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ABSTRACT  

In the present study, a capsule system that consists of a stealth carrier (based on poly(ethylene 

glycol) (PEG)) functionalized with bispecific antibodies (BsAbs) is introduced to examine the 

influence of capsule shape and size on cellular targeting. Hollow spherical and rod-shaped PEG 

capsules with tunable aspect ratios (ARs) of 1, 7, and 18 were synthesized and subsequently 

functionalized with BsAbs that exhibit dual specificities to PEG and epidermal growth factor 

receptor (EGFR). Dosimetry (variation between the concentrations of capsules present and 

capsules that reach the cell surface) was controlled through “dynamic” incubation (i.e., 

continuously mixing the incubation medium). The results obtained were compared with those 

obtained from the “static” incubation experiments. Regardless of the incubation method and 

the capsule shape and size studied, the BsAb-functionalized PEG capsules showed >90% 

specific cellular association to EGFR positive human breast cancer cells MDA-MB-468 and 

negligible association with both control cell lines (EGFR negative Chinese hamster ovary cell 

CHO-K1 and murine macrophage RAW 264.7) after incubation for 5 h. When dosimetry was 

controlled and the dose concentration was normalized to capsule surface area, size or shape 

had a minimal influence on the cell association behavior of the capsules. However, different 

cellular internalization behaviors were observed, and the capsules with ARs 7 and 18 were, 

respectively, the least and most optimal shape for achieving high cell internalization under both 

dynamic and static conditions. Dynamic incubation showed a greater impact on the 

internalization of rod-shaped capsules (~58–67% change) than on the spherical capsules (~24–

29% change). The BsAb-functionalized hollow PEG capsules reported provide a versatile 

particle platform for the evaluation and comparison of cellular targeting performance of 

capsules with different sizes and shapes in vitro.  
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INTRODUCTION 

The development of drug carriers that can target cancer cells has received widespread 

interest over the last decade.1-3 Key challenges in the field have been to devise strategies to 

avoid immune recognition and to improve tumor accumulation. To design and prepare drug 

carriers to address these challenges, it is essential to understand how the physicochemical 

properties of drug carriers can be optimized. Investigations have shown that the size, shape, 

and surface chemistry of the carriers influence their cellular interactions.4-8 For instance, 

particle size plays a key role in cellular internalization pathways, and a positive correlation 

between particle size and internalization kinetics by non-phagocytic cells has been observed 

for particles within the size range of 100 nm to 5 µm.4,9,10  

Most studies have focused on the interactions of spherical (aspect ratio (AR) = 1) polymer 

capsules with cells. However, particle shape has been reported to alter cellular adhesion, 

internalization, and biodistribution.4,5,11 High AR particles have been studied to examine their 

advantages in cellular uptake. Recent studies have shown the greater potential of rod-shaped 

nanoparticles in avoiding macrophage uptake over their spherical counterparts in vitro.12 For 

instance, studies examining a range of polystyrene particles with different shapes prepared 

from spherical particles by film stretching13,14 showed that the internalization kinetics were 

highly dependent on the shape of the particles and the orientation of the particles upon first 

contact with a cell.13,14 In another study, polystyrene nanoneedles were shown to be more 

effective at delivering drugs to the cytoplasm than polystyrene spheres.15 Additionally, it was 

reported that cells internalized a larger amount of elongated calcium carbonate particles than 

particles with a lower AR.16 Polymeric particles with AR 3 (150 nm × 450 nm), prepared by 

particle replication in nonwetting template (PRINT), were internalized four times faster than 

the spherical counterparts (200 nm).9 However, the effect of high AR is inconsistent across the 

literature. Some studies have reported that intermediate AR particles show higher 
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internalization efficiency than high AR particles,9,17 whereas another study has shown that 

some antibody-functionalized rod-shaped particles achieve lower nonspecific uptake in 

targeting cancer cells than their spherical counterparts.18 

Most of the reported studies investigating the effect of shape mentioned earlier are based 

on “rigid” particles. As alternative potential candidates, polymer capsules represent a specific 

class of drug carriers7,19,20 and have been of interest owing to their tailorable physicochemical 

properties. Hydrogel particles with a hollow structure (such as hydrogel capsules)20,21 are 

inherently mechanically “soft” and therefore may possess a number of advantages over more 

rigid materials—for example, more rapid cellular uptake and longer circulation times.22-24 To 

date, only a small number of anisotropic “soft” materials with a hollow structure and an 

elongated shape have been investigated. For instance, we reported the shape-dependent 

internalization kinetics and cytokine secretion of layer-by-layer assembled hollow thiolated 

poly(methacrylic acid) (PMASH) hydrogel capsules with rod-like shapes.25,26 However, in 

naked form, i.e., non-functionalized, these PMASH capsules were readily recognized by 

immune cells.26  

Surface modification with low-fouling and neutrally charged materials, such as 

poly(ethylene glycol) (PEG), has been a widely used strategy to manipulate surface properties 

of particle systems. For example, surface modification with PEG (PEGylation) has shown that 

it is possible to reduce the extent of nonspecific protein adsorption on the surface of carrier 

particles and prolong their circulation in blood.27-29 However, the extent of improvement is 

typically limited by the degree of modification and the properties of the PEG chains (such as 

orientation) on the particle carrier surface. Recently, we reported particle carriers composed 

primarily of PEG to circumvent these issues and minimize cellular interactions.30-34 

Compared with non-PEGylated particles, PEG-based particles typically show reduced 

nonspecific association with nontargeted cells and phagocytic or immune cells; however, they 
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can also reduce association with target cells.35,36 Thus, optimizing the targeting performance of 

stealthy PEG particles remains a major challenge. Various types of affinity ligands have been 

developed to improve the targeting specificity of nanomaterials, including antibodies, antibody 

fragments, and peptides.37,38 However, the conjugation of targeting ligands to particles 

typically requires covalent coupling between the particles and the functional groups on the 

antibodies (e.g., amines, thiols), which can influence the affinity for the target and ultimately 

targeting.39,40  

Recent advances in protein engineering have afforded a solution to this issue through the 

development of bispecific antibodies (BsAbs) that contain dual antigen binding sites.38-40 

