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Photoluminescent quantum dots (QDs) due to their unique optical properties and capacity for conjugation with biomolecules are widely used in biomedicine. However, numerous by-products of bioconjugation can seriously influence the interaction of these nanoprobes and their targets. The use of size exclusion chromatography (SEC) for the separation of QDs and byproducts of bioconjugation is rather challenging because of the difference in chemical and physical nature of nanoparticles and biomolecules, which makes the choice of stationary phases for SEC a complicated task. Here we have investigated the efficiency of SEC purification of water-soluble CdSe/ZnS QDs and QD-based conjugates from polyethylene glycol derivatives serving as stabilizing ligands, as well as bis-netropsin and 4,5,9-trisubstituted acridine derivative serving as DNA ligands using Sephadex resins with different porosities. We have found that multiple SEC cycles using popular pre-packed Sephadex G25 columns does not provide efficient purification of QDs, whereas Sephadex G100 and G200 are much more efficient after a single SEC run because of the optimal peak resolution and allow preserving the colloidal stability of QDs. Our results show that the use of less common chromatographic media in the group of Sephadex resins allows efficient purification of QD bioconjugates from contaminants for their subsequent use in bioimaging or diagnostics.

INTRODUCTION

Semiconductor quantum dots (QDs) represent a novel class of fluorophores possessing unique physical and chemical properties and widely used in the bioimaging and theranostics. [START_REF] Bilan | Quantum Dot-Based Nanotools for Bioimaging, Diagnostics, and Drug Delivery[END_REF][START_REF] Bruns | Next-Generation in Vivo Optical Imaging with Short-Wave Infrared Quantum Dots[END_REF][START_REF] Smith | Bioconjugated Quantum Dots for in Vivo Molecular and Cellular Imaging[END_REF][START_REF] Martynenko | Application of Semiconductor Quantum Dots in Bioimaging and Biosensing[END_REF] Due to the bright photoluminescence (PL) of QDs, their conjugates with different classes of biomolecules can be used as multifunctional nanoprobes for fluorescent tracking of molecular transport in live cells and tissues [START_REF] Yao | Biology, and Medicine of Fluorescent Nanomaterials and Related Systems: New Insights into Biosensing, Bioimaging, Genomics, Diagnostics, and Therapy[END_REF] or drug delivery. [START_REF] Nifontova | Cancer Cell Targeting With Functionalized Quantum Dot-Encoded Polyelectrolyte Microcapsules[END_REF] The most widely used procedure for production of core (CdSe, CdTe, PbS) and core/shell QDs is the colloidal synthesis in excess of small organic molecules, surface ligands, which are necessary for control of nanocrystal (NC) growth kinetics and final size, as well as for enhancement of colloidal stability of NCs. [START_REF] Samokhvalov | Basic Principles and Current Trends in Colloidal Synthesis of Highly Luminescent Semiconductor Nanocrystals[END_REF][START_REF] Gaponik | Thiol-Capping of CdTe Nanocrystals: An Alternative to Organometallic Synthetic Routes[END_REF][START_REF] Linkov | Optical Properties of Quantum Dots with a Core -Multishell Structure[END_REF] For QD adaptation to the biological applications, the surface modification of initially hydrophobic QDs by ligand exchange or encapsulation is typically required. Furthermore, engineering of QD-based nanoprobes is normally performed in complex reaction media, which includes auxiliary agents and multicomponent organic buffers, and is usually accompanied by formation of reaction by-products. These low-molecular-weight compounds later become contaminants that may significantly affect the activity of QD bioconjugates in both in vivo and in