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Abstract

Controlling the internalization of synthetic particles by immune cells remains a grand challenge 

for developing successful drug carrier systems. Polyethylene glycol (PEG) is frequently used as a 

protective coating on particles to evade immune clearance, but it also hinders the interactions of 

particles with their intended target cells. In this study, we investigate a spatial decoupling strategy, 

in which PEGs are coated on only one hemisphere of particles, so that the other hemisphere is 

available for functionalization of cell-targeting ligands without the hindrance effect from the 

PEGs. The partial coating of PEGs is realized by creating two-faced Janus particles with different 

surface chemistries on opposite sides. We show that a half-coating of PEGs reduces the 

macrophage uptake of particles as effectively as a complete coating. Owing to the surface 

asymmetry, Janus particles that are internalized enter macrophage cells via a combination of 

ligand-guided phagocytosis and macropinocytosis. By spatially segregating PEGs and ligands for 

targeting T cells on Janus particles, we demonstrate that the Janus particles bind T cells uni-

directionally from the ligand-coated side, bypassing the hindrance from the PEGs on the other 

hemisphere. The results reveal a new mechanistic understanding on how a spatial coating of PEGs 

on particles changes the phagocytosis of particles. This study also suggests a new design principle 

for therapeutic particles – the spatial decoupling of PEGs and cell-targeting moieties reduces the 

interference between the two functions while attaining the protective effect of PEGs for 

macrophage evasion.

1. Introduction

Innate immune cells, including macrophages and dendritic cells, fight infection by engulfing 

and internalizing pathogens through a process known as phagocytosis. The phagocytosis of 

synthetic particles also plays a significant role in determining the fate of vaccine and drug 

delivery systems.1,2 On the one hand, efficient and controllable phagocytosis is desired for 

vaccine carriers.3 On the other hand, phagocytosis is unfortunately responsible for the failure 

of many drug delivery particles that target cells other than the immune cells.4,5 Those 

particles are removed by macrophage cells before reaching their intended destination in the 

body. Therefore, understanding and controlling particle phagocytosis by immune cells is 

critical for developing successful therapeutic particles, but it remains a significant challenge 

in the field.
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In recent years, extensive studies have revealed that, surface functionalization, in addition to 

size, shape and mechanical rigidity, is a key factor that influences the phagocytic fate of 

particles.6–8 Engineering the surface chemistry of particles to prevent their internalization by 

immune cells has been the focus of many studies.9–14 One widely used strategy is to coat 

particles with a layer of polyethylene glycol (PEG).15–17 As particles move in the blood 

stream, opsonins such as antibodies and serum proteins adsorb on the particles and “mark” 

them for phagocytic removal. A dense coating of the hydrophilic PEG shields synthetic 

particles from macrophage internalization by creating a hydration layer that prevents the 

nonspecific adsorption of opsonins onto particles and reduces cell adhesion.18–22 Despite the 

widespread use of PEGylation in the design of therapeutic particles, this strategy has 

important limitations. One major problem is that the protective PEG layer hinders the 

binding of targeting ligands to cell surface receptors. To form a dense protective layer, long 

PEG polymers are often needed. But these long polymers may conceal the cell-targeting 

ligands that are attached to their distal ends.23–26 The PEG layer may also interfere with the 

release of drugs and gene transfection reagents.27To overcome the problems associated with 

PEGylation, “sheddable” PEGs that are tethered onto a particle surface via cleavable linkers 

have been used. After particles reach the target site, the PEGs are cleaved by external 

stimuli, such as changes in pH, temperature, or the application of light.28–30 Enzymes, 

including protease enzymes from the tumor microenvironment, have also been employed to 

trigger the removal of the PEG layer.31 However, the development of “sheddable” PEGs 

requires prior knowledge of the targeted cell environment so that the proper cleavable linkers 

can be selected. In addition, synthesis of “sheddable” PEGs often involves nontrivial 

chemistries. Therefore, alternative strategies that retain the effectiveness of PEGs but reduce 

their interference with cell targeting functions are necessary.

Here, we report a strategy involving the spatial decoupling of PEGs and other functions on a 

single particle. The spatial decoupling is realized by creating two-faced particles that display 

different functionalities on opposite sides. These particles are known as Janus particles. In 

our experimental design, the Janus particles are PEGylated on one hemisphere, leaving the 

other hemisphere available to be functionalized with cell-targeting ligands. We show that 

after antibody opsonization, half-PEGylated Janus particles evade macrophage cell 

internalization as effectively as fully PEGylated ones. The partial PEG coating changes the 

mechanism under which macrophages phagocytose the particles. Owing to the asymmetry of 

their surfaces, the half-PEGylated particles that do enter macrophage cells do so via a 

combination of ligand-guided phagocytosis and macropinocytosis. Based on this 

observation, we designed bi-functional Janus particles that display PEGs on one hemisphere 

and anti-CD3 antibodies on the opposite side for targeting Jurkat T cells. We demonstrate 

that the bifunctional Janus particles bind to T cells uni-directionally from the anti-CD3 

coated hemisphere. Although we have previously shown that phagocytosis of particles 

depends on the surface coverage of cell-binding ligands on particles,32,33 this study is the 

first to incorporate PEGs into the design of Janus particles and demonstrate the effect of a 

partial PEG coating on the phagocytosis of particles. Our results suggest that the spatial 

decoupling of PEGs from cell-targeting moieties reduces the interference between the two 

functions while preserving the effectiveness of PEGylation in evading macrophage 

clearance. This finding provides new insights into potentially using spatial segregation of 
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surface functionalities as a new parameter to control the interactions of therapeutic particles 

with immune cells.