BsAbs (~54 kDa) that include single-chain variable fragments have specificity to both 

epidermal growth factor receptor (EGFR) and PEG connected by a glycine–serine (G4S) 

linker.38 This design strategy does not rely on significant post-modification chemistry for 

ligation, and binding of the BsAb to both the polymer and target antigen is achieved by 

noncovalent interactions.38 The successful conjugation of BsAb to stealth PEG particles that 

were prepared by a mesoporous silica templating method was recently demonstrated, with 

applications in both in vitro and in vivo models.41 The present study reports on the use of this 

BsAb coupling strategy to prepare BsAb-functionalized hollow PEG capsules with different 

sizes and shapes, and examines their interactions with targeted cancer cells. 

Herein, four types of PEG capsules with varying sizes and shapes were prepared via atom 

transfer radical polymerization-mediated continuous assembly of polymers (CAPATRP)31,42,43 

using silica templates (Figure 1). The geometry of the capsules is dependent on the shape and 

size of the silica templates, which can be well controlled by tuning the reaction time during 

synthesis.44 The present method allows the use of vinyl-modified 8-arm-PEG (20 kDa) (Figure 

S1) as the building block in a rapid “one-pot” reaction under moderate conditions (room 

temperature and water as solvent).31,43 The cross-linked polymer film generated from the high 
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molecular weight polymer can provide greater stability in a complex biological environment 

in vivo than that generated from monomers with a low molecular weight or via grafting at a 

low density.45-47 After formation of the PEG layer, the silica template core is removed and the 

targeting function (BsAbs) is added to modify the PEG surface. 

 

 
Figure 1. Schematic illustration of (A) the preparation of BsAb-functionalized PEG capsules 

with different shapes and sizes. (B) EGFR-mediated capsule–cell interactions of the BsAb-

functionalized PEG capsules. The inset shows the BsAb gene design, which constitutes of an 

EGFR binding single-chain variable fragment (scFv) (blue) and PEG binding scFv (green) 

connected by a glycine–serine linker (G4S). The inset was adapted with permission from ref 

38. Copyright 2016 Wiley-VCH. 

Furthermore, recently there has been a growing interest in the confounding effects of in 

vitro particle dosimetry—the difference between the concentration of particles added and the 

concentration of particles that reaches the cell surface—driven primarily by sedimentation and 
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diffusion.48,49 A limitation of existing in vitro studies on the effects of particle size and shape 

is that they do not generally account for dosimetric effects, which can vary significantly 

between particles or capsule systems of varying physicochemical properties including size, 

shape, and density.49,50 For spherical or rigid particles, dosimetric differences can be estimated 

theoretically.49,51,52 However, a theoretical treatment of particle dosimetry for nonspherical, 

soft particles, or capsules remains challenging. Thus, herein, we control for dosimetry 

experimentally by adopting a published method50 through the use of a device (Figure S2) that 

provides continuous chaotic mixing of the incubation medium during adherent cell culture. 

 

Figure 2. Graphical illustration of proposed capsule–cell interactions under (A) static and (B) 

dynamic incubation conditions. 

The present study investigates cellular interactions, including cell association and 

internalization, of PEG capsules of four different geometries with multiple cell lines under both 

dynamic and static incubation conditions (Figure 2). We study the effect of shape, size, and the 

use of BsAbs on cellular interactions by controlling for their dosimetry.  
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EXPERIMENTAL SECTION 

Materials. α-Bromoisobutyryl bromide, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholinium chloride (DMTMM), di(ethylene glycol) diacrylate (DEGDAA, 

technical grade, 75%), N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA, 99%), 1-

pentanol, poly(N-vinylpyrrolidone) (PVPON) (Mw = 40 kDa), ethanol, copper(II) sulfate 

(CuSO4), copper(II) bromide (CuBr2, 99%), ammonia (25%), (3-aminopropyl)triethoxysilane 

(APTES, 99%), pyridine (anhydrous, 99.8%), sodium ascorbate (NaAsc, ≥98%), 

propargylamine hydrochloride, hydrofluoric acid (HF, 48 wt%), ammonium fluoride (NH4F), 

methacrylic acid (MA), Dulbecco’s phosphate-buffered saline (DPBS), sodium citrate 

dihydrate, triethanolamine, and tetraethyl orthosilicate (TEOS) were purchased from Sigma-

Aldrich (Australia) and used as received. 8-Arm PEG acrylate (Mw = 20 kDa) was purchased 

from JenKem Technology USA Inc. (China). Alexa Fluor 488 azide (Alexa Fluor 488 5- 

carboxamido-(6-azidohexanyl), bis-(triethylammonium salt)), 5-isomer (AF488-azide), Alexa 

Fluor 488 NHS ester (succinimidyl ester) (AF488-NHS), Alexa Fluor 647 azide, 

triethylammonium salt (AF647-azide), Alexa Fluor 594 Wheat Germ Agglutinin (AF594-

WGA), Hoechst 33342, heat-inactivated fetal bovine serum (FBS), and RPMI 1640 medium 

with GlutaMAX supplement were obtained from Invitrogen (Australia). Paraformaldehyde 

(PFA, 4%) was purchased from Chem-Supply (Australia). Nonporous silica (SiO2) particles 

(50 mg mL−1, average diameter 0.52 ± 0.02 µm) and nonporous amino-functionalized silica 

(SiO2-NH2) particles (50 mg mL−1, average diameter 1.01 ± 0.04 µm) were supplied by 

microParticles GmbH (Germany). The water used in all experiments was supplied by an inline 

Millipore RiOs/Origin system with a resistivity of >18.2 MΩ cm. BsAbs were prepared 

according to a previously reported method.38 

Synthesis of Silica Rods. Rod-shaped silica particles were synthesized according to a 

previously reported method with minor modifications.37 Briefly, 30 g of PVPON was dissolved 



9 

in 300 mL of 1-pentanol overnight with the aid of sonication to obtain a homogeneous solution. 

