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Hypothesis

Polymer nanoparticles (NPs) have a very high potential for applications notably in the biomedical field. However, synthetic polymer NPs cannot yet concurrence the functionalities of proteins, their natural counterparts, notably in terms of size, control over internal structure and interactions with biological environments. We hypothesize that kinetic trapping of polymers bearing oppositely charged groups in NPs could bring a new level of control and allow mimicking the surfaces of proteins.

Experiments

Here, the assembly of mixed-charge polymer NPs through nanoprecipitation of mixtures of oppositely charged polymers is studied. Two series of copolymers made of ethyl methacrylate and 1 to 25 mol% of either methacrylic acid or a trimethylammonium bearing methacrylate are synthesized. These carboxylic acid or trimethylammonium bearing polymers are then mixed in different ratios and nanoprecipitated. The influence of the charge fraction, mixing ratio of the polymers, and precipitation conditions on NP size and surface charge is studied.

Findings

Using this approach, NPs of less than 25 nm with tunable surface charge from + 40 mV to -40 mV are assembled. The resulting NPs are sensitive to pH and certain NP formulations have an isoelectric point allowing repeated charge reversal. Encapsulation of fluorescent dyes yields very bright fluorescent NPs, whose interactions with cells are studied through fluorescence microscopy. The obtained results show the potential of the concept of combination of oppositely charged polymers in NPs through nanoprecipitation for the design of NPs with precisely tuned surface properties.

