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The impact of macrophages on the interaction of cetuximab-functionalized microcapsules with EGFRexpressing cancer cells Galina Nifontova [START_REF] Large | Advances in Receptor-Mediated, Tumor-Targeted Drug Delivery[END_REF] , Daria Kalenichenko [START_REF] Large | Advances in Receptor-Mediated, Tumor-Targeted Drug Delivery[END_REF] , Irina Kriukova [START_REF] Goldberg | Improving Cancer Immunotherapy through Nanotechnology[END_REF][START_REF] Novoselova | Biodegradable Polymeric Multilayer Capsules for Therapy of Lung Cancer[END_REF] , Christine Terryn 4 , Sandra Audonnet 5 , Alexander Karaulov [START_REF] Voronin | In Vitro and in Vivo Visualization and Trapping of Fluorescent Magnetic Microcapsules in a Bloodstream[END_REF] , Igor Nabiev [START_REF] Large | Advances in Receptor-Mediated, Tumor-Targeted Drug Delivery[END_REF][START_REF] Goldberg | Improving Cancer Immunotherapy through Nanotechnology[END_REF][START_REF] Novoselova | Biodegradable Polymeric Multilayer Capsules for Therapy of Lung Cancer[END_REF][START_REF] Voronin | In Vitro and in Vivo Visualization and Trapping of Fluorescent Magnetic Microcapsules in a Bloodstream[END_REF] * and Alyona Sukhanova semiconductor nanoparticles and functionalized with the cetuximab monoclonal antibody using human epidermoid carcinoma cells and macrophages derived from human leukemia monocytic cells in either monoculture or co-culture. We have demonstrated that functionalization of the capsule surface with cetuximab provides specific interaction with their target in cancer cells and promotes capsule internalization by cancer cells. On the contrary, the macrophages derived from human leukemia monocytic cells internalize nonfunctionalized polyelectrolyte capsules about as readily as functionalized ones, at a rate higher than epidermoid carcinoma cells do. The internalization of functionalized capsules is mediated by lipid rafts in the cancer cell membrane, whereas in the case of macrophages, the influence of lipid rafts on capsule internalization is weak.

By using a co-culture of human epidermoid carcinoma cells and macrophages derived from human leukemia monocytic cells, we have shown that the functionalized capsules preferentially interact with cancer cells, which are subsequently attacked by macrophages. These data can be used to further improve the strategy of microcapsule functionalization for targeted delivery by considering the cellular heterogeneity of the tumor microenvironment.

INTRODUCTION

Designing approaches to cancer cell targeting and targeted delivery of anticancer drugs is a major challenge in modern personalized oncology [START_REF] Large | Advances in Receptor-Mediated, Tumor-Targeted Drug Delivery[END_REF][START_REF] Goldberg | Improving Cancer Immunotherapy through Nanotechnology[END_REF] . Multilayered polymer capsules have been demonstrated to be a promising system that can be adapted for this purpose [START_REF] Novoselova | Biodegradable Polymeric Multilayer Capsules for Therapy of Lung Cancer[END_REF]4 .

Traceable delivery and accumulation of polymer capsules in cancer cells can be provided by their magnetic retention ensured by magnetic nanoparticles embedded into the capsule shell [START_REF] Fluksman | Efficient Tumor Eradication at Ultralow Drug Concentration via Externally Controlled and Boosted Metallic Iron Magnetoplasmonic Nanocapsules[END_REF][START_REF] Voronin | In Vitro and in Vivo Visualization and Trapping of Fluorescent Magnetic Microcapsules in a Bloodstream[END_REF][START_REF] Alford | Ultrasound-Triggered Delivery of Anticancer Therapeutics from MRI-Visible Multilayer Microcapsules[END_REF] .

However, this approach lacks specificity, capsule interactions with nontarget cells diminishing the efficiency of delivery. To increase the specificity of capsule interaction with cancer cells, the surface of the capsule can be functionalized with specific recognition molecules, such as the synthetic agent N6L, which binds to сell surface nucleolin 8 , the IPLVVPL peptide, which binds to hepsin [START_REF] Xue | Peptide-Functionalized Hydrogel Cubes for Active Tumor Cell Targeting[END_REF] , the cRGDfK cyclic pentapeptide [START_REF] Kulhari | Cyclic RGDfK Peptide Functionalized Polymeric Nanocarriers for Targeting Gemcitabine to Ovarian Cancer Cells[END_REF] , folic acid [START_REF] Song | Efficient Synthesis of Folate-Conjugated Hollow Polymeric Capsules for Accurate Drug Delivery to Cancer Cells[END_REF][START_REF] Jain | Minicapsules Encapsulating Nanoparticles for Targeting, Apoptosis Induction and Treatment of Colon Cancer[END_REF][START_REF] Razzaque | Synthesis of Surface Functionalized Hollow Microporous Organic Capsules for Doxorubicin Delivery to Cancer Cells[END_REF] , and antibodies (Abs).

Conventional full-size Abs or their active fragments have been widely employed for surface functionalization and engineering of cancer cell-targeted carriers [START_REF] Song | Cellular Targeting of Bispecific Antibody-Functionalized Poly(Ethylene Glycol) Capsules: Do Shape and Size Matter?[END_REF][START_REF] Hu | Template-Assisted Antibody Assembly: A Versatile Approach for Engineering Functional Antibody Nanoparticles[END_REF][START_REF] Dai | Monoclonal Antibody-Functionalized Multilayered Particles: Targeting Cancer Cells in the Presence of Protein Coronas[END_REF][START_REF] Zalba | Cetuximab-Oxaliplatin-Liposomes for Epidermal Growth Factor Receptor Targeted Chemotherapy of Colorectal Cancer[END_REF] . Specific interaction of capsules functionalized with full-size monoclonal Abs with cancer cells expressing human epidermal growth factor receptor (EGFR), human epidermal growth factor receptor 2 (HER2), and human A33 antigen has been previously demonstrated [START_REF] Dai | Monoclonal Antibody-Functionalized Multilayered Particles: Targeting Cancer Cells in the Presence of Protein Coronas[END_REF][START_REF] Nifontova | Cancer Cell Targeting With Functionalized Quantum Dot-Encoded Polyelectrolyte Microcapsules[END_REF][START_REF] Nifontova | Biofunctionalized Polyelectrolyte Microcapsules Encoded with Fluorescent Semiconductor Nanocrystals for Highly Specific Targeting and Imaging of Cancer Cells[END_REF] . Reducing the size and tuning the shape of the capsules have been shown to effectively enhance the interaction of the carriers with their targets and their internalization by cancer cells [START_REF] Novoselova | Biodegradable Polymeric Multilayer Capsules for Therapy of Lung Cancer[END_REF][START_REF] Cortez | Influence of Size, Surface, Cell Line, and Kinetic Properties on the Specific Binding of A33 Antigen-Targeted Multilayered Particles and Capsules to Colorectal Cancer Cells[END_REF][START_REF] Alexander | Cubical Shape Enhances the Interaction of Layer-by-Layer Polymeric Particles with Breast Cancer Cells[END_REF] .