Then, 8.4 mL of water, 2 mL of sodium citrate dihydrate solution (0.2 M in water), 30 mL of 

100% ethanol, and 7 mL of 25% ammonia were slowly added to the mixture. The bottle was 

then hand shaken for 2 min before warming at 37 °C for 2 min. Silica rods started to grow after 

3 mL of TEOS was added to the mixture followed by 2 min of hand shaking. The reaction 

mixture was incubated at 37 °C for different time intervals. Rods with ARs of 8 and 20 were 

obtained following incubation for 1 and 21 h, respectively. The rods were purified by washing 

with ethanol twice and water twice by centrifugation at 3000 g for 1 h for each wash and finally 

resuspended in water.  

Silica Particle Surface Modification. The surface of the silica rods prepared above and 

~0.52 µm commercial nonporous spherical silica particles was functionalized with ATRP 

initiators in two steps. In the first step, 20 mg of particles was suspended in 1 mL of ethanol 

with adequate vortex and sonication for 10 min. Then, 40 µL of ammonia (25%) and 20 µL of 

APTES were added to the particle suspension, and the mixture was continuously stirred 

overnight. In the second step, the amino-functionalized particles (including the commercially 

available ~1 µm SiO2-NH2 particles) were washed with absolute ethanol twice, water once, and 

anhydrous pyridine twice by centrifugation at 2000 g for 3 min. The particles were then 

resuspended in 900 µL of anhydrous pyridine. Then, 100 µL of α-bromoisobutyryl bromide 

was added to the particle suspension followed by continuous shaking on a rotating tube holder 

overnight. The particles were purified by washing with ethanol and water twice respectively. 

The particles were stored in ethanol for future use. 

Fabrication of PEG Capsules. To prepare the PEG capsules, 6 mg of the ATRP-

functionalized silica particles (prepared in the previous section) was washed with water. Then, 

16.8 mg of 8-arm PEG acrylate (56 mg mL−1 in water), 9.6 mg of DEGDAA (33.1 mg mL−1 in 

DMSO), 0.6 mg of MA (40 mg mL−1 in DMSO), 0.45 mg of PMDETA (26.3 mg mL−1 in 
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water), 3 mg of NaAsc (175.4 mg mL−1 in water), and 0.15 mg of CuBr2 (8.8 mg mL−1 in water) 

were well mixed and added to the particle suspension. The particle reaction mixture was 

incubated on a rotating tube holder to allow for thorough mixing and polymerization overnight 

(~10 h). The polymerized particles were then sequentially washed with DMSO/water (1:1 v/v) 

twice, water once, and DPBS once by centrifuging at 2000 g for 3 min. The –COOH groups 

were converted into alkyne by adding 250 µL of DMTMM (2.0 mg mL−1 in DPBS) and 250 

µL of propargylamine (0.7 mg mL−1 in DPBS) to the particles, and the reaction was allowed to 

proceed overnight at room temperature with continuous mixing. After the reaction was 

completed, the alkyne-modified polymer particles were purified by washing with water twice 

by centrifugation (2000 g, 3 min). After washing, the silica template was removed by adding 1 

mL of buffered HF solution (pH 5, 5 M HF/13.3 M NH4F solution = 1:2 (v/v)). Caution! HF 

is highly toxic. Care should be taken when handling HF solution and only small quantities 

should be prepared. The resultant PEG capsules were washed with water thrice by 

centrifugation at 5000 g for 7 min and then resuspended in water. 

The hollow PEG capsules with controlled geometries based on the size and shape of the 

template are referred as small sphere (SS, AR 1), short rod (SR, AR 7), large sphere (LS, AR 

1), and long rod (LR, AR 18). PEG capsules could be reproduced from batch to batch with 

diameters and lengths within ±10%. 

Fluorescence Labeling of PEG capsules. To produce fluorescently labeled capsules, 

AF488-azide or AF647-azide (2 µL, 1 mg mL−1 in DMSO) was added to the alkyne-bearing 

capsules suspended in 100 µL of water. Then, 200 µL of CuSO4 (1.8 mg mL−1) and 200 µL of 

NaAsc (4.4 mg mL−1) solutions were added, and the resulting suspension was incubated on a 

rotating tube holder for at least 3 h at room temperature (~21 °C). Unreacted reactants were 

removed by repeated cycles of centrifugation/redispersion. 
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Production and Purification of BsAbs. The BsAbs were designed with a tandem single-

chain variable fragment (scFv) format consisting of a scFv binding PEG linked via a glycine 

serine peptide linker to a scFv binding EGFR. The BsAb genes were synthesized and codon 

optimized for expression in Chinese Hamster Ovary (CHO) cells by Geneart (Thermo). A 

secretion peptide was included in the gene design to enable secretion of the BsAb into cell 

culture media and 6× histidine and c-myc tags were included to facilitate protein purification 

and characterization. The BsAb genes were cloned into a mammalian expression cassette using 

standard restriction enzyme-based cloning. BsAb genes were introduced into mammalian cells 

for protein expression using a transient transfection protocol. For transfections DNA encoding 

BsAbs was complexed with polyethylenimine (PEI)-Pro (PolyPlus) in Opti-Pro serum-free 

medium (Life Technologies) at a DNA-to-PEI ratio of 1:4 (w (μg)/v (μL)) for 15 min prior to 

transfecting the suspension-adapted CHO cells. For each transfection, 2 μg DNA mL−1 cells at 

a concentration of 3 million cells mL−1 was used. Transfected cells were maintained in 

chemically defined CHO medium (CD-CHO; Life Technologies) at 37 °C, 7.5% CO2, 70% 

humidity with shaking at 130 rpm for 6 h, before feeding with 7.5% CHO CD EfficientFeed A 

(Life Technologies), 7.5% CHO CD EfficientFeed B (Life Technologies), and 0.4% anti-

clumping agent (Gibco). Culture was continued at 32 °C, 7.5% CO2, 70% humidity with 

shaking at 130 rpm until cell viability was below 70% (7–10 days). 