Introduction

Polymer nanoparticles (NPs) are beginning to play important roles in diagnosis, therapy, and, combining both, in theranostics. [START_REF] Dawidczyk | State-ofthe-art in design rules for drug delivery platforms: Lessons learned from FDA-approved nanomedicines[END_REF][START_REF] Svenson | Theranostics: Are We There Yet?[END_REF][START_REF] Indoria | Recent advances in theranostic polymeric nanoparticles for cancer treatment: A review[END_REF] They can be loaded with a variety of compounds, integrate many functionalities and travel to nearly all compartments of the body. In nature the role of nano-tools and nano-containers is notably fulfilled by globular proteins [START_REF] Kessel | Introduction to Proteins: Structure, Function, and Motion[END_REF]: These can, for example, transport numerous loads, e.g. lipids or molecular oxygen, help to carry out (bio)chemical reactions (enzymes), recognize foreign structures (antibodies), or serve as molecular building blocks for functional materials (e. g. fibrinogen, fibronectin). Synthetic polymer NPs, on the other hand, cannot yet concurrence the functionalities of proteins. They are notably limited by their bigger size, the low control over their 2 structure, and the challenging control of their interactions with biological systems. Indeed, proteins are stabilized towards a large spectrum of environments, ionic strengths, and pH "simply" through charged and hydrophilic groups on their surface, which also minimize non-specific interactions, while enabling specific ones. [START_REF] Ma | Protein-protein interactions: Structurally conserved residues distinguish between binding sites and exposed protein surfaces[END_REF][START_REF] Minelli | Characterization of IgG-protein-coated polymeric nanoparticles using complementary particle sizing techniques[END_REF][START_REF] Smith | In-cell thermodynamics and a new role for protein surfaces[END_REF] Yet, synthetic NPs offer various possibilities not easily implemented even in engineered proteins, [START_REF] Lindenburg | Engineering Genetically Encoded FRET Sensors[END_REF][START_REF] Kapoor | Protein engineering and its applications in food industry[END_REF] as the loading with high amounts of contrast agents or active compounds and the use of elements like heavy metals or fluorine. [START_REF] Reisch | Fluorescent Polymer Nanoparticles Based on Dyes: Seeking Brighter Tools for Bioimaging[END_REF][START_REF] Acharya | PLGA nanoparticles containing various anticancer agents and tumour delivery by EPR effect[END_REF] A particular characteristic of proteins is the combination of positively and negatively charged groups on their surface. Their stability, but also their behavior and interactions in biological environments, largely benefit from the presence of both types of charges. [START_REF] Shaw | The effect of net charge on the solubility, activity, and stability of ribonuclease Sa[END_REF][START_REF] Loell | Marginal protein stability drives subcellular proteome isoelectric point[END_REF][START_REF] Joonaki | Surface Chemistry Can Unlock Drivers of Surface Stability of SARS-CoV-2 in a Variety of Environmental Conditions[END_REF] In the case of synthetic NPs, it could be shown that adjusting the ratios between positive and negative charges on the surface of so-called mixed-charge NPs allows controlling NP behavior in biological environments, their interaction with cells, and even their localization inside cells. [START_REF] Liu | Mixed-Charge Nanoparticles for Long Circulation, Low Reticuloendothelial System Clearance, and High Tumor Accumulation[END_REF][START_REF] Siek | Mixed-Charge, pH-Responsive Nanoparticles for Selective Interactions with Cells, Organelles, and Bacteria[END_REF] A particular type of mixedcharge NPs are zwitterionic NPs, in which the charges are balanced, and which often show strongly reduced non-specific interactions with proteins and cells. [START_REF] Blackman | An introduction to zwitterionic polymer behavior and applications in solution and at surfaces[END_REF][START_REF] Estephan | Zwitterion-Stabilized Silica Nanoparticles: Toward Nonstick Nano[END_REF][START_REF] García | Zwitterionic-Coated "Stealth" Nanoparticles for Biomedical Applications: Recent Advances in Countering Biomolecular Corona Formation and Uptake by the Mononuclear Phagocyte System[END_REF][START_REF] Runser | Zwitterionic Stealth Dye-Loaded Polymer Nanoparticles for Intracellular Imaging[END_REF] On the other hand, combination of different charged groups is used in molecular imprinted polymer NPs to optimize recognition and binding of analytes. [START_REF] Hoshino | Peptide Imprinted Polymer Nanoparticles: A Plastic Antibody[END_REF][START_REF] Haupt | Molecularly Imprinted Polymers: Antibody Mimics for Bioimaging and Therapy[END_REF] Several approaches exist to create mixed-charge NPs. One of the most common is the modification of gold NPs with mixtures of positively and negatively charged thiol ligands. [START_REF] Liu | Mixed-Charge Nanoparticles for Long Circulation, Low Reticuloendothelial System Clearance, and High Tumor Accumulation[END_REF][START_REF] Pillai | Controlled pH Stability and Adjustable Cellular Uptake of Mixed-Charge Nanoparticles[END_REF] In the case of polymer based NPs, different charged groups have been combined within the same polymer, sometimes in masked form, yielding polymer ampholytes. [START_REF] Zhang | Charge-reversal nanocarriers: An emerging paradigm for smart cancer nanomedicine[END_REF] Combining polymerization and particle formation, as in the case of precipitation polymerization, was for example used to synthesize molecular imprinted nanoparticles. [START_REF] Px | Guide to the Preparation of Molecularly Imprinted Polymer Nanoparticles for Protein Recognition by Solid-Phase Synthesis[END_REF][START_REF] Xu | Molecularly Imprinted Polymer Nanoparticles as Potential Synthetic Antibodies for Immunoprotection against HIV[END_REF] Post-polymerization assembly of such polymers can also be used to obtain NPs down to the level of single-chain particles. [START_REF] Lecommandoux | Precision polymers with biological activity: Design towards selfassembly and bioactivity[END_REF][START_REF] Aiertza | Single-chain polymer nanoparticles[END_REF] However, as charge pairing can occur between the opposite charges, it remains difficult to achieve availability of both charges on the surface. This is exemplified by polyelectrolyte complex NPs, in which two polyelectrolytes of opposite charge are combined, and by polyplexes, which are NPs formed between cationic polymers and nucleic acids, and by the association of oppositely charged NPs. [START_REF] Boussif | A versatile vector for gene and oligonucleotide transfer into cells in culture and in vivo: polyethylenimine[END_REF][START_REF] Ita | Polyplexes for gene and nucleic acid delivery: Progress and bottlenecks[END_REF][START_REF] Bansal | Hetero-aggregation of oppositely charged nanoparticles[END_REF] Upon NP formation opposite charges are pairing up, leading to more hydrophobic ion pairs that are typically contained inside the NPs, while the shell is formed exclusively by the charges in excess, with the stability depending on the amount and sign of the surface charge. [START_REF] Müller | Sizing, Shaping and Pharmaceutical Applications of Polyelectrolyte Complex Nanoparticles[END_REF][START_REF] Insua | Polyion complex (PIC) particles: Preparation and biomedical applications[END_REF][START_REF] Gonzalez-Monje | Encapsulation and sedimentation of nanomaterials through complex coacervation[END_REF] An alternative is to spatially separate the charges as can be done in Janus particles, but this usually is achieved on larger length scales. [START_REF] Hwang | Oppositely Charged, Stimuli-Responsive Anisotropic Nanoparticles for Colloidal Self-Assembly[END_REF][START_REF] Marschelke | Reconfigurable assembly of charged polymer-modified Janus and non-Janus particles: from half-raspberries to colloidal clusters and chains[END_REF] Most of these approaches rely on particle formation under thermodynamic control. [START_REF] Lecommandoux | Precision polymers with biological activity: Design towards selfassembly and bioactivity[END_REF] An alternative is to use NP formation under kinetic control, where hydrophobic forces could be used to implement oppositely charged groups on the surface, while avoiding their pairing. One such approach is nanoprecipitation, in which polymers are dissolved in a water miscible organic solvent that is quickly added to an aqueous phase, leading to supersaturation that acts as the driving force of particle formation. [START_REF] Martínez Rivas | Nanoprecipitation process: From encapsulation to drug delivery[END_REF][START_REF] Saad | Principles of nanoparticle formation by flash nanoprecipitation[END_REF] Nanoprecipitation has been successfully used to combine different polymers within one particle, either through coprecipitation or in a sequenced manner. [START_REF] Sun | Diverse Particle Carriers Prepared by Co-Precipitation and Phase Separation: Formation and Applications[END_REF][START_REF] Grundy | Rapid Production of Internally Structured Colloids by Flash Nanoprecipitation of Block Copolymer Blends[END_REF][START_REF] Reisch | Charge-Controlled Nanoprecipitation as a Modular Approach to Ultrasmall Polymer Nanocarriers: Making Bright and Stable Nanoparticles[END_REF][START_REF] Li | Fabrication of Charge-Conversion Nanoparticles for Cancer Imaging by Flash Nanoprecipitation[END_REF] However, this approach was mainly reserved to non-charged systems or systems bearing only one type of charge. The kinetic control of particle formation in the case of nanoprecipitation has the further advantage to simplify the encapsulation of functional compounds, including drugs and contrast agents. [START_REF] Martínez Rivas | Nanoprecipitation process: From encapsulation to drug delivery[END_REF][START_REF] Hayward | Tailored Assemblies of Block Copolymers in Solution: It Is All about the Process[END_REF] This has, for example, facilitated the assembly of fluorescent dye-loaded polymer NPs of very high brightness. [START_REF] Reisch | Fluorescent Polymer Nanoparticles Based on Dyes: Seeking Brighter Tools for Bioimaging[END_REF][START_REF] Li | Polymer-encapsulated organic nanoparticles for fluorescence and photoacoustic imaging[END_REF][START_REF] Visaveliya | Softness Meets with Brightness: Dye-Doped Multifunctional Fluorescent Polymer Particles via Microfluidics for Labeling[END_REF] Indeed, in this case, formation of the hydrophobic core ensures encapsulation of large quantities of hydrophobic dyes, while the charge exposed to the surface ensures formation of small colloidally stable NPs. [START_REF] Reisch | Charge-Controlled Nanoprecipitation as a Modular Approach to Ultrasmall Polymer Nanocarriers: Making Bright and Stable Nanoparticles[END_REF][START_REF] Reisch | Collective fluorescence switching of counterion-assembled dyes in polymer nanoparticles[END_REF][START_REF] Reisch | Protein-Sized Dye-Loaded Polymer Nanoparticles for Free Particle Diffusion in Cytosol[END_REF] In the present study, we have systematically investigated the preparation of polymer NPs through nanoprecipitation using combinations of polymers bearing oppositely charged groups. For this we have chosen poly(ethyl methacrylate) polymers bearing either carboxylic acid (COOH / COO -) or trimethylammonium (NMe3 + ) groups, in percentages ranging from 1 to 25 mol% (Scheme 1). The influence of the fraction of charged groups on the polymers, of the ratio of the charges, and of the precipitation medium on particle size and charge have been investigated in detail, showing that it is possible to achieve small NPs with a range of surface charges. Further evaluation of their response to changes in pH showed that both types of charged groups are available on the particle surface and that it is possible to inverse the sign of their surface charge. These NPs even present an isoelectric point, which can be adjusted through the ratio of the used polymers. For selected systems we further showed that these NPs can be rendered highly fluorescent through encapsulation of a hydrophobic dye salt (Scheme 1), which enabled monitoring their interactions with cells. Scheme 1: Principle of nanoprecipitation using oppositely charged polymers. Chemical structures of polymers and dye salt used in this study. solutions were placed in a 50 mL round bottom flask. 1.68 mL of AIBN at 40 mg.mL -1 (0.41 mmol, 1 eq.)
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Materials