vitro studies. Purification of QDs and their conjugates from low-molecularweight impurities is generally achieved by employing the difference between the physical and chemical properties of these materials: solubility in polar and nonpolar media, electrophoretic mobility, and size. [START_REF] East | Quantum Dot-Antibody Conjugates via Carbodiimide-Mediated Coupling for Cellular Imaging[END_REF][START_REF] Sukhanova | Single-Photon and Two-Photon Tumor Imaging and Diagnosis Using Oriented Conjugates of Single-Domain Antibodies and Quantum Dots[END_REF] Thus, selective precipitation, extraction, electrophoretic, and size-based separation methods are the main approaches to the purification of QDs. [START_REF] Shen | Purification Technologies for Colloidal Nanocrystals[END_REF][START_REF] Robertson | Purification of Nanoparticles by Size and Shape[END_REF][START_REF] Shen | Purification of Quantum Dots by Gel Permeation Chromatography and the Effect of Excess Ligands on Shell Growth and Ligand Exchange[END_REF] The primary method for purification of as-prepared hydrophobic QDs is their precipitation from a colloidal solution by adding an organic antisolvent with a high polarity (methanol, isopropanol, methyl acetate, acetonitrile, etc.), which is followed by redispersion in a non-polar solvent. [START_REF] Shen | Purification Technologies for Colloidal Nanocrystals[END_REF][START_REF] Shakeri | A Closer Look into the Traditional Purification Process of CdSe Semiconductor Quantum Dots[END_REF] However, this method does not allow complete purification of QDs from synthetic precursors [START_REF] Shen | Purification of Quantum Dots by Gel Permeation Chromatography and the Effect of Excess Ligands on Shell Growth and Ligand Exchange[END_REF] or may lead to severe loss of surface ligands and colloidal instability. [START_REF] Anderson | Ligand Exchange and the Stoichiometry of Metal Chalcogenide Nanocrystals: Spectroscopic Observation of Facile Metal-Carboxylate Displacement and Binding[END_REF] In addition, the precipitation/redispersion method is inefficient for watersoluble QDs because of the absence of suitable anti-solvents that would ensure maintaining of conjugate stability and effective purification after redissolution. [START_REF] Shen | Purification Technologies for Colloidal Nanocrystals[END_REF][START_REF] Chandan | Study on Precipitation Efficiency of Solvents in Postpreparative Treatment of Nanocrystals[END_REF] Extraction is an alternative method for purification of QDs, It is based on the difference in solubility between QDs and contaminants in solvents with different polarities. [START_REF] Han | One-Step Extraction of Highly Fluorescent Carbon Quantum Dots by a Physical Method from Carbon Black[END_REF] In general, extraction is more gentle than precipitation/redispersion, because NCs remain in their original phase, which results in a reduced probability of their irreversible aggregation. However, small molecule impurities are usually physically entrapped in solid QDs, and, hence, numerous cycles of extraction are required for effective elimination of the lowestmolecular-weight contaminants. As in the case of the precipitation/redispersion method, this results in reduction of ligand density and degradation of colloidal stability and functional properties of the QDs or their conjugates. Electrophoretic purification methods are applicable for polyethylene glycol (PEG)-coated, lipid-micelleencapsulated, [START_REF] Pons | Hydrodynamic Dimensions, Electrophoretic Mobility, and Stability of Hydrophilic Quantum Dots[END_REF] and protein-conjugated QDs. [START_REF] He | One-Step Instant Synthesis of Protein-Conjugated Quantum Dots at Room Temperature[END_REF] However, these methods are poorly scalable and, in general, also disrupt the colloidal stability of NCs.

