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Abstract:  

Humans are exposed to numerous synthetic foreign particulates in the form of environmental 

pollutants and diagnostic or therapeutic agents. Specialized immune cells (phagocytes) clear 

these particulates by phagocytosing and attempting to degrade them. The process of 

recognition and internalization of the particulates may trigger changes in the function of 

phagocytes. Some of these changes, especially the ability of a particle-loaded phagocyte to 

take up and neutralize pathogens, remains poorly studied. Herein, we demonstrate that the 

uptake of non-stimulatory cargo-free particles enhances the phagocytic ability of monocytes, 

macrophages and neutrophils. The enhancement in phagocytic ability was independent of 

particle properties, such as size or the base material constituting the particle. Additionally, we 

show that the increased phagocytosis was not a result of cellular activation or cellular 

heterogeneity but was driven by changes in cell membrane fluidity and cellular compliance. A 

consequence of the enhanced phagocytic activity was that particulate-laden immune cells 

neutralize E. coli faster in culture. Moreover, when administered in mice as a prophylactic, 

particulates enable faster clearance of E. coli and S. epidermidis. Together, we demonstrate 

that the process of uptake induces cellular changes that favor additional phagocytic events. This 

study provides insights into using non-stimulatory cargo-free particles to engineer immune cell 

functions for applications involving faster clearance of phagocytosable particulates.  
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Introduction  1 

Specialized immune cells utilize the process of phagocytosis for both tissue homeostasis and 2 

host defense.1–3 As part of host defense, these phagocytic immune cells take up foreign 3 

particulates such as microbial pathogens, diagnostic or therapeutic agents,4 and micrometer-4 

sized environmental pollutants,5 and attempt to degrade them within intracellular compartments. 5 

The process of interaction with and uptake of foreign substances may change the phenotype 6 

and function of the phagocytic immune cells, a phenomenon widely investigated in the context 7 

of microorganisms.6 In contrast, the effects of uptake of synthetic particulates on immune cell 8 

functions are relatively less explored.  9 

Based on the physicochemical properties of a synthetic particle, reports have suggested that 10 

phagocytic immune cells may be activated towards an inflammatory7–9 or anti-inflammatory 11 

phenotype.8,10–13 Additionally, uptake of particles may alter cytokine secretion, chemotaxis 12 

behavior, oxidative burst, and nitric oxide generation in these cells.13–20 However, it remains 13 

unclear if the uptake of particles would affect the ability of a phagocytic immune cell to 14 

subsequently phagocytose and neutralize a pathogen.   15 

In this study, we determine how the uptake of particles changes an immune cell’s phagocytic 16 

and bactericidal abilities. Using various phagocytic cell types and particles, we demonstrate that 17 

uptake of a non-stimulatory cargo-free particle enhances the phagocytic ability of immune cells. 18 

We show that this increased phagocytosis is not a result of cellular activation or cellular 19 

heterogeneity; instead, the uptake of particles drives subsequent phagocytic events. Finally, we 20 

demonstrate that a consequence of the enhanced uptake ability is faster clearance of bacteria 21 

both in vitro and in vivo.  22 

  23 
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Results: 24 

 25 

Sequential Phagocytosis  26 

Phagocytic immune cells have the ability to engulf multiple particulates. Given the ever-27 

increasing exposure of humans to foreign particulates, phagocytic cells might encounter 28 

particulates followed by pathogens in a sequential manner. The question of interest to us was 29 

whether the phagocytic ability of these cells is altered after an uptake event. To address this 30 

question, we sequentially added particles labeled with two different fluorophores, to cells in 31 

culture (Figure 1A). We quantified the fraction of cells that had taken up both the particles 32 

(sequential uptake) and compared them to the fraction of cells that had only taken up the 33 

particle added second in the sequence (bystander uptake). We observed that sequential uptake 34 

was significantly higher than bystander uptake for all combinations of polystyrene (PS) particle 35 

(carboxyl-modified surfaces) sizes tested (Figure 1B and supplementary figure 1A). Besides, the 36 

number of particles phagocytosed by cells in the second round, quantified as median 37 

fluorescence intensity (MFI), was also higher for cells that had taken up particles in the first 38 

round (Supplementary figure 1B and 1C). Notably, the number of particles taken up by a cell in 39 

the second round significantly increased with the number of particles it phagocytosed in the first 40 

round, suggesting dose-dependent priming of phagocyte for the second round of uptake 41 

(Supplementary figure 2A and 2B). Furthermore, the phenomenon of enhanced sequential 42 

phagocytosis was independent of the time of incubation with particles in the first round 43 

(Supplementary 2C), for the timeframes we tested.  44 

 45 

Physicochemical properties of the bulk material and the surface characteristics of particulates 46 

are known to dictate the particle-immune cell interaction.21 To determine if these properties 47 

affected the sequential phagocytosis capacity, we used particles composed of materials 48 

approved for clinical use, such as PLGA, PCL and Silica. Uptake of particles made of these 49 

materials also resulted in enhanced sequential phagocytosis (Figure 1C). Additionally, cells that 50 

take up PS particles whose surfaces do not have a carboxyl group or those that have been 51 

modified with polyethylene glycol (PEG) also showed the capacity for increased phagocytosis 52 

(Supplementary Figure 3). 53 

 54 

The phenomenon of enhanced sequential phagocytosis was observed in another cell line (dHL-55 

60), and among primary monocytes and neutrophils isolated from peripheral venous blood of 56 

humans (Figure 2A). Interestingly, this phenomenon was not limited to mammalian systems, as 57 
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hemocytes isolated from Drosophila melanogaster larvae also showed increased sequential 58 

phagocytosis (Figure 2B), suggesting that this phenomenon was conserved across phylae. To 59 

 