were added and the mixture was flushed with argon during 5 min. It was then heated at 70°C under inert atmosphere for 30 min and an aliquot was taken and analyzed using 1 H NMR spectroscopy. The ratio between the intensities of the O-CH2-signals from the monomer and the polymer showed 37% of conversion. The mixture was then precipitated in methanol. The polymer was collected after centrifugation and redissolved in acetonitrile before a second precipitation in methanol. The obtained polymer was dried under vacuum to give 1.15 g of white solid (overall yield 25 %). 1 Preparation of NPs: Stock solutions of polymers were prepared at a concentration of 10 g.L -1 in acetonitrile (with 30 vol% methanol for ≥5% charged groups). The stock solutions were then diluted to 2 g.L -1 in acetonitrile (corresponding to about 18 mM in terms of monomer units; with 6 vol% methanol for ≥5% charged groups), where needed containing 10 wt% of R18/F5-TPB relative to the polymer. The solutions of the COOH and NMe3 bearing polymers were then mixed in the desired ratios Transmission electron microscopy (TEM): Solutions of NPs (5 μL) were deposited onto carboncoated copper-rhodium electron microscopy grids following air or amylamine glow-discharge. They were then treated for 20 s with a 2% uranyl acetate solution for staining. The obtained grids were observed using a Tecnai F20 Twin transmission electron microscope (FEI Eindhoven Holland) operating at a voltage of 200 kV. Images (2,048 pixels × 2,048 pixels) were recorded using a US1000 camera (Gatan) and analyzed using the Fiji software. At least 200 particles per condition were analyzed.

Absorption and emission spectra were recorded on a Cary 5000 Scan ultraviolet-visible spectrophotometer (Varian) and on a FS5 Spectrofluorometer (Edinburgh Instruments), respectively.

In the latter case excitation was performed at 530 nm and spectra were recorded form 540 to 750 nm.

Quantum yields (QYs) were determined using a simplified relative method with rhodamine 101 in ethanol with peak absorbances below 0.1 as reference. [START_REF] Würth | Comparison of Methods and Achievable Uncertainties for the Relative and Absolute Measurement of Photoluminescence Quantum Yields[END_REF] Titration of Nanoparticles. Mixed polymer NPs were made as described before. To a 2 mL solution of nanoparticles in MQ water, titrating solution (NaOH 0.01M or HCl 0.01M) was added stepwise, typically with 2.5 µL additions, followed immediately by vigorous mixing. Then pH, size and zeta measurements were performed and the operation repeated until a wide pH range was covered.