Following transfection, the cells were pelleted by centrifugation at 5250 g for 30 min, 

and the supernatant was collected and filtered through a 0.22 μm membrane (Sartorius). The 

BsAbs were purified from the supernatant using a 5 mL HisTrap excel column (GE Healthcare) 

and the elution buffer 20 mM sodium phosphate, 500 mM sodium chloride, and 500 mM 

imidazole at pH 7.4 or using a 5 mL Protein L column (GE Healthcare) and eluting the protein 

with 100 mM glycine at pH 3.0. The elution fractions were buffer-exchanged into PBS (pH 

7.4) using the HiPrep 26/10 column (GE Healthcare). 
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BsAb Functionalization. A specific amount of BsAb was added to the PEG capsules at 

a normalized antibody concentration-to-capsule surface area. For the cell association and 

internalization studies, 0.1 µg (1.85 × 10−6 µmol) of BsAb was added to 106 large capsules (LS 

or LR) or 4 × 106 small capsules (SS or SR). The solution was incubated on a Thermomixer R 

Mixer (Eppendorf) at 4 °C and 800 rpm overnight (~10 h). After incubation, the capsules were 

washed with 1 mL of DPBS by centrifugation at 5000 g for 7 min twice and counted on a flow 

cytometer (Apogee A50-Microflow System) at an excitation wavelength of 488 nm.   

To quantify the amount of BsAb that was functionalized on the capsule surface, BsAbs 

were fluorescently labeled with AF488-NHS at a molar ratio of 1:5 in DPBS by incubating on 

a Thermomixer R Mixer (Eppendorf) at 4°C and 800 rpm for 4 h. After the incubation, any 

unreacted label was removed by passing through a 40-kDa molecular weight cutoff Zeba Spin 

Desalting Column (Thermo Fisher Scientific, Australia) under centrifugation following 

manufacturer’s instructions. The concentration of the AF488-labeled BsAbs was then 

quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). AF488-

labeled BsAbs were added to AF647-labeled capsules at the same concentrations as the 

concentrations used for capsule functionalization with BsAbs. The actual amount of BsAb 

functionalized on the capsule surface was calculated by subtracting the fluorescence intensity 

of the supernatant from total fluorescence quantified by Infinite M200 microplate reader 

(Tecan) using a calibration curve (Figure S3).  

Cell Association and Imaging. MDA-MB-468 cells, CHO-K1 cells, and RAW 264.7 

cells (American Type Culture Collection) were routinely cultured in RPMI, RPMI, and DMEM 

media, respectively, with 10% (v/v) FBS at 37 °C and 5% CO2. The cells with passage number 

10–30 were used in the study and all cells passed the mycoplasma test. For the cell association 

study, cells were plated in a 24-well plate at 6 × 104 cells per well (in 500 µL medium) and 

allowed to adhere overnight. AF488-labeled capsules with or without BsAbs were incubated 
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with the cells at a fixed surface area-to-cell ratio (160 µm2 PEG surface per cell) for 24 h at 

37 °C in a 5% CO2 humidified atmosphere. For the static incubation, the multiwell plates were 

directly placed on the shelf inside the cell culture incubator. In a separate humidified incubator, 

dynamic incubation was achieved by placing the plates on a mixing device with the same 

setting as that reported previously.50 The tilting movement was programmed to achieve the 

maximum liquid movement seen in Figure S2 without any liquid spilling out of the well. Each 

tilting cycle lasted for ~1 s. The entire mixing setup was placed on top of an A4 plastic 

document holder on the incubator shelf.  

After incubation for 1, 5, or 24 h, the cells were washed with DPBS twice before 

harvesting by trypsinization. Cells were washed by DPBS again via centrifugation (500 g, 5 

min). Cell pellets were resuspended in 200 µL of DPBS for analysis by flow cytometry. At 

least 104 cells were analyzed, and experiments were performed at least in triplicate. Cell–

capsule association was assessed using FlowJo software (version 9.9) (Figures S4 and S5).  

For imaging, the MDA-MB-468 cells were seeded in 8-well Lab-Tek I chambered 

coverglass slides (Thermo Fisher Scientific) at 4 × 104 cells per well and allowed to adhere 

overnight for ~10 h. AF488-labeled capsules with matched surface areas (2.0 × 106 LS or LR 

capsules; 7.6 × 106 SS or SR capsules) were added to each chamber well and incubated for 1, 

5, and 24 h (37 °C, 5% CO2). Cells were then gently washed with DPBS twice and fixed using 

4% PFA for 10 min at room temperature (~21 °C). The cell membrane was stained with AF594-

WGA (200 μL, 5 µg mL−1) at 4 °C in the dark for 10 min. The cell nucleus was stained at room 

temperature in the dark for 10 min with Hoechst 33354 (200 µL, 0.1 mg mL−1). Images were 

taken in DPBS buffer.  

Cellular Internalization of PEG Capsules. The MDA-MB-468 cells were plated in 6-

well plates at 5 × 105 cells per well to allow for adhesion overnight. The BsAb-functionalized 

PEG capsules were added to the cells at 160 µm2 PEG surface per cell, i.e., 2.5 × 107 LS or LR 
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capsules per well and 9.5 × 107 SS or SR capsules per well. The capsules were incubated with 

cells under either static or dynamic conditions for 24 h at 37 °C (5% CO2). Cells were then 

collected by trypsinization at 37 °C for 10 min and washed with DPBS thrice by centrifugation 

at 500 g for 5 min. Cell membranes were stained by incubating the cells with AF594-WGA 

(200 µL, 5 µg mL−1) at 4 °C in the dark for 10 min, followed by washing with DPBS thrice by 

centrifugation at 500 g for 5 min. The cell pellets were resuspended in 20 µL of DPBS and 

analyzed by imaging flow cytometry (Amnis ImageStream flow cytometer). Bright-field and 

fluorescence images of more than 105 cells were obtained and processed using Amnis 

ImageStream IDEAS software. At least 1.2 × 104 focused single images of cells were obtained 

for cell internalization analysis. 