Figure 1: In Vitro Sequential Phagocytosis. A – Schematic describing the experimental design 
for calculating bystander and sequential uptake. B – Comparison of bystander (By) and 
sequential (Seq) uptake of carboxylated polystyrene (PS) particles of different diameters by RAW 
macrophages. In these experiments, t1 and t2 are 2 hours each, and cell to particle ratio was 
1:250 for 200 nm, 1:50 for 500 nm , 1:50 for 1000 nm and 1:2 for 2900 nm PS particles. C – 
Sequential uptake with 2-3 µm sized particles composed of PLGA (5 µg/ml), PCL (5 µg/ml) and 
Silica (1:20) added to RAW macrophages in the first round followed by incubation with 1 µm-
carboxylated PS particles (1:10) in the second round of phagocytosis; PLGA = poly (lactic-co-
glycolic) acid; PCL = polycaprolactone. Uptake percentages were quantified using flow 
cytometry. Data sets are representative of n ≥ 3 (independent experiments). * = p < 0.05 and ** = 
p < 0.01 calculated using paired Student’s t-test. 
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determine if sequential uptake was observed in vivo, fluorescent particles were sequentially 60 

administered via the intraperitoneal route in mice, and increased sequential phagocytosis was 61 

observed in the peritoneal macrophages (Figure 2C). 62 

 63 

  64 

We hypothesized that the increase in the ability of cells to phagocytose particles following an 65 

initial uptake event could be due to: (i) cellular activation through TLR stimulation during the first 66 

round of phagocytosis; or (ii) pre-existing cellular heterogeneity – that is, some cells are 67 

inherently more phagocytic; or (iii) the first uptake event drives cellular changes that enhance a 68 

cell's ability to phagocytose substances.  69 

 

Figure 2: Sequential Phagocytosis among Immune Cells from Humans, Drosophila and in 
Mice. A – Uptake of 500 nm-carboxylated polystyrene (PS) particles by different types of phagocytic 
immune cells studied using the following cell to particle ratio and incubation times (t1+t2): dHL-60 – 
1:100 for 2+2 hours; monocytes – 1:200 for 18+4 hours; neutrophils 1:200 for 4+4 hours. Uptake 
percentages were quantified using flow cytometry. B – Ex vivo uptake among hemocytes isolated 
from Drosophila larvae incubated for 2 hours with 3 µm BSA-TRITC-adsorbed PS particles at a cell 
to particle ratio of 1:20, followed by incubation with 500 nm-carboxylated PS particles for 2 hours at 
a cell to particle ratio of 1:200. C – Measurement of uptake by mouse peritoneal macrophages 
(F4/80+ cells) following sequential intraperitoneal injection of 6 × 106 500 nm-carboxylated 
polystyrene (PS) particles, labelled with different fluorophores, in BALB/c (n=6) or C57BL/6 (n=2) 
mice. Uptake was quantified using flow cytometry. In all the data sets, “By” indicates uptake by 
bystander cells and “Seq” represents sequential uptake. Data sets are representative of n ≥ 3. * 
= p < 0.05; ** = p < 0.01; and *** = p < 0.001 calculated using Student's  t-test. 
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 70 

Cellular activation Does Not Drive Enhanced Sequential Phagocytosis 71 

Phagocytosis of silica and iron oxide particles have been reported to activate immune cells 72 

towards pro-inflammatory phenotype characterized by secretion of inflammatory cytokines and 73 

generation of reactive oxygen and nitrogen species.18,20 Activated immune cells are thought to 74 

have an increased phagocytic ability. Further, the presence of contaminating sources of 75 

lipopolysaccharide (LPS) on particles could result in increased uptake. We investigated whether 76 

the enhanced phagocytic ability observed in our experiments is due to cellular activation 77 

following Toll-like receptor (TLR)-4 stimulation. We conducted sequential phagocytosis 78 

experiments with RAW cells that were activated with LPS.  TLR stimulation with LPS is known 79 

to increase the number of cells that will undergo phagocytosis22, which was confirmed in the 80 

present study as well (Supplementary Figure 4A). We observed enhanced sequential 81 

phagocytosis even after uniform pre-activation of cells with LPS (Figure 3A). Next, we blocked 82 

the TLR-4 pathway using a chemical inhibitor (TAK-24223) prior to the sequential addition of 83 

particles. The inhibitor was able to prevent an LPS-mediated increase in overall phagocytosis 84 

(Supplementary Figure 4B and 4C). However, even in the presence of this inhibitor, cells 85 

showed increased sequential uptake (Figure 3B). 86 

 87 

Activated immune cells are known to produce reactive oxygen species (ROS), nitric oxide (NO) 88 

and upregulate the expression of inflammatory cytokines.24 We investigated if uptake of PS 89 

particles stimulates cells towards an activated phenotype. We observed that while LPS or LPS + 90 

IFN� stimulated cells in culture produced increased levels of intracellular ROS (Figure 3C), NO 91 

(Figure 3D) and the inflammatory cytokines IL-1β, IL-6 and TNF-α (Figure 3E), cells that had 92 

phagocytosed PS particles did not show any changes in the levels of these molecules 93 

compared to controls (naïve cells in culture), showcasing the non-stimulatory nature of these 94 

particulates. Further, the anti-inflammatory or M2-type cytokine, IL-10, remained undetectable in 95 

all these culture conditions. Collectively, these data suggest that enhanced sequential 96 

phagocytosis is not a result of traditional cellular activation caused by TLR stimulation. 97 

 98 

Cellular Heterogeneity is Not Necessary for Enhanced Sequential Phagocytosis 99 

Recent studies 25,26 have suggested that differing phagocytic capacities within a given 100 

population of immune cells might result in a subset of these cells taking up more bacteria. We 101 

used a mouse macrophage cell line to determine if heterogeneity explains the observed 102 

increases in sequential uptake. For the first set of experiments, we incubated cells with PS 103 
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particles at a concentration that resulted in greater than 95% of cells taking up at least one 104 

 

Figure 3: Sequential uptake is not due to TLR based cellular activation. A – Uptake of 500 nm-
carboxylated polystyrene (PS) particles by RAW macrophages (1:50 cell to particle ratio) following pre-
activation of all cells with LPS (1 µg/ml for 18 hours). B – Sequential uptake of 500 nm-carboxylated 
PS particles by RAW macrophages following the treatment of cells with TAK-242 (2 µM for 6 hours) to 
block TLR-4 mediated cellular activation. C – Intracellular reactive oxygen species (ROS) quantified 
using flow cytometry following incubation of RAW macrophages with 500 nm-carboxylated PS particles 
(1:50 cell to particle ratio) for 2 or 18 hours, or with LPS for 18 hours. Data are normalized to ROS 
production in cells that were left untreated for the same times. D – Intracellular nitric oxide (NO) 
production determined after incubating cells with 500 nm-carboxylated PS particles (1:10 cell to 
particle ratio; lower particle ratio was used due to length of incubation) or LPS and IFN-γ for 36 hours. 
Extracellular NO production determined after incubating cells with 500 nm-carboxylated PS particles 
(1:100 cell to particle ratio) or LPS and IFN-γ for 36 hours. E – Relative mRNA expression of pro-
inflammatory cytokine genes (IL-1β, IL-6 and TNF-α) measured using RT-qPCR. Data are based 
on n ≥ 3 independent experiments (each performed in duplicate). * = p < 0.05  ** = p < 0.01 and *** = p 
< 0.001 determined using paired Student’s t-test or one-way ANOVA. 
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particle, suggesting a close to homogenous population in terms of a phagocytic event. We 105 

observe that these cells showed a higher phagocytic ability (percentage of cells with particles) 106 

when compared to naïve cells that had not been exposed to particles (Supplementary Figure 5).   107 

