
Model Particulate Drug Carriers Modulate Leukocyte Adhesion in 
Human Blood Flows

William J. Kelley+, Peter J. Onyskiw+, Catherine A. Fromen+, Omolola Eniola-Adefeso+,*

+Department of Chemical Engineering, University of Michigan, Ann Arbor, MI 48109

Abstract

Drug carriers have been widely explored as a method of improving the efficacy of therapeutic 

drugs for a variety of diseases, including those involving inflammation. However, few of these 

formulations have advanced past clinical trials. There are still major gaps in our understanding 

of how drug carriers impact leukocytes, particularly in inflammatory conditions. In this work, we 

investigated how targeted and non-targeted drug carriers affect the function of leukocytes in blood 

flow. We explored three primary mechanisms: (1) collisions in blood flow disrupting leukocyte 

adhesion, (2) specific binding to the endothelium competes with leukocytes for binding sites, and 

(3) particle phagocytosis alters leukocyte phenotype, resulting in reduced adhesion. We find that 

each of these mechanisms contributes to significantly reduced leukocyte adhesion to an inflamed 

endothelium, and that particle phagocytosis may be the most significant driver of this effect. 

These results are crucial for understanding the totality of the impact of drug carriers on leukocyte 

behavior and response to inflammation and should inform the future design of any such drug 

carriers.

Graphical Abstract

Particulate drug carriers alter leukocyte adhesion to an inflamed endothelium via three primary 

mechanisms: nonspecific collisions in blood flow, specific blocking of leukocyte adhesion by 

occupying binding sites on the endothelium, and alterations in leukocyte phenotype after particle 

phagocytosis (left). Leukocyte adhesion to an inflamed endothelium in vitro under control (i.e., no 

particles) conditions, in the presence of 2 μm targeted particles, and 2 μm non-targeted particles 

(right).
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Background

To date, a great deal of research has focused on the use of particulate carriers for the delivery 

of drugs to increase their efficacy while decreasing systemic side effects.1,2 However, very 

few formulations have emerged from clinical trials and made it onto the market, likely due to 

inefficient targeting schemes, poor drug release kinetics, and possible mismatches between 

performance in artificial in vitro and in vivo experiments and clinical applications.3–5 

Indeed, despite the decades of research into polymeric particulate drug carriers, all of 

the drug delivery formulations approved to date are liposomal formulations except for 

Abraxane, an albumin-based particle formulation for the delivery of paclitaxel.6 Notably, 

among the very few polymeric particulate drug carrier formulations to have reached Phase 

II/III clinical trials, none have convincingly demonstrated increased therapeutic benefit over 

free drug. For example, NK105, a polymeric micellar formulation of paclitaxel, showed no 

increased therapeutic benefit over paclitaxel alone in phase III clinical trial at a dose of 

65 mg/m2 (~1.8 mg/kg), and higher doses resulted in complications due to neutropenia.7 

Additionally, relatively little work has explored the impacts of particle drug carriers on 

leukocyte function in response to inflammation in blood flow, which is crucial to fully 

understand the efficacy and potential side effects of vascular-targeted drug carriers.

Typically, in an inflammatory event (e.g., vascular injury), the endothelial cells (ECs) 

lining the lumen of the blood vessel begin releasing cytokines (such as IL-1β, TNF-α, 

and others), which recruit circulating leukocytes (particularly, neutrophils and monocytes) 

to the site of inflammation.8,9 The ECs also begin expressing elevated levels of cellular 

adhesion molecules (CAMs; these include ICAM-1, E-Selectin, VCAM-1, PECAM-1, and 

others) which facilitate, via receptor-ligand binding, leukocyte rolling and firm adhesion 

onto the endothelium – a necessary precursor to leukocyte transmigration into the tissue 

space to remove the source of inflammation.10 Researchers have taken advantage of 

this overexpression of inflammation-associated CAMs for targeted therapy in several 

inflammatory diseases by designing particle drug carriers decorated with antibodies and 

ligands with binding specificity to these molecules.11,12 To this end, several works 

have thoroughly investigated the impact of various particle parameters on the targeting 

efficacy of particulate drug carriers, including particle size13–17, shape13,18–21, and surface 

chemistry22–25, resulting in a deep understanding of the interplay between these properties 

and ultimate drug carrier efficiency.
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However, a major gap has emerged in prior works evaluating targeted drug carrier 

functionality. Specifically, it is well-established (and built into the conceptual design) 

that vascular-targeted drug carriers occupy the same physical space near the vascular 

wall and compete for the same binding sites as leukocytes in blood flow4,20,26–29. 