2. Experimental

2.1 Reagents and cells

Monodisperse silica particles of 500 nm, 1.23 μm and 1.57 μm were used. Silica 

nanoparticles of diameter 500 nm were purchased from Cospheric LLC (Santa Barbara, 

CA). Monodisperse silica particles of diameters 1.23 μm and 1.57 μm (5% w/v) were 

purchased from Spherotech Inc. (Lake Forest, IL). (3-Aminopropyl) triethoxysilane 

(APTES), bovine serum albumin (BSA), biotin N-hydroxysuccinimide ester (biotin-NHS), 

immunoglobulin G (IgG) from rabbit serum, rhodamine b isothiocyanate (RITC)–dextran 

(70 kDa), RITC mixed isomers, α-cyano-4-hydroxycinnamic acid (CCA), polyethylene 

glycol (PEG) (MW = 1450 Da) and NaBH4 were acquired from Sigma-Aldrich (St Louis, 

MO). Alexa Fluor 488 succinimidyl esters, 3,3′-dioctadecyloxacarbocyanine perchlorate 

(DiO) and streptavidin were purchased from Invitrogen (Grand Island, NY). mPEG5k-SH 

and mPEG5k-biotin were purchased from Laysan Bio, Inc. (Arab, AL). 5-(N-Ethyl-N-
isopropyl)-amiloride (EIPA) was purchased from Cayman Chemical (Ann Arbor, MI). IgG 

was biotinylated via the conjugation of biotin-NHS ester with primary amines. IgG-biotin 

and streptavidin used for trypan blue quenching experiments were fluorescently labeled with 

Alexa Fluor 488 succinimidyl esters following manufacturer instruction. RITC–APTES 

conjugates were synthesized by APTES (25 mM) reaction with RITC (40 mM) in 1 mL of 

ethanol at room temperature for 24 hours. Mus musculus macrophages (RAW 264.7) were 

purchased from ATCC (Manassas, VA) and cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 100 units per mL penicillin, 100 μg mL−1 

streptomycin, 10% fetal bovine serum (FBS) and 0.11 mg mL−1 (1 mM) sodium pyruvate. 

Jurkat T cells (E6.1) were a gift from Prof. Jay T. Groves (University of California, 

Berkeley) and originally purchased from ATCC (Manassas, VA). Jurkat T cells were 

cultured in RPMI 1640 complete growth media supplemented with 10% fetal bovine serum 

(FBS), 1 mM sodium pyruvate, 100 units per ml penicillin, and 100 μg ml−1 streptomycin. 

Imaging buffer (155 mM NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2·6H2O, 2 mM 

Na2H2PO4·H2O, 10 mM HEPES and 10 mM glucose) was adjusted to pH 7.2–7.4 and used 

for all cell experiments.

2.2 Particle fabrication

Silica particles were treated with 3 : 1 piranha solution (H2SO4 : H2O2 = 3 : 1 v : v) for 15 

minutes at 75 °C and rinsed multiple times with milli-Q water. Silica particles were 

functionalized to display primary amine groups by reacting with 2% APTES in ethanol for 

30 minutes at room temperature. Particles were rinsed thoroughly with ethanol and annealed 

in oven at 120 °C for 2 hours. After oven annealing, silanized particles were biotinylated in 

1 M NaHCO3 solution (pH = 8.2) containing biotin-NHS (0.68 mg mL−1). The biotinylated 

silica particles were used as the no-PEG particles. To create the allIgG particles, biotinylated 

silica particles were incubated with 6 μg mL−1 of streptavidin-Alexa 488 in 1× PBS buffer 

for 1.5 hours at room temperature and subsequently with 1.5 μg mL−1 of IgG-biotin-Alexa 

488 for another 1.5 hours. To fabricate particles with uniformly distributed PEGs and 
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antiCD3 (referred to as “PEG-anti-CD3 uniform”), biotinylated silica particles were 

incubated with 6 μg mL−1 of streptavidinAlexa 488 in 1× PBS buffer for 1.5 hours at room 

temperature and subsequently with a mixture of 0.23 μg mL−1 of biotinanti-CD3 and 0.05 

mg mL−1 mPEG5k-biotin for another 1.5 hours. PEG-anti-CD3 particles used for measuring 

T cell binding probability were fluorescently labeled with APTES–RITC prior to protein 

functionalization. The fluorescence labeling was carried out by incubating silica particles 

overnight with 5 mg mL−1 APTES–RITC in ethanol under constant rotation. In all 

incubation steps, 0.2 mg mL−1 of BSA was added in the solution to prevent non-specific 

adsorption of streptavidin on particles. Functionalized particles were rinsed multiple times 

with 1× PBS before use.