Characterization Methods. The silica templates and PEG capsules were imaged by 

transmission electron microscopy (TEM) on a FEI Tecnai G2 Spirit microscope, operating at 

120 kV. For analysis, the samples were air-dried on a carbon film-coated copper grid 

(ProSciTech, Australia). Fluorescently labelled PEG capsule images were acquired by super-

resolution structured illumination microscopy (SIM; DeltaVision OMX Blaze 3D-SIM, 

Applied Precision). Atomic force microscopy (AFM) was used to measure the film thickness 

of the PEG capsules on a JPK NanoWizard II BioAFM instrument. Images were processed by 

a built-in JPKSPM data processing software (version V.4.4.29). Aqueous capsule suspensions 

were air-dried onto Mica wafers, and imaging was performed using MikroMasch silicon 

cantilevers (NSC/CSC) in tapping mode. Confocal fluorescence images of cells associated with 

capsules were acquired by a Nikon A1R+ confocal laser scanning microscope system with a 

60× 1.42 NA oil objective. TEM and fluorescence images were processed with ImageJ software. 

Capsule count and cell association were analyzed by an Apogee A50-Micro flow cytometer 

with a laser excitation wavelength of 488 nm. At least 104 cells were analyzed for cell 

association, and the data were further analyzed by FlowJo software. Zeta potential 
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measurements of the capsules were performed on a Zetasizer Nano ZS (Malvern Instruments 

Ltd., Australia). 

Minimum Information Reporting in Bio-Nano Experimental Literature 

(MIRIBEL). The studies conducted herein, including material characterization, biological 

characterization, and experimental details, conform to the MIRIBEL reporting standard for 

bio–nano research,53 and we include a companion checklist of these components in the 

Supporting Information. 

RESULTS AND DISCUSSION 

Synthesis and Characterization of PEG Capsules. To study the influence of shape and 

size of BsAb-functionalized capsules on cell targeting, four types of PEG capsules were 

prepared via a templating method using silica particles (spheres and rods) as templates. The 

contact surface area plays a key role in cellular association and internalization.54 Additionally, 

the surface area influences the amount of BsAb that can be attached per capsule. Thus, the size 

of the spherical silica particles was selected accordingly to ensure that the surface area of the 

spherical particles was similar to that of the rods with different ARs. Specifically, silica rods 

with ARs of 8 and 20 and corresponding spherical silica particles with average diameters of 

0.5 and 1.0 µm were used. The different silica templates were characterized by TEM (Figure 

3). The silica templates were then surface-functionalized with ATRP initiator, which enabled 

polymerization of the PEG layer on the silica surface. Hollow PEG capsules with controlled 

geometries—small sphere (SS), short rod (SR), large sphere (LS), and long rod (LR)—were 

obtained upon removal of the templates. To enable fluorescence labeling and BsAb conjugation 

to the capsules, a small amount of alkyne functional groups was introduced within the polymer 

layer via copper-catalyzed alkyne-azide cycloaddition (CuAAC).  
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Figure 3. TEM images and schematic of silica templates with different shapes and sizes: (A) 

small sphere (SS), d = 0.52 ± 0.02 µm; (B) large sphere (LS), d = 1.01 ± 0.04 µm; (C) short 

rod (SR), w = 0.18 ± 0.03 µm, l = 1.42 ± 0.14 µm, AR = 8; and (D) long rod (LR), w = 0.23 ± 

0.04 µm, l = 4.49 ± 0.53 µm, AR = 20. d is diameter, w is width, and l is length. Scale bars: 1 

µm. (E) Schematic comparison of the template dimensions and shapes.  

In general, the dimensions of the PEG capsules assessed by SIM (Figure 4A1–D1) and 

TEM (Figure 4A2–D2) were comparable. However, TEM analysis revealed slightly lower ARs 

for the rod-shaped capsules, which we attribute to widening of the capsule dimensions, 

particularly the width, upon collapse on the TEM grid in the dry state during sample preparation. 

Calculation of the dimensions of the PEG capsules was based on more than 100 capsules in the 

TEM images; the dimensions are summarized in Table 1. The surface area and volume of the 

PEG capsules were also calculated based on the TEM images of the silica templates (Figure 

S6 and Table 1). The ARs were selected on the basis of using a spherical system (AR = 1), the highest 

AR (18) determined by the largest silica template prepared, and an intermediate value (AR = 7) for 

comparison. 

The surface properties of the capsules are also important parameters for cellular 

interactions. To ensure that these properties do not vary significantly across different types of 

capsules examined, the ζ-potential values of the capsules were measured. The average ζ-
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potential values of the alkyne-modified PEG capsules were −13.0 mV in 5 mM phosphate 

buffer (pH 7.2). Similar ζ-potential values were observed for all capsules before template 

removal and after BsAb functionalization. Film thickness of the capsules was also measured 

and the average thickness was similar, ~6 nm, as measured by AFM (Figure 4A3–D3). 

 

Figure 4. (A) SIM, (B) TEM, and (C) AFM images of PEG capsules with different shapes: 

(A1–A3) SS, d = 0.50 ± 0.04 µm; (B1–B3) SR, AR = 7; (C1–C3) LS, d = 1.09 ± 0.04 µm; and 

(D1–D3) LR, AR = 18.  

