoantenna for single-molecule detection in ambient light[END_REF] The described pre-and post-functionalization approaches are complementary and could in principle be used for grafting different ligands in a well-controlled manner, as it was shown for other types of NPs. Moreover, the approach provides a route for preparation of NPs with controlled number of ligands, which is important for preparation of FRET-based probes for biosensing and bioimaging.

ASSOCIATED CONTENT

Supporting Information.

The following files are available free of charge.

Materials and methods section and some additional experimental data (PDF).

Figure 1 .

 1 Figure 1. (A) Two principle ways to obtain the nanoprobes. 1. Post-functionalization: preparation of NPs followed by surface modification with a functional moiety. 2. Pre-functionalization: nanoprecipitation of pre-functionalized polymer. (B) Working hypothesis: introduction of charged

Figure 2 .

 2 Figure 2. Post-functionalization of nanoparticles. (A) TEM images and corresponding size distribution statistics (below), scale bar -50 nm. Values correspond to average dimeter of NPs (at least 200 NPs were analyzed per sample) and errors correspond to half-width at the half-maximum of the corresponding size distribution. (B) Size by DLS. (C,D) Absorption spectra of NPs incubated with 2 µM of Sulfo-Cy5(DBCO): (C) reaction mixture and (D) after purification on the size exclusion column. Donor dye (R18/F5-TPB) loading was 20 wt% with respect to the polymer.

Figure 3 .

 3 Figure 3. Comparison of reaction ability of nanoparticles. Fluorescence emission spectra of nanoparticles incubated with 2 µM of Sulfo-Cy5(DBCO): (A) reaction mixture and (B) after purification on size exclusion column. Kinetics of the reaction of nanoparticles with 50 nM of Sulfo-Cy5(DBCO) followed by (C) acceptor emission at 665nm and (D) donor emission at 583 nm. Donor dye (R18/F5-TPB) loading was 20 wt% with respect to the polymer.

Figure 4 .

 4 Figure 4. Characterization of pre-functionalized polymeric NPs. (A) Size by DLS, (B) emission spectra of NP-PMMA-Cy5(SS) with different Acceptor to Donor ratios, (C) FRET ratio A/(D+A) of nanoparticles formulated with different acceptor (A) to donor (D) ratios. A and D are the peak intensities of the acceptor (at 665 nm) and the donor (at 583 nm), respectively. Donor dye (R18/F5-TPB) loading was 20 wt% with respect to the polymer. Excitation wavelength was 530 nm.

Figure 5 .

 5 Figure 5. Response of pre-functionalized FRET NPs to a reducing agent DTT. (A) Scheme of reduction with DTT. (B) Reduction kinetics of NP-PMMA-Cy5(SS), NP-AspN3-Cy5(SS), NP-Asp3N3-Cy5(SS) and AspN3-Cy5 (control nanoparticles without disulfide bond) incubated with 30 mM of DTT. Measured emission intensity at 583 nm. Emission spectra of reduction probes before and after 3h of incubation with 30 mM of DTT based on (C) NP-PMMA-Cy5(SS), (D) NP-AspN3-Cy5(SS), (E) NP-Asp3N3-Cy5(SS). Donor dye (R18/F5-TPB) loading was 20 wt% with respect to the polymer. Excitation wavelength 530 nm.

Figure 6 .

 6 Figure 6. FRET-based sensing of a reductive environment in cells with functionalized polymeric NPs. Bright-field, fluorescence images in the Donor and Acceptor channel, their merged images, and the intensity ratio of the acceptor to donor. Fluorescence microscopy images of HeLa cells incubated with FRET NPs (20 wt% R18/F5-TPB loading; molar ratio Acceptor:Donor = 1:120)

Table 1 .

 1 Efficiency of the functionalization reaction of two types of polymeric NPs.

	NPs	C	(Sulfo-	Number of	Reaction
		Cy5(DBCO))	A per NP a	yield, % b
		in reaction,		
		µM			
		0.25µM	74	7.9
	NP-AspN3	1 µM		124	13.5
		2 µM		129	14.6
		0.25 µM	12	1.3
	NP-Asp3N3	1 µM		23	2.6
		2 µM		26	3.1
	a Obtained from absorption spectra; b estimated based on total azide groups (1µM) present on the
	surface of NPs.				
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