Charge reversal. Surface zeta potential inversion of nanoparticles was realized by adding quickly 200 µL of nanoparticle solution to 800 µL of 20 mM NaOH solution. Then 200 µL of these nanoparticles were mixed in 800 uL of 20 mM HCl solution and so on until 4 th charge reverse.

Cellular experiments:

Hela cells (ATCC® CCL-2) were grown in Dulbecco's modified Eagle's medium with low (1 g.L -1 ) glucose (DMEM, Gibco), supplemented with 10% fetal bovine serum (FBS, Dutscher), 1% L-glutamine (Lonza) and 1% penicillin-streptomycin (Lonza) at 37°C in a humidified atmosphere containing 5% CO2.

For investigating NP-cell interactions, cells were seeded in 35-mm-glass bottom culture dishes (ibidi) at a density of 100 000 cells per well. After letting the cells adhere for 18 h, the cell culture medium was removed, and the cells were rinsed twice with Opti-MEM, followed by incubation with a freshly prepared solution of the NPs diluted twentyfold in Opti-MEM. After 1 h of incubation, the NP suspension was removed and the cells were rinsed with Opti-MEM. Just before imaging MemBright-488 [START_REF] Collot | BODIPY with Tuned Amphiphilicity as a Fluorogenic Plasma Membrane Probe[END_REF] was added to obtain a final concentration of 200 nM. Imaging was then performed using a Leica TSC SPE confocal microscope with a 63× oil immersion objective.

Results and Discussion

Polymers used for Nanoparticle Preparation

In order to study systematically the nanoprecipitation of mixtures of polymers bearing opposite charges, we synthesized two series of copolymers of ethyl methacrylate with either methacrylic acid (noted PEMA-COOH in the following) or [2-(Methacryloyloxy)ethyl]trimethylammonium chloride (noted PEMA-NMe3) as comonomer through free radical polymerization (Scheme 1). While the trimethylammonium groups are permanently charged independently of the pH, the charge of the carboxylic acid groups, being weak acids, depends on the pH. The mole fraction of the charged (or ionizable) monomers in the feed was varied from 1 to 25%. In this way we obtained eight polymers having 1, 5, 10, or 25% of either COOH or NMe3 groups, referred to as charge fractions in the following. The relative high fraction of the hydrophobic ethyl methacrylate (≥75%) resulted in polymers that were soluble in organic solvents, such as DMSO or acetonitrile. However, for the highest charge fractions the addition of methanol was needed to achieve complete dissolution. In consequence, stock solutions of the polymers at 10 g.L -1 were prepared in acetonitrile containing 30 vol% of methanol, and for particle formation these were diluted to 2 g.L -1 in acetonitrile.

Nanoprecipitation of Mixtures of Polymers

In order to form particles, solutions of two polymers with the same fraction of either COOH or NMe3 groups, that is with the same charge fraction, but opposite sign, were first mixed at the desired ratio in acetonitrile. This ratio is named polymer ratio (noted also Turbidity measurements showed typically no or at most very slight increase of optical density, suggesting that no particle formation occurred in the organic phase (Supporting Information, Figure S3). These mixtures were then added quickly and under shaking to a nine-fold excess of an aqueous solution, followed by a second dilution in the same medium to the desired concentration. Figure 1A summarizes the DLS results obtained for different charge fractions on the polymers combined at COOH/NMe3 ratios going from 0:100 (only PEMA-NMe3 polymer) to 100:0 (only PEMA-COOH) as obtained in MilliQ-water. When an excess of PEMA-NMe3, or a 50:50 ratio was used, very small NPs with sizes of less than 25 nm were formed, for all fractions of charged groups. For a 75:25 ratio between PEMA-COOH and PEMA-NMe3, there was a marked increase in NP size, especially for 1 and 25% charged groups. At a 90:10 polymer ratio the measured particle sizes increased very strongly to >250 nm, and DLS results suggested formation of aggregates. This was accompanied by the appearance of a turbidity visible by eye. In other cases no such turbidity was observed. Nanoprecipitation of the PEMA-COOH polymers alone (ratio 100:0) led then again to relatively small NPs. This dependence on the ratio of the two polymers was observed for all 4 couples of polymers tested, independently of the fraction of charged groups. In the range of COOH/NMe3 ratios from 0:100 to 50:50, the fraction of charged groups within the polymer had only a small influence, with the sizes of NPs from polymers having charge fractions of 5 and 10% being smallest. The polymer mixture with a fraction of charged groups of 1% showed the fastest size increase at ratios of 50:50 and 75:25. In the case of pure PEMA-COOH polymers (ratio 100:0), the smallest NP sizes were obtained for charge fractions of 25 and 10%.