The efficiency of targeting cancer cells also depends on the tumor microenvironment, a complex dynamic structure including immune cells, stromal cells, blood vessels, and extracellular matrix [START_REF] Anderson | The Tumor Microenvironment[END_REF][START_REF] Xia | Engineering Macrophages for Cancer Immunotherapy and Drug Delivery[END_REF] . During transport within the tumor stroma, the capsules can be internalized by both macrophages and cancer cells. It has been shown that the uptake of multilayered capsules leads to the formation of phagocytic cups (vesicles) and engulfment of the capsules by cancer cells, as well as by macrophages [START_REF] Novoselova | Biodegradable Polymeric Multilayer Capsules for Therapy of Lung Cancer[END_REF][START_REF] Kastl | Multiple Internalization Pathways of Polyelectrolyte Multilayer Capsules into Mammalian Cells[END_REF][START_REF] Sapach | Macrophage In Vitro and In Vivo Tracking via Anchored Microcapsules[END_REF] . Tumor-associated macrophages can remodel the tumor microenvironment due to polarization upon interaction with functionalized particles and render the tumor microenvironment immunosuppressive, which protects cancer cells from targeted immune responses [START_REF] Reichel | Biological Effects of Nanoparticles on Macrophage Polarization in the Tumor Microenvironment[END_REF] .

Our study was aimed at evaluating the targeting capacity of multilayer polyelectrolyte capsules optically encoded with fluorescent semiconductor nanoparticles (quantum dots, QDs) and functionalized with cetuximab, a monoclonal anti-EGFR Ab, using human epidermoid carcinoma cells and macrophages derived from human leukemia monocytic cells in either monoculture or coculture as a model of tumor microenvironment cells. We have obtained and characterized highly homogeneous fluorescent polyelectrolyte capsules with a mean size of 1.03±0.11 µm. After functionalization of the capsule surface with cetuximab, the time course of specific internalization of capsules by cancer cells was analyzed. We also evaluated how the avidity of the Abfunctionalized capsules, or the presence of macrophages derived from human leukemia monocytic cells in a co-culture may affect the process of capsule internalization by cancer cells. It was demonstrated that covalent coupling of cetuximab with the capsule surface enhanced lipid-raftmediated internalization of the capsules by EGFR-expressing cancer cells and their subsequent cellular accumulation. The results demonstrate that the use of fluorescently encoded polyelectrolyte capsules functionalized with specific monoclonal Abs is a promising approach to fabricating efficient tools for targeted and traceable drug delivery to cancer cells. These data can be used for optimization of the strategy of cancer cell targeting in complex cellular environment by means of small-sized multilayer polyelectrolyte capsules. 

MATERIALS AND METHODS

Engineering of Polyelectrolyte Capsules

Encoded with Quantum Dots. Home-made calcium carbonate microbeads were used as templates for deposition of polyelectrolyte layers. The microbeads were synthesized using an aqueous mixture of 1% polyvinyl alcohol 18-88 and 0.5% methylcellulose as a thickening agent. 7.5 mL of 0.33 M sodium carbonate was added to 15 mL of the prepared thickening agent. Then, 7.5 mL of 0.33 M calcium chloride was added, and the mixture was blended at 15 000 rpm for 30 s using an UltraTurrax T-25 (Ika, Staufen, Germany).

The resultant suspension of microbeads was centrifuged for 5 min at 3220 g. The supernatant was carefully removed, and the pellet was redispersed in 50 mL of ultrapure water. The washingcentrifugation cycles were repeated three times. After final centrifugation, the pellet was dried at 90°C overnight. Then, 0.5 mL of an aqueous suspension containing ~2×10 9 synthesized calcium carbonate microbeads was prepared. Before deposition of the polyelectrolyte shell, at least five washing-centrifugation cycles were performed. The multilayer shell was assembled using PA titrated with hydrochloric acid, PSS, and PAA.

The (PA/PSS)4PA/PAA polyelectrolyte shell was assembled layer by layer as described earlier [START_REF] Nifontova | Controlling Charge Transfer from Quantum Dots to Polyelectrolyte Layers Extends Prospective Applications of Magneto-Optical Microcapsules[END_REF] . Briefly, 0.5 mL of an aqueous suspension containing ~10 9 calcium carbonate microbeads was vortexed and sonicated for 10 min in an ultrasonic bath. 0.5 mL of a 2 mg/mL solution of PA in 0.5 M sodium chloride was added to the suspension, additionally sonicated for 60 s, and incubated while shaking for 20 min at room temperature. After incubation, the excess polyelectrolyte was removed by centrifugation at 1055 g for 3 min. The pellet of microbeads coated with PA was redispersed in 0.5 mL of ultrapure water, and 0.5 mL of a 2 mg/mL solution of PSS in 0.5 M sodium chloride was added to the suspension, which was then shortly sonicated and incubated as described above. After PSS deposition, the excess polyelectrolyte was removed by centrifugation at 1055 g for 3 min, and the pellet was washed three times with fresh portions of ultrapure water. The PA/PSS deposition cycles were repeated four times; after application of the final layer of PSS, additional PA and PAA layers were applied.

In the case of optically encoded microbeads, (PA/PSS)2PA-coated intermediates were fluorescently labeled using water-soluble CdSe/ZnS QDs with a fluorescence maximum at 594 nm solubilized with a carboxy-PEG12-thiol as described earlier [START_REF] Nifontova | Controlling Charge Transfer from Quantum Dots to Polyelectrolyte Layers Extends Prospective Applications of Magneto-Optical Microcapsules[END_REF][START_REF] Bilan | Quantum-Dot-Based Suspension Microarray for Multiplex Detection of Lung Cancer Markers: Preclinical Validation and Comparison with the Luminex XMAP® System[END_REF] . 0.5 mL of a colloid solution containing from 6.1×10 15 to 6.1×10 [START_REF] Zalba | Cetuximab-Oxaliplatin-Liposomes for Epidermal Growth Factor Receptor Targeted Chemotherapy of Colorectal Cancer[END_REF] QDs was added to 0.5 mL of the suspension of (PA/PSS)2PA-coated microbeads, and the mixture was incubated at room temperature for 80 min under permanent shaking and short-pulse sonication for 60 s every 20 min. Then, the suspension was centrifuged, and the supernatant was removed. The pellet was resuspended in 0.5 mL of ultrapure water and treated with polyelectrolytes as described above to additionally coat the adsorbed QD layer with (PA/PSS)2/PA/PAA layers. The final structure of the core/shell microbeads was CaCO3/(PA/PSS)2PA/QDs/(PA/PSS)2/PA/PAA. After the deposition of all polyelectrolyte layers, the calcium carbonate microbeads were removed by dissolving with 0.5 M EDTA (pH 8.0) as described earlier [START_REF] Nifontova | Biofunctionalized Polyelectrolyte Microcapsules Encoded with Fluorescent Semiconductor Nanocrystals for Highly Specific Targeting and Imaging of Cancer Cells[END_REF] .

After deposition of the QDs, the supernatants were collected to quantify unentrapped QDs using a Cary 60 UV-VIS spectrophotometer (Agilent, Santa Clara, CA, USA). The quantity of QDs encapsulated within the polyelectrolyte shell was estimated as the difference between the initial amount of the QD used for labeling and the amount of unentrapped QDs in the supernatant.