In contrast to the aforementioned methods, a variety of chromatographic techniques, including size exclusion chromatography (SEC), are widely used in nanotechnology for isolation and size-selective separation of both hard and soft NPs up to 100 nm in size. [START_REF] Robertson | Purification of Nanoparticles by Size and Shape[END_REF][START_REF] Pitkänen | Size-Exclusion Chromatography of Metal Nanoparticles and Quantum Dots[END_REF][START_REF] Wang | Preparative Size-Exclusion Chromatography for Purification and Characterization of Colloidal Quantum Dots Bound by Chromophore-Labeled Polymers and Low-Molecular-Weight Chromophores[END_REF] The principle of SEC consists in passing the analyte through a porous of stationary phase (SP), where larger particles elute more rapidly than smaller ones and transit through only the "void volume" of the SP, while smaller components pass, in addition, through numerous adsorption/desorption cycles inside the pores of the SP. The porosity of the SP is characterized by an effective molecular weight cut-off (MWCO), which corresponds to approximate limits of molecular weight of organic molecules (typically in the range 1-300 kDa) and is not directly applicable to QDs or other types of inorganic NCs. A wide range of solvents and elution conditions are applicable in SEC because the hydrodynamic volume is the only decisive parameter of the process. In addition, SEC is a simpler and more scalable method than other ones based on size difference, including ultrafiltration [START_REF] Chen | An Experimental Study of Ultrafiltration for Sub-10 Nm Quantum Dots and Sub-150 Nm Nanoparticles through PTFE Membrane and Nuclepore Filters[END_REF] and diafiltration, [START_REF] Dong | Study of Fluorescence Quenching and Dialysis Process of CdTe Quantum Dots, Using Ensemble Techniques and Fluorescence Correlation Spectroscopy[END_REF] which ensures widespread use of this process in nanotechnology. [START_REF] Pitkänen | Size-Exclusion Chromatography of Metal Nanoparticles and Quantum Dots[END_REF][START_REF] Wang | Preparative Size-Exclusion Chromatography for Purification and Characterization of Colloidal Quantum Dots Bound by Chromophore-Labeled Polymers and Low-Molecular-Weight Chromophores[END_REF][START_REF] Wilcoxon | Chemical and Optical Properties of CdSe and CdSe/ZnS Nanocrystals Investigated Using High-Performance Liquid Chromatography[END_REF] Krueger et al. were the first to apply high-performance SEC to solely size exclusive and quantitative separation of CdSe NCs in the organic phase. [START_REF] Krueger | Characterization of Nanocrystalline CdSe by Size Exclusion Chromatography[END_REF] Recently our group has demonstrated a high efficiency of SEC for purification of ~1.5 nm CdSe core QDs in the organic phase for the removal of unreacted Cd precursors, which resulted in the ultrasmall CdSe/ZnS core/shell QDs with a strongly reduced size distribution reflected by the extremely narrow PL band. [START_REF] Linkov | Ultrasmall Quantum Dots for Fluorescent Bioimaging in Vivo and in Vitro[END_REF] A wide choice of porous silica-and polymer-based SPs (including commercial resins: Superdex, Sepharose, Sephacryl, etc.) can be used for SEC. Commercial SP suppliers typically distinguish between SEC resins intended for group separation and high-resolution (HR) separation. [START_REF]SEC columns and resins[END_REF] HR fractionation using dextran-based resins (Superdex, Sepharose, Sephacryl) can be used to isolate one or more components, to separate monomers from aggregates, or to perform a molecular weight distribution analysis, and usually requires a high-pressure chromatography machine. The group separation is used when the components in a sample are separated into two major groups with a large difference in size. Thus, based on the SP resin manufacturer recommendations, SEC could be suitable for separation of QDs and small ligands with a large difference in molecular weight. Since it does not require a chromatography system or cumbersome preparation, it is available to a wide range of researchers. For example, Sephadex G25 desalting columns are recommended for rapid buffer exchange, desalting, and removal of small contaminants from samples using gravity flow or centrifugation; [START_REF] Onoda | Photochemical Properties of a Myoglobin-CdTe Quantum Dot Conjugate[END_REF][START_REF] Schipper | Particle Size, Surface Coating, and PEGylation Influence the Biodistribution of Quantum Dots in Living Mice[END_REF] they are widely used for removal of small organic contaminants from QD samples. [START_REF] Abdellatif | Somatostatin Decorated Quantum Dots for Targeting of Somatostatin Receptors[END_REF] Filtration columns with a 5-6 K molecular-weight cut-off are recommended for elimination of carbodiimide coupling agents. [START_REF]User Guide: Pierce Premium Grade EDC[END_REF] Bawendi's group has used SEC performed on a selfpacked Superdex G200 column to isolate stretpavidin-QD conjugates for cell imaging. [START_REF] Liu | Compact Biocompatible Quantum Dots via RAFT-Mediated Synthesis of Imidazole-Based Random Copolymer Ligand[END_REF][START_REF] Liu | Compact Biocompatible Quantum Dots Functionalized for Cellular Imaging[END_REF] However, literature data evidence that traditional SEC resins primarily intended for DNA and peptide separation are not always suitable for size-selective separation of NCs or purification of NCs from low-molecular-weight contaminants. [START_REF] Liu | Conjugation of Biotin-Coated Luminescent Quantum Dots with Single Domain Antibody-Rhizavidin Fusions[END_REF][START_REF] Gemmill | Optimizing Protein Coordination to Quantum Dots with Designer Peptidyl Linkers[END_REF][START_REF] Al-Somali | Recycling Size Exclusion Chromatography for the Analysis and Separation of Nanocrystalline Gold[END_REF][START_REF] Nabiev | Engineering of Ultra-Small Diagnostic Nanoprobes through Oriented Conjugation of Single-Domain Antibodies and Quantum Dots[END_REF] Therefore, recycling strategies can be implemented to improve the resolution of conventional SEC [START_REF] Al-Somali | Recycling Size Exclusion Chromatography for the Analysis and Separation of Nanocrystalline Gold[END_REF] or combination of SEC with pre-filtration [START_REF] Nabiev | Engineering of Ultra-Small Diagnostic Nanoprobes through Oriented Conjugation of Single-Domain Antibodies and Quantum Dots[END_REF] or other methods. Recycling SEC is more effective in separating nanomaterials compared to closed-loop recycling because of its improved efficiency and high resolution, because the resolution ratio of NC separation increases with the square root of the cycle number. The increased resolution of the SEC permits the use of recycling SEC in the baseline separation of nanocrystals that differ in size by only 6 Å, [START_REF] Al-Somali | Recycling Size Exclusion Chromatography for the Analysis and Separation of Nanocrystalline Gold[END_REF] which is an excellent performance indicator.