Additionally, it is well-understood that cellular collisions in blood flow are a major driver of 

hemodynamics14,30,31. Thus, the presence of vascular-targeted micro-or-nanoscale particles 

in the bloodstream is likely to impact leukocyte adhesion and response to inflammation. 

Further, neutrophils were recently reported to rapidly internalize particles in blood in 
vivo in mice, which prevents neutrophils from binding to the vascular wall, and it has 

been shown that the use of particle drug carriers can ameliorate the immune response 

in conditions such as West Nile Virus, EAE, and sepsis.32–34 Indeed, prior studies have 

shown that biomimetic drug carriers are effective at both modulating the inflammatory 

immune response and delivering anti-inflammatory therapeutics to the site of inflammation, 

suggesting the potential for competition between drug carriers and leukocytes for binding 

sites on the vasculature.35–39 Despite this, no work has systematically explored the impacts 

of leukocyte and drug carrier interactions (including cell-particle collision, competitive 

binding, and phagocytosis) on the functionality of these cells in human blood.

In this work, we demonstrate that both non-targeted and targeted model drug carriers 

inhibit leukocyte adhesion in human blood, dependent on particle concentration and size. 

Additionally, we find that internalization of particles leads to phenotypic changes in 

neutrophils (increasing CD11b expression and decreasing CD62L expression; importantly, 

CD11b binds to ICAM-1, which mediates firm adhesion, while CD62L is involved in the 

initial capture and slow rolling of neutrophils9,40) dependent on particle surface chemistry, 

which translate to faster leukocyte rolling velocity and reduced adhesion. Finally, we 

find that the magnitude of this effect varies with vessel size, likely due to changes in 

hemodynamics and cell-free layer (CFL) size in differently-sized vessels. These results have 

significant impacts for the design and efficacy of vascular-targeted drug carriers and shed 

new light on the previously-unexplored effects of vascular-targeted carriers on leukocytes.

Results

Targeted and non-targeted particles reduce white blood cell (WBC) adhesion in human 
blood flow

To investigate the impacts of the presence of particle drug carriers on WBC adhesion, we 

employed an in vitro parallel plate flow chamber (PPFC) assay as previously described.14 

For these experiments, human umbilical vein endothelial cells (HUVEC) were cultured on 

glass coverslips and activated for 4 hours with IL-1β prior to flow. Blood (with or without 

particles) was perfused over the monolayer in a pulsatile profile for 15 minutes as previously 

described.14,15 For these experiments, sialyl Lewis A was chosen as a targeting ligand due 

to its high affinity for E-Selectin and ease of conjugation to our particle platform, and IgG 

was used as a non-targeted control to dampen non-specific interactions between particles 

and HUVEC.

When sialyl Lewis A-conjugated (“targeted”) polystyrene spheres were introduced, we 

visibly observed a drastic reduction in WBC adhesion. Exploring this effect in-depth, 
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we performed these experiments across a range of particle sizes (200 nm to 5 μm) 

and concentrations (5E5/mL through 1E9/mL; note: nanoparticles were tested at higher 

concentrations in order to achieve a “mass-based” dose on the same order of magnitude as 

the microparticles, and because little to no effect was seen for the nanoparticles at lower 

particle concentrations) and found some striking trends. First, we find minimal reduction in 

WBC adhesion for the 200 nm particles, even at high particle concentrations (Figure 1A). 

Moving forward, we see that the effect is concentration-dependent, with more significant 

inhibition of WBC adhesion generally occurring at higher particle concentrations. For 

example, focusing on the 500 nm spheres, we find that at a concentration of 5E5/mL, 

minimal reduction in WBC adhesion occurs (~10%); however, at a concentration of 

1E9/mL, we find a much greater reduction in adhesion (~70%). (Figure 1B). This effect 

holds across all particle sizes tested except for 200 nm particles, suggesting that a greater 

number of leukocyte-particle collisions and greater endothelium surface coverage results in a 

more significant reduction in WBC adhesion.