Table 1. Dimensions of the PEG Capsules 

Capsule SS SR LS LR 

Length (µm)a 0.50 ± 0.04 1.26 ± 0.18 1.09 ± 0.07 4.20 ± 0.63 

Width (µm)a 0.50 ± 0.04 0.19 ± 0.03 1.09 ± 0.07 0.23 ± 0.04 

AR 1 7 1 18 

Film thickness (nm)b 6.5 ± 1.2 7.9 ± 0.7 5.8 ± 0.7 5.3 ± 0.9 

Calculated Volume (µm3) 0.07 ± 0.02  0.05 ± 0.02 0.69 ± 0.13 0.28 ± 0.09 



18 

Calculated Surface area (µm2) 0.79 ± 0.13 0.87 ± 0.24 3.75 ± 0.48 3.26 ± 0.99 
aMeasured and calculated based on TEM images, at least 100 capsules were counted. 
bMeasured from AFM images with at least 20 measurements. 
 

Optimizing the Amount of BsAb for Cell Targeting. We systematically varied both 

the incubation time and added BsAb amount to experimentally determine the optimal amount 

of BsAb needed for cell targeting. Here, we define the optimal amount as that in which 

maximum difference in cellular association is achieved when comparing target (MDA-MB-

468) to nontarget cell line (CHO-K1) across all incubation times tested. The SS capsules were 

used as an example to determine the optimal amount of BsAb needed for effective targeting. 

For every 4 × 106 SS capsules, 0.01, 0.05, or 0.1 µg of BsAb was added, corresponding to 

approximately 1.9 × 104 (1.7 × 10−9 µg), 2.5 × 104 (2.3 × 10−9 µg), or 3.2 × 104 (2.9 × 10−9 µg) 

BsAbs per SS capsule (Figure 5A and 5B). SS capsules were incubated with MDA-MB-468 

cells and CHO-K1 cells for 1, 3, 5, and 24 h under static condition. Negligible association of 

the capsules with CHO-K1 cells was observed for incubation times of less than 24 h (Figure 

5C), and it increased to approximately 20% if the capsules were incubated with ≥0.05 µg of 

BsAb and for a longer period, that is 24 h. Although the nontargeted associations at these BsAb 

amounts were high, an even higher cell association with EGFR-expressing MDA-MB-468 was 

also achieved. More than 90% of the MDA-MB-468 cells were associated with the BsAb-

functionalized PEG capsules that were previously incubated with 0.1 µg of BsAb after 3 h. At 

an added BsAb amount of 0.1 µg, more than 91% difference between the associations with the 

two cell lines was achieved at 3 and 5 h. Furthermore, under a given incubation period of 24 h, 

the maximum difference in cell association achieved was ~67% when a BsAb amount of 0.1 

µg was added. As a higher BsAb addition resulted in greater specific cell targeting, 0.1 µg of 

BsAb was considered as the optimal antibody amount and used in the subsequent cell 
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association and internalization experiments. Of particular note, the BsAb-free PEG capsules 

displayed almost zero association with both cell lines, even after incubation for 24 h. 

 

Figure 5. (A) Number and (B) amount (µg) of BsAb attached per (SS) capsule as a function of 

the amount of BsAb added (a known quantity (µg) of BsAb was added to 4 × 106 capsules). 

Flow cytometry analysis of cell association of (C) CHO-K1 and (D) MDA-MB-468 cells 

incubated with AF488-labeled SS capsules functionalized with different amounts of BsAb and 

measured at different time points (1, 3, 5, and 24 h). Capsules were added at a PEG surface 

area-to-cell ratio of 160 µm2 per cell (equivalent to a capsule-to-cell ratio of 190:1) at 37 °C in 

5% CO2 under static condition. At least 104 cells were counted per measurement.  

Influence of Capsule Shape and Size on Cell Targeting. The addition of BsAbs to the 

PEG capsules may provide a unique solution to generate a stealthy, yet targeting material with 

confined structure and properties. In many reported studies,25,26,50 capsules of different shapes 
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are added to the cells at the same capsule number-to-cell ratio. However, alternative 

dosimetrics have also been suggested including volume and surface area.48 We have treated 

normalization based on a constant surface area-to-cell ratio for the surface-functionalized 

nanoengineered systems. This ensures that the same number of antibodies is added per cell–

capsule incubation study, allowing us to more directly measure effects owing to shape and size. 

As the same amount of antibodies was added to each class of PEG material of the same surface 

area, it is assumed that the quantity of BsAb as a function of surface area of PEG is constant. 

For instance, the amount of BsAb functionalized on one LS capsule was calculated as (15.8 ± 

2.6) × 104, which is approximately four times higher than the amount of BsAb functionalized 

on one SS capsule. Therefore, the methodology of BsAb addition, and cell association and 

internalization studies are consistently based on the material surface area rather than on capsule 

number. In addition, the successful functionalization and homogeneous distribution of BsAbs 

on PEG capsules can be visualized by confocal laser scanning microscopy (CLSM) images 

(Figure S7). 

Because it is challenging to accurately model soft polymeric particles, we thus chose to 

keep the incubation solution continuously mixed. Four types of PEG capsules with and without 

BsAb functionalization were separately incubated with three different cell lines to test their 

targeting specificity for different periods of time. EGFR positive human breast cancer cell line 

MDA-MB-468, EGFR negative hamster ovary cell line CHO-K1, and murine macrophage cell 

line RAW 264.7 were used for the cell association study. It is important to achieve high specific 

targeting to the positive cell line MDA-MB-468 while maintaining low nonspecific interactions 

with negative control cell line CHO-K1. It is also desirable to maintain low association with 

RAW 264.7 cells, as this indicates a low probability of immune recognition and clearance. 

Under dynamic incubation, all the PEG capsules without BsAb functionalization achieved 

negligible association with all cell lines for incubation times of ≤5 h (Figure 6A and 6B), which 
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highlighted the intrinsic stealth properties of the materials. In contrast, the BsAb-functionalized 

capsules showed specific cell targeting—a significantly higher degree of association (p < 

0.0001) with MDA-MB-468 cells was obtained relative to the control cell lines (CHO-K1 and 

RAW 264.7) at both incubation times studied. The average association of all BsAb-

functionalized capsules with CHO-K1 and RAW 264.7 was less than 5%, which was similar 

to that observed with the PEG capsules without BsAb functionalization. These results indicate 

that BsAbs do not significantly influence the stealth properties of the capsules, but significantly 

enhance positive cell association. 