 

 

Figure 4: Cellular heterogeneity 

does not explain sequential uptake 

in its entirety. A – Schematic 

describing the experimental design of 

sorting and uptake study. B and C – 

Measurement of bystander (By) and 

sequential (Seq) phagocytosis by cells 

that did not take up particles prior to 

sorting (B) and those that did take 

particles prior to sorting (C). Following 

particle types and cell to particle ratio 

were used: round 1, 500 nm-

carboxylated polystyrene (PS-COOH), 

1:10; round 2, BSA-TRITC adsorbed 3 

µm PS-COOH, 1:5; round 3, 2900 nm 

PS-COOH, 1:2. FACS stands for 

fluorescence-activated cell sorting. 

Data are based on n = 3 independent 

experiments (each performed in 

duplicate). * indicates p < 0.05 

determined using paired Student’s t-

test. 

 

 108 

Separately, we also incubated cells with a lower number of particles that lead to approximately 109 

half the cells in a culture-dish taking up particles, resulting in a heterogeneous population in 110 

terms of a phagocytic event. These cells were then sorted to separate cells containing particles 111 

(particle-positive) from cells that did not take up particles (particle-negative). The sorted cells 112 
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were then cultured with particles labeled with two different fluorophores in a sequential manner 113 

(Figure 4A). The particle-negative cells, which could possibly be considered as a homogenous 114 

population of cells with lower phagocytic capacity, also showed enhanced sequential 115 

phagocytosis ability (Figure 4B). Additionally, the 'particle-positive' cells were not only capable 116 

of further phagocytosis but demonstrated increased sequential phagocytosis ability (Figure 4C). 117 

These data suggest that increased phagocytic ability is not likely due to cellular heterogeneity 118 

alone, at least in this cell line.  119 

 120 

Phagocytosis Induces Changes in Membrane Fluidity and Cellular Stiffness 121 

Having observed that neither cellular activation nor cellular heterogeneity could explain the 122 

enhanced sequential phagocytosis phenomena, we explored if phagocytosis induces changes 123 

in cells that might result in increased uptake. Both the cell membrane and the cytoskeleton are 124 

actively involved in phagocytosis, and hence we assessed changes to these structures following 125 

uptake of PS particles. Using a fluorescent probe that detects perturbations in membrane phase 126 

 

Figure 5: Phagocytosis induced changes in macrophage membrane fluidity and cellular 
stiffness. A – Measurement of membrane fluidity using the generalized polarization (GP) value for 
the membrane dye Laurdan in RAW macrophages that were incubated with 500 nm-carboxylated 
polystyrene (PS) particles at two different cell-to-particle ratios and compared to the negative control 
of naïve cells (cells) as well as the positive control of cells treated with methyl-beta-cyclodextrin 
(MβCD). n = 6 independent experiments. * indicates p < 0.05, ** indicates p < 0.01 ** and *** 
indicates p < 0.001 calculated using one-way ANOVA followed by Bonferroni post-hoc test for 
comparison of multiple groups. B – Measurement of apparent modulus of a cell using atomic force 
microscopy. Young’s modulus of naïve cells (Cells) and cells that have been treated with 500 nm-
carboxylated PS particles (With Particles) is plotted, with each dot representing a single cell. Data 
sets are representative of at least 60 cells measured across 3 independent experiments. * indicates p 
< 0.05 calculated using unpaired t-test with Welch's correction. 
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properties, we determined that the fluidity (measured based on generalized polarization value of 127 

the dye) of the membranes of cells that have phagocytosed PS particles was significantly higher 128 

as compared to naïve cells (Figure 5A). Methyl-beta-cyclodextrin (MβCD), a cholesterol-129 

depleting agent, was used as a positive control in these experiments and shows the highest 130 

increases in membrane fluidity. Increased membrane fluidity has been associated with higher 131 

phagocytic ability27, and the above observation suggests that one possible explanation for the 132 

enhanced sequential phagocytosis could be changes in fluidity of cell membranes.  133 

 134 

Additionally, a cell must change its shape to internalize phagocytic targets. Hence, we 135 

measured the ability of a cell to deform by estimating the cellular stiffness using force-distance 136 

spectroscopy in an atomic force microscope. The Young's modulus of cells that had 137 

phagocytosed 500 nm-carboxylated PS particles was significantly lower than naïve cells (Figure 138 

5B and Supplementary Figure 6), indicating an enhanced ability to deform, which might partly 139 

explain the increase in phagocytic capacity.     140 

 141 

Increased in vitro clearance of E. coli  142 

The primary function of phagocytic immune cells is to recognize, phagocytose and degrade 143 

pathogenic microorganisms.3,28 Phagocytic cells that have internalized particles might encounter 144 

bacteria; hence, we examined the effect of particle uptake on the internalization and killing of 145 

bacteria by phagocytic immune cells. We used E. coli as a model system for these studies. The 146 

bacteria were added to macrophage cell-line cultures (MOI 3.3 - 44) that had either been 147 

exposed to PS particles (at a dose that resulted in >90% cells having particles) or naïve cells. In 148 

concurrence with our enhanced sequential uptake data, at 2 hours post in vitro infection, we 149 

observed increased internalization of E. coli by RAW macrophages that had taken up particles 150 

compared to naïve cells (Figure 6A). Higher bacterial numbers (measured as colony-forming 151 

units (CFUs)) were observed in cells with particles at 6 hours too; however, by 18 hours, the 152 

bacterial numbers in cells with particles were similar to that of naïve cells. Upon calculation of 153 

the clearance of bacteria, which is the number internalized initially to the number that remained 154 

at the end of measurements, we observe that cells with particles had cleared a greater 155 

percentage of bacteria (Figure 6B).  156 

 157 

Unaltered invasion and replication of S. Typhimurium inside macrophages with particles 158 