It should be noted that for the series of the two polymers alone (0:100 and 100:0 ratios), the results

were in good agreement with those obtained previously on similar polymers. [START_REF] Reisch | Protein-Sized Dye-Loaded Polymer Nanoparticles for Free Particle Diffusion in Cytosol[END_REF][START_REF] Rosiuk | Controlling Size and Fluorescence of Dye-Loaded Polymer Nanoparticles through Polymer Design[END_REF] PDI values obtained by DLS lay typically in the range 0.1 to 0.3 (Supporting Information Table S2). However, in some cases PDI values > 0.3 were observed, in these cases some larger aggregates (~1% volume weighted) or small amounts (<4% volume weighted) of a secondary population around 100 -300 nm could be detected. In a next step, we performed the same series of experiments, except that the PEMA-COOH polymers were neutralized with NaOH in the organic phase before mixing them with PEMA-NMe3 (Figure 1B). Already in acetonitrile solution, this led to some polymer association at polymer ratios around 50:50, as observed by turbidimetry (Figure S3). In this case, small NPs could still be obtained at high or low ratios (mainly for ≥90:10 and ≤10:90), but for intermediate ratios very large particles (>100 nm) or aggregation was often observed. Aggregation and formation of large particles was particularly prominent for the polymer systems with charge fractions of 1 and 25% groups, while the polymers bearing 5 and 10% of charged groups still gave NPs below 20 nm at COOH/NMe3 ratios of 90:10 and 10:90 ratios (and mostly intermediate-sized particles over the middle range of ratios). For this reason, we concentrated on the polymers with charge fractions of 5 and 10% for the remaining investigation. For these two polymer systems, we then studied particle formation also with an aqueous phase at pH 7.4 (20 mM phosphate buffer) and in 30 mM NaCl (Figure 2 and SI Figure S4). In the presence of salt, the particle sizes were larger than in pure MilliQ water over the whole range of ratios, but the maximum sizes remained at 90:10, as in the case of MilliQ water. At pH 7.4 the maximum particle sizes shifted to a COOH/NMe3 ratio of 50:50 between charged groups, as in the case of neutralized PEMA-COOH in MilliQ water, but with larger particle sizes. A particular case was the system with charge fraction 5%, which showed large particle sizes for the whole range of ratios with excess PEMA-NMe3. This could be due to the multivalent nature of the phosphate, favoring formation of ionic "cross-links". Zeta potential measurements showed positive surface charges for particles formed at low COOH/NMe3 ratios and negative surface charges at high ratios (Figure 2 B and SI Figure S4). The series of NPs made from PEMA-COOH 5% and PEMA-NMe3 5% in MilliQ water was also analyzed by TEM (Figure 3). The obtained images showed very small NPs with sizes that only slightly increased with increasing COOH/NMe3 ratio from 0:100 to 75:25, in good agreement with DLS results.

Size distributions were narrow with the full width at half maximum below 8 nm, even in cases where in line with DLS. We further wanted to verify, whether both kinds of polymers are combined within the same NP. To achieve this, we synthesized PEMA-COOH 5% and PEMA-NMe3 5% polymers bearing about 1 mol% of a naphthalene or a pyrene group, respectively (Figure 4A). These two fluorophores can undergo Förster excitation energy transfer (FRET) if they are sufficiently close (Förster radius 2.9

nm [START_REF] Zhang | Surfactant Structure-Dependent Interactions with Modified Starch Nanoparticles Probed by Fluorescence Spectroscopy[END_REF]), which can be realized only within the same NP. Starting from a 1:1 mixture of the two polymers in the organic phase, we first simply diluted the solution ten-fold with acetonitrile. Upon illumination at 293 nm, the wavelength where the ratio of naphthalene to pyrene absorbance is highest, we observed fluorescence emission in the regions 320 -355 nm and 375 -425 nm, corresponding to naphthalene and pyrene emission, respectively, with similar intensities (Figure 4B).

Given that the absorbance of pyrene at this excitation wavelength remains relatively high (Figure S5), significant acceptor emission is probably related to its direct excitation rather than FRET. When the same 1:1 mixture of polymers was used for nanoprecipitation (addition to nine-fold excess of water), a strong emission of pyrene was observed, indicating efficient FRET from naphthalene to pyrene. On the other hand, when NPs were prepared separately with the naphthalene and pyrene bearing polymers, and the particle solutions were mixed after nanoprecipitation, the relative intensities of the two bands were similar to those observed in organic solution -indicating that no FRET occurred in this system. Taken together these results showed that under the conditions used here for mixed nanoprecipitation, both types of polymers are present in the same NP.

Isoelectric Point and Charge Reversal

In a next step, the availability of the two charged groups on the surface of the NPs was studied.

For this, we prepared NPs using PEMA-COOH 5% and PEMA-NMe3 5%, without prior neutralization, at different polymer (or COOH/NMe3) ratios. The so obtained NP solutions were then titrated with either NaOH (0.01 M) or HCl (0.01 M) and the zeta potential was determined at different pH values (Figure 5 A). Before addition of acid or base, the NP solutions had pH values around 5.5, presumably due to deprotonation of part of the carboxylic acid groups. When NPs were prepared from the PEMA-COOH polymer only (ratio 100:0), the zeta potential remained negative over the entire studied pH range.