To fabricate Janus particles, monolayers of biotinylated silica particles were first prepared on 

pre-cleaned glass microscope slides using the Langmuir–Blodgett transfer method as 

described previously.34,35 The particle monolayers were coated sequentially with thin films 

of chromium (5 nm) and gold (30 nm) using an Edwards thermal evaporation system at a 

deposition rate of 3 Å s−1. Gold-coated Janus particles were sonicated off the glass slides 

and immediately PEGylated in 1× PBS buffer (pH = 7.2) containing 5 mg mL−1 mPEG5k-

SH for 24 hours at room temperature with constant rotation. To create IgG–PEG Janus 

particles, 1.5 μg mL−1 of IgG-biotin-Alexa 488 molecules were conjugated onto the 

biotinylated hemisphere of the Janus particles using the streptavidin–biotin conjugation 

procedure as described above. To create all-PEG particles, 0.09 μg mL−1 mPEG5k-biotin 

molecules (6 : 1 streptavidin-to-mPEG5k-biotin ratio) were conjugated to the biotinylated 

hemisphere of the Janus particles using the same procedure as described above. For 

fabricating IgG–BSA particles, biotinylated IgG-Alexa 488 (1.5 μg mL−1) was first 

conjugated onto the silica hemisphere of Janus particles via streptavidin– biotin linkage and 

BSA was subsequently adsorbed nonspecifically onto the exposed surface of particles. To 

create PEG-anti-CD3 Janus particles, 0.23 μg mL−1 of biotin-anti-CD3 molecules were 

conjugated onto the biotinylated hemisphere of the Janus particles using the streptavidin–

biotin conjugation procedure as described above.

For experiments involving the non-specific coating of IgG on particles, all-PEG, half-PEG 

Janus and no-PEG particles were incubated separately in 1× PBS buffer solution containing 

1.5 μg mL−1 unlabeled IgG for 1.5 hours at room temperature. After incubation, particles 

were rinsed and re-suspended in 1× imaging buffer prior to use.

2.3 Measurement of PEG grafting density

To collect PEGs from the gold-coated Janus particles for matrix assisted laser desorption/

ionization-time of flight mass spectrometry (MALDI-TOF MS) analysis, the PEG-coated 

Janus particles were first rinsed thoroughly in milli-Q water to ensure complete removal of 

residual PEG. The particles were then resuspended in an aqueous 0.6 M NaBH4 solution for 

1 hour to cleave the thiol–gold linkage.36,37 After NaBH4 reduction, the mixture was spun 

down and the supernatant was collected. The sedimented particles were rinsed once in milli-

Q water to ensure complete collection of the cleaved PEG. A Micro FloatA-Lyzer dialysis 

device with a molecular weight cutoff of 0.5–1 kDa (Spectrum Laboratories, Inc., Rancho 
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Dominguez, CA) was used to remove NaBH4 from the cleaved PEG. After 24-hour dialysis, 

the PEG solution was freeze-dried and analyzed by MALDI-TOF MS as described below.

The mPEG5k-SH concentration was measured using MALDI-TOF MS, following a 

previously reported method with slight modifications.38 The design of this measurement is 

that PEG1.5k was used as an internal standard and mixed at a known concentration with the 

mPEG5k-SH to be measured. The ratio of the MALDI-TOF signal intensity of mPEG5k-SH 

to the signal of the internal standard PEG1.5k is proportional to the ratio of their 

concentrations, [mPEG5k-SH]/[PEG1.5k]. For MALDI-TOF sample preparation, mPEG5k-

SH was first dissolved in methanol. For obtaining the calibration plot, a total of seven 

mPEG5k-SH samples (5, 6.5, 8, 10, 11.5, 13 and 15 μM) were prepared. The following 

reagents were subsequently added to the PEG–methanol solution: 10 mg mL−1 α-

cyano-4hydroxycinnamic acid (CCA) as the matrix, 0.16 mg mL−1 NaCl as the cationization 

salt and 0.06 mg mL−1 PEG1.5k as the internal standard. All concentrations listed are the 

final concentrations. 1 μL of each sample mixture was air-dried on the target plate for 

analysis. MALDI-TOF MS measurements were carried out using a Bruker Autoflex III 

(Bruker Daltonics, Billerica, MA) equipped with a 200 Hz frequency tripled Nd: YAG laser 

(355 nm). All spectra were taken with 30% laser power with 1000 shots provided per sample 

spot. A minimum of 5 spectra was collected from each sample spot. The signal intensity of 

mPEG5k-SH (IPEG5k) was obtained by summing up the intensities from 13 peaks within the 

range of 5270–5798 m/z, and that of the internal standard PEG1.5k was from the summed 

intensities from 20 peaks within the range of 1496–2155 m/z. The signal peaks of PEG5k 

after NaBH4 treatment shifted slightly to the smaller m/z range likely due to the loss of the 

end groups after the NaBH4 reduction. Therefore, the signal intensity of cleaved mPEG5k 

was obtained from 13 peaks within the range of 5225–5780 m/z. The signal intensity of the 

mPEG5k-SH and cleaved PEG5k was normalized against that of the internal standard 

PEG1.5k and averaged over five spectra. The calibration plot of average IPEG5k/IPEG1.5k 

versus [mPEG5k-SH] was fit with a linear equation: 
IPEG5k

IPEG1.5k
= 5.72 × 10−3μM−1 × mPEG5k − SH . Based on this linear equation, the 

concentration of cleaved mPEG5k-SH was estimated to be 10.5 μM. The total surface area of 

particles was calculated based on the fact that a total of 8 monolayers of particles (20 mm by 

30 mm each) were used and that each Janus particle is half-coated with gold. As a result, the 

PEG surface density on the 500 nm Janus particles was estimated to be 0.084 ± 0.02 PEG 

molecules per nm2.