Bacteria such as Salmonella are known to invade, survive and replicate inside phagocytic 159 

immune cells actively. So, we evaluated if the phenomenon of enhanced sequential 160 
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phagocytosis would alter the interaction of such bacteria with phagocytes. We added S. 161 

Typhimurium, an intracellular pathogen, to RAW macrophage cultures (in vitro) (MOI 5 - 50) and 162 

observed that the numbers of intracellular bacteria were not different in cells with PS particles 163 

when compared to cells without particles (Supplementary Figure 7). This observation is not 164 

surprising as these specific bacteria actively invade macrophages, in addition to being taken up 165 

by phagocytosis. Further, the numbers of these bacteria continued to remain equally high in 166 

both cells with particles and naïve cells, which might also be expected as we show that the 167 

uptake of the non-stimulatory cargo-free PS particle only affects the cell's phagocytic ability and 168 

not the cell's activation and killing mechanisms such as ROS, NO or cytokine production.  169 

 170 

Phagocytosis of non-stimulatory particles increases the rate of E. coli clearance in vivo 171 

Next, we investigated the effect of particle phagocytosis by immune cells on the bacterial killing 172 

kinetics using an animal model of bacterial infection. For this, particles were injected in C57BL/6 173 

mice via intraperitoneal route 2 hours prior to E. coli infection at the same site. Bacterial load 174 

was measured in the peritoneal exudate, within peritoneal exudate cells, and in distant sites 175 

such as the spleen, kidney and liver. Mice injected with particles showed significantly lower 176 

bacterial load in peritoneal exudate cells (intracellular) (Figure 7A) and peritoneal exudate 177 

(Figure 7B) at 6 hours after bacterial injection compared to mice injected with saline followed by 178 

bacteria (controls). Additionally, the bacterial burden was found to be significantly reduced in the 179 

 

Figure 6: E. coli Clearance - in vitro. A – Measurement of E. coli numbers inside RAW 
macrophages at different times following exposure of cells to bacteria. Cells were previously treated 
with 500 nm-carboxylated polystyrene particles for 18 hours (Cells with Particles), and naïve cells 
(Cells) were used as controls. Enumeration of intracellular bacteria as colony forming units (CFU) 
obtained by plating cell lysate at specified time points. B – Change in bacterial load measured over 
time as percentage intracellular bacteria killed by time ‘t’ compared to 2-hour time-point. Data sets 
are representative of n = 5 independent experiments. * = p < 0.05, ** = p < 0.01 and *** = p < 0.001 
calculated using Student’s t-test. 
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spleen (Figure 7C) and lowered but not statistically significant in the kidney (Figure 7D) of mice 180 

injected with particles. In all the mice, we did not detect any bacteria infiltrating the liver.  181 

 182 

The total number of immune cells in the peritoneal exudate 2 hours after particle injection was 183 

not significantly different from the saline-injected mice, indicating that the faster clearance of 184 

bacteria was not due to increased immune cell infiltration (Supplementary Figure 8). The faster 185 

killing of bacteria could also occur if immune cells are activated in mice prior to administration of 186 

bacteria. Thus, to determine the activation status of immune cells after they have taken up 187 

particles, we compared the expression of various activation markers on isolated mouse 188 

peritoneal macrophages, which had phagocytosed particles, to that of untreated naïve 189 

peritoneal macrophages from the same animals. There was no significant difference in the 190 

expression of CD11b, CD38, CD54, CD62L and CD86 between naïve cells and cells with 191 

 

Figure 7: E. coli Clearance - in vivo. Kinetics of clearance of E. coli from C57BL/6 mice following 
intraperitoneal injection of 1010 500 nm-carboxylated PS particles (or saline), and subsequent 
injection (2 hours later) of 5 × 107 bacteria per mouse. Bacterial load measured as CFU from 
lysates of A – peritoneal exudate cells, B – peritoneal exudate, C – spleen and D – kidney are 
plotted against time post bacterial injection (organ CFU plotted as per 10 mg of organ weight) . 
Each point on the plot corresponds to one mouse. Mann-Whitney test was performed for statistical 
comparison. * indicates p ≤ 0.5. 
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particles (Supplementary Figure 9). Together, these data suggest prophylactic particle 192 

administration, which results in enhancing the phagocytic capacity of phagocytes, leads to faster 193 

clearance of E. coli.  194 

 195 

Phagocytosis of non-stimulatory particles increases the rate of S. epidermidis clearance 196 

in vivo 197 

As E. coli is killed by most phagocytic immune cells, we next chose to use a pathogen that is 198 

primarily killed by a specific phagocytic immune cell. S. epidermidis, a nosocomial pathogen 199 

associated with heavy clinical burdens, is primarily neutralized by neutrophils.29 To investigate if 200 

enhancing the phagocytic ability of immune cells can effectively contain the spread of S. 201 

epidermidis, we injected particles and bacteria sequentially. Bystander and sequential uptake 202 

were determined in neutrophils, macrophages, and monocytes from the peritoneal cavity 203 

(Supplementary Figure 10). In concurrence with in vitro data on enhanced sequential 204 

phagocytosis after particle uptake, our in vivo data shows that cells containing particles 205 

phagocytose a higher number of bacteria than cells without particles in the same mouse or 206 

compared to cells in mice that were not injected with particles (particle-naïve mouse) (Figure 207 

8A). Particle-injected mice showed a trend of lower bacterial burden in the peritoneal space 208 

(Figure 8B and 8C). Importantly, in particle-injected mice, we observed that the dissemination of 209 

bacteria to distant organs was significantly lowered, with a complete absence of bacteria in the 210 

kidney (Figure 8D) and close to zero bacteria after 24 hours in the spleen (Figure 8E), as 211 

compared to particle-naïve mice. These data also indicate that prophylactic administration of 212 

non-stimulatory particles results in faster clearance and prevention of bacterial spread.  213 

 214 
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Figure 8: S. epidermidis Clearance. A – Uptake of fluorescent 500 nm-carboxylated polystyrene (PS) 

particles and GFP-expressing S. epidermidis following their in vivo intraperitoneal administration (in 

C57BL/6) in a sequential manner. (-) indicates mouse injected with saline followed by bacteria, “By” 

indicates bystander cells and “Seq” indicates sequential uptake cells in mice injected with particles 

followed by bacteria. B-E – Kinetics of bacterial clearance determined in C57BL/6 mice following 

intraperitoneal injection of 109 500nm-carboxylated PS particles or saline, and subsequent injection of 

~3 × 108 S. epidermidis. Bacterial load measured as colony forming units (CFU) from lysates of B – 

peritoneal exudate cells, C – peritoneal exudate, D – kidney and E – spleen (plotted as CFU per 10 mg 

of organ weight) are plotted against time post infection. Each data point corresponds to one mouse. 