Further, we find a major impact of particle size on reduction in leukocyte adhesion, with 

larger particles generally resulting in a more significant decrease in leukocyte adhesion, 

which is likely due to more-efficient margination to the CFL for larger particles14,15. 

For example, if we compare 500 nm (Figure 1B) and 2 μm particles (Figure 1C) at a 

concentration of 1E8/mL, we observe a reduction of ~20% in leukocyte adhesion for the 

500 nm particles and ~100% for the 2 μm particles. Comparing 2 μm (Figure 1C) to 3 μm 

(Figure 1D) particles at a concentration of 1E7/mL, we find a percent reduction of ~70% for 

the 2 μm particles and a percent reduction of ~100% for the 3 μm particles. Similarly, if we 

compare 2 μm to 5 μm particles (Figure 1E) at a concentration of 1E7/mL, we find a percent 

reduction of ~70% for the 2 μm particles and a percent reduction of ~100% for the 5 μm 

particles.

Next, we sought to determine whether this effect was driven primarily by particle-leukocyte 

collisions or by specific blocking of binding sites on the endothelium by comparing the 

reduction in leukocyte adhesion for IgG-conjugated (“non-targeted”) particles to targeted 

particles at the same size. For this comparison, we computed the ‘Normalized Leukocyte 

Adhesion Ratio’ using Equation 1 below:

Norm .  Adℎesion Ratio =
#  of adℎerent leukocytes for non − targeted particles

#  of adℎerent leukocytes in particle free control
#  of adℎerent leukocytes for targeted particles
#  of adℎerent leukocytes in particle free control

(1)

Thus, a normalized leukocyte adhesion ratio (NAR) above 1 signifies a greater reduction in 

leukocyte adhesion for targeted particles versus non-targeted particles, with greater values 

signifying a greater effect. (Note: due to limitations in blood volume and cells, experiments 

were sometimes performed on different days and normalized to different controls, and thus 

the denominators in Equation 1 do not strictly cancel one another).

Figure 2A is a visual representation of the reduction in leukocyte adhesion for targeted 

particles versus non-targeted particles. Using the NAR analysis, we can determine 
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conditions at which particle targeting confers an additional reduction in leukocyte adhesion 

(Figure 2 B-F). A few findings stand out in this analysis. First, the added reduction 

in leukocyte adhesion for targeted particles primarily occurs with larger (micron-scale) 

particles, where the 2 μm, 3 μm, and 5 μm particles all exhibit NAR values much greater 

than 1 at higher particle concentrations (Figure 2 D-F). The greater impact of micron-sized 

particles on cell adhesion is likely due to larger particles localizing more efficiently to the 

vascular wall and, once bound, occupying more physical space and receptor binding sites on 

the endothelium. Nano-sized particles are less efficient at marginating14,15; thus, they likely 

reduce leukocyte adhesion primarily through physical interactions in free stream. Hence, we 

observe low NAR values for nanospheres (Figure 2 B, C). Indeed, we observe nanoparticles 

associating with leukocytes in blood flow, which supports this hypothesis (Supplemental 

Figure 1).

Additionally, we primarily see high NAR values at high particle concentrations, suggesting 

that the specific targeting impact on leukocyte adhesion occurs primarily when bound 

particles occupy a large portion of the endothelium. Indeed, when plotting particle adhesion 

versus percent reduction in leukocyte adhesion, we find that as particle adhesion increases, 

the percent reduction in leukocyte adhesion also increases, particularly for larger particles 

(Supplemental Figure 2). This trend of adhesion versus %reduction in leukocyte adhesion 

supports the notion that, once a certain fraction of the available space for binding on 

the endothelium is occupied, targeted particles out-compete circulating leukocytes and 

prevent them from binding. Further, when plotting % reduction in leukocyte adhesion 

versus HUVEC surface coverage percentage for targeted particles, we find the greatest 

reduction in leukocyte adhesion (and the greatest NAR values) once surface coverage 

reaches above ~10%. This observation suggests that perhaps at lower particle concentrations, 

nonspecific collisions are responsible for the observed reduction in leukocyte adhesion, 

but once a certain level of surface coverage is achieved via active targeting, the surface 

blocking effect begins to dominate (Supplemental Figure 3). Note: a direct comparison 

of percentage reduction in leukocyte adhesion for targeted versus untargeted particles is 

shown in Supplemental Figure 4; these data also illustrate the enhanced effect of collisions 

as both particle size and concentration increase, as well as the greater difference between 

targeted and non-targeted particles at higher particle concentrations. Additionally, some 

representative individual percent reduction data are shown in Supplemental Figure 5.