However, the value changed gradually from -5 mV at pH <4 to -40 mV at pH 7, followed by a slight decrease to -45 mV at pH >11. The observed change in surface charge agrees well with the expected deprotonation of the carboxylic acid groups with increasing pH. The stretched out shape of the curve could correspond to an influence of neighboring charged groups, as in the case of polyelectrolytes. [START_REF] Ullner | Simulations of the Titration of Linear Polyelectrolytes with Explicit Simple Ions: Comparisons with Screened Coulomb Models and Experiments[END_REF] In the case of a COOH/NMe3 ratio of 75:25, the particles displayed a zeta potential of about +25 mV.

Addition of HCl led to its increase to about +32 mV at pH <4. Upon addition of NaOH, the zeta potential decreased sharply with increasing pH and became negative at a pH between 6.5 and 7, followed by a further decrease to -30 mV at pH >9. These particles had hence an isoelectric point, as proteins usually have, which lay here between 6.5 and 7. NPs prepared with higher amounts of PEMA-NMe3 (ratios 50:50 and 25:75) also showed a decrease of the zeta potential with increasing pH, however, the zeta potential remained positive up to a pH close to 12. Performing the same type of experiment with NPs made from PEMA-COOH 10% and PEMA-NMe3 10% in a ratio 75:25 showed again a charge reversal, this time at pH 7. The change of potential with pH was more abrupt in the latter case.

The results of the titrations revealed that both types of charged groups seemed indeed to be present at the particle surface. Here, the changes in the surface charge were simply due to the protonation/deprotonation of the carboxylic acid groups, while the NMe3 groups can be assumed to remain charged over the whole pH range studied. With increasing amount of PEMA-NMe3 the zeta potential vs pH curves were progressively shifted towards higher potentials and higher pH values. Only in the case of a COOH/NMe3 ratio of 75:25 we observed an actual charge inversion in the studied pH range, and thus these NPs had what corresponds to an isoelectric point. However, comparison with the curves for polymer ratios 100:0 and 50:50 suggested that it should be possible to assemble further NP systems with charge reversal at polymer ratios in this range, with an isoelectric point increasing with increasing amount of PEMA-NMe3. On the other hand, increasing the charge fraction on the polymer to 10% led to a steeper transition between positive and negative zeta potential. Together these results suggest that mixed nanoprecipitation allows fine tuning the surface charge of NPs through a combination of positive and negative charges on the surface. We then wanted to know, whether inversion of the surface charge was a reversible process.

For this NPs of PEMA-COOH 5% and PEMA-NMe3 5% in a 75:25 ratio (zeta potential +20 mV) were added alternatively to 20 mM NaOH and HCl. This resulted indeed in repeated inversion of the zeta potential, going to around -40 mV in NaOH and to +20 mV in HCl (Figure 5B). Upon the first charge inversion we observed an increase in the size, probably due to some association of NPs. However, no further aggregation was observed, and the charge inversion could be carried out over at least 4 cycles.

Such charge reversal behavior is of high interest notably in drug delivery applications. [START_REF] Zhang | Charge-reversal nanocarriers: An emerging paradigm for smart cancer nanomedicine[END_REF][START_REF] Li | Fabrication of Charge-Conversion Nanoparticles for Cancer Imaging by Flash Nanoprecipitation[END_REF][START_REF] Yuan | Multistage pH-responsive mesoporous silica nanohybrids with charge reversal and intracellular release for efficient anticancer drug delivery[END_REF] To give a better idea of these particles, the number of charges can be estimated. Considering the NP sizes obtained by TEM (about 15 nm for NPs from PEMA-COOH 5% and PEMA-NMe3 5% in MilliQ water in the 0:100 to 75:25 ratio range, Figure 3), the total number of charged (or potentially charged) groups is around 450 per NP. If all of these groups are on the particle surface, this would correspond to about 1.5 charges per nm². In case of the 50:50 charge ratio, the number of positive charges would be 225 per particle, independently of the pH. The number of negative charges, on the other hand, would vary between close to zero at pH <4 to about 225 at a pH of around 7.

Encapsulation of Fluorescent Dyes

Further, the possibility to encapsulate compounds into these NPs, built of oppositely charged polymers, was evaluated. For this, we added 10 wt% (relative to the polymers) of a hydrophobic dye salt, R18/F5-TPB, to the polymer solutions used for particle preparation, followed by nanoprecipitation as before. This dye salt was used previously to obtain dye-loaded NPs of very high brightness, as the hydrophobic counterion helps encapsulation and prevents aggregation-caused quenching of the dye. [START_REF] Reisch | Collective fluorescence switching of counterion-assembled dyes in polymer nanoparticles[END_REF][START_REF] Reisch | Tailoring Fluorescence Brightness and Switching of Nanoparticles through Dye Organization in the Polymer Matrix[END_REF] It was further shown that improper encapsulation typically resulted in reduced fluorescence quantum yield (QY). [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] Here, absorption spectra of the obtained NP solutions were nearly identically for most polymer ratios (Supporting Information, Figure S6). Only the 90:10, and to a minor degree the 75:25 ratio, showed lower dye absorbance values, indicating a loss of part of the dye-salt, in good agreement with polymer aggregation observed by DLS. For the other formulations the observed absorbance is within 10% of the expected value, indicating a high (>90%) yield for the nanoprecipitation. Fluorescence emission was clearly higher for particles made from the PEMA-COOH polymer only (100:0), corresponding to a higher fluorescence QY (66%). Apparently, the presence of even a small amount of PEMA-NMe3 decreased the QY to about 45%, but a further addition had no major influence. A possible explanation is that the trimethylammonium groups displaced some of the dye from the hydrophobic counterion F5-TPB, which was thus not available anymore for "insulating" the dyes, leading to reduced QYs. Overall, these results suggest that encapsulation can be achieved readily into these mixed polymer, mixed charge NPs and that very small particles of still very high brightness can be obtained. To give an example: Considering their size (13 nm), PEMA-COOH 5% and PEMA-NMe3 5% 50:50 NPs encapsulate about 65 dyes per NP. Their brightness can be calculated according to Brightness = N εR18 QY, where N is the number of encapsulated dyes and εR18 is the extinction coefficient of the dye. The estimated particle brightness of 3.7 10 6 L.M -1 corresponded to about tenfold the brightness of corresponding QDs (e.g. ~2.2×10 5 M -1 cm -1 for QD585 from Invitrogen).