2.4 Live cell imaging

RAW 264.7 mus musculus macrophages were seeded on glass coverslips at a concentration 

of 0.1 million cells per mL in DMEM and allowed to grow overnight. Cells were serum 

starved for 3 hours prior to imaging and maintained at 37.0 °C in 1× imaging buffer during 

imaging. Jurkat T cell membrane was labeled with DiO via incubation with 5 μM DiO at 

37 °C for 2 minutes. Live cell images were acquired at a frame interval time of 2 seconds on 

a Nikon Eclipse-Ti epi-fluorescence microscope equipped with an Andor iXon3 EMCCD 

camera and a Nikon Plan Apo 100×/1.49 N.A. objective. Laser scanning confocal 
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fluorescence imaging was done using a Nikon A1R-A1 confocal microscope system 

equipped with a Nikon 100× oilimmersed objective and a Hamamatsu C11440 camera.

2.5 Measurement of particle internalization efficiency

The trypan blue quenching method was used to differentiate internalized particles from non-

internalized ones.39,40 Particles were conjugated with streptavidin-Alexa 488 in the trypan 

blue quenching experiments. Particles were gently mixed with cells in 1× imaging buffer and 

incubated for 30 minutes at 37.0 °C under static conditions (no constant shaking). The 30-

minute incubation time was chosen to provide sufficient time for phagocytosis, based on our 

previous studies showing that most microparticles coated with IgG are internalized by 

macrophages within 10 minutes.41 To minimize cell endocytosis of trypan blue dyes, 0.4% 

trypan blue solution was incubated with cells on ice for 20 minutes to thoroughly quench the 

fluorescence from non-internalized particles. Samples were imaged at room temperature 

immediately after the trypan blue quenching step. Bright-field and fluorescence images were 

acquired at different z-positions to clearly differentiate particles that were internalized from 

ones bound to the cell surface. Particles that remained fluorescent were considered 

internalized, whereas particles that were in contact with cells in bright-field images but 

exhibited no fluorescence were considered membrane-bound. We defined internalization 

probability as:

%Internalization = N(internalized)
N(internalized) + N(membrane bound) .

2.6 SEM imaging

Macrophage cells were seeded on glass coverslips at a concentration of 0.04 million cells 

per mL. After serum starvation, cells were incubated with particles for 30 minutes at 37.0 °C 

(5% CO2). After particle incubation, cells were fixed for 30 minutes on ice using ice-cold 

0.1 M PIPES buffer (pH = 7.0) containing 2.5 v/v% glutaraldehyde. Fixed cells were rinsed 

with 1× imaging buffer to completely remove the chemical fixatives. After fixation, samples 

were submerged sequentially into ice-cold solutions containing 30% (v/v), 50%, 75%, 90%, 

95% and 100% ethanol for 5 min each. Dehydration in 100% ethanol was repeated twice at 

room temperature. After dehydration in ethanol, fixed cell samples were subsequently dried 

using the critical point drying method. Fixed cell samples were imaged using low vacuum 

SEM (FEI Quanta 600F) with 2 kV voltage, 60 Pa pressure, 2–3 point size and 6–8 mm 

working distance.

2.7 TEM imaging

Particles were incubated with cells for 15 minutes at 37.0 °C (5% CO2) before fixation. This 

short incubation time was necessary to capture the early stage of phagocytosis. Cells were 

gently rinsed with 1× PBS buffer three times and trypsinized to detach from the coverslips. 

Cells were fixed in three steps. First, cells were incubated with an ice-cold fixative mixture 

containing 1% OsO4 and 2.5% glutaraldehyde in 1× PBS for 2 minutes at room temperature. 

Second, the fixative mixture was replaced with fresh solution of the same composition and 

incubated with cells for 1 hour on ice. Last, the fixative mixture was replaced with 2% 

aqueous uranyl acetate and incubated with cells for 30 minutes on ice. After the uranyl 
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acetate treatment, cells were rinsed with milli-Q water twice for 10 minutes each. Cell 

pellets were dehydrated sequentially in a series of ice-cold aqueous solutions containing 

30% (v/v), 50%, 75%, 90%, 95% and 100% ethanol for 5 minutes each. Dehydration in 100 

v/v% ethanol was repeated three times at room temperature. The dehydrated cell pellet was 

immersed sequentially in resin infiltration solutions that contain ethanol and Spurr’s resin at 

various concentrations (2 : 1 (v : v), 1 : 1 and 1 : 2) for 30 minutes each at room temperature. 

Cells were then mixed with 100% Spurr’s resin overnight. The cell pellet in Spurr’s resin 

was cured at 60 °C for 18 hours prior to microtome sectioning. Sections were stained with 

8% uranyl acetate and lead citrate prior to TEM imaging.