To the best of our knowledge, there are no studies on the comparison of QD and QD-conjugate purification efficiency using the most popular SEC resins and systems. Thus, there is an obvious need for description of a versatile and easily implemented approach that would ensure a sufficient purity of QD conjugates from low-molecular-weight contaminants and maintain colloidal stability and native surface environment of these nanoprobes within a single purification run.

Here, we introduce an effective and gentle SEC-based purification procedure for water-soluble QDs and QDbiomolecule conjugates. We performed comparative analysis of the commonly available dextran-based Sephadex resins (G25, G100, and G200) with different porosities as stationary phases for SEC in the highly effective purification of CdSe/ZnS QDs from the excess of stabilizing PEG derivatives, as well as in the purification of covalently linked QD conjugates and electrostatic QD complexes from the excesses of free DNA ligands, bis-netropsin (BN) and 4,5,9trisubstituted acridine derivatives. The purified QD conjugates displayed retention of bound biomolecules and a good colloidal stability for more than two weeks after the SEC procedure. Therefore, the SEC purification procedure reported here allows the isolation of pure QD-based conjugates required for bioimaging, cellular targeting, and theranostic applications.

MATERIALS AND METHODS

Synthesis and surface modification of CdSe/ZnS

QDs. Highly uniform 3.7-nm CdSe/ZnS QDs used in this study were obtained via hot-injection synthesis of ultrasmall (~1.5 nm) CdSe cores [START_REF] Linkov | Multifunctional Nanoprobes for Cancer Cell Targeting, Imaging and Anticancer Drug Delivery[END_REF] followed by epitaxial ZnS shell growth by the Successive Ionic Layer Adsorption and Reaction (SILAR) approach, as reported earlier. [START_REF] Samokhvalov | Photoluminescence Quantum Yield of CdSe-ZnS/CdS/ZnS Core-Multishell Quantum Dots Approaches 100% Due to Enhancement of Charge Carrier Confinement[END_REF] The hydrophobic QDs were transferred to aqueous media through two-step ligand exchange. First, hydrophobic ligands were exchanged to DL-cysteine to obtain water-soluble QDs capped with labile hydrophilic ligands. Next, DL-cysteine was replaced with a four-fold excess of two bifunctional PEG derivatives with terminal hydroxyl and carboxyl groups (HS-(CH 2 ) 11 -PEG 6 -OH (1) (Figure 1) and HS-(CH 2 ) 11 -PEG 6 -COOH (2) (Figure 1) mixed at a ratio between the -COOH and -OH groups equal to 1:9, as described elsewhere. [START_REF] Sukhanova | Oriented Conjugates of Single-Domain Antibodies and Quantum Dots: Toward a New Generation of Ultrasmall Diagnostic Nanoprobes[END_REF] The hydroxyl PEG derivative ensures long-term colloidal stability of QDs in biological media, while the carboxyl PEG derivative provides the functional groups required for conjugation of QDs with biomolecules.

Characterization of QD samples.

The UV-Vis spectra were recorded using a Carry 60 UV-Vis absorption spectrophotometer (Agilent Technology). The PL spectra were obtained using an Agilent Carry Eclipse spectrofluorimeter (Agilent Technology). The hydrodynamic diameter and zeta-potential of QDs were measured by means of a Malvern Zetasizer Nano ZS dynamic light scattering (DLS) instrument in a diluted aqueous solution with a low ionic strength. The physical size and morphology of the QDs were analyzed by means of a JEOL JEM 2100F transmission electron microscope operated at 200 kV in the STEM and HRTEM modes.

2.3. Conjugation of QDs with DNA ligands. Bis-netroprin (BN, 3) (Figure 1) was synthesized by the method described earlier. [START_REF] Grokhovsky | The Synthesis and Binding to DNA of Bis-Netropsins with the C-Ends of Their Netropsin Fragments Tethered by Tetra-or Pentamethylene Linkers[END_REF] The synthesis of the acridine ligand (AL, 4) N4,N5bis(4-aminobutyl)-9-(3,4-difluorophenylamino)acridine-4,5dicarboxamide (Figure 1) was carried out through seven consecutive reactions, starting from acridine. The molecule structure was confirmed by mass spectrometry and 1 H NMR analysis. A detailed description of AL synthesis will be published elsewhere.

The strategy for covalent conjugation of QDs and BN ligands was based on the standard modification of the carboxylic groups of PEG-COOH derivative (2) on the QD surface with the 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and N-hydroxysuccinimide (EDC/NHS) coupling agents for subsequent attachment of the amine groups of biomolecule (3). The conjugation of the QDs with BN was performed according to the two-step coupling procedure. [START_REF]Sulfo-NHS / EDC (carbodiimide) crosslinking reaction[END_REF]44 The stock solution of the water-soluble QDs was transferred into MES buffer (pH 5.2, 0.1 M) using a Sephadex G25 desalting column and was activated with freshly prepared 50 mM stock solutions of EDC and NHS with an 800-fold molar excess over QDs. After 15 min of activation, the excess of the activating crosslinker agents was eliminated, and QDs were transferred into a phosphate buffer (pH 7.2, 50 mM) using a Sephadex G25 column. Then a 20fold molar excess of BN was immediately added to the solution containing 4 nmol (3 mg) of a 0.05 M solution of QDs and thoroughly mixed. After 2 h of incubation, the crude QD-BN mixture was passed through the self-packed columns with different Sephadex resins (G25, G100, G200) equilibrated with a phosphate buffer (pH 7.2, 50 mM).

The electrostatic coupling of the QDs and AL (4) was performed by mixing 4 nmol (3 mg) of non-activated 0.05 M solution of CdSe/ZnS QDs in a phosphate buffer (pH 7.2, 50 mM) with a fivefold molar excess of AL. Then the crude mixture was purified by SEC using only Sephadex G100 equilibrated with a phosphate buffer (pH 7.2, 50 mM).

SEC column packing.

A chromatographic column with the height and inner diameter of 60 and 6 mm, respectively, was filled with pre-swollen Sephadex G25 (particle size < 50 μm), G100 (particle size, 4-120 μm), and G200 (particle size, 40-120 μm) beads. Phosphate buffer (pH 7.2) was used as both the swelling agent and the mobile phase. The volume of the sample for a single SEC run was 50 µL. The minimal volume of purifying sample is critical for ensuring better separation of components. Therefore, samples were concentrated, as appropriate, to the necessary volume of 50 µL with centrifugal filter units with the MWCO of 10 kDa. The average volume of each elution fraction was 3-4 drops, which is equivalent to 40-70 µL (see time lapse Video S1 of SEC under ultraviolet irradiation inducing PL of QDs). The fractogram of each component and QD-to-ligand ratio was extracted from the absorbance spectrum of each fraction using the characteristic absorption bands and molar extinction coefficients of BN, AL, and QDs. 