Interactions of NPs with Cells

Finally, the influence of the composition of these NPs on their interaction with cells was evaluated using fluorescence microscopy. We chose a series of PEMA-COOH 5% / PEMA-NMe3 5% NPs made from different polymer ratios going from 0:100 to 100:0. With the exception of 90:10, which was not tested here, the sizes of these NPs lay in a similar range (between 11 and 38 nm according to TEM), but their zeta potential varied between +40 and -30 mV. These NPs were added to HeLa cells, followed by incubation for 1 h and imaging through confocal microscopy (Figure 6A). In the case of pure PEMA-COOH and PEMA-NMe3 NPs, corresponding to ratios 100:0 and 0:100, numerous (15 to 20 per cell), brightly fluorescent spots were observed inside the cells, indicating a good internalization of the NPs.

The appearance of the spots and previous results suggest that these correspond to endosomes or lysosomes containing several particles each. [START_REF] Reisch | Collective fluorescence switching of counterion-assembled dyes in polymer nanoparticles[END_REF] For NPs made from intermediate ratios of the two polymers, both the number and the brightness of the spots decreased markedly, suggesting that internalization of NPs bearing both types of charged polymers was reduced. Increasing the charge fraction, by using NPs made from pure PEMA-COOH 10% (ratio 100:0), led to a further clear reduction of the number and intensity of the observed fluorescent spots (Figure 6B). In the case of these NPs practically no internalization took place, probably due to the higher amount of charged groups on the surface, rendering the particle surface more hydrophilic. 

Conclusions

In the present work, we have aimed at approaching synthetic polymer NPs further towards the functionalities of proteins, their natural counterparts. In particular, we explored a possibility to implement a combination of positively and negatively charged groups on their surface. Indeed, while gold NPs bearing mixed charges have been synthesized, [START_REF] Liu | Mixed-Charge Nanoparticles for Long Circulation, Low Reticuloendothelial System Clearance, and High Tumor Accumulation[END_REF][START_REF] Siek | Mixed-Charge, pH-Responsive Nanoparticles for Selective Interactions with Cells, Organelles, and Bacteria[END_REF] assembly of polymer NPs exposing both types of charges on their surface is more challenging, [START_REF] Px | Guide to the Preparation of Molecularly Imprinted Polymer Nanoparticles for Protein Recognition by Solid-Phase Synthesis[END_REF][START_REF] Li | Fabrication of Charge-Conversion Nanoparticles for Cancer Imaging by Flash Nanoprecipitation[END_REF] notably due to possible charge pairing. [START_REF] Bansal | Hetero-aggregation of oppositely charged nanoparticles[END_REF][START_REF] Gonzalez-Monje | Encapsulation and sedimentation of nanomaterials through complex coacervation[END_REF] Here, we hypothesized that kinetic trapping of polymers bearing oppositely charged groups in NPs could be used to implement oppositely charged groups.

For this, we studied the preparation of nanoparticles through nanoprecipitation of mixtures of two polymers bearing between 1 and 25% of either carboxylic acid (carboxylate) or trimethylammonium groups. DLS and TEM results showed that it was possible to produce NPs over a wide range of ratios of the two polymers, in particular for charge fractions of 5 and 10%, which yielded very small NPs of less than 25 nm. Both types of charged groups were available on the NP surface, which led to a pH dependent surface charge, similarly to proteins. Effectively, some of the NPs exhibited an isoelectric point, whose position could be controlled through the charge fraction and the ratio of the used polymers. These mixed-polymer, mixed-charge NPs could be made brightly fluorescent through encapsulation of a hydrophobic dye-salt. Their high fluorescence brightness made it possible to observe their interaction with cells, which could be controlled through the assembly conditions. Thus, a small set of simple polymers allows to precisely adjust size, surface charge, and interactions of nanoparticles simply through adjusting the assembly parameters, while maintaining a high capacity for encapsulation.

The presented kinetically controlled approach could be a valuable tool to assemble precision NPs notably for biomedical applications. In particular, it opens the possibility to readily mimic the surfaces of proteins through a combination of robust polymer chemistry and assembly conditions.

