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ABSTRACT: Particle-cell interactions are governed by, among other factors, the composition and surface properties of the particles. Herein, we report the preparation of various polymer capsules with different compositions and properties via atom transfer radical polymerization-mediated continuous assembly of polymers (CAPATRP), where the cellular interactions of these capsules, in particular fouling and specific targeting, are examined by flow cytometry and deconvolution microscopy. Acrylated 8-arm poly(ethylene glycol) (8-PEG) and poly(N-(2-hydroxypropyl)-methacrylamide) (PHPMA), as well as methacrylated hyaluronic acid (HA), poly(glutamic acid) (PGA) and poly(methacrylic acid) (PMA) are used as macrocrosslinkers to obtain a range of polymer capsules with different compositions (PEG, PHPMA, HA, PGA, PMA). Capsules composed of low fouling polymers PEG and PHPMA show negligible association with macrophage Raw 264.7, monocyte THP-1, and HeLa cells. HA capsules, although moderately low fouling (<22%) to HeLa, BT474, Raw 264.7 and THP-1 cells, exhibit high targeting specificity to CD44 overexpressing MDA-MB-231 cells. In contrast, PGA and PMA capsules show high cellular association toward phagocytic Raw 264.7 and THP-1 cells. These findings demonstrate the capability of the CAPATRP technique to prepare polymer capsules with specific cellular interactions.
INTRODUCTION
Over the last decade, engineered polymer particles have been of widespread interest, in large part because of their potential interest in biomedical applications.1-4 Particles for such applications are generally designed to: (i) exhibit “stealth” properties, which can be achieved by introducing low fouling polymers, for instance, poly(ethylene glycol) (PEG) and poly[N-(2-hydroxypropyl) methacrylamide] (PHPMA), to prevent non-specific binding and reduce phagocytic clearance, thus prolonging in vivo circulation time;5-7 (ii) display active targeting, through targeting ligands, for example, folic acid, monoclonal antibodies, peptides, aptamers, or hyaluronic acid (HA),8,9 to allow specific binding to cancer cells thus leading to enhanced tumor accumulation and therapeutic efficacy;10 and (iii) exhibit high biocompatibility and biodegradability, often addressed by using bio-related polymers (polyester, polycarbonate, polysaccharide, etc.), which can be degraded into non-toxic products for further excretion or absorption by the body.11-13 Constructing polymer particles with tailored compositions, low fouling and targeting properties, and that display high biocompatibility and/or biodegradability for studying fundamental cellular interactions is of key importance toward developing particles that are aimed at biomedicine. 
[bookmark: OLE_LINK6]Polymer particles (which include capsules) prepared via templating approaches14-16 are of particular interest because they can be assembled with various compositions and specific physicochemical properties (e.g., size, shape, stiffness, surface chemistry, biodegradability).17 For example, dextran sulfate/poly-L-arginine,18 poly(allylamine hydrochloride)/poly(sodium 4-styrenesulfonate),19 poly(methacrylic acid) (PMA),20 and poly(vinylpyrrolidone)21 capsules have been prepared through layer-by-layer (LbL) assembly using complementary polymers followed by the removal of sacrificial templates (e.g., silica particles). In an alternative approach, termed the continuous assembly of polymers (CAP), polymer capsules can be prepared via the one-step polymerization of macrocrosslinkers (pre-functionalized polymers) on initiator-anchored particulate substrates.22-24 The CAP technique is applicable to a wide range of macrocrosslinkers containing polymerizable vinyl groups, and allows for tailoring of the capsule composition, wall thickness and surface chemistry. Capsule formation using the CAP approach has been demonstrated using poly(meth)acrylate polymers, including poly(2-hydroxyethyl methacrylate),22 poly(2-hydroxyethyl acrylate),23,24 and poly(methyl methacrylate).24 However, these polymers are not biodegradable or biocompatible, and lack low fouling and active targeting abilities. Addressing some of these aspects, we recently reported the use of the natural polymer hyaluronic acid (HA) in combination with a polymethacrylate-based macroinitiator to prepare capsules that showed excellent biocompatibility and efficient cellular interaction with HeLa cells.25,26 However, to advance the biological applications of CAP-based polymer capsules, it is desirable to develop polymer capsules with a range of properties (e.g., biodegradability, biocompatibility, fouling, and/or targeting) and to examine their fundamental interactions with cells. 