The size distributions of the QDs and capsules were estimated by means of dynamic light scattering using a Zetasizer NanoZS (Malvern Panalytical, Palaiseau, France). The deposition of polyelectrolytes was controlled by means of laser Doppler electrophoresis using a Zetasizer

NanoZS. The QD adsorption efficiency was additionally analyzed by measuring the surface charge of the microbeads immediately after deposition of the nanoparticles using a Zetasizer NanoZS. was functionalized with cetuximab, a recombinant chimeric human/mouse monoclonal anti-EGFR Ab. About 3×10 7 capsules were taken from the stock suspension and transferred to 0.1 mL of 0.05 M phosphate buffer (PB, pH 6.2) by centrifugation at 2152 g for 5 min and resuspension. The capsule surface was activated as described earlier using a heterobifunctional zero-length carbodiimide crosslinker [START_REF] Nifontova | Cancer Cell Targeting With Functionalized Quantum Dot-Encoded Polyelectrolyte Microcapsules[END_REF] . Briefly, after changing the dispersant, the resultant capsule pellet was dispersed in 0.08 mL of 0.05 M PB (pH 6.2). Then, 0.01 mL of 50 mg/mL sulfo-NHS and 0.01 mL of 50 mg/mL aqueous EDC solution were successively added, the reaction mixture was gently stirred and incubated at room temperature for 20 min while shaking. The activated capsules were washed thrice by centrifugation with 0.25 mL of 0.05 M PB (pH 7.2). After the final centrifugation, the pellet of capsules was resuspended in 0.5 mL of 0.05 M PB (pH 7.2), vortexed, and sonicated for 30 s. Cetuximab was transferred to the reaction buffer solution (0.05 M PB, pH 7.2) using PD SpinTrap™ G-25 columns (GE Healthcare, Buckinghamshire, UK), and the protein concentration in the prepared cetuximab sample was estimated spectrophotometrically by the A280 method using a NanoQuant Plate™ and a Spark™ 10M multimode plate reader (Tecan, Männedorf, Switzerland). Then, 6.8×10 5 , 1.4×10 6 , 3.4×10 6 , 6.8×10 [START_REF] Voronin | In Vitro and in Vivo Visualization and Trapping of Fluorescent Magnetic Microcapsules in a Bloodstream[END_REF] , or 1.4×10 7 cetuximab molecules per capsule was added to the reaction mixture. The reaction volume was adjusted to 0.5 mL with 0.05 M PB (pH 7.2). The resulting mixtures were incubated under constant stirring on an orbital shaker for 2 h. After incubation, the samples were centrifuged at 2152 g for 5 min, the supernatant was carefully removed (into separate tubes for further analysis of their protein content), and the capsules were resuspended in 0.01 M PBS (pH 7.4) containing 0.1 M glycine. The mixture was incubated for 30 min under constant stirring on the orbital shaker. After incubation, the samples were centrifuged at 10 500 rpm for 5 min, the supernatant was carefully removed, and the capsules were resuspended in PBS (pH 7.4) and washed three times. After the last wash, the capsules were back-coated by resuspending in 1% casein or 1% BSA solution in PBS (pH 7.4) and subsequent overnight incubation at +4°C. (Thermo Scientific, Illkirch, France) and cultured in 0.2 mL of complete medium overnight, until an 80% cell confluency was reached. After the cell monolayer was formed, the cells were fixed with a 4% solution of paraformaldehyde in 0.01 M PBS (pH 7.4). Then, the cells were washed with 0.3 mL of 0.01 M PBS (pH 7.4). The washing procedure was repeated thrice. To prevent nonspecific binding, the cell surface was treated with 0.3 mL of a 3% solution of casein in 0.01 M PBS (pH 7.4) as a blocking agent for 2 h at room temperature under permanent shaking. The blocking buffer solution was replaced with 0.1 mL of 10 mM PBS (pH 7.4) containing fluorescent capsules functionalized with various quantities of the cetuximab (1×10 6 , 3×10 [START_REF] Voronin | In Vitro and in Vivo Visualization and Trapping of Fluorescent Magnetic Microcapsules in a Bloodstream[END_REF] , or 6×10 [START_REF] Voronin | In Vitro and in Vivo Visualization and Trapping of Fluorescent Magnetic Microcapsules in a Bloodstream[END_REF] Ab molecules per capsule). Nonfunctionalized fluorescent capsules back-coated with casein served as a control to verify binding specificity. The targeting capacity of the capsules was tested with the capsule-to-cell ratio ranging from 0 to 25. The plates were incubated overnight at 4°C in the dark.

Functionalization of the

Cell

To remove sedimented particles, the cells were washed with 0.3 mL of 0.01 M PBS (pH 7.4). The procedure was repeated thrice. Finally, 0.3 mL of 0.01 M PBS (pH 7.4) was added into the wells, and the fluorescence intensity of the capsules was analyzed using a Spark™ 10M multimode microplate reader (Tecan, Männedorf, Switzerland) at an excitation wavelength of 480 nm and an emission wavelength of 590 nm.

Interaction of Functionalized

Capsules with Living Cells. The cells were seeded into the wells of an eight-well #1.5 borosilicate Nunc™ Lab-Tek™ II chambered coverglass slide (Thermo Fischer Scientific, Illkirch, France). The wells of the slide were preliminarily treated with 0.1 mg/mL poly-D-lysine for 30 min at 37°C. Then, the wells were washed from excess polymer with D-PBS and left to dry in a laminar flow cabinet.

A-431 cells were transferred into the wells (3×10 4 , 6×10 4 , or 8.5×10 4 cells per well) and incubated in 0.3 mL of complete RPMI-1640 medium overnight to form a 50-60% cell monolayer, depending on the estimated cell proliferation coefficient (Table S1, Supporting Information). In the case of THP-1m cells, the same number of cells (12.4×10 4 cells per well) was seeded in all experiments. The cells were cultured overnight under the same conditions. Both types of cells were cultured in chambered slides in triplicate.

The prepared fluorescent capsules functionalized with cetuximab (6×10 [START_REF] Voronin | In Vitro and in Vivo Visualization and Trapping of Fluorescent Magnetic Microcapsules in a Bloodstream[END_REF] Ab molecules/capsule) were washed from excess back-coating agent using sterile 10 mM PBS (pH 7.4), resuspended in RMPI-1640 medium, and transferred into the wells of the prepared slides at a rate of five capsules per cell. The volume of the cell culture medium was adjusted to 0.3 mL, and the slides were incubated for 4, 12, or 24 h at 37⁰C in a 5% CO2 atmosphere. Nonfunctionalized capsules back-coated with BSA served as control to verify binding specificity. The nonspecific binding of the capsules to the poly-D-lysine-coated surface was controlled in wells that did not contain cells.