Combination with recently developed concepts of (co)nanoprecipitation [START_REF] Sun | Diverse Particle Carriers Prepared by Co-Precipitation and Phase Separation: Formation and Applications[END_REF][START_REF] Yan | Nanoprecipitation as a simple and straightforward process to create complex polymeric colloidal morphologies[END_REF] will pave the way to polymer nanoparticles with a versatility, complexity, functionality and precision approaching those of proteins.

  H NMR (400 MHz, CDCl3) δ (ppm): 4.03 (m, 2H), 1.91 (m, 2H), 1.26 (br m, 3H), 1.03 (br m, 3H). GPC gave Mn = 127200 g/mol (Mw/Mn = 1.31).

(

  volume ratio of the two polymer solutions at 2 g.L -1 that are mixed): COOH:NMe3 100:0, 90:10, 75:25, 50:50, 25:75, 10:90, 0:100. That is, in all cases the global polymer concentration was kept constant at 2 g.L -1 . For neutralization of the COOH bearing polymers, the corresponding amount of NaOH (1 M in methanol) was added to the mixture of the polymers before particle assembly. The resulting solutions were then quickly added to a 9-fold volume excess of water, 30 mM NaCl, or buffer (20 mM, pH 7.4) solutions under shaking (Thermomixer comfort, Eppendorf, 1000 rpm at 21°C), followed by a second dilution in the same medium.Characterization ofNPs Dynamic light scattering (DLS) and ζ-potential: The size and ζ-potential of the mixed polymer NPs were measured on a Zetasizer Nano series ZSP (Malvern Instruments S.A.). For size determination, each sample was measured 10 times with a run length of 10 s each. The volume average values, determined by the Zetasizer software (Malvern) based on Mie theory, were used. Mean values give the average over at least three independent measurements, error bars correspond to standard error of the mean. For ζ-potential determination three successive measurements combining electrophoretic mobility and laser Doppler velocimetry with > 10 runs each were carried out with an applied potential of ±150 V.

  PEMA-COOH/PEMA-NMe3 or COOH/NMe3 ratio) and corresponds to the ratio of the two polymers in the solution, and, in first approximation, to the molar ratio of COOH and NMe3 groups. E.g. a polymer ratio of 75:25 for a charge fraction of 5% corresponds to a solution containing 75 mo% PEMA-COOH 5% and 25 mol% PEMA-NMe3 5%. In the present work we used 7 polymer (or COOH/NMe3) ratios , going from 0:100 (only PEMA-NMe3 polymer), over 10:90, 25:75, 50:50, 75:25, 90:10 to 100:0 (only PEMA-COOH).

Figure 1 .

 1 Figure 1. Sizes of mixed polymer NPs for different charge fractions on the polymers and different polymer (COOH/NMe3) ratios, as obtained in mQ water, without (A) and with (B) neutralization of the COOH bearing polymer. Insets show the complete size scale. The sizes give the average of at least three independent preparations, according to DLS (volume weighted); error bars correspond to standard error of the mean.

Figure 2 .

 2 Figure 2. (A) Size and (B) zeta potential of mixed polymer NPs for polymers with charge fractions of 5% in different polymer ratios, obtained in different precipitation media: (i) mQ water, (ii) mQ water with prior neutralization, (iii) phosphate buffer (20 mM, pH 7.4), and (iv) 30 mM NaCl. The size and potential values give the average of at least three independent preparations, according to DLS (volume weighted) and electrophoretic light scattering, respectively. Error bars correspond to standard error of the mean.

Figure 3 .

 3 Figure 3. TEM images of mixed polymer NPs for polymers bearing 5% of charged groups and different mixing ratios, given above the images. Mean values of the sizes are given on the images. The size distributions are shown below the images. For each condition at least 200 NPs were measured. Scale bars: 50 nm.

Figure 4 .

 4 Figure 4. FRET between polymers in the particles. (A) Schematic view of the PEMA-COOH 5% -Naphthalene and PEMA-NMe3 5%-Pyrene, and of the different experiments: (1) Polymers diluted in acetonitrile. (2) Nanoprecipitation using a 50:50 ratio of the two polymers. (3) Nanoprecipitation using one labeled and one non-labeled polymer followed by mixing of the two types of NPs. (B) Corresponding emission spectra obtained upon excitation at 293 nm.

Figure 5 .

 5 Figure 5. Response of particles to pH changes: isoelectric points and charge reversal. (A) Zeta potential as function of pH for NPs made from PEMA-COOH 5% and PEMA-NMe3 5% in mQ water at different COOH/NMe3 ratios, and for NPs made from PEMA-COOH 10% and PEMA-NMe3 10% at a ratio 75:25 in mQ water. Values are average of 2 to 4 measurements per condition, error bars give the standard deviation. The box shows the starting pH values before addition of acid or base. (B) Zeta

Figure 6 .

 6 Figure 6. Fluorescence micrographs of HeLa cells incubated with different NPs loaded with 10 wt% of R18/F5-TPB for 1h. (A) NPs based on PEMA-COOH 5% and PEMA-NMe3 5% with different mixing ratios. (B) PEMA-COOH 10% NPs. Cyan color represents the MemBright channel (λex 488 nm, λem 495-560 nm), magenta gives the NP channel (λex 561 nm, λem 570-610 nm). The scale bar corresponds to 20 µm.
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