Herein, we demonstrate the versatility of the CAP approach to tune the composition of polymer capsules for cellular interactions. The low fouling polymers PEG and PHPMA, high fouling polymer PMA, active-targeting natural polysaccharide HA, and synthetic biodegradable polypeptide poly(glutamic acid) (PGA), are used to construct capsules with various compositions and properties. Specifically, capsules with varying composition are constructed via atom transfer radical polymerization-mediated CAP (CAPATRP) of (meth)acrylate-functionalized PEG, PHPMA, PMA, PGA, and HA on initiator-functionalized sacrificial silica particles (Scheme 1). The capsule morphology is examined using fluorescence microscopy, transmission electron microscopy (TEM), and atomic force microscopy (AFM). The cellular association of polymer capsules composed of different compositions and the targeting ability of HA289k capsules with CD44 overexpressing cells are examined by flow cytometry and deconvolution microscopy. Overall, this study demonstrates the feasibility of the CAP approach to prepare various (bio)polymer capsules with defined compositions and properties (low fouling, targeting etc.), and provides an alternative approach to tune capsules for cellular interactions. 
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[bookmark: OLE_LINK20][bookmark: OLE_LINK21]Scheme 1. Schematic illustration of CAPATRP-mediated formation of various polymer capsules with different compositions and their cellular interaction with (non)targeting cancer cells, phagocytic monocytes, and macrophage cells. DEGDAA, diethylene glycol diacrylate.

RESULTS AND DISCUSSION
Macrocrosslinker Synthesis. Various macrocrosslinkers with different properties, including acrylated 8-arm-PEG (8-PEG-A), PHPMA (PHPMA-A) and methacrylated HA (HA47k-AEMA, HA289k-AEMA), PGA (PGA-AEMA) and PMA (PMA-AEMA) were obtained by introducing (meth)acrylate groups at the periphery or side chain of the corresponding polymers (Scheme S1-S3). For instance, PHPMA-A was synthesized by partially converting hydroxyl groups into polymerizable acrylate groups (10 mol% with respect to the hydroxyl groups)27 (Figure S1) using acryloyl chloride. Meanwhile, HA47k-AEMA, HA289k-AEMA, PGA-AEMA, and PMA-AEMA were obtained via partial conversion of carboxylic groups into methacrylate groups through reaction with 2-aminoethyl methacrylate (AEMA), for which the number of methacrylate groups relative to the carboxylic groups were 16, 7, 25, and 13 mol%, respectively, as analyzed by 1H NMR (Scheme 1c, Schemes S2 and S3, and Figures S2-S4). 
CAPATRP Capsule Formation. Using the macrocrosslinkers, polymer capsules with various compositions were prepared via the CAPATRP technique. Firstly, nonporous aminated silica (SiO2-NH2, 2.1 µm in diameter, NH2: >30 µmol g-1) particles were reacted with α-bromoisobutyryl bromide to prepare ATRP initiator-functionalized silica particles (SiO2-Br) through amide bond formation. Various polymer capsules with similar size were prepared via CAPATRP of a series of macrocrosslinkers in the presence of DEGDAA on sacrificial SiO2-Br particles and following template removal. The macrocrosslinker was varied from low fouling polymers 8-PEG-A and PHPMA-A, to negatively charged fouling PGA-AEMA and PMA-AEMA, and to targeting HA47k-AEMA and HA289k-AEMA (to the CD44 receptor), thus generating various polymer capsules (PEG, PHPMA, PGA, PMA, HA47k and HA289k, respectively) with different compositions and surface chemistries. The obtained capsules were further labeled with Alexa Fluor 633 (AF633) dyes to enable fluorescence imaging. Subsequently, the capsules were imaged with differential interference contrast (DIC) and fluorescence microscopy (Figure 1). All of the polymer capsules were well dispersed in aqueous solution and had a similar size of ca. 2 µm. To further characterize the obtained capsules, TEM and AFM were used to observe the capsules in the air-dried state. The polymer capsules exhibited the typical collapsed structure with folds and creases28,29 (Figure 2). This validates the versatility of the CAPATRP approach to prepare synthetic and natural polymer capsules with different compositions.
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Figure 1. DIC microscopy (a1–a6) and fluorescence microscopy (b1–b6) images of PEG, PHPMA, HA47k, HA289k, PGA and PMA capsules, respectively. Scale bars represent 3 μm.