At the predetermined time points, the incubation was stopped. The wells were gently washed with fresh portions of 0.3 mL of complete RPMI-1640 medium to remove unbound capsules. The washing step was repeated twice. After the final washing, 0.18 mL of fresh medium and 0.02 mL of 0.001 mg/mL CTB-AF488 in sterile 10 mM PBS (pH 7.4) were added into the wells for fluorescent labeling of the cell membrane lipid rafts. The slides were incubated for 30 min at 37⁰C in a 5% CO2 atmosphere. After the incubation, the wells were gently washed thrice with a fresh portion of the culture medium. After the final washing, the culture medium was removed and the cells were fixed with 0.3 mL of 4% paraformaldehyde in 10 mM PBS (pH 7.4) for 15 min at room temperature in the dark. Then, the cells were washed from the fixation agent thrice with 0. Group, Sigma-Aldrich, Saint-Quentin-Fallavier, France). The slides were dried at room temperature and further examined using a LabRAM HR Evolution Nano system (Horiba Scientific, France). Measurements were performed using Micromasch 14 Series-trait Al tips (Schaefer Techniques SARL, France). The capsule surface was examined in the soft tapping mode, the scan size of the regions of interest was set to 1×1 μm. was used for the analysis of the obtained data. Below, the results are presented as the means and standard deviations for three independent experiments, if not indicated otherwise.

Image

RESULTS AND DISCUSSION

Engineering of Polyelectrolyte Capsules Encoded with Quantum Dots and

Functionalized with Cetuximab. Effective uptake and internalization of spherical particles from 30 nm to 3-5 μm in size by cancer сells and tumor-derived macrophages were observed [START_REF] Nifontova | Structure-Function Relationships in Polymeric Multilayer Capsules Designed for Cancer Drug Delivery[END_REF][START_REF] Sylvestre | Progress on Modulating Tumor-Associated Macrophages with Biomaterials[END_REF] . Large

(5.1±1.4 μm) hybrid QD-encoded functionalized polyelectrolyte capsules were earlier demonstrated to effectively interact with both cancer cells and macrophages [START_REF] Nifontova | Cancer Cell Targeting With Functionalized Quantum Dot-Encoded Polyelectrolyte Microcapsules[END_REF][START_REF] Nifontova | Biofunctionalized Polyelectrolyte Microcapsules Encoded with Fluorescent Semiconductor Nanocrystals for Highly Specific Targeting and Imaging of Cancer Cells[END_REF][START_REF] Nifontova | Next-Generation Theranostic Agents Based on Polyelectrolyte Microcapsules Encoded with Semiconductor Nanocrystals: Development and Functional Characterization[END_REF] . However, reducing the size and increasing the homogeneity of the capsules enhance their internalization by cells [START_REF] Novoselova | Biodegradable Polymeric Multilayer Capsules for Therapy of Lung Cancer[END_REF][START_REF] Tarakanchikova | Layer-by-Layer-Assembled Capsule Size Affects the Efficiency of Packaging and Delivery of Different Genetic Cargo[END_REF] and ensure the efficiency of the targeted delivery tools.

The capsules were assembled using small home-made calcium carbonate microbeads as templates for the deposition of oppositely charged polyelectrolyte polymers and QDs. The Optical encoding of the positively charged PA-coated microbeads with different quantities of QDs showed that the surface charge of the microparticles changed after adsorption of more than 1.5×10 [START_REF] Zalba | Cetuximab-Oxaliplatin-Liposomes for Epidermal Growth Factor Receptor Targeted Chemotherapy of Colorectal Cancer[END_REF] QDs per microbead. The encoding efficiency of no less than 90% providing a stable negative surface charge was achieved when 3.0×10 [START_REF] Zalba | Cetuximab-Oxaliplatin-Liposomes for Epidermal Growth Factor Receptor Targeted Chemotherapy of Colorectal Cancer[END_REF] or 4.5×10 [START_REF] Zalba | Cetuximab-Oxaliplatin-Liposomes for Epidermal Growth Factor Receptor Targeted Chemotherapy of Colorectal Cancer[END_REF] QDs per microbead were adsorbed. However, deposition of 6.1×10 [START_REF] Zalba | Cetuximab-Oxaliplatin-Liposomes for Epidermal Growth Factor Receptor Targeted Chemotherapy of Colorectal Cancer[END_REF] QDs per microbead resulted in a considerable decrease in the surface charge (to -16.8 mV±1.7 mV) and the encoding efficiency (to less than 70%), possibly due to saturation of the microbead surface with the nanoparticles and lack of the available positive charges of the polycation (PA) for effective adsorption of QDs. After optical encoding, more layers of polyelectrolytes were assembled. The outer polyelectrolyte layer of PAA was applied to ensure photoluminescence stability of QDs due to the sufficient negative surface charge of the resultant multilayer capsules [START_REF] Nifontova | Controlling Charge Transfer from Quantum Dots to Polyelectrolyte Layers Extends Prospective Applications of Magneto-Optical Microcapsules[END_REF] . The calcium carbonate microbead templates were removed by dissolution with EDTA to obtain hollow multilayer capsules. The resultant capsules had the following structure of the shell: PA/PSS/PA/PSS/PA/QDs/PA/PSS/PA/PSS/PA/PAA. They were spherical, negatively charged (-41.3±1.7 mV), and had a mean size of 1.03±0.11 µm like the original calcium carbonate templates.

Monoclonal Abs have been widely used for capsule surface functionalization to ensure their specific interaction with target cells expressing the corresponding molecular markers and to improve internalization of the particles [START_REF] Kolesnikova | Protein A Functionalized Polyelectrolyte Microcapsules as a Universal Platform for Enhanced Targeting of Cell Surface Receptors[END_REF][START_REF] Pittermannová | Functionalized Hydrogel Microparticles Prepared by Microfluidics and Their Interaction with Tumour Marker Carbonic Anhydrase IX[END_REF][START_REF] Sanità | Nanoparticle Surface Functionalization: How to Improve Biocompatibility and Cellular Internalization[END_REF] . EGFR is known as a driver of tumorigenesis and is overexpressed in different tumors, e.g., pancreas, head-and-neck, colon, breast, and non-small-cell lung cancers [START_REF] Maennling | Molecular Targeting Therapy against EGFR Family in Breast Cancer: Progress and Future Potentials[END_REF] . The ligand-induced EGFR signaling pathway is regulated by endocytosis and lysosomal degradation in human cells [START_REF] Sigismund | Emerging Functions of the EGFR in Cancer[END_REF] . Employing an EGFR-neutralizing monoclonal Ab is an advanced strategy for treatment of cancers characterized by EGFR overexpression [START_REF] Sigismund | Emerging Functions of the EGFR in Cancer[END_REF][START_REF] Sasada | Immune Responses to Epidermal Growth Factor Receptor (EGFR) and Their Application for Cancer Treatment[END_REF] .