Mann Whitney test was performed for statistical comparison. * indicates p ≤ 0.5.  

 215 
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Discussion 216 

 217 

In vivo administration of particles results in a large proportion of them being sequestered by 218 

phagocytic immune cells. A recent meta-analysis of nanoparticle-based cancer therapeutics by 219 

Warren Chan and colleagues showed that only 0.7% of the administered particles reach the 220 

target tumor site in mouse models30, implying that most of the particles are sequestered by 221 

phagocytic cells. Even if the particles are degradable, once phagocytosed, they may be 222 

associated with the immune cells for days to weeks.31,32 Hence, apart from understanding in 223 

cellulo and in vivo fate of the particulates, which is well studied33–36, it is crucial to understand 224 

the impact of particulate phagocytosis on the immune cell's functionality. 225 

 226 

A cell’s capacity to phagocytose particulates depends on factors such as its polarization state, 227 

expression levels of various proteins associated with phagocytosis,  and environmental cues 228 

such as cytokines present in the extracellular milieu.37,38 A change in any of these factors may 229 

be used to modulate its uptake capacity. For example, stimulating macrophages with LPS or 230 

IFN�, which activate NF-kB, results in heightened phagocytic activity.22 However, these 231 

methods to modulate phagocytic activity are generally accompanied by other cellular changes, 232 

such as the production of inflammatory cytokines and reactive oxygen and nitrogen species by 233 

M1 phenotypic cells, which is likely to cause damage to surrounding cells and tissues.39 234 

Contrasting these conventional methods of cellular activation, we show that monocytes, 235 

macrophages and neutrophils may be driven towards a phenotype that shows enhanced 236 

phagocytic activity without eliciting an inflammatory immune response. This observation is 237 

independent of particle size, is conserved across various phagocytic cell types and is seen in 238 

different organisms, suggestive of its universality. 239 

 240 

Phenotypic and functional heterogeneity among immune cells is now well recognized.40 241 

Hellebrekers et al. showed that neutrophils have increased phagocytic capacity following S. 242 

aureus uptake25, while Sachdeva et al.26 showed that endocytosis increases phagocytic 243 

capacity in macrophage cell lines. Both these studies attributed the increased phagocytosis to 244 

heterogeneity among cells, with a unique highly endocytic/phagocytic cell population 245 

responsible for the increased uptake. While heterogeneity in phagocytic capacity exists, our cell-246 

sorting data imply that an increase in phagocytic capacity may also be induced. Cells that did 247 

not initially take up particles (bystander cells) show enhanced sequential phagocytosis when 248 

provided with new phagocytic targets in our cell-sorting experiment, suggesting that uptake is 249 
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able to drive additional phagocytosis. While heterogeneous cells may exist even after cell 250 

sorting, we are unlikely to expect a large proportion of them to be highly phagocytic cells. 251 

Additional proof for uptake-driven increases in phagocytosis comes from the changes we 252 

observe to the fluidity of cell membranes and the Young's modulus of a cell.  253 

 254 

Modulation of phagocytic immune cell function may prove beneficial for a wide range of 255 

diseases. Generally, such modulation is achieved through therapeutic molecules that may be 256 

delivered with the help of particles. However, a few recent studies have shown that non-257 

stimulatory cargo-free particles may also reprogram immune cell behavior and have 258 

demonstrated their use in the treatment of conditions such as inflammatory bowel disease, 259 

acute lung injury, sepsis and West Nile infection41–44. However, the effects of particles observed 260 

in these studies is thought to be due to the diversion of immune cells away from the 261 

inflammatory site to secondary lymphoid organs. Highlighting the modulation at the cellular 262 

level, our results suggest that phagocytosable cargo-free non-stimulatory particulates may be 263 

used in conditions that are marked by impaired phagocytosis. We demonstrate that one such 264 

application is the increased rate of clearance and reduction in the systemic dissemination of E. 265 

coli and S. epidermidis. Other possible applications could include assisting with clearance of 266 

pathogens from lungs in patients with impaired phagocytic activity45,46, faster clearance of 267 

apoptotic cells in inflammatory diseases47,48 and in improving wound-healing.   268 

 269 

Finally, it is important to note that the non-stimulatory cargo-free particulates change an immune 270 

cell's phagocytic ability but not killing capacity. So, the strategy of using particulates for faster 271 

bacterial clearance is unlikely to work for pathogens that have active evasion or survival 272 

mechanism. Also, the increase in phagocytic ability is brought about after particle uptake, and 273 

hence the particle administration may only be used for prophylactic treatments and not as a 274 

therapeutic.  275 

 276 

In conclusion, we show that uptake of particles drives additional phagocytosis in immune cells. 277 

Hence, we may utilize non-stimulatory cargo-free particles to increase the phagocytic ability of 278 

immune cells that could have applications in improving bacterial clearance. The work presented 279 

here also indicates that particles may have unintended effects on the functionality of immune 280 

cells, which should be addressed when evaluating the compatibility of newly designed nano- 281 

and micro-particulates for clinical use. 282 

  283 
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Materials and methods 284 

 285 

In vitro sequential phagocytosis  286 

RAW 264.7 cells were cultured in DMEM (Lonza, India) supplemented with 10% FBS and 1% 287 

antibiotic-antimycotic solution (Thermo-fisher Scientific, USA). HL-60 cells were cultured in 288 

IMDM (Merck, USA) supplemented with 20% FBS and 1% antibiotic-antimycotic solution. These 289 

cells were induced towards granulocytes (d-HL60) with 1.25% DMSO (Merck), for 3 days.  Both 290 

cell lines were seeded at a density of 2 × 105 cells per well (of a 24-well plate) and incubated for 291 