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Figure 2. TEM (a1–a6) and AFM (b1–b6) images of PEG, PHPMA, HA47k, HA289k, PGA and PMA capsules, respectively. Scale bars are 2 μm.
[bookmark: OLE_LINK16][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13]The composition of the polymer capsules was varied from (near) neutrally charged PEG and PHPMA to negatively charged HA47k, HA289k, PGA and PMA. The surface properties of the resulting capsules were examined using a Zetasizer Nano-ZS. As shown in Figure 3, PEG capsules had a slightly negative charge at pH 7.4, reflecting the near-neutral surface of PEG capsules. PHPMA capsules exhibited a ζ-potential of -15 mV as a result of the hydroxyl groups, which can be deprotonated. Capsules made from HA, PGA and PMA exhibited higher negative ζ-potentials, ranging from -27 mV to -38 mV, because of the pendent carboxylic groups. The observed results are consistent with previous findings,30,31 and demonstrate that the surface properties of polymer capsules can be tuned by changing the type of macrocrosslinker. 
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[bookmark: OLE_LINK5][bookmark: OLE_LINK10]Figure 3. ζ-potential of various polymer capsules in phosphate buffer (PB, 5 mM, pH 7.4), as examined using a Zetasizer Nano-ZS.
[bookmark: OLE_LINK22][bookmark: OLE_LINK24][bookmark: OLE_LINK8][bookmark: OLE_LINK9]Polymer Capsule-Cell Interactions. Previous studies have reported that particle surface properties influence cellular processing.32,33 Hence, we investigated the role of capsule composition and surface properties on cellular association. We examined the interaction between the various polymer capsules with model cervical cancer HeLa, macrophage Raw 264.7, and monocyte THP-1 cell lines at 37 °C via flow cytometry. The cytotoxicity of all polymer capsules was found to be negligible at the capsule-to-cell ratio of 100:1, according to XTT assays (Figure S5). The cell association for the three types of cells was monitored at different time intervals (1, 2, 4, 8 and 24 h) by incubation with AF633-labeled polymer capsules with differing compositions and surface properties (PEG, PHPMA, HA47k, HA289k, PGA, PMA) at a capsule-to-cell ratio of 100:1. As expected, PEG and PHPMA capsules were low fouling toward HeLa cells, with an association degree of less than 2% at 24 h (Figure 4a). It is known that macrophage and monocyte cells are mainly responsible for the phagocytosis of particles in vivo that leads to short circulation time. However, in our case with the macrophage Raw 264.7 and monocyte THP-1 cells, the cell association of PEG and PHPMA capsules was still below 10% after 24 h incubation (Figure 4b,c). On the contrary, the negatively charged PMA capsules exhibited much higher cellular association efficiency in three types of cells with ca. 80-95% of cells associated with capsules after 8 h incubation (Figure 4). This is in line with previously reported cell interaction studies with PMA capsules, which have generally displayed high fouling behavior.34-36 Interestingly, polypeptide PGA capsules bearing similar ζ-potentials to PMA capsules revealed lower cell association (< 20% at 24 h) with HeLa cells (Figure 4a) likely due to its certain stealth property, 37 whereas increased cell association (75-85%) was observed in phagocytic Raw 264.7 and THP-1 cells (Figure 4b,c). In regards to the natural polysaccharide HA capsules, the percentage of cells associated with capsules was consistently low regardless of cell type, in particular for HA289k capsules (< 22% in 24 h) (Figure 4). This low-fouling feature, combined with its inherent active targeting ability, makes HA capsules attractive for drug delivery systems. 
[image: ] 
Figure 4. Cellular association of AF633-labeled polymer capsules of different composition with a) HeLa, b) Raw 264.7, and c) THP-1 cell lines (capsule-to-cell ratio: 100:1), as quantified using flow cytometry. Data represent mean ± standard deviation, n = 3. Zeta potential values of each type of capsules were shown next to the capsule name. 
[bookmark: OLE_LINK17]The cellular association behavior of the polymer capsules with HeLa and phagocytic cells was further investigated via deconvolution microscopy. Due to the similar association profiles in phagocytic Raw 264.7 and THP-1 cells, adherent Raw 264.7 cells were used for further studies. The cells were incubated with polymer capsules for 24 h. Consistent results with flow cytometry were observed from the microscopy images, where low fouling PEG and PHPMA capsules had negligible cell association with either HeLa or Raw 264.7 cells. HA47k and HA289k capsules also showed low association with HeLa and Raw 264.7 cells. PGA capsules exhibited low cell association with HeLa cells, but higher cell association with phagocytic Raw 264.7 cells. PMA capsules were confirmed to be high fouling, as shown by the high association and internalization in the two cell lines (Figure 5). Overall, our data show that tuning the capsule composition during the CAPATRP process yields polymer capsules with significantly different cell interaction behavior. 