The capsule surface was functionalized by covalent coupling of cetuximab, a recombinant human/mouse chimeric monoclonal anti-EGFR Ab, to target EGFR expressed by human human epidermoid carcinoma cells. For this purpose, a zero-length carboxyl-to-amine carbodiimide crosslinker was used that reacted with carboxylic groups of the PAA polymer exposed at the capsule surface and the primary amino groups of the Ab molecules [START_REF] Alkilany | Ligand Density on Nanoparticles: A Parameter with Critical Impact on Nanomedicine[END_REF][START_REF] Magro | Nanotechnology-Based Strategies to Develop New Anticancer Therapies[END_REF] . The average Ab coupling efficiency was found to be no less than 87% at all loading quantities of the Ab used (Figure S3, Supporting Information). The Ab coupling reaction was quenched with glycine to block unreacted O-acylisourea ester, and the capsule surface was additionally back-coated with BSA to minimize nonspecific interactions with the cells. This approach yielded a highly dense layer of cetuximab molecules coupled to the capsule surface, their number (~10 [START_REF] Voronin | In Vitro and in Vivo Visualization and Trapping of Fluorescent Magnetic Microcapsules in a Bloodstream[END_REF] ) being comparable to the number of EGFR molecules expressed by a cancer cell ( 10 6 ) [START_REF] Nguyen | Nanomedicines Functionalized with Anti-EGFR Ligands for Active Targeting in Cancer Therapy: Biological Strategy, Design and Quality Control[END_REF] . In this case, randomly oriented immobilization ensured that the active sites of at least 50% of the bound Ab molecules were accessible for selective interaction with the molecular targets [START_REF] Nifontova | Structure-Function Relationships in Polymeric Multilayer Capsules Designed for Cancer Drug Delivery[END_REF] . Moreover, the coupled Ab molecules positioned over the capsule surface can serve as a "spatial layer" and create steric hindrance between the Ab molecules whose active sites face outwards, which results in a more effective binding to the target cells [START_REF] Alkilany | Ligand Density on Nanoparticles: A Parameter with Critical Impact on Nanomedicine[END_REF] .

The morphology and rigidity of the capsule surface have also been shown to affect the efficiency of capsule interaction with the target cancer cells [START_REF] Nifontova | Structure-Function Relationships in Polymeric Multilayer Capsules Designed for Cancer Drug Delivery[END_REF] . Therefore, to determine the surface morphology, the prepared polyelectrolyte multilayered capsules were analyzed by means of AFM for detailed characterization. Polyelectrolyte capsules represented convex objects and had a rigid structure, probably due to the residuals of the calcium carbonate template in the shell, as found earlier [START_REF] Nifontova | Controlling Charge Transfer from Quantum Dots to Polyelectrolyte Layers Extends Prospective Applications of Magneto-Optical Microcapsules[END_REF] (Figure 1B). The polyelectrolyte capsules with an unmodified surface were characterized by a rough, granular surface due to the domain/globular structure of the assembled polyelectrolyte layers (Figure 1B, upper panel). Quenching and additional treatment of the surface with an inert protein (BSA), also known as surface back-coating, were found to minimize the roughness of the capsule surface (Figure 1B, bottom panel), blocking the surface and probably diminishing nonspecific interaction of the capsules with the cellular interfaces [START_REF] Nifontova | Structure-Function Relationships in Polymeric Multilayer Capsules Designed for Cancer Drug Delivery[END_REF] .

The functional activity of the designed fluorescent polyelectrolyte capsules functionalized with cetuximab was analyzed using the EGFR-overexpressing A-431 cells. The results showed a gain of the photoluminescence signal intensity with increasing number of the fluorescent capsules per cell in the mixture, which indicated that the capsules bound to the cell surface (Figure 1B). The capsules functionalized with cetuximab more readily bound to the A-431 cells than the nonfunctionalized casein-coated capsules, which served as a reference to control for binding specificity. The capsules bearing 3×10 [START_REF] Voronin | In Vitro and in Vivo Visualization and Trapping of Fluorescent Magnetic Microcapsules in a Bloodstream[END_REF] and 6×10 [START_REF] Voronin | In Vitro and in Vivo Visualization and Trapping of Fluorescent Magnetic Microcapsules in a Bloodstream[END_REF] Ab molecules on the surface were characterized by similar ligand densities and avidities (nonsignificant differences between photoluminescence intensities, p > 0.05, Student's t test). The capsules with a lower density of capture molecules at their surface (1×10 6 per capsule) exhibited a lower capacity for specific binding with the A-431 cells. However, nonfunctionalized back-coated capsules also bound with the model cancer cells.

Nonspecific binding of the nonfunctionalized capsules led to a significantly lower photoluminescence intensity, which indicated that fewer capsules were attached to the cell surface (significant differences between the photoluminescence intensities of the capsules with nonfuctionalized and functionalized surfaces, p < 0.05, Student's t test). The optimal capsule-tocell ratio providing a distinct signal and its initial saturation due to binding of both Abfunctionalized and nonfunctionalized multilayer capsules to the cells was estimated to be from 1 to 5. Further increase in the number of capsules added to the cells resulted in a plateau of the photoluminescence signal detected. The nonspecific binding should be taken into consideration in analyzing the targeting capacity of the functionalized multilayer capsules, especially when low capsule-to-cell ratios (< 5 capsules per cell) are used. The fluorescent polyelectrolyte capsules encoded with QDs, functionalized with 6×10 6 cetuximab molecules per capsule, and characterized by a high avidity of specific binding to A-431 cancer cells were used for time-course analysis of the interactions of the functionalized capsules with living cells and further analysis of capsule internalization efficiency. Prolonged incubation of the living A-431 cancer cells in the presence of both cetuximab-functionalized and nonfunctionalized capsules for 24 h resulted in an increased number of the particles interacting with the cells (Figure 2). However, in the case of cetuximab-functionalized capsules, considerably more particles were bound with the cells, in particular, after 12 and 24 h of incubation, although specific interaction of Ab-functionalized capsules with living cells was observed as early as within 4 h of incubation. The cetuximab-functionalized capsules were located in groups at the cell surface after 12 and 24 h of incubation. The groups were probably formed due to inhomogeneous EGFR density on the cell surface and the possible receptor clustering mediated by lipid rafts [START_REF] Gao | Mechanistic Insights into EGFR Membrane Clustering Revealed by Super-Resolution Imaging[END_REF] .

Colocalization of lipid rafts and the capsules was observed upon interaction of both functionalized and nonfunctionalized capsules with the A-431 cancer cells. As shown in Figure 2, the lipid rafts were found mainly in the areas of the capsule contact with the cell membrane, which indicated the involvement of the lipid rafts in the capsule internalization process. Internalization of large-sized polyelectrolyte capsules by human cancer cells was previously demonstrated to strongly depend on cholesterol-rich domains [START_REF] Kastl | Multiple Internalization Pathways of Polyelectrolyte Multilayer Capsules into Mammalian Cells[END_REF][START_REF] Nifontova | Structure-Function Relationships in Polymeric Multilayer Capsules Designed for Cancer Drug Delivery[END_REF] . However, in the case of capsules with a functionalized surface, cetuximab molecules coupled to the capsule surface possibly bind to the extracellular domain of EGFR, which leads to enhanced particle internalization 44 . Moreover, ligand-induced EGFR endocytosis is a lipid-raft-associated process possibly involving a clathrinmediated mechanism [START_REF] Sigismund | Emerging Functions of the EGFR in Cancer[END_REF]44 ; therefore, a combination of the ligand-induced and lipid-raft-mediated internalizations of the cetuximab-functionalized capsules by A-431 cells appears to be a probable mechanism of the capsule internalization [START_REF] Kastl | Multiple Internalization Pathways of Polyelectrolyte Multilayer Capsules into Mammalian Cells[END_REF][START_REF] Panja | Lipid-Raft-Mediated Direct Cytosolic Delivery of Polymer-Coated Soft Nanoparticles[END_REF] . The number of cetuximab molecules per capsule was 6×10 [START_REF] Voronin | In Vitro and in Vivo Visualization and Trapping of Fluorescent Magnetic Microcapsules in a Bloodstream[END_REF] . The capsule-to-cell ratio was 5:1. The scale bar is 10 µm.