RESULTS AND DISCUSSION

Characterization of the components.

To study the efficiency of purification protocols developed for QDs and there bioconjugates, two different compounds, BN and AL, were investigated as model DNA ligands for QDs. The minor DNA groove is a well-known target of DNA ligands. For example, BN is a natural compound capable of recognizing AT-rich DNA sequences and incorporating into the minor DNA groove, forming hydrogen bonds with AT base pairs. The second type of DNA ligand used here is a derivative of acridine, analogues of which have a high affinity for DNA Gquadruplexes and possess telomerase inhibition activity, which is expressed in more than 80% of tumors. [START_REF] Shammas | Telomerase Inhibition and Cell Growth Arrest after Telomestatin Treatment in Multiple Myeloma[END_REF][START_REF] Huang | Human Telomerase Inhibition and Cytotoxicity of Regioisomeric Disubstituted Amidoanthraquinones and Aminoanthraquinones[END_REF] Both molecules have terminal amino groups suitable for covalent conjugation with QDs. Thus, BN modified with a lysine residue and the 4,5,9-trisubstituted acridine derivative were used as potential DNA ligands. The chemical structures of both molecules, along with the standard hydrophilic PEG ligand of QDs, are shown in Figure 1. Identification of the components (QDs and ligands) and estimation of their concentrations in the fractions were carried out spectrophotometrically by recording and analyzing the absorption spectra. Quantification was performed using the known molar extinction coefficients of CdSe/ZnS QDs ( ε 462 = 5×10 [START_REF] Martynenko | Application of Semiconductor Quantum Dots in Bioimaging and Biosensing[END_REF] L mol -1 cm -1 ), BN ( ε 300 = 4×10 4 L mol -1 cm -1 ), and AL ( ε 264 = 1.4×10 4 L mol -1 cm -1 ). The absorption spectrum of the PEG ligands has no characteristic bands; therefore, the assessment of PEG quantity was less precise. It was based on the change in the QD-PEG spectra in the range of PEG absorption (200-300 nm). The absorbance spectra of the individual components of the studied systems, namely, CdSe/ZnS QDs, BN and AL DNA ligands, and PEG QD ligands are shown in Figure 2.

The diameter of the QDs, measured by TEM (Figure S1 in the Supporting Information), was 3.7 ± 0.5 nm. The average hydrodynamic diameter of PEG-stabilized CdSe/ZnS QDs was 5.7 ± 2.8 nm, the zeta-potential was -12.6 ± 6.2 mV. The QDs had an intense emission band with a maximum at 505 nm and a full-width-at-half-maximum of 40 nm, which indicates monodispersity of the QD ensemble (Figure S1). The PL quantum yield of the QDs was 67% (relative to Coumarin 102).

3.2. Purification of quantum dots from PEG derivatives. Solubilization of hydrophobic QDs requires an excess of hydrophilic ligands, such as short thiols (thioglycolic acid, cysteine, etc.), polymers, or PEG derivatives. However, some ligands have a low biocompatibility, which determines a high demand for the development of a high-efficiency protocol for purification of QDs from free ligands. Therefore, the first aim of this study was to compare the efficiencies of multiple purification cycles of freshly prepared PEG-solubilized QDs using three types of Sephadex resins (G25, G100, and G200) with fractionation ranges of 1-5, 4-150, and 5-600 kDa, respectively. [START_REF] Ó'fágáin | Gel-Filtration Chromatography[END_REF] Our choice of the SP used in this study was justified by the fact that these resins are widely used for purification of QDs, as reported in the literature, but to date there have been no reports that could serve as a straightforward guide for selection of a proper SEC medium for a typical case of QD bioadaptation.

Phase transfer of QDs using the ligand exchange approach requires a large excess of ligands; therefore, more than one successive purifications are usually performed to achieve a reasonable purity of QDs for further use. To assess the efficiency of each studied SEC systems for removal of unbound PEG ligands, we performed three successive runs of SEC and compared the efficiencies of each run to find the limit of purification for each resin. The evolutions of the absorption spectra after three successive SEC runs for each resin are shown in the left column of Figure 3 (panels A-C). Comparison of the three Sephadex resins in each purification run is shown in the right column of Figure 3 (panels D-F). As it can be seen from the reduction of absorbance in the wavelength range of 220-300 nm (Figure 3 panels A-C), a significant decrease in the concentration of free PEG molecules in the fraction containing QDs occur after the first SEC run for any type of Sephadex resins. From the relative change in the absorbance, we can evaluate the relative purification efficiency after each SEC run in the series of three runs and compare the purification efficiencies of the resins (Table S1 in the Supporting Information) calculated according to Eq. S1. Thus, after the first SEC run, the purification efficiency was in the range of 97-99% of the maximum value achieved for each particular resin. Hence, the second and third SEC runs did not substantially change the PEG concentration and provided the elimination of only a minor quantity of free PEG. For Sephadex G200, the third run was not performed due to tailing of the QDs in the column during two previous runs and lowering the product yield.