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[bookmark: OLE_LINK23][bookmark: OLE_LINK14][bookmark: OLE_LINK15]Figure 5. Maximum projection deconvolution fluorescence microscopy images showing the cellular interaction of AF633-labeled polymer capsules with varying compositions (PEG, PHPMA, HA47k, HA289k, PGA, PMA) in HeLa cells (a1-a6) and Raw 264.7 cells (b1-b6), respectively. After 24 h incubation at 37 °C, cell membranes and nuclei were stained with AF488-Wheat Germ Agglutinin (AF488-WGA, green) and Hoechst 33342 (blue), respectively. Scale bars represent 10 μm. 
[bookmark: _GoBack][bookmark: OLE_LINK19]Targeting Specificity of HA Capsules. HA is a highly biocompatible and biodegradable natural polysaccharide, which has been found to specifically and efficiently bind to the CD44 receptor that is overexpressed on many cancerous cells, including human lung cancer cells (e.g., A549) and breast cancer cells (e.g., MDA-MB-231).38-43 To explore the targeting ability of CAPATRP-produced HA capsules to the CD44 receptor, the cell association of HA289k capsules with CD44 overexpressed MDA-MB-231 cells was investigated using flow cytometry and deconvolution microscopy. CD44 negative human breast cancer cell BT474, Raw 264.7, THP-1 and HeLa cells were used as controls. The level of CD44 expression on MDA-MB-231 cells was first investigated by incubating cells with fluorescein (FITC)-labeled anti-CD44 antibody. After 30 min incubation on ice, almost all of MDA-MB-231 cells exhibited strong fluorescence (compared to untreated cells), demonstrating the expression of CD44 (Figure S6). In contrast, less than 30% BT474 cells have an increase of fluorescence (Figure S6), which is probably caused by non-specific protein adsorption. After 8 h incubation at 37 °C, the percentage of MDA-MB-231 cells associated with HA289k capsules was ca. 51%, which is ~ 9, 5, 9, and 6-fold higher than the control groups BT474 (5%), Raw 264.7 (8%), THP-1 (5%), and HeLa (7%), respectively (Figure 6a). With the incubation time prolonged to 24 h, non-specific interactions between HA289k capsules and CD44 negative control cells increased ~ 1 to 3-fold. It should be noted, however, that the cell association of CD44 positive MDA-MB-231 with HA289k capsules was still significantly higher than the CD44 negative cells, specifically, 8-fold higher compared to BT474, where only ca. 6% of cells had associated capsules. The deconvolution microscopy images acquired from MDA-MB-231 and BT474 cells after 24 h incubation with HA289k capsules also confirmed the flow cytometry data (Figure 6b,c). Some HA289k capsules deformed and were internalized into MDA-MB-231 cells, while few capsules were associated with BT474 cells (Figure 6b,c). These results clearly revealed the specific targeting ability of CAPATRP based HA289k capsules to CD44 overexpressed MDA-MB-231 cells, while having very low non-specific interaction with CD44 negative cells. Our previous work has shown that smaller capsules (35 to 585 nm) can be prepared using similar templating strategies as those used in the current study44 – smaller capsules will be the subject of future studies.
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Figure 6. a) Targeting ability of HA289k capsules to CD44 overexpressed MDA-MB-231 cells after 8 and 24 h incubation, respectively, as examined using flow cytometry. CD44 negative cell lines (BT474, Raw 264.7, THP-1 and HeLa) were used as controls. Cellular interaction of HA289k capsules with b) MDA-MB-231 and c) BT474 cells after 24 h incubation at a capsule-to-cell ratio of 100:1. Cell membranes and nuclei were stained with AF488-WGA (green) and Hoechst 33342 (blue), respectively. Scale bars are 10 μm. 