 

Figure 6. Flow cytometry analysis of capsules incubated with MDA-MB-468, CHO-K1, and 

RAW264.7 cells for (A, C) 1 h and (B, D) 5 h under (A, B) dynamic and (C, D) static conditions. 

Capsules were added to the cells at 160 µm2 per cell at 37 °C. At least 104 cells were counted 
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per measurement. Data are shown as mean ± standard deviation (n = 6). One-way ANOVA 

significance shown as ** p < 0.01; **** p < 0.0001. 

Surprisingly, there is an insignificant difference among the different types of BsAb-

functionalized capsules incubated at both 1 h and 5 h under dynamic incubation condition. In 

contrast, many literature studies revealed the strong influence of shape and equivalent size on 

cellular association when performed under static conditions.25,26,50 Therefore, the cell 

association of these capsules under conventional static condition was studied as well (Figure 

6C and 6D). The results obtained after static incubation for 5 h were similar to those of dynamic 

incubation—more than 90% of the cells (MDA-MB-468) were associated with all types of 

BsAb-functionalized capsules. However, considerable variations were observed at 1 h of static 

incubation. BsAb-functionalized LS capsules showed a much lower degree of association 

(~47%) with cancer cells when compared with the other functionalized capsules (~66% for LR, 

p < 0.01; ~74% for SS, p < 0.0001; ~78% for SR, p < 0.0001) (Figure 6C).  

Under static conditions, the average cell association of the BsAb-functionalized LS 

capsules at 1 h was almost 18% lower than that obtained under dynamic conditions (p < 0.01). 

However, no statistical significance was observed across the other three types of functionalized 

capsules at both 1 h and 5 h. This finding is inconsistent with the study of PMASH capsules that 

showed that dynamic incubation could reduce cell association for all three types of capsules 

(ARs 1, 6.5, and 23.8).50 These differences further highlight that cell association for targeting 

materials can differ greatly from that of materials relying on nonspecific association because 

high cell association owing to receptor interactions is likely to swamp the combined effects of 

other more subtle factors such as capsule geometry and incubation method. 

Considering that the hydrogel capsules reported therein50 are minimally affected by 

sedimentation effects, it is possible that under static incubation and for a short period of time, 

BsAb-functionalized LS capsules are less likely to associate with the cells owing to the lower 
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number of capsules added and higher capsule surface curvature (which implies reduced 

proximity to the cells) compared with BsAb-functionalized SS capsules and BsAb-

functionalized rod-shaped capsules, respectively. In contrast, chaotic mixing and longer 

incubation times even out the chance of the capsules contacting the cells from all directions 

and enable more frequent capsule–cell interactions that promote more uniform exposure of the 

antibodies to the cells. While studies mentioned previously25,50 reported on the dependence of 

cell association on shape or size (wherein normalization based on capsule number was 

performed), the effect of shape and size on cell association in the present study is less 

significant, indicating that using normalization based on capsule surface area and dynamic 

incubation is critical.   

The above study provides an insight into the underlying effect of capsule shape and size, 

targeting ligand, and incubation environment on cellular association. There is an insignificant 

dependence of cell association on shape and size of the current PEG capsule system possibly 

because of a high targeting specificity. 

Influence of Capsule Shape and Size on Cell Internalization. CLSM images of 

fluorescently labeled targeting capsules incubated with MDA-MB-468 cells under dynamic 

condition were acquired. As observed in Figure 7, higher amounts of SS capsules were 

internalized than the LS capsules. There is an uneven distribution of the LS capsules 

internalized by the cells, i.e. some cells internalize more capsules than the others, as shown in 

Figure 7C. For the rod capsules, because they orientate and fold differently within the cells, it 

was difficult to differentiate the internalization visually by confocal images. Therefore, more 

quantitative internalization analysis of the PEG capsules with varying ARs was performed 

using imaging flow cytometry. 
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Figure 7. CLSM images of MDA-MB-468 cells treated with AF488- and BsAb-functionalized 

(A) SS, (B) SR, (C) LS, and (D) LR PEG capsules (green) after dynamic incubation for 24 h 

at 37 °C, 5% CO2. The cells were incubated with capsules at the same PEG surface area-to-cell 

ratio of 160 µm2 per cell. The cell membranes (red) were stained with AF594-WGA and the 

nuclei (blue) were stained with Hoechst 33342. Images were captured as (1) a single slice, scale 

bars are 10 µm; and (2) a volume view, scale bars are 50 µm. Internalized capsules are indicated 

by the arrows. 

Both bright-field and fluorescence images of a large number of cells (>105) were captured 

simultaneously. Only focused single cells (>1.2 × 104) were analyzed using the built-in 

internalization and mask functions of IDEAS software (Figure 8A–H). MDA-MB-468 cells 

were incubated with BsAb-functionalized PEG capsules with varying ARs for 24 h at 37 °C. 

An internalization cell mask was automatically calculated for each cell using the spatial 

relationship between fluorescently stained cell membrane and bright-field images of cells. The 

total fluorescence intensity of capsules within this mask was calculated for each cell (Figure 8I 

and 8J). Because capsules are surface labeled with fluorescent dye and capsules of the same 

surface area were introduced for each experiment (Experimental Section), roughly the same 

total number of capsule fluorophores had been introduced to each system. Thus, the median 
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internalized fluorescence (MIF) can be used to quantitatively compare internalization 

efficiency of these different systems.  