Prolonged incubation of Ab-functionalized and nonfunctionalized capsules during 12 and 24 h resulted in an increased number of capsules bound to the cell surface and in internalization of the capsules of both types (Figure 3A). 3D analysis of confocal images showed spatial colocalization of the Ab-functionalized and nonfunctionalized capsules at the cell membrane and nucleus (Figure 3B). However, the Ab-functionalized capsules more strongly interacted with the cells, which resulted in a greater number of capsules bound to the cell surface or internalized by the cells. The capsule internalization by the model cancer cells was time-dependent. Therefore, the differences between the two capsule types in the average shortest distance from the capsules to the cell membrane were significant at each time point analyzed (p < 0.05, Kruskal-Wallis ANOVA) (Figure 3B). Statistical data also demonstrated a more intense internalization of the Abfunctionalized capsules after short-term incubation (4 h), as well as ongoing and complete internalization of both capsule types after 12 and 24 h, respectively.

After 12 h of incubation, the number of Ab-functionalized capsules detected was the maximum (412). However, after 24 h of incubation, fewer Ab-functionalized capsules were bound to the cells, which suggested capsule degradation in the cells upon accumulation. This agrees with earlier data on capsule localization within lysosomes [START_REF] Kastl | Multiple Internalization Pathways of Polyelectrolyte Multilayer Capsules into Mammalian Cells[END_REF] . The capsules of both types were located at different distances from the cell nucleus, being detected mainly in the perinuclear zone within 12-24 h (Figure 3; Figure S4, Supporting Information). Thus, the mean values of the shortest distances from the capsules to the cell nucleus did not differ significantly starting from 12 h of incubation (p > 0.05, Kruskal-Wallis ANOVA). Macrophages were obtained using PMA-induced differentiation of THP-1 human leukemia monocytic cells, which activated cell adherence and expression of macrophage surface markers [START_REF] Yan | Differential Roles of the Protein Corona in the Cellular Uptake of Nanoporous Polymer Particles by Monocyte and Macrophage Cell Lines[END_REF] .

The THP-1m cells were earlier demonstrated to effectively uptake micron-and submicron-sized particles [START_REF] Kozlovskaya | Anisotropic Particles through Multilayer Assembly[END_REF][START_REF] He | How Leucocyte Cell Membrane Modified Janus Microcapsules Are Phagocytosed by Cancer Cells[END_REF] . During incubation with the THP-1m cells, polyelectrolyte capsules bound to the cell surface faster and were internalized by the cells more rapidly than when incubated with cancer cells (Figures 4, 5 Information). Pronounced clustering of Ab-functionalized capsules was observed in the case of interaction with the A-431 cells but not macrophages, which suggested nonspecific capsulemacrophage interaction. The number of internalized capsules of both types increased during incubation (Figure 5B). Upon capsule internalization, the macrophage membrane became heterogeneous (Figure 4; Figure S5, Supporting Information). The heterogeneity became more pronounced with increasing number of capsules bound, which was better seen in the bright-field mode. Signs of capsule internalization and localization in the perinuclear space were observed as early as after 4 h of incubation (Figure 5; Figure S5, Supporting Information), but considerable accumulation of both capsule types in the perinuclear zone was detected only after long-term incubation (Figures 5A,5B). The mean values of the shortest distances of the Ab-functionalized and nonfunctionalized capsules from the cell nuclei were significantly different (p < 0.05, oneway ANOVA) at all time points (Figure 5B). Lipid rafts of the THP-1m cell membranes were detected in the zones of the capsule-cell contact after all periods of incubation studied. In the THP-1m cells, the redistribution of the lipid rafts to zones of the capsule interaction with the cell surface was less pronounced than in the A-431 cancer cells. However, colocalization of the lipid rafts and capsules directly indicated capsule internalization, which, in the macrophage-like THP-1m cells may have occurred via phagocytosis mediated by class A scavenger receptors [START_REF] Yan | Differential Roles of the Protein Corona in the Cellular Uptake of Nanoporous Polymer Particles by Monocyte and Macrophage Cell Lines[END_REF][START_REF] Sun | Tuning the Properties of Polymer Capsules for Cellular Interactions[END_REF] .

Targeting Capacity of the Capsules in Coculture of Cancer Cells and Macrophages.

Tumors are dynamic and heterogeneous tissues that depend on the microenvironment, with complex relationships between tumor cells and normal cells, particularly fibroblasts, endothelial cells, and infiltrating immune cells (granulocytes and macrophages) [START_REF] Quail | Microenvironmental Regulation of Tumor Progression and Metastasis[END_REF][START_REF] Franchi-Mendes | 3D Cancer Models: Depicting Cellular Crosstalk within the Tumour Microenvironment[END_REF][START_REF] Privat-Maldonado | Modifying the Tumour Microenvironment: Challenges and Future Perspectives for Anticancer Plasma Treatments[END_REF] separately. Thus, the data showed that the presence of macrophages did not affect the viability of cocultured cancer cells, which made it possible to use cocultured A-431 cells and THP-1-derived macrophages to analyze the targeting capacity of the engineered polyelectrolyte capsules.

The time-lapse clips presented in Figure 6 and Video S1 (Supporting Information) show the association of the Ab-functionalized fluorescent multilayer capsules with the cocultured A-431 cancer cells and macrophages. However, the cancer cells bearing Ab-functionalized capsules were demonstrated to be attacked by macrophages (indicated with arrows in Figure 6).

The observed phenomenon can be explained by intercellular signaling between the investigated cancer cells and macrophages. EGFR is responsible for binding EGF and subsequent initiation of intracellular signaling pathways that regulate the pathways responsible for cell proliferation, apoptosis, and migration. EGFR blocking with cetuximab coupled to the capsule surface results in both enhanced internalization of the capsules by the cancer cells followed by an increased apoptotic activity and enrichment of the cancer cell membrane with phosphatidylserine and calreticulin contained in lipid rafts. Thus, apoptotic phenomena and ligand-induced capsule internalization may provoke intercellular signaling between cancer cells and macrophages resulting in attacking and efferocytosis of the cancer cells by the macrophages [START_REF] Nguyen | Nanomedicines Functionalized with Anti-EGFR Ligands for Active Targeting in Cancer Therapy: Biological Strategy, Design and Quality Control[END_REF][START_REF] Large | Advances in Receptor-Mediated, Tumor-Targeted Drug Delivery[END_REF][START_REF] Lecoultre | Phagocytic Function of Tumor-Associated Macrophages as a Key Determinant of Tumor Progression Control: A Review[END_REF][START_REF] Kumari | Tumor-Associated Macrophages in Cancer: Recent Advancements in Cancer Nanoimmunotherapies[END_REF] .