The video demonstrating procedure of SEC purification is presented in the Supplementary Information. Comparison of the purification efficiency achieved after the first SEC run (Figure 3D) shows that the G100 and G200 resins are practically equivalent in removal of PEG ligands (96 and 97% for the purest samples, respectively), whereas the efficiency of G25 was considerably lower (84%). In the second and third runs (Figure 3E, 3F), the shapes and relative positions of the spectra did not change; hence, the purification efficiency of G25 was no more than 88% compared to the other resins.

Thus, the absence of a significant reduction of the PEG characteristic absorbance in the 200-300 nm region in the purified samples after the first SEC run indicates quick achievement of the limit purification efficiency for each resin type. However, comparison of different resins showed that G25 had a lower purification efficiency than G100 and G200, which were similar to each other in this respect. Apparently, the low efficiency in removal of PEG resulted from the overlay of the QD and PEG bands during elution. On the other hand, the G200 resin displayed tailing of the pure product band and a low elution speed, which could originate from too efficient adsorption of PEG molecules in the pores of the SP and partial loss of surface-bound PEG ligands. The G100 resin is free of these disadvantages and could be considered as the optimal resin for purification of QDs from excess PEG ligands.

Assembling of QD-based conjugates.

Formation of the QD-BN conjugates was performed by carbodiimideassisted coupling with EDC, an activating agent of the -COOH functional group, as well as NHS, a stabilizer of the active EDC ester, according to the procedure reported in Refs. 43, 44. Freshly activated QDs and non-activated QDs mixed with the BN ligand were prepared to serve as control samples in the analysis of conjugate formation.

In contrast to the QD-BN system, QDs and AL formed complexes upon mixing of the two components even without the coupling agent, which was accompanied by quenching of QD PL. 48 These results are strong evidence for the electrostatic nature of the QD-AL complex. The results of purification of QD-BN conjugates and QD-AL electrostatic complexes using different SEC resins are described in Section 3.4.

The properties of the purified conjugates were analyzed using UV-Vis absorption spectrophotometry and DLS. The formation of complexes is evidenced by modification of the absorption spectra of the conjugates at the wavelengths characteristic of the BN and AL components in an additive manner, and a slight increase in the hydrodynamic size, from 5.7 to 7.5 and 8.5 nm for BN and AL, respectively. The size distribution of the conjugates evidences the absence of aggregation and a high size homogeneity of the QD ensemble. The colloidal stability of the conjugates is discussed in more detail in Section 3.4. The zeta-potential was slightly shifted to the neutral values and was determined to be -6.4 and -5.5 mV for the BN and AL conjugates, respectively. This shift was caused by the decrease in the number of exposed surface carboxyl groups consumed by coupling and increase in the number of positively charged amino groups of the DNA ligands.