2 hours at 37°C under 5% CO2. For phagocytosis studies, carboxylated polystyrene (PS) 292 

particles of various sizes (200 nm, 500 nm, 1000 nm and 2900 nm) labeled with different 293 

fluorophores (Dragon-green or Flash-red) were used (Bangs Laboratories, Indiana, USA). 294 

Fluorescent bovine serum albumin (BSA) loaded ~2500 nm-sized Poly(lactic-co-glycolic acid) 295 

(PLGA), and ~2000 nm-sized polycaprolactone (PCL) particles were synthesized using the 296 

double emulsion solvent evaporation method.49 Silica particles with a diameter of 3000 nm 297 

(Bangs Laboratories) were tagged for fluorescence by adsorbing fluorescently labelled BSA on 298 

the particle surface. For the first round of phagocytosis, particles labeled with fluorophore 1 299 

were added to the cells at different ratios (exact ratios specified in the figure legends). After co-300 

incubation of cells and particles for various time intervals, media containing free-floating 301 

particles was removed, cells were washed with 1 X PBS to ensure minimal to no residual 302 

particles, and fresh media was added. Cells were then incubated with particles labelled with 303 

fluorophore 2 for a specified time interval. Finally, media was removed, wells washed with 1 X 304 

PBS, cells scraped, stained with 2 µg/ml propidium iodide (PI) solution, and analyzed on a flow 305 

cytometer.  306 

 307 

For experiments involving lipopolysaccharide (LPS) induced cellular activation, RAW cells were 308 

treated with 1 µg/ml of LPS (Merck) for 12-18 hours prior to particle addition. Inhibition of the 309 

TLR-4 pathway was achieved by treating cells with 2 µM TAK-242 (Merck) for 6 hours before 310 

adding particles. For studies involving cell sorting, RAW cells were seeded in a T-25 flask, 311 

incubated with fluorescent PS particles for 2 hours and sorted using BD FACSAriaTM Fusion 312 

(Becton Dickinson, USA) equipped with a 488 laser, under a two-way purity sort setting. Post 313 

sorting, particle-positive and particle-negative cells were separately cultured in 24-well tissue 314 

culture plates and allowed to adhere for 2 hours, after which a sequential phagocytosis 315 

experiment was performed as described above for RAW cells. 316 

 317 
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Flow cytometry 318 

Experiments involving flow cytometry were performed on BD FACSCelestaTM (Becton 319 

Dickinson) and analyzed using FlowJo (Tree Star, Ashland, OR, USA). 320 

 321 

Ex vivo sequential phagocytosis 322 

Studies involving human blood were approved by the Institutional Human Ethics Committee at 323 

the Indian Institute of Science (IISc) (approval number 5-15032017). For the ex vivo sequential 324 

phagocytosis experiment, venous blood was collected in EDTA coated tubes, from healthy 325 

volunteers, after obtaining informed consent. PBMCs were isolated using histopaque (Sigma 326 

Aldrich, USA) density gradient centrifugation. In brief, 5 ml of whole blood was carefully laid over 327 

7.5 ml of histopaque and centrifuged at 500 rcf for 20 min (with the brake turned off) at room 328 

temperature. The PBMC layer was collected, and cells were counted, seeded and allowed to 329 

adhere in 24-well cell culture plate for one hour at 37°C under 5% CO2. The bottom-most layer 330 

of the density gradient, containing neutrophils and RBCs, was collected separately, and RBCs 331 

were lysed using Ammonium-Chloride-Potassium (ACK) lysis buffer (10 ml lysis buffer per 1 ml 332 

blood for 8 min at room temperature). The lysis reaction was quenched with 10 volumes of 1 X 333 

PBS. The tube was further centrifuged at 400 rcf for 5 min, the supernatant discarded, and the 334 

neutrophil enriched pellet resuspended in DMEM cell culture media. Neutrophils and PBMCs 335 

were counted and seeded in 24-well plates at a density of 1 × 105 cells per well. Sequential 336 

phagocytosis experiments were performed as carried out for RAW cells.  337 

 338 

Sequential uptake studies in Drosophila hemocytes 339 

Transgenic hmlΔGal4, UAS-GFP Drosophila stocks (Bloomington stock number 30142) were 340 

maintained at 25ºC on a 12 h light/ 12 h dark-cycle in a medium comprising 8% cornmeal, 4% 341 

sucrose, 2% dextrose, 1.5% yeast extract, 0.8% agar supplemented with 0.4% propionic acid, 342 

0.06% orthophosphoric acid and 0.07% benzoic acid. Twenty 3rd instar larvae were dissected, 343 

allowed to bleed into buffer consisting of Ringer’s solution and 1 mM phenylthiourea (PTU) for 344 

30 seconds, and passed through a 100 µm mesh to collect single-cell suspension. Sequential 345 

uptake experiments were performed on these cells by incubating them with 3 µm BSA-TRITC 346 

adsorbed PS particles (cell to particle ratio of 1:20) for 2 hours at room temperature, removing 347 

non-phagocytosed particles by centrifugation followed by the addition of 500 nm-carboxylated 348 

PS particles (cell to particle ratio of 1:200) for 2 hours. Finally, the cells were washed, and 349 

hemocytes (identified based on GFP expression) were analyzed on a flow cytometer for particle 350 

uptake. 351 
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 352 

In vivo sequential phagocytosis 353 

All animal studies were conducted in accordance with the Control and Supervision Rules, 1998 354 

of the Ministry of Environment and Forest Act (Government of India), and the Institutional 355 

Animal Ethics Committee, IISc. Experiments were approved by the Committee for Purpose and 356 

Control and Supervision of Experiments on Animals (permit numbers CAF/ethics/546/2017 and 357 

CAF/ethics/718/2019). Animals were procured from either IISc's breeding facility (BALB/c mice) 358 

or from Hylasco Bio-Technology Pvt Ltd. (a Charles River Laboratories Subsidiary, for C57BL/6 359 

mice). BALB/c or C57BL/6 mice (8–14-week-old) were injected intraperitoneally with 6 × 106 500 360 

nm-carboxylated fluorescent PS particles. After 2 hours, mice were injected via the 361 

intraperitoneal route with 500 nm-carboxylated PS particles labelled with a different fluorophore. 362 