However, macrophages are also likely to attack cancer cells due to the Ab-coated capsules bound with the cancer cell surface. Due to the Fc portions of sterically accessible Ab molecules at the capsule surface, Ab-functionalized particles bound to the cancer cell surface may serve as a "cell backpack" facilitating the cell recognition by macrophages [START_REF] Aminin | Macrophages as a "Weapon" in Anticancer Cellular Immunotherapy[END_REF] . This may also trigger antibodydependent, macrophage-mediated cytotoxicity [START_REF] Aminin | Macrophages as a "Weapon" in Anticancer Cellular Immunotherapy[END_REF] . Therefore, a complex mechanism of the cetuximab-induced immune killing of human epidermoid carcinoma cells containing bound Abfunctionalized multilayer polyelectrolyte capsules by macrophages can be assumed. It is worth mentioning that, in the more complex cell models, such as spheroids and cells of real tumors, this process may depend on many other parameters, including the rate of EGFR expression by cancer cells, abundance and activity of tumor-associated macrophages in the microenvironment, and FcγRIIIa polymorphisms [START_REF] Reis-Sobreiro | Bringing Macrophages to the Frontline against Cancer: Current Immunotherapies Targeting Macrophages[END_REF] . to be internalized by macrophages. However, binding of the capsules, including functionalized ones, to the macrophages is weaker. The cetuximab-functionalized capsules have been found to interact primarily with human epidermoid carcinoma cells, which were later attacked by the macrophages if both cell types were cocultured. This suggests macrophage-mediated cytotoxicity to cancer cells and proves that activated macrophages exhibit an antitumor phenotype toward cancer cells. The data reported here can also be used for further optimization of the strategy for targeting novel capsule-based tools of cancer diagnosis and treatment, with cellular factors of the tumor microenvironment taken into consideration.
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 123 Figure 1. Structural and functional properties of fluorescent polyelectrolyte capsules functionalized with a human/mouse chimeric anti-EGFR monoclonal antibody (cetuximab). (A) The size distribution of the resultant fluorescent capsules. (B) Atomic force microscopy images of polyelectrolyte capsules with an unmodified surface (top) or a surface back-coated with bovine serum albumin (bottom); the scan sizes of the zoomed regions of interest (framed) are 1.0 ×1.0 μm and 1.2×1.2 μm for the top and bottom panels, respectively. (C) The functional activity profiles of the fluorescent polyelectrolyte capsules functionalized with cetuximab. Grey circles, nonfunctionalized back-coated capsules without capture molecules on their surface. The red dotted frame marks the range of capsule-to-cell ratios providing initial signal saturation due to capsule binding to the cell surface. PL, photoluminescence; Ab, antibody. 192x181mm (600 x 600 DPI)

Figure 5 .

 5 Figure 5. Colocalization of cetuximab-functionalized or nonfunctionalized fluorescent polyelectrolyte capsules with THP-1-derived macrophages after 4, 12, and 24 h of incubation: (A) A test population of 25 cells. (B) The mean values and standard deviations of the shortest distances from the capsules of both types to the cell membrane and cell nucleus. The number of cetuximab molecules per capsule was 6×106. The asterisk indicates a significant difference between the mean values (p < 0.05, Kruskal-Wallis ANOVA). N is the number of capsules detected in the selected population of 25 cells. 177x154mm (600 x 600 DPI)

Figure 6 .

 6 Figure 6. Sequential frames of a time-lapse confocal microscopy video recording of the interactions of cetuximab-functionalized fluorescent polyelectrolyte capsules with cocultured A-431 cancer cells and THP-1derived macrophages in the time interval between 7 and 14 h of incubation. The coculture contained 90% of A-431 cancer cells and 10% of THP-1-derived macrophages. The cell confluency was 60%. The number of cetuximab molecules per capsule was 6×106. The capsule-to-cell ratio was 5:1. The total duration of incubation was 24 h. THP-1m macrophages attacking A-431 cancer cells with cetuximab-functionalized fluorescent capsules on the surface (shown in orange pseudo-color) are indicated with arrows. The scale bar is 10 µm. 277x139mm (600 x 600 DPI)

1 * 2 ABSTRACT:

 12 Polymer-based microcapsules represent a promising tool for tumor targeting and delivery of anticancer drugs. Surface decoration of the microcapsule-based delivery systems with specific antibodies is used to provide their targeting to cancer cells. Because of the complexity of the tumor microenvironment, the efficiency of targeted delivery may be affected by the cellular heterogeneity of the tumor, particularly by the presence of tumor-associated macrophages. In this study we have analyzed the targeting capacity and internalization efficiency of polyelectrolyte capsules with a mean size of 1.03±0.11 µm that were optically encoded with fluorescent

  Capsule Surface with Monoclonal Antibody. The surface of fluorecent hollow multilayer polyelectrolyte capsules (PA/PSS)2PA/QDs/(PA/PSS)2/PA/PAA)
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 2728 3 mL of 10 mM PBS pH 7.4. After the final washing, 0.25 mL of 10 mM PBS (pH 7.4) and 0.25 μL of the 5 μM DRAQ5™ stock solution were added to the wells to counterstain the cell nuclei. The samples were incubated at room temperature for 30 min and were then analyzed by means of confocal microscopy. Targeting Capacity of the Capsules in a Co-culture of Cancer Cells and Macrophages.A-431 and THP-1m cells were co-cultured at the poly-D-lysine-coated surface in the wells of an eight-well #1.5 borosilicate Nunc™ Lab-Tek™ II chambered coverglass slide (Thermo Fischer Scientific, Illkrich, France) at a ratio of 9:1. Initially, 2.9×10 4 A-431 cells were transferred into the wells of the slide and incubated for 24 h in 0.3 mL of complete RPMI-1640 medium for the cells to attach to the slide surface and to form a 50-60% cell monolayer. Then, 6.7×10 3 THP-1m (PMAstimulated THP-1 cells) were transferred into the wells containing A-431 cells, and the slide was incubated in 0.3 mL of fresh complete RPMI-1640 medium for 2-4 h for the THP-1m cells to attach. The prepared co-culture was also standardized by estimating the ratio between the cell types co-cultured for 4 or 24 h and their viabilities by means of flow cytometry using an LSR Fortessa™ flow cytometer (Becton Dickinson Biosciences, Le Pont de Claix, France). The EGFR expression was analyzed by immunodetection using cetuximab and cross-adsorbed goat anti-human IgG (H+L) conjugated with FITC. The CD33 expression was estimated using monoclonal anti-CD33 Abs conjugated with PE. The cell viability was determined using 7-AAD for staining dead cells.Data were analyzed with the BD FACS DIVA software (Becton Dickinson Biosciences, Le Pont de Claix, France).The prepared fluorescent capsules functionalized with cetuximab (6×10[START_REF] Voronin | In Vitro and in Vivo Visualization and Trapping of Fluorescent Magnetic Microcapsules in a Bloodstream[END_REF] Ab molecules per capsule) were preliminarily washed from the excess of the back-coating agent and transferred into the wells. The slide was mounted into the working area of the LSM 710 NLO Zeiss confocal system (Carl Zeiss S.A.S., Oberkochen, Germany) operating at 37⁰C in a 5% CO2 atmosphere.Real-time monitoring of the interaction of the fluorescent functionalized capsules with cancer cells and macrophages in co-culture was performed in the bright-field and fluorescent modes for 24 h. Nonfunctionalized capsules back-coated with BSA served as a control to verify binding specificity. The analysis was performed by means of the LSM 710 NLO Zeiss confocal system (Carl Zeiss S.A.S., Oberkochen, Germany) equipped with 458-, 488-, 514-, 561-, and 633-nm laser sources of visible light; a Chameleon pulsed IR laser (690-and 1064 nm, Coherent, Saxonburg, USA) with two PMTs and a GaSP spectral strip; an incubator with temperature and CO2 control; and 10× Ph, 20× DIC, 40× W DIV, and 63× Oil DIC objective lenses. In this study, z-stack scanning of the prepared samples was performed using a 63× 1.4 Oil DIC M27 objective lens, a HeNe laser operating at 633 nm, and an argon laser (458, 488, 514 and nm). The fluorescence signal of the QD-encoded capsules was detected in the range of 575-624 nm, the signal of the lipid rafts stained with CTB-AF488 was collected in the Alexa Fluor 488 channel (499-549 nm), and the fluorescent signal of the cell nuclei counterstained with DRAQ5™ was collected in the range of 415-726 nm. Atomic force microscopy. Atomic force microscopy (AFM) was used to characterize the surface morphology of the prepared polyelectrolyte capsules. Samples of polyelectrolyte capsules with untreated and BSA-coated surface preliminarily washed with ultrapure water were applied dropwise from the initial suspension onto poly-L-lysine-coated Poly-Prep glass slides (Merck