CONCLUSIONS 
[bookmark: _Hlk481274149]This study demonstrates the capability of CAPATRP to engineer polymer capsules with controllable composition and hence tunable cellular interactions. PEG, PHPMA, PGA, PMA and HA capsules with similar sizes and morphologies were prepared via CAPATRP-mediated assembly of corresponding (meth)acrylate functionalized polymers on particulate silica templates. Different capsule properties were imparted via judicious selection of polymers, from neutrally charged to negatively charged, from low fouling to active targeting, and from natural to synthetic. Additionally, the cellular association of various polymer capsules with different cell types was studied using flow cytometry and deconvolution microscopy. The results validated that PEG and PHPMA capsules were low fouling to cancerous cells as well as phagocytic macrophage and monocyte cells. HA capsules, which displayed low fouling behavior to CD44 negative cells (BT474, HeLa, Raw 264.7, THP-1), showed specific targeting to CD44 overexpressed MDA-MB-231 cells. Overall, this work demonstrates the potential of the CAPATRP technique to fabricate polymer capsules with defined compositions and properties for specific cellular interactions. These results can therefore facilitate the rational design of capsule systems with tunable properties and controlled bio-nano interactions (e.g., targeting and low fouling), which is important for advancing the use of engineered capsules in targeted therapeutic delivery.

EXPERIMENTAL PROCEDURES 
ATRP Initiator Functionalization of SiO2. The ATRP initiator was attached onto the surface of SiO2-NH2 particles via reaction with α-bromoisobutyryl bromide through amide bond formation. Briefly, 1 mL of a SiO2-NH2 particle suspension (2.1 µm, 50 mg mL-1) was spun down (1000 g, 1 min), washed three times with Milli-Q water (3 × 1 mL), three times with pyridine (3 × 0.8 mL), and finally dispersed in 1 mL of anhydrous pyridine, followed by addition of 200 µL of α-bromoisobutyryl bromide. After constant shaking overnight at 25 °C, the particles were sequentially washed with ethanol and Milli-Q water to obtain the ATRP initiator functionalized SiO2 particles (SiO2-Br), which were finally dispersed in ethanol to yield a particle concentration of ca. 50 mg mL-1, and stored in the fridge before use.
Synthesis of Macrocrosslinker. PHPMA-A (Mw 31.5 kDa) with an acrylate functionality of ca. 10 mol% and HA47k-AEMA (Mw of HA 47 kDa) with a methacrylate functionality of ca. 16 mol% were synthesized, as reported previously26,27 (Scheme S1b,c). HA289k-AEMA, PGA-AEMA and PMA-AEMA were synthesized using a similar procedure with HA47k-AEMA with slight modifications (Schemes S2, S3). Briefly, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM, 94 mg, 0.34 mmol) and AEMA (28 mg, 0.17 mmol) were added to a HA (113 mg, 0.28 mmol -COOH) solution in PB (50 mM, pH 7.2, 12 mL) and stirred for 4 days at 37 °C. Afterward, the reaction solution was thoroughly dialyzed against water and lyophilized for 2 days to obtain HA289k-AEMA (107 mg, yield: 93%, methacrylate functionality: 7 mol%). PGA-AEMA (108 mg, yield: 79%, methacrylate functionality: 25 mol%) was obtained via reaction of PGA (121 mg, 0.80 mmol -COOH) with AEMA (32 mg, 0.19 mmol) under catalysis of DMTMM (107 mg, 0.39 mmol) in PB (50 mM, pH 7.2) for 24 h at 25 °C, followed by dialysis in water and freeze-drying. For the PMA-AEMA synthesis, to a 15 mL solution of PMA (500 mg, 4.63 mmol -COOH) in PB (50 mM, pH 7.2) was added DMTMM (469 mg, 1.70 mmol) and AEMA (153 mg, 0.92 mmol). The mixture was reacted for 24 h at 25 °C, followed by dialysis in water and freeze-drying for 2 days (485 mg, yield: 88%, methacrylate functionality: 13 mol%). 
Capsule Formation. Firstly, 200 µL of a SiO2-Br particle suspension (~ 50 mg mL-1) was spun down (1000 g, 1 min) to remove the ethanol supernatant. The particles were then incubated in 900 μL of a water/DMSO (3:1 v/v for HA and otherwise 1:1 v/v) stock solution containing macrocrosslinker (10.0 mM vinyl), DEGDAA (50.0 mM), N,N,N′,N′,N′′-pentamethyldiethylenetriamine (3.1 mM), copper(II) bromide (1.0 mM), and sodium ascorbate (20.5 mM) with agitation overnight at 25 °C. Following this, the particles were washed three times using water (1000 g, 1 min). 