Mice were euthanized after 2 hours, and peritoneal exudate was collected by performing 363 

peritoneal lavage and cells stained with Ly6G (clone 1A8) and F4/80 (T45-2342) (BD 364 

Biosciences) for 20 min at 4 °C. Finally, the cells were stained with PI before being run on the 365 

flow cytometer to determine bystander and sequential uptake.  366 

 367 

Reactive Oxygen Species (ROS) assay 368 

ROS produced by immune cells after phagocytosis of PS particles was assessed using an 369 

intracellular probe, Dihydrorhodamine (DHR) 123 (Merck). After the incubation of cells with 370 

particles for 2 and 18 hours, media was removed, and cells were incubated in fresh media 371 

containing 5 µM of DHR for 15 min at 37°C. Following this, the probe was quenched with 372 

excess 1 X PBS, cells washed and scraped, stained with PI, and median fluorescence intensity 373 

of cells determined using a flow cytometer. For positive control for ROS production, RAW cells 374 

were stimulated with LPS (1 µg/ml) for 12-18 hours. 375 

 376 

Nitric Oxide (NO) assay 377 

For extracellular NO measurement, RAW cells were seeded at a density of 1 × 105 cells per well 378 

in a 24-well plate and incubated with PS particles for 36 hours. To determine extracellular NO 379 

production, 50 µl aliquot of cell culture supernatant was mixed with 150 µl of Griess reagent in a 380 

96-well plate. The amount of NO2
- was determined from a standard curve of Sodium Nitrite. As a 381 

positive control for NO production, cells were stimulated with a combination of LPS (100 ng/ml) 382 

and IFN� (100U/ml) (PeproTech, Israel) for 36-hours. 383 

 384 
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For intracellular NO measurement, RAW cells were seeded at a density of 1 × 105 cells per well 385 

in a 24-well plate. Cells were incubated with PS particles for 36 hours, following which, media 386 

was removed and, cells were incubated with 5 µM 4,5-diaminofluorescein (DAF-2A, Sigma-387 

Aldrich, USA) for 15 min at 37 ºC in dark. The fluorescent probe was quenched with 1 X PBS, 388 

cells were scraped, stained with PI, and fluorescence intensity (corresponding to the amount of 389 

NO present), was measured on a flow cytometer using excitation and an emission wavelength 390 

of 488 and 520 nm, respectively.  391 

 392 

Real-time quantitative PCR (RT-qPCR) Assays  393 

RAW cells, 4 × 105 per well, were seeded in a 24-well plate and allowed to adhere for 2 hours. 394 

Cells were treated with 500 nm-carboxylated PS particles or LPS (1 µg/ml) for 18 hours in 395 

triplicates. After incubation, cells were lysed with 1 ml of TRIzol reagent (Thermofisher 396 

Scientific) and total RNA extracted from cells using RNeasy Mini Kits (Qiagen, USA) and 397 

reverse transcribed to complementary DNA (cDNA) using iSCRIPT cDNA synthesis kit (Bio-398 

Rad, USA) as per the manufacturer’s protocol. The cDNA was analyzed for gene expression 399 

using TB Green Premix Ex Taq I (Takara Bio Inc., Japan). The RNA expression levels were 400 

normalized to the levels of the house-keeping gene, glyceraldehyde 3-phosphate 401 

dehydrogenase (Gapdh). Sequences of primers used for amplification of human genes are 402 

shown in Supplementary Table1.  403 

 404 

Membrane fluidity measurements using Laurdan 405 

RAW cells, 75 × 103 per well, were seeded in a 96-well black flat-bottom polystyrene plate and 406 

allowed to adhere overnight. Cells were incubated with 500 nm-carboxylated PS particles at a 407 

cell to particle ratio of 1:50 or 1:200 for 2 hours. As a positive control, cells were treated with 66 408 

µM Methyl-β-cyclodextrin (MβCD) (Merck, USA) for 1 hour. After incubation, media was 409 

removed, wells washed with 1 X PBS and incubated with 50 µL of incomplete media containing 410 

5 µM Laurdan (Avanti® Polar Lipids, Merck, USA) for 30 min at 37ºC. Fluorescence was 411 

measured with a microplate reader (Tecan, Switzerland). Emission intensity was acquired at 412 

440 and 490 nm (excitation=385 nm,  5 nm bandpass) at 37 °C. Generalized 413 

polarization50(GPlaurdan) was calculated from the emission intensities using the following 414 

equation: 415 

GPlaurdan = 
���������

���������

           416 

I440 and I490 represent the fluorescence intensity emitted at 440 nm and 490 nm, respectively. 417 
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 418 

Analysis of cellular stiffness using atomic force microscopy (AFM) 419 

RAW cells were seeded at a density of 2 × 105 cells per ml in a 35-mm cell culture dish and 420 

allowed to adhere overnight. Particles were added to cells at a ratio of 1:200 for 2 hours to 421 

ensure uptake by >95 % cells. Extracellular particles were removed by washing twice with 1 X 422 

PBS and cells maintained in DMEM with 10% FBS for AFM measurements. The apparent 423 

modulus of elasticity of the cells was measured using an Atomic Force Microscope (XE Bio from 424 

Park Systems, Suwon, South Korea) using a V-shaped cantilever (stiffness 0.041 N/m as 425 

measured using thermal tuning) with a spherical bead of diameter 5.2 μm made of silicon 426 

dioxide (AppNano HYDRA6V-200NG-TL; AppNano, Mountain View, CA). One force-427 

displacement (F-d) curve was obtained per cell for a total of approximately 20 cells in each of 428 

the three independent experiments. The force curve corresponding to the approach of the tip 429 

towards the substrate was measured, and a constant indentation depth of 200 nm was 430 

maintained. Each of these F-d curves was analyzed to obtain the apparent modulus of elasticity 431 

of the cell using the Hertzian contact model.51 432 

 433 

In vitro Bactericidal assays 434 

RAW cells were seeded at a density of 1 × 105 cells per well in a 48-well plate and incubated 435 

with 500 nm-carboxylated PS particles, in triplicates, for 18 hours. The cell to particle ratio was 436 