2.8 EIPA treatment

Cells were incubated with 10 μM EIPA in imaging buffer for 30 min at 37.0 °C (5% CO2) 

before the incubation with particles for another 30 min. Subsequent live cell and fixed cell 

TEM imaging were performed as described above.

2.9 Dextran colocalization measurement

Cells were incubated with particles and 1 mg mL−1 RITC–dextran in imaging buffer for 30 

minutes at 37.0 °C (5% CO2). The incubation time was the same as reported in previous 

studies that used dextran of the same molecular weight (70 kDa) for macropinocytosis 

studies.42–45 Prior to chemical fixation, cells were rinsed with ice-cold 1× PBS buffer to 

remove particles in the solution and then ice-cold low-pH buffer (0.1 M CH3COONa and 

0.05 M NaCl, pH = 5.5) to remove residual dextran.46 Cells were imaged immediately after 

the removal of residual dextran.

2.10 Measurement of particle binding to Jurkat T cells

Particles coated with anti-CD3 were incubated with T cells in 1× imaging buffer for 30 

minutes at 37.0 °C. The particle–cell solution was gently mixed every 5 minutes. To measure 

the fraction of particles bound to T cells, particles that were fluorescently labeled with RITC 

were used. Membrane bound particles were distinguished from internalized ones by using a 

secondary antibody labeling method.47 For the secondary antibody labeling, T cells after 

incubation with particles were rinsed in 1× imaging buffer containing 1% BSA and kept on 

ice for 20 minutes. Next, chicken anti-mouse IgG-Alexa 647 was added to the T cell samples 

at a final concentration of 0.1 mg mL−1 and incubated on ice for 30 minutes. Finally, the T 

cell samples were rinsed three times with 1×PBS and kept on ice until imaging. For imaging, 

bright-field and epifluorescence images were acquired at different z-positions. Because 

secondary antibodies only label anti-CD3 molecules outside of cells, particles that were 

labeled by the secondary antibody (Alexa 647) but not attached to cells in bright-field 

images were considered unbound (Nunbound). Particles that were labeled with the secondary 

antibody and also overlapped with cells were counted as membrane-bound ones 

(Nmembrane-bound). Particles without antibody labeling but appearing in contact with cells 

were considered internalized (Ninternalized). The fraction of membrane-bound particles was 

calculated as:

%Binding = N(membrane − bound)
N(unbound) + N(membrane − bound) + N(internalized) × 100.
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3. Results and discussion

3.1 Effect of half-PEGylation on the internalization probability of particles by 
macrophages

We first sought to investigate the effect of a partial coating of PEGs on the particle 

phagocytosis by comparing it with the effects of a complete PEG coating. Janus particles 

with asymmetric surface chemistries were made by depositing a thin layer of gold onto one 

hemisphere of silica particles. To make Janus particles that were half-coated with PEGs, 

PEGs (Mw = 5 kg mol−1) were conjugated on the gold caps via thiol–gold chemistry. The 

surface density of mPEG5k-SH on the gold-coated Janus nanoparticles was 0.08 ± 0.02 PEG 

molecules per nm2, measured from MALDI-TOF MS measurements (Fig. S1, ESI†). The 

mPEG5k molecules at this grafting density are expected to exhibit the “brush” conformation, 

based on values reported previously on PEGs of the same molecular weight.48 This “brush” 

confirmation is known to reduce non-specific protein adsorption more significantly than 

other chain conformation.49,50 To prepare the fully PEGylated particles (all-PEG) without 

altering the material composition of the Janus particles, we used streptavidin–biotin linkers 

to conjugate a second mPEG5k coating onto the silica hemisphere of particles whose gold 

side had already been PEGylated (Fig. 1a). To mimic the adsorption of opsonins on 

particles, polyclonal immunoglobulin G (IgG) antibodies were allowed to non-specifically 

adsorb onto the particle surfaces. We chose IgG because it is one of the four major corona-

forming proteins that trigger phagocytosis.51,52 As shown in fluorescence images (Fig. 1b), 

IgG was adsorbed predominantly on the entire surface of no-PEG particles and the exposed 

silica surface of half-PEG particles, but it exhibited negligible accumulation on the all-PEG 

particles or the PEGylated side of the half-PEG particles. This confirms that the PEGylation 

effectively reduces non-specific IgG adsorption. The negligible adsorption of IgG on the all-

PEG particles also indicates a complete coating of PEGs even though the PEGs on the two 

hemispheres are conjugated via two different types of linkers.

We next measured and compared the internalization probability of particles with different 

surface functionalization. The internalization probability was defined as the ratio of the 

number of internalized particles to the number of particles making contact with the cell 

membrane, which includes both internalized and membrane-bound particles. Based on this 

definition, the internalization probability does not change with the total number of particles 

bound to cell surfaces or added to cell samples (Fig. S2, ESI†). We found that the 

internalization probability of half-PEG particles by macrophages was as low as that of the 

all-PEG particles (Fig. 1c). The 500 nm and 1.2 μm all-PEG and half-PEG Janus particles 

were internalized at statistically similar probability (student T-test: p < 0.05). The 

internalization probability of 1.6 μm half-PEG Janus particles is low, but slightly higher than 

that of all-PEG particles (statistically different at the p < 0.05 level). In comparison, particles 

without any PEGylation exhibited a significantly higher internalization probability. These 

results show that a half-coating of PEGs is as effective in reducing macrophage clearance of 