Inhibition of leukocyte adhesion in smaller blood vessels

Because hemodynamics can vary in blood vessels of varying sizes41, we repeated a subset of 

the experiments from Figure 1 in a smaller channel (127 μm versus 254 μm channel height). 

These experiments are important for understanding if and how the observed reduction in 

leukocyte adhesion might manifest in blood vessels of varying sizes, informing the design 

of vascular-targeted drug carriers based on their intended destination. Thus, we evaluated 

leukocyte adhesion in the presence of 500 nm and 2 μm particles across a range of particle 

concentrations in the 127 μm channel. These results are presented in Figure 3.

First, we find that some of the same trends observed in the 254 μm channel emerge here. In 

general, a higher particle concentration results in a more significant reduction in leukocyte 
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adhesion. For example, the addition of non-targeted 500 nm spheres in blood at 1E7/mL 

results in a ~15% reduction in leukocyte adhesion, while a higher concentration of 1E9/mL 

leads to a 50% reduction in adhesion (Figure 3A). Similarly, for 2 μm non-targeted particles 

at 1E6/mL, we observe a ~30% reduction in leukocyte adhesion versus a ~60% reduction 

for 2 μm non-targeted particles at a concentration of 1E8/mL (Figure 3B). Because we again 

observe greater reduction in leukocyte adhesion for higher concentrations of both targeted 

and non-targeted particles, this suggests that both greater numbers of collisions and higher 

specific blocking of the endothelial surface result in decreased leukocyte adhesion in the 127 

μm channel, similar to the 254 μm channel. Additionally, similar to the results in Figure 

2, we see that larger particles generally result in a more significant reduction in leukocyte 

adhesion.

However, we do observe some changes in the smaller channel versus the larger channel. 

Notably, the overall magnitude of the percent reduction in leukocyte adhesion is generally 

lower in the smaller channel versus the larger channel, particularly for the 2 μm particles. 

This could be due to the changes in the relative size of the CFL and RBC core in 

the different vessels; theoretical and experimental results have shown that, as vessel size 

increases, the relative size of the cell-free layer decreases.42 Thus, in a larger vessel, 

leukocytes and particle drug carriers will be pushed closer to the wall, likely resulting in 

more collisions, which in turn results in a greater inhibition in leukocyte adhesion. This 

hypothesis is also supported by experimental work from our lab showing that 2 μm particles 

marginate more efficiently in larger channels, while 500 nm particle margination is relatively 

unchanged.14 However, calculations based on previous computational work show that, for a 

127 μm channel versus a 254 μm channel, the CFL size will be approximately equivalent 

(3.25 μm versus 3.15 μm, respectively).43 Thus, the differences observed could be simply 

due to a lower overall flow rate in the 127 μm channel, leading to a reduction in the 

magnitude of collision forces between particles and leukocytes. Of course, computational 

and many experimental works evaluate the CFL based on actual blood vessels, which may 

differ slightly from PPFC experiments.

Particle phagocytosis results in reduced leukocyte adhesion in blood flow in vitro

Given our recent work demonstrating that particle phagocytosis and clearance in mice 

in vivo results in a diversion of neutrophils to the liver32, we sought to investigate 

whether particle internalization similarly influences adhesion for human leukocytes. Thus, 

we performed a series of experiments evaluating leukocyte adhesion in the presence 

of carboxylated and sialyl Lewis A-conjugated particles, where particles were either 

preincubated (1 hr) with cells prior to performing the flow experiments or introduced 

immediately prior to the flow experiment (i.e., the “Non-incubated” condition). Thus, for the 

“Preincubated” condition, particle phagocytosis was allowed to occur prior to blood flow, 

while for the “Non-incubated” condition, we expect particle phagocytosis to be minimal. 

The 1 hour incubation time was chosen for incubation time based on our previous work 

showing that appreciable particle