The aforementioned CAPATRP-assembled polymer particles were spun down, then HA47k and HA289k particles were resuspended in 1 mL of PBS (10 mM, 150 mM NaCl, pH 7.4), and PHPMA particles were redispersed in 1 mL of PB (10 mM, pH 7.4). Following this, AF633-NHS solution in DMSO (6 µL, 1 mg mL-1) was added to the above particle suspensions. PEG particles were suspended in 1 mL of PB (10 mM, pH 8.5), and PMA and PGA particles were suspended in 1 mL of water with 4 mg mL-1 of DMTMM. Then 6 µL of AF633-hydrazide was added to the above particle suspensions. All of the particle suspensions were shaken under dark for 24 h at 25 °C. AF633-labeled polymer particles were finally suspended into water (200 µL) after three washings with water. 
Polymer capsules were obtained after mixing the particle suspension (200 µL in water) with 1.0 mL of ammonium fluoride (13.3 M) buffered hydrofluoric acid (HF, 5.0 M) at a volumetric ratio of 2:1 to remove the SiO2 templates. [Caution! HF solution is highly toxic. Extreme care should be taken when handling HF solution and only small quantities should be prepared.] The capsules were then spun down (4000 g, 5 min) and washed thoroughly with water (3 × 1 mL).
Capsule-Cell Interaction Analysis by Flow Cytometry. In all of the cell experiments, the capsule-to-cell ratio was set at 100:1. HeLa, Raw 264.7 and THP-1 cell lines were plated into 24-well plates at a density of 6 × 104 cells per well, for which HeLa and Raw 264.7 cells were allowed to adhere overnight at 37 °C with 5% CO2. Following this, AF633-labeled polymer capsules were added and incubated for different time intervals (1, 2, 4, 8 and 24 h). After incubation, HeLa and Raw 264.7 cells were washed three times with DPBS and harvested by trypsinization, followed by centrifugation at 400 g for 5 min. THP-1 cells were harvested by centrifugation and further washed three times with DPBS (400 g, 5 min). The cell pellet was resuspended in DPBS and analyzed using flow cytometry (Apogee Flow). Cells were identified according to their scattering characteristics, and the percentage of cells associated with capsules was determined by acquisition of AF633 (FL5).
Capsule Targeting Analysis by Flow Cytometry. MDA-MB-231 and BT474 cells were seeded into 24-well plates with 6 × 104 cells per well and allowed to adhere overnight and ~ 36 h, respectively. Then, AF633-labeled HA289k capsules were added and incubated for 8 h and 24 h at 37 °C. After incubation, cells were gently washed three times with DPBS and harvested by trypsinization, followed by centrifugation at 400 g for 5 min. The cell pellet was suspended in DPBS and analyzed using flow cytometry (Apogee Flow). At least 1 × 104 cells were counted and samples were prepared in triplicates.
[bookmark: OLE_LINK18]Cell Imaging by Fluorescence Deconvolution Microscopy. HeLa and Raw 264.7 cells were seeded at 3 × 104 cells per well into 8-well Lab-Tek I chambered coverglass slides (Thermo Fisher Scientific, Rochester, NY, USA) and allowed to adhere overnight. AF633-labeled polymer capsules were added into the corresponding well and incubated for 24 h at 37 ºC. Subsequently, cells were washed three times with DPBS and fixed with 4% paraformaldehyde for 15 min at 25 °C followed by three washings with DPBS. 
For targeting studies, MDA-MB-231 and BT474 cells were seeded into 8-well Lab-Tek I chambered coverglass slides at a density of 3 × 104 cells per well. AF633-labeled HA289k capsules were then incubated with cells for 24 h at 37 ºC. Following this, cells were gently washed three times with DPBS and fixed with 4% paraformaldehyde for 15 min at room temperature (i.e., 25 °C) followed by three washings with DPBS.
Cell membranes were stained via incubation with AF488-WGA (1 μg mL-1) on ice for 20 min, followed by washing with DPBS. Cell nuclei were counterstained using Hoechst 33342 (2.5 μg mL-1) for 15 min at 25 °C. Following this, cells were washed three times with DPBS and immersed in 200 μL DPBS for microscopy observation. Fluorescence images were collected using a fluorescence deconvolution microscope (DeltaVision, Applied Precision) equipped with a 60× 1.42 NA oil objective and a standard DAPI/FITC/CY5 filter set. Images were processed with Imaris 6.3.1 (Bitplane) using the maximum intensity projection.
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