  prepared microbeads were characterized by a spherical shape, a mean size of 1.03±0.11 µm, and a negative surface charge (-14.3±0.4 mV) (Figure1A; FigureS2, Supporting Information). The microbead surface charge allowed layer-by-layer deposition of PA, PSS, carboxylated watersoluble QDs, and PAA. The QDs used for fluorescent labeling of the capsules were characterized by a wide absorption spectrum, a narrow fluorescence spectrum with a maximum at 594 nm, a mean hydrodynamic diameter from 43.3 to 48.1 nm (as determined by light scattering intensity analysis), and a negative ζ-potential (-34.10±1.95 mV) ensuring their adsorption onto (PA/PSS)2PA-coated microbeads (Figure S1, Supporting Information). The results of successive deposition of the charged polyelectrolyte and QD layers resulted in the corresponding variations of the microbead surface charge demonstrating effective adsorption of the structural components of the capsule shell (Figure S2, Supporting Information).
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 132 Figure 1. Structural and functional properties of fluorescent polyelectrolyte capsules
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 2 Figure 2. Interaction of the cetuximab-functionalized fluorescent polyelectrolyte capsules with A-

Figure 3 .

 3 Figure 3. Colocalization of cetuximab-functionalized or nonfunctionalized fluorescent

  ). The internalization of both Ab-functionalized and nonfunctionalized capsules was observed, the mean values of the shortest distances of the capsules of the two types from the cell membrane differing nonsignificantly after all periods of incubation (p > 0.05, Kruskal-Wallis ANOVA).
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 4 Figure 4. Interaction of the cetuximab-functionalized fluorescent polyelectrolyte capsules with

Figure 5 .

 5 Figure 5. Colocalization of cetuximab-functionalized or nonfunctionalized fluorescent

Figure 6 .

 6 Figure 6. Sequential frames of a time-lapse confocal microscopy video recording of the

  hydrodynamic diameter distribution of the CdSe/ZnS core/shell QDs solubilized with carboxy-PEG12-thiol (Figure S1); scheme of engineering of the polyelectrolyte capsules fluorescently encoded with QDs (Figure S2); data on the efficiency of conjugation of cetuximab with the capsule surface (Figure S3); confocal images of A-431 epidermoid carcinoma cells upon their exposure to encoded polyelectrolyte capsules for 4, 12, and 24 h at a ratio of five capsules per cell (Figure S4); confocal images of THP-1-derived macrophages upon their exposure to encoded polyelectrolyte capsules for 4, 12, and 24 h at a ratio of five capsules per cell (Figure S5); the viabilities of A-431 epidermoid carcinoma cells and THP-1-derived macrophages cocultured for 4 and 24 h as estimated by flow cytometry (Figure S6) (PDF). Time-lapse confocal imaging clips of the interaction of cetuximab-functionalized fluorescent polyelectrolyte capsules with cocultured A-431 cancer cells and THP-1-derived macrophages (Video S1) (MP4).

  

  

  

  

  

  of the original THP-1 monocytes in complete RPMI-1640 medium supplemented with 150 ng/mL PMA (Merck Group, Sigma-Aldrich, Saint-Quentin-Fallavier, France) for 48 h at 37⁰C in a 5% CO2 atmosphere. The THP-1m cells were cultured in complete RPMI-1640 medium. The cells of both types were detached from the surface of the culture plate using Versene solution. Both cell lines were cultured for no more than 20 passages.

	macrophages derived from THP-1 human leukemia monocytic cells (THP-1m) were used to study the time course of interactions of the functionalized capsules with living cells. The A-431 cells were cultured in complete RPMI-1640 medium supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 1% penicillin-streptomycin solution, and 0.1% sodium pyruvate at 37⁰C in a 5% CO 2.5. Cancer Cell Targeting Capacity of the Functionalized Capsules. 3.5×10 4 A-431 cells were seeded into poly-(L-lysine)-coated black 96-well flat-bottom, clear-bottom polystyrene plates

Culture. The human epidermoid carcinoma cells overexpressing EGFR (A-431) and 2 atmosphere under sterile conditions according to the ATCC protocol. THP-1m cells were obtained by incubation

  . The complex tumor
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		microenvironment is likely to affect the efficacy of cancer cell targeting by functionalized
		multilayered polyelectrolyte capsules 53,54 .
		The capsule interactions with cells in a coculture was demonstrated in the real-time mode using
		living A-431 cancer cells and THP-1-derived macrophages cocultured at a ratio of 9:1. The
		viabilities of the cocultured A-431 and THP-1m cells were estimated, respectively, at 86.4%±2.3%
		and 90.0%±3.3% after 4 h of culturing and 80.6%±1.0% and 93.7%±0.1% after 24 h of culturing
		(Figure S6, Supporting Information). These values did not differ significantly (p > 0.05, Student's
		t test) from the respective viabilities of the A-431 cells (88.4%±0.1% after 4 h and 81.7%±0.3%
		after 24 h) and the THP-1m cells (93.5%±0.4% after 4 h and 93.5%±0.5% after 24 h) cultured
		ACS Paragon Plus Environment

  EGFR, epidermal growth factor receptor; FITC, fluorescein isothiocyanate; HER2, human epidermal growth factor receptor 2; PA, poly(allylamine); PAA, polyacrylic acid; PBS, phosphatebuffered saline; PBS, phosphate-buffered saline; PE, phycoerythrin; PMA, phorbol 12-myristate 13-acetate; PSS, poly(sodium 4-styrenesulfonate); QD, quantum dot; RPMI-1640, Roswell Park Memorial Institute 1640; sulfo-NHS, sulfo-N-hydroxysulfosuccinimide.
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