3.4. Purification of QD-DNA ligand conjugates by SEC. Initially, we tried to isolate QD-BN conjugates from the crude mixture by means of pre-packed Sephadex G25 desalting columns, which are widely used for purification of similar QD solutions. [START_REF] Onoda | Photochemical Properties of a Myoglobin-CdTe Quantum Dot Conjugate[END_REF][START_REF] Schipper | Particle Size, Surface Coating, and PEGylation Influence the Biodistribution of Quantum Dots in Living Mice[END_REF][START_REF] Abdellatif | Somatostatin Decorated Quantum Dots for Targeting of Somatostatin Receptors[END_REF] The MWCO of the G25 resin for globular proteins is 5000 Da, 49 which corresponds to the hydrodynamic diameter of these proteins in range of 2-3 nm. The hydrodynamic diameter of the water-soluble CdSe/ZnS QDs was approximately estimated to be more than 5 nm (the exact diameter depends on the ligand size). Thus, considering that the molecular weight of BN is 1116 Da, after the comparison of the hydrodynamic sizes of the crude mixture components, we expected that SEC with pre-packed Sephadex G25 columns would allow the isolation of pure conjugates without admixture of free BN molecules. To test whether this was true, we passed the crude mixture of QD-BN conjugates through the column and performed ultrafiltration of the fractions corresponding to the conjugates using an Amicon Ultra centrifugal filter with the MWCO of 10 kDa to achieve a higher concentration of the final product. However, after the last stage of ultrafiltration, we detected the presence of a free BN admixture in the conjugate fractions in the absorbance spectra (Figure 4). As one can see, the shape of the absorption spectrum of the residual filtrate (green line) of the QD-BN conjugates after SEC was identical to that of the BN spectrum (red line). (The absorption spectra of the initial QDs and purified QD-BN mixture are also shown in Figure 4 by blue and black lines, respectively.) This indicates the presence of free BN molecules along with the QD-BN conjugates in the target fraction collected after SEC. Next, we tried to perform two sequential SEC runs using pre-packed Sephadex G25 columns, which, however, did not provide the sufficient purity of the conjugates, and free BN molecules were still detected in the filtrate after ultrafiltration. Thus, our results demonstrated a poor applicability of pre-packed Sephadex G25 columns for the purification of QD-BN conjugates and inconsistency of the exclusion limit measured for globular proteins for QD-based systems. Therefore, we assumed that the effect of co-elution of free BN molecules along with QD conjugates was related to the poor resolution of the Sephadex G25 SEC columns due to the non-optimal porosity of the SP beads. These results encouraged us to verify the assumption of the low separation efficiency of the Sephadex G25 resin for the QD-BN or similar system and to determine the optimal SEC stationary phase. For this purpose, we selected three Sephadex resins (G25, G100, and G200) with fractionation ranges (for globular proteins) of 1-5, 4-150, and 5-600 kDa, respectively, [START_REF] Ó'fágáin | Gel-Filtration Chromatography[END_REF] which cover a wide range of molecular masses. The crude QD-BN mixture was chromatographed through self-packed columns with different Sephadex resins under identical experimental conditions, and the composition of each collected 80-120 l SEC fraction was analyzed spectrophotometrically. Then, the elution fractogram for each component was compiled based on the normalized absorption intensity in the first exciton transition in case of QDs and characteristic absorption peak of BN. The obtained fractograms of the components after SEC using different resins are shown in Figure 5, each one normalized at the elution volume characteristic for QDs.
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From Figure 5 one can see that the QDs (black lines) were the first to be eluted, appearing as an alomost symmetrical band simultaneously for all Sephadex resins studied, which indicates that QDs, being larger than BN molecules, could not penetrate into the pores and passed through the SP unretained. A tail of the QD band in the range of 1.2-2 ml of elution volume in the case of Sephadex G200 resin can be explained by partial desorption of PEG ligands from the surface of QDs, as it was mentioned earlier, which led to a decreased solubility of QDs in the eluent and reduced the mobility of nanoparticles inside the column. Regarding BN, two main adsorption bands could be clearly resolved in each fractogram in Figure 5. For convenience, the intensity of the BN fractogram for each resin was normalized to the intensity of the peak of QDs. The shape of the BN chromatograms (red lines) strongly depends on the type of the Sephadex resin. The full overlap of the first BN band and the QD band for all resins is evidence to the formation of QD-BN conjugates, which have a similar stoichiometry with a QD to BN ratio of 1:5, as it was determined from unnormalized absorbance spectra. The second wide band with an elution volume of more than 1.5 ml corresponds to the elution of unbound BN molecules. In the case of the Sephadex G25 resin, free BN molecules start to appear immediately after the peak of QD-BN conjugates; therefore, separation of the components is ineffective. The bad resolution of two bands explains the low efficiency of the multiple purifications using pre-packed Sephadex G25 columns described above. For the G200 resin, a partial overlap of the peaks was observed, which also made it difficult to isolate pure conjugates without free ligand contaminants. However, in this case the overlap is caused by the long adsorption tail of the QD-BN conjugates. Only in the case of the G100 resin could we achieve efficient separation of QD conjugates and free BN molecules. Hence, despite the drastic difference in the hydrodynamic sizes between QDs and BN, both components can elute one after another in close fractions, which demonstrates the difficulty of purification of QD-based bioconjugates from small molecules. Our experiments with three SPs have clearly shown the influence of the resin porosity on the conjugate purification efficiency. Although Sephadex G25 has the smallest MWCO among the three resins, which should suggest the best GPC resolution, it displayed the lowest separation efficiency. This effect can be explained by the coincidence of the BN molecule size to the pore size of the G25 resin. As a result, some fraction of unbound BN molecules pass by the pores unadsorbed, which is experimentally observed as a fast elution of BN immediately after QDs, followed by a wide band in the chromatogram. In contrast, Sephadex G200 has too large pores (up to 12 nm); as a result, some of QDs or conjugates can enter the pores, be adsorbed there, and lose some surface ligands. This process can be observed as the formation of a long tail of the QD band, lowering the SEC resolution and the yield of the key product. Among the three tested Sephadex resins, Sephadex G100 has the optimal porosity ensuring a high peak focusing, sufficient resolution of the bands and, hence, efficient isolation of QD conjugates, in contrast to the G25 and G200 resins.