IgG-opsonized particles. We have shown previously that the internalization probability of 

particles decreases with reduced surface coverage of IgG; particles with a partial coating of 

IgG are less likely to be internalized than fully coated particles.33 In order to differentiate 

the effect of the half-PEGylation from that of the half-coating of IgG, we prepared particles 
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that were coated with IgG on one hemisphere and simply passivated with BSA on the other 

side. We refer to those particles as IgG–BSA particles. The half-PEG particles exhibited 

lower internalization probability than that of the IgG–BSA particles (Fig. S3, ESI†), 

indicating that the half coating of PEG plays an important role in reducing the macrophage 

uptake of the Janus particles. It is important to point out that we used optical imaging instead 

of flow cytometry to measure the internalization probability of particles, because the metal 

cap on Janus particles blocks fluorescence from the silica hemisphere differently depending 

on the particle orientation, which interferes with the cell sorting in flow cytometry. A large 

number of particles (typically a few hundreds to thousands) were analyzed for each sample 

to ensure the rigor of the image analysis.

3.2 Effect of half-PEGylation on particle–macrophage cell binding

We next investigated the effect of the asymmetric surface functionalization on the particle–

macrophage interaction. To avoid the potential effect of IgG desorption, IgG-biotin was 

conjugated on the biotinylated-silica hemisphere via streptavidin linkers. In live cell 

imaging, we observed that the dynamics of binding between Janus particles and macrophage 

cells depend on the initial particle–cell orientation. Particles that faced the cells with their 

IgG-coated side were directly pulled to the cell by thin filopodia-like membrane protrusions 

(Video 1, ESI†). Particles that were initially in other orientations were rapidly rotated while 

they were being pulled and finally bound to the cell from the IgG coated side (Fig. 2a; Video 

2, ESI†). This uni-directionality in the particle–cell binding is likely caused by the 

asymmetric presentation of ligands. Interestingly, we also observed that while the majority 

of the internalized IgG–PEG Janus particles entered cells individually, particles were 

occasionally gathered into clusters by macrophages during their cell entry. A representative 

process is shown in Fig. 2b. As multiple particles in close proximity were being pulled 

toward the cell body, they were clustered and rotated in such a way that their PEGylated 

hemispheres were oriented toward the inside of the cluster while the IgG-coated 

hemispheres were oriented toward the outside. This orientation of particles within a cluster 

effectively shielded their PEGylated hemispheres from the cell. This led to higher 

internalization probabilities for the particle clusters than that for single IgG–PEG particles 

(Fig. 2c). The particles were clustered only occasionally when their local concentration was 

high, so it has negligible effect on the overall internalization probability of the IgG–PEG 

particles. Nevertheless, it represents an interesting process through which cells were able to 

bypass the PEG coating that hinders cell–particle adhesion.

3.3 Effect of half-PEGylation on the phagocytosis mechanism

A small fraction of the half-PEG particles still managed to enter macrophages, as indicated 

by our results of internalization probability. We then investigated how the half-PEGylation 

affects the mechanism of phagocytosis of particles. Macrophages are known to internalize 

particles using two different mechanisms. One is zipper-like phagocytosis, in which ligand–

receptor binding drives membrane engulfment around particles.53This mechanism is 

expected to result in tight phagosomes that follow the shape of the ingested particles. IgG-

triggered phagocytosis has been reported to follow the zipper mechanism.54 The second 

mechanism is macropinocytosis, in which induced large cell membrane ruffles engulf 

particles in a non-specific “cell drinking” process.55Different from the tight membrane 
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around particles as expected in the zipper mechanism, membrane ruffles in 

macropinocytosis do not follow the shape of the engulfed particle. The resulted phagosomes 

are also more spacious than the size of the particles inside.56 These characteristics are 

typically used to identify the phagocytosis mechanism for particles. To investigate the 

morphology of membrane protrusion around the IgG–PEG Janus particles, we resolved the 

fine membrane structures using scanning and transmission electron microscopies separately. 

The membrane morphology on the two hemispheres of the IgG–PEG Janus particles was 

found to be dramatically different (Fig. 3 and S4, ESI†). Protruded membranes tightly 

enveloped the IgG-coated side, forming “phagocytic cups” that are characteristic of the 

zipperlike phagocytosis.56–58 In contrast, the cell membrane had little to no contact with the 

PEG-coated side of particles, but rather exhibited large membrane ruffles (Fig. 3). The 

membrane ruffles indicate macropinocytosis. This result suggests the IgG–PEG Janus 

particles likely employ a combination of zipper-like phagocytosis and macropinocytosis to 

enter macrophages due to the different surface properties on the two hemispheres.