1:50, which was optimized (by testing multiple cells to particle ratios – data not shown) to obtain 437 

more than 90% for cells with particles. Simultaneously, E. coli K12 MG1655 or Salmonella 438 

enterica serovar Typhimurium (S. Typhimurium) cultures were grown in Luria-Bertani (LB) 439 

media at 37 ºC till the late log phase (10 hours). The bacterial load was confirmed by plating the 440 

cultures on LB-agar plates and enumerating the colony-forming units (CFU). Antibiotic-free 441 

DMEM cell culture media was used for further steps in the experiment. After incubating cells 442 

with particles, the wells were washed with 1 X PBS to remove non-phagocytosed particles. 443 

Bacteria were then added to the cells at the desired multiplicity of infection (MOI), and the plate 444 

was centrifuged at 400 rcf for 5 min to allow the bacteria to settle. The plate was incubated at 445 

37°C under 5% CO2 for one hour to allow phagocytosis of bacteria by RAW cells. After this, 446 

media was removed, wells washed with 1 X PBS, and cells were further incubated in media 447 

containing 100 µg/ml gentamicin (HiMedia Laboratories, India) for one hour to kill extracellular 448 

bacteria. The viable bacteria inside RAW cells at different time points post-infection were 449 

enumerated by lysing the cells with 0.1% Triton X-100 for 10 min and plating the cell lysates on 450 

LB-Agar plates to determine bacterial CFU. For all time points beyond 2 hours post-infection, 451 
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wells were washed with 1 X PBS and cells were maintained in media containing 25 µg/ml of 452 

gentamicin. 453 

 454 

 455 

In vivo killing assays-E. coli 456 

C57BL/6 mice (weighing 20 – 30 grams, 8-14-week-old) were injected intraperitoneally 1 × 1010 457 

500 nm-carboxylated PS particles. Control mice were injected with saline. After 2 hours, mice 458 

were injected intraperitoneally with ~5 × 107 E. coli. Next, 2- or 6- hours of bacterial injection, 459 

mice were euthanized, peritoneal lavage performed with 5 ml of ice-cold PBS-EDTA, and 460 

peritoneal exudates collected. The peritoneal exudate cells were stained for live dead using 461 

Zombie Aqua Fixable Viability dye (BD Biosciences), fixed with 1.6% paraformaldehyde (PFA), 462 

and finally stained with the following antibodies for 20 min at 4 °C: Ly6G (1A8), Ly6C (AL-21), 463 

CD11b (M1/70) and F4/80 (T45-2342) and analyzed on a flow cytometer. Further, mice were 464 

dissected after peritoneal lavage to collect spleen, kidney, and liver. The organs were 465 

mechanically homogenized in 1 X PBS containing 0.1 % Triton X-100 using a pestle. Serial 466 

dilutions of each lysate were plated on LB agar plates and incubated overnight at 37 °C. CFU 467 

obtained were enumerated to determine the bacterial load for each organ. 468 

 469 

In vivo killing assays-S. epidermidis 470 

S. epidermidis: sGFP expressing plasmid (pTH100-Addgene plasmid #84458)52 was 471 

transformed into E. coli DC10B cells.53 Plasmids extracted from DC10B cells were 472 

electroporated into S. epidermidis (ATCC122293) strain. The cells were plated onto Tryptic soya 473 

agar (TSA) plates containing 10 µg/ml chloramphenicol and incubated at 30°C for 24 hours. 474 

Fluorescent green colonies were picked for further experiments. 475 

 476 

C57BL/6 mice (weighing 20 – 30 grams, 8-14-week-old) were injected intraperitoneally with 1 × 477 

109 500 nm-carboxylated PS particles. Control mice were injected with saline. After 2 hours, 478 

mice were injected intraperitoneally with ~3 × 108 S. epidermidis. After 3- or 24 hours of S. 479 

epidermidis injection, mice were euthanized, peritoneal lavage performed with 5 ml of ice-cold 480 

PBS-EDTA, and peritoneal exudates collected. The peritoneal exudate cells were stained for 481 

live dead using Zombie Aqua Fixable Viability dye (BD Biosciences (USA), fixed with 1.6% PFA, 482 

and finally stained with the following antibodies for 20 min at 4 °C: CD11b (M1/70), F4/80 (T45-483 

2342) Ly6G (1A8), Ly6C (AL-21), and analyzed on a flow cytometer. Further, mice were 484 

dissected after peritoneal lavage to collect spleen, kidney, and liver. The organs were 485 
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mechanically homogenized in 1 X PBS containing 0.1 % TritonX-100 using a pestle. Serial 486 

dilutions of each lysate were plated on Tryptic Soya agar plates and incubated overnight at 37 487 

°C. CFU obtained were enumerated to determine the bacterial load for each organ. 488 

 489 

Expression of activation markers on peritoneal macrophages 490 

C57BL/6 mice were euthanized, and peritoneal lavage was performed with 5 ml of ice-cold 491 

PBS-EDTA. Peritoneal exudates were centrifuged at 400 rcf for 5 min, and the cell pellet was 492 

resuspended in DMEM complete media. Cells were counted using a hemocytometer. 5 × 105 493 

cells were seeded in each well of a 6-well plate and incubated at 37ºC for 2 hours to allow 494 

peritoneal macrophages to adhere. Non-adhered cells were removed by washing the wells 495 

thrice with 1 X PBS. Fluorescent-labeled 500 nm-carboxylated PS particles were added to cells 496 

at a ratio of 1:100 (low) or 1:1000 (high) and incubated for 2 hours. Cells were washed with ice 497 

cold PBS-EDTA (three times), scraped and collected in FACS tubes, and stained using Zombie 498 

Aqua Fixable Viability dye. Finally, cells were stained with a combination of the following 499 

antibodies for 30 mins at 4°C: CD11b (M1/70), CD38 (90), CD54 (3E2), CD62L (MEL-14), CD86 500 

(GL-1), F4/80 (T45-2342) and Ly6C (AL-21) (BD Biosciences). The expression of activation 501 

markers was determined using a flow cytometer. 502 

 503 

Statistics 504 

At least three independent experiments were performed (unless explicitly stated differently), and 505 

data from biological duplicates of a single independent experiment are reported through a single 506 

mean value. For data involving comparisons between 2 groups, Student's t-test or Mann-507 

Whitney test or Welch’s t- test were used. For data involving comparisons between multiple 508 

groups, one-way ANOVA followed by the Bonferroni post-hoc test was used for statistical 509 

comparisons. 510 

  511 
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