In contrast to BN, free AL did not elute through Sephadex G100 and remained fully adsorbed in the resin, which is evidenced by coloring of the upper layer of the beads in the column and absence of AL signal in the fractogram during elution of the control sample, solution of AL molecules (blue solid line). During the elution of QD-AL complexes, both the QD and AL components (back and red dashed lines, respectively) eluted, appearing simultaneously as a single symmetrical band, while there was no elution of unbound AL molecules. This effect may have been caused by the high affinity of AL for the dextran surface and its irreversible adsorption rather than retention in the pores. Moreover, the number of AL molecules per QD prior to and after SEC purification remained the same (five), demonstrating a high stability of the formed electrostatic complexes. Thus, Sephadex G100 is an ideal SP for the purification of QD-AL conjugates or similar compounds, because it fully adsorbs free acridine-based contaminations. In order to know whether SEC could reduce the colloidal stability of the QD-based PL nanoprobes, we compared the evolutions of the hydrodynamic diameter of the QD conjugates with time after three-run SEC purification using Sephadex G100 and unpurified QD-AL, QD-BN, and PEGylated QDs as control samples. The initial QDs with PEG ligands and QD conjugates immediately after preparation were found to have hydrodynamic sizes in the range of ~5-8 nm and a high monodispersity in solution. The results of colloidal stability assay (Figure 7) evidence that SEC-purified QD-BN conjugates, unpurified crude QD-BN mixture, and PEGylated QDs did not exhibit discernible rise of the hydrodynamic diameter during 14 days. This demonstrates retaining of the ligand shell and bound BN ligands after SEC, which ensures efficient protection of the QDs from the aqueous media and long-term colloidal stability. Both crude and SEC-purified QD-AL samples displayed a worse size dynamics compared to QD-BN conjugates. The start of aggregation was observed after the second day. We suppose that this process started owing to the presence of the AL on the surface of QDs. Acridine ligands and QDs form an effective charge-carrier transfer system because of the polyaromatic structure of the former. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels of acridine derivatives are comparable to those of semiconductor nanocrystals, [START_REF] Cho | Acridine-Based Novel Hole Transporting Material for High Efficiency Perovskite Solar Cells[END_REF][START_REF] Krzymiński | 1H and 13C NMR Spectra, Structure and Physicochemical Features of Phenyl Acridine-9-Carboxylates and 10-Methyl-9-(Phenoxycarbonyl)Acridinium Trifluoromethanesulphonates -Alkyl Substituted in the Phenyl Fragment[END_REF][START_REF] Jasieniak | Size-Dependent Valence and Conduction Band-Edge Energies of Semiconductor Nanocrystals[END_REF] which makes it possible for excited electrons and holes to move between these components. This charge transfer can lead to QD fluorescence quenching [START_REF] Krivenkov | Resonance Energy Transfer in Nano-Bio Hybrid Structures Can Be Modulated by UV Laser Irradiation[END_REF][START_REF] Dayneko | Effect of Surface Ligands on the Performance of Organic Light-Emitting Diodes Containing Quantum Dots[END_REF] by photo-induced electron transfer (PET) [START_REF] Bang | Photoswitchable Quantum Dots by Controlling the Photoinduced Electron Transfers[END_REF] and loss of colloidal stability. Anyway, both crude and SEC-purified QD-AL samples exhibit quite similar dynamics of hydrodynamic diameter rise, from which we can make the conclusion that SEC does not disturb the colloidal stability of such nanoprobes and has no effect on the stability of electrostatically bound QD-small molecule complexes.

CONCLUSIONS

In this study, we used an analytical approach to evaluate the efficiency of SEC purification of ultrasmall water-soluble QDs from an excess of stabilizing ligands (PEG derivatives), and QD conjugates from free DNA ligands, bis-netropsin (BN) and 4,5,9-trisubstituted acridine derivative. Comparison of three Sephadex resins as stationary phases has clearly demonstrated the influence of the resin porosity on the efficiency of QD and conjugate purification. The widely used commercial pre-packed Sephadex G25 columns do not provide effective purification of QDs from low-molecularweight contaminants even after multiple SEC runs. In contrast, Sephadex G100 and G200 ensure complete separation of QD-BN conjugates and PEG-solubilized QDs from free ligand excess; however, G200 provide a lower practical yield of QDs or nanoprobes than G100 does. Thus, Sephadex G100 has the optimal porosity, ensuring a high chromatography peak focusing and sufficient resolution of the bands for efficient isolation of QD conjugates, in contrast to the G25 and G200 resins. Sephadex G100 has also been found to be an ideal SP for the purification of QD-AL conjugates, because it fully adsorbs acridine-based contaminations. Finally, we have demonstrated that SEC does not cause decline of colloidal stability of the purified nanoprobes, being a gentle method for QD purification. The versatile SEC purification reported here facilitates the procedure for isolation of pure QD-based conjugates required for cell targeting and sensing applications. This study could provide the basis for further research aimed at obtaining more consistent data on the use of QD-based PL nanoprobes in bioimaging, diagnostics, and drug delivery applications.
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 1 Figure 1. Chemical structures of the polyethyleneglycol (PEG) derivatives and DNA ligands used in this study.
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 2 Figure 2. Absorption spectra of CdSe/ZnS quantum dots (QDs), bis-netropsin (BN), acridine ligand (AL), and polyethylene glycol derivative (PEG-OH).

Figure 3 .

 3 Figure 3. Normalized absorption spectra of PEG-solubilized quantum dots (QDs) after three SEC runs, grouped according to the type of Sephadex resin used (A-C) and the number of purification runs (D-F).

Figure 4 .

 4 Figure 4. Absorption spectra of the quantum dot-bis-netropsin (QD-BN) mixture and its components. The inset shows a more detailed absorption spectrum of the initial QDs used in this experiment.

Figure 5 .

 5 Figure 5. Normalized fractograms of the components of the QD-BN mixture after SEC using different Sephadex resins as stationary phases.

Figure 6 .

 6 Figure 6. Normalized fractograms displaying the purification of the mixture of the quantum dots (QD) and the acridine ligand (AL) with the use of Sephadex G100 as a stationary phase.

Figure 7 .

 7 Figure 7. Evolution of hydrodynamic diameters of the PEGylated CdSe/ZnS quantum dot (QD) conjugates with the bisnetropsin (BN) and acridin (AL) ligands in 0.1 M phosphate buffer (рН 8)
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