We carried out a series of experiments to confirm the involvement of macropinocytosis in 

the uptake of IgG–PEG Janus particles. The first one was to measure the tightness of 

phagosomes, because phagosomes formed via macropinocytosis are expected to be more 

spacious than ones formed via ligand-guided phagocytosis. The fraction of phagosome area 

occupied by the internalized particles was quantified in transmission electron microscopy 

(TEM) images and used to indicate the tightness of phagosomes. Phagosomes containing 

IgG–PEG Janus particles are more spacious than ones containing all-IgG particles, as the 

fraction of particle-occupied area per phagosome is 0.60 ± 0.03 for the former and 0.87 

± 0.02 for the latter (Fig. 4a and b). We then treated macrophage cells using a 

macropinocytosis inhibitor 5-(N-ethyl-N-isopropyl)-amiloride (EIPA). EIPA inhibits cell 

membrane ruffling and thus macropinocytosis by blocking the Na+/H+ exchangers.59–63 

EIPA treatment significantly reduced the formation of spacious phagosomes containing the 

IgG–PEG Janus particles, but had no effect on the phagosomes for all-IgG particles. The 

fraction of particle-occupied area per phagosome after inhibition of macropinocytosis is 0.84 

± 0.02, similar to that for all-IgG particles after the same drug treatment (0.80 ± 0.03). This 

clearly demonstrates that macropinocytosis in involved in the internalization of IgG–PEG 

particles (Fig. 4c and d). The EIPA treatment also significantly reduced the overall 

internalization probability of IgG–PEG Janus particles of all three sizes, 500 nm, 1.2 μm and 

1.6 μm (Fig. 5). It did not completely diminish the particle phagocytosis, probably due a 

heterogeneous response of cells to EIPA inhibition, because previous studies have also 

shown that macropinocytosis of macrophages and cancer cells is not inhibited completely 

even at EIPA concentration as high as 75 μM.64,65 The involvement of macropinocytosis in 

the uptake of IgG–PEG Janus particles was also confirmed in a dextran-uptake assay.43,46 

Because dextran of large molecular weight (70 kDa is commonly used) enters macrophages 

via macropinocytosis, its colocalization with engulfed particles inside phagosomes is 

typically used as an indicator for macropinocytosis.43,66,67 In our experiments, fluorescently 

labeled dextran of 70 kDa was incubated with Janus particles during macrophage 

internalization. Dextran was observed to colocalize with IgG–PEG Janus particles in some 

phagosomes, providing additional evidence that these spacious phagosomes are the result of 

micropinocytosis (Fig. S5, ESI†).
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All the results combined demonstrate that the phagocytosis of IgG–PEG Janus particles 

involves two distinct mechanisms. The IgG-coated side is first engulfed via ligand-guided 

zipper-like phagocytosis, and subsequently the PEGylated side is enveloped by 

macropinocytosis. Because most macropinocytosis events do not lead to successful 

engulfment of particles as observed in both our previous work and this study,32,33 a majority 

of half-PEG particles are not internalized, as shown in our results (Fig. 1c). We have shown 

in a previous study that particles half-coated with T cell-binding ligands are internalized by 

T cells via a combination of ligand-guided membrane protrusion and membrane ruffling.32 

The previous work and this present study were done with Janus particles of different surface 

functionalities and with different cell systems. The observation of the same particle 

internalization mechanism in the two different systems suggests that the combined 

mechanism of both ligand-guided phagocytosis and macropinocytosis in the internalization 

of Janus particles is a general phenomenon caused by the asymmetric presentation of 

ligands.

3.4 Spatial segregation of PEGylation and cell-targeting ligands on particles

To demonstrate the cell-targeting capability of half-PEG Janus particles, we functionalized 

their silica hemisphere with biotinylated anti-CD3 antibodies, which bind to T cell receptors. 

The gold hemisphere was coated with PEGs. We observed that the Janus particles bound to 

T cells uni-directionally on the anti-CD3 coated side (Fig. 6a). Even when the particles were 

initially oriented with the PEGylated side facing the cells, the T cells actively rotated the 

particles to eventually bind the antiCD3 coated side. This was similar to the observed 

rotation of IgG–PEG particles by macrophages (Fig. S6, ESI†). Among all PEG-anti-CD3 

Janus particles added to T cells, 26.4 ± 0.8% of them bound to the cell membrane after a 30 

min incubation period. In contrast, only 4.2 ± 0.7% of particles uniformly coated with PEGs 

and anti-CD3 (referred to as “PEG-anti-CD3 uniform particles”) were determined to be 

membrane-bound (Fig. 6c). The sharp difference indicates that the spatial segregation of 

PEGs and anti-CD3 on particles effectively enhances particle binding to cells by reducing 

the hindrance effect from PEGs on the targeting side.

4. Conclusions

In this study, we report that PEGylation on only one hemisphere of particles reduces 

macrophage internalization of particles as effectively as a full coating of PEGs. We also 

reveal that the partial PEG coating changes the conventional internalization mechanism of 

particles. For Janus particles that are coated with PEGs on one side and IgG (antibodies for 

triggering phagocytosis) on the other, two mechanisms are involved in one cell entry event. 

The initial engulfment of the IgG-coated side occurs through zipper-like membrane 

protrusion that is guided by ligands on the particles. The PEGylated hemisphere is 

subsequently enveloped by large membrane ruffles through a macropinocytosis process. 

Even though we reported previously how a partial coating of cell-binding ligands changes 

phagocytosis,32 this study provides the first evidence showing the effectiveness of half-

PEGylation on reducing the macrophage phagocytosis of particles, and reveals the 

mechanism underlying this phenomenon. Moreover, our results suggest that spatially 

separating PEGs and cell targeting ligands on two hemispheres of single particles may 
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overcome the challenge that PEGs sterically hinder the binding of particles to targeted cells. 