 
 

Figure 8. Imaging flow cytometry quantification of the internalization of AF488-labeled PEG 

capsules of (A, E) SS, (B, F) SR, (C, G) LS, and (D, H) LR by MDA-MB-468 cells after 
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dynamic or static incubation for 24 h at 37 °C, 5% CO2. The cells were incubated with capsules 

at the same PEG surface area-to-cell ratio of 160 µm2 per cell (equivalent to an LS or LR 

capsule-to-cell number ratio of 50:1 and SS or SR capsule-to-cell number ratio of 190:1). The 

cell membrane (orange) was stained with AF594-WGA, and the capsules are represented in 

green. Inset images of A–H show cells that have completely internalized the capsules studied. 

(I, J) Internalization masks, shown in cyan, with capsules that are bound to the cell membrane 

but not internalized (I) and capsules that are internalized (J). 

As shown in Figure 8A–D (dynamic incubation) and Table 2, the MIF values for the 

small capsules decreased with an increase in AR i.e., from 18,341 for AR 1 (SS) capsules to 

11,906 for AR 7 (SR). The trend observed for the small capsules is consistent with the findings 

of literature studies using materials without targeting moieties i.e., the degree of internalization 

for elongated objects is lower mainly because of slower membrane wrapping processes when 

compared with their lower AR counterparts.25,55,56 However, an opposite trend was observed 

for the large capsules—the MIF value increased with an increase in AR i.e., from 13,850 for 

AR 1 (LS) to 18,749 for AR 18 (LR) capsules. This could potentially be due to an 

interdependence of particle shape and target specificity.18,57 For example, stretched polystyrene 

rods (AR 3) functionalized with a targeting antibody exhibited a higher specific uptake than 

spheres, but a lower nonspecific uptake when the antibody was absent.18 Though we are unable 

to compare nonspecific internalization of our bare PEG particles due to very low association 

(Figure 5), our targeted PEG capsules demonstrate broad agreement with this previous research. 

Our previous and other studies have shown that BsAb-functionalized PEG particles are 

internalized by ligand-mediated cell uptake.38,41 Thus, the internalization mechanism of the 

PEG capsules reported in the present study is expected to be the same. Taken together, our 

results indicate that the influence of targeting moieties is more important than membrane 

wrapping for larger capsules. 
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Table 2. Median Internalized Fluorescence (MIF) Values of the PEG capsules under Dynamic 

Incubation 

Capsule SS SR LS LR 

Cell count 24,608 39,885 12,065 27,119 

MIF, dynamic 18,341 11,905 13,850 18,749 

MIF, static 13,103 4,970 10,545 31,401 

Change in MIF from dynamic 
to static incubation (%) –28.6 –58.3 –23.9 67.5 

 

Extensive studies on spherical particles with sizes of >50 nm without targeting moieties 

have shown that smaller particles are more easily engulfed by cells because they require a lower 

membrane binding energy and time during endocytosis.25,56,58-60 This is consistent with our 

results that demonstrate that SS capsules exhibit higher internalization than LS capsules. 

Notably, there is a sub-population of cells internalizing LS capsules that show higher intensity 

than the remaining cells (Figure 8C), which is consistent with the confocal microscopy image 

in Figure 7C. However, for nonspherical capsules, a longer length does not necessarily lower 

internalization as demonstrated by the performance of the SR and LR capsules. Comparing the 

BsAb-functionalized PEG capsules, the overall trend of MIF values (AR 7 (SR) < AR 1 (LS) 

< AR 1 (SS) < AR 18 (LR)) suggests that the internalization of capsules is dependent on both 

size and shape. 

Internalization analysis and CLSM imaging (Figure S8) were also performed under static 

conditions to understand the impact of incubation method. The change in the internalized 

intensity observed by switching from dynamic to static incubation (Figure 8) was more 

significant for the rod-shaped capsules—MIF values decreased from 11,905 to 4,970 for SR 

capsules (reduction of 58.3%) and increased from 18,749 to 31,401 for LR capsules (increase 

of 67.5%). The difference was smaller for the spherical capsules, with the SS and LS capsules 

displaying a decrease of 28.6% and 23.9%, respectively. The LR capsules were the only 
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capsule type that showed increased internalization under static incubation, indicating that the 

effect of incubation method is most profound on the LR capsules. Under static incubation, cell 

internalization of the capsules varied in the same order of AR 7 (SR) < AR 1 (LS) < AR 1 (SS) 

< AR 18 (LR) as that observed under dynamic incubation. Thus, the AR 7 (SR) and AR 18 

(LR) capsules were respectively the least and most optimal shape for high cell internalization 

under both dynamic and static conditions.  

In summary, the capsules with AR 18 and AR 7 achieved the highest and lowest 

internalization, respectively, as measured by imaging flow cytometry. There was an interplay 

of size and shape on cellular uptake as cells prefer elongated capsules than spheres only at a 

certain AR (AR 18 in this study). The dynamic incubation method enhanced the internalization 

of all types of capsules examined herein except for LR capsules, as evidenced by the change in 

the median internalized fluorescence intensity.  

CONCLUSIONS 

We investigated biological interactions between cells and BsAb-functionalized PEG 

capsules with tunable ARs of 1, 7, and 18 and sizes (1.1 µm and 0.5 µm for spherical capsules) 

under both static and dynamic incubation. These capsules showed low-fouling properties (<5%) 

and high specific targeting to EGFR expressing cells (>90%). While dosimetric effects 

(dynamic incubation and surface area normalization) were considered and controlled in the 

study, there was little-to-no variation observed in cell association between the different sizes 

and shapes examined. In contrast, significant variation in cell internalization was observed and 

was quantitatively evaluated by imaging flow cytometry, with the long rods (AR 18) exhibiting 

the highest internalization, followed by small spheres, large spheres, and short rods (AR 7). 

The extent of the effect of shape and size on cellular internalization was noticeably different 

under the two different incubation conditions. Under dynamic incubation, for all capsules, 

except for LR capsules, more capsules were internalized than under static condition. Taken 
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together, these findings present the complex interplay between shape and size and highlight the 

significance of incubation method and the use of BsAbs for cell targeting.  
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