Of course, further studies on the PEGylated Janus particle system will be necessary to fully 

evaluate the effectiveness of this spatial decoupling strategy. First, an important question to 

explore is how the internalization of half-PEGylated particles is affected by the surface 

grafting density of PEGs. Macrophage uptake efficiency of particles is known to depend on 

the conformation of PEG chains at different grafting density.23,48 It is possible that a half 

coating of PEGs becomes inefficient in preventing macrophage uptake below a threshold 

surface density. Second, this study uses IgG as the opsonin, one of the four major corona-

forming proteins, but it alone may not fully mimic the complex composition of protein 

corona formed in vivo.68 Third, macrophage cells, the cell system used in this study, also 

represent only one type of phagocytic cells that remove drug delivery particles in the blood 

stream.69 In future studies, phagocytosis of the half-PEGylated Janus particles will be 

investigated in blood serums and with other phagocytic immune cell systems. Systematic 

studies that vary the length and surface density of PEGs will also be necessary. These results 

altogether will evaluate whether or not a complete coating of PEGs is necessary for 

preventing the immune clearance of synthetic particles in vivo.
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Fig. 1. 
(a) Schematic illustration of the Janus particle fabrication procedure. (b) Bright-field and 

fluorescence images showing three types of Janus particles as indicated, and the non-

specifically adsorbed IgG-Alexa488 (fluorescent). The fluorescence intensity of IgG is 

shown on the same color scale in all three images to highlight the difference in intensity. All 

particles are 1.6 μm in diameter. (c) Internalization probability of IgG-opsonized particles by 

RAW 264.7 macrophage cells. The 500 nm and 1.2 μm all-PEG and half-PEG Janus 

particles were statistically similar at the p < 0.05 level. The internalization of 1.6 μm all-

PEG and half-PEG Janus particles were statistically different at the p < 0.05 level. Results 

for each type of particle were from 25–48 images in 2–6 independent samples. Scale bars: 3 

μm.
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Fig. 2. 
Dynamics of cell-binding and internalization of single IgG–PEG Janus particles as well as 

clusters of IgG–PEG Janus particles. Bright-field images showing the rotation of a 1.6 μm 

IgG–PEG Janus particle during cell binding (a) and the clustering of 1.2 μm IgG–PEG Janus 

particles (b) during the binding and internalization process. The PEGylated hemisphere of 

Janus particles appears dark in all images due to the gold coating. (c) A graph showing the 

internalization efficiency of single and clustered Janus particles in comparison to all-IgG 

control particles. Internalization probability was determined from live cell images of 10–18 

videos from 2–6 independent samples. Scale bars: 3 μm.
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Fig. 3. 
Asymmetric membrane protrusion around IgG–PEG Janus particles. A schematic illustration 

(a), pseudo-colored SEM images (b), and TEM images (c) demonstrate the different 

membrane morphology on the two hemispheres of IgG–PEG Janus particles. In the pseudo-

colored SEM images, the PEGylated hemispheres are shown in purple and the IgG-coated 

hemispheres are shown in green. Scale bars: 1 μm in SEM images (b) and 500 nm in TEM 

images (c).
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Fig. 4. 
Quantification of tightness of phagosomes. (a) and (c) are for 500 nm IgG–PEG Janus 

particles in DMSO-treated (a) and EIPA-treated macrophages (c). (b) and (d) are for 500 nm 

all-IgG control particles in DMSO-treated (b) and EIPA-treated macrophages (d). All bar 

graphs show the distribution of phagosome areas occupied by single particles. The fraction 

of occupied area is 0.60 ± 0.03 (average ± SEM) for (a), 0.84 ± 0.02 for (b), 0.87 ± 0.02 for 

(c) and 0.80 ± 0.03 for (d). A total of N = 57 particles were analyzed for (a), N = 38 for (b), 

N = 24 for (c) and N = 16 for (d). Scale bars: 1 μm in (a) and (b), and 500 nm in (c) and (d).
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Fig. 5. 
Macrophage internalization probability of particles following 10 μM EIPA treatment. The 

bar graph compares the internalization probability of IgG–PEG and all-IgG particles with or 

without EIPA treatment. Each data set was obtained from 18–54 images in 3–6 independent 

samples.
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Fig. 6. 
(a) Uni-directional binding of the anti-CD3 coated hemisphere (shown in red) of 1.6 μm 

Janus particles to Jurkat T cells (shown in green). The other hemisphere of the Janus 

particles is PEGylated. The images are representative of the entire population of 16 particles 

and 12 cells. (b) Bright-field and fluorescence images show the conjugation of anti-CD3 

labeled with Alexa 568 on the PEG-anti-CD3 Janus and uniform particles. Fluorescence 

intensity of anti-CD3 Alexa 568 is shown on the same scale in both images for direct 

comparison. (c) The fraction of membrane-bound particles is 26.4 ± 0.8% for PEG-anti-CD3 

Janus particles and 4.2 ± 0.7% for particles uniformly coated with PEGs and anti-CD3 

(PEG-anti-CD3 uniform). A total of N = 258 T cells were analyzed for the PEG-anti-CD3 

Janus particles and N = 82 cells for the uniformly coated particles. Scale bars: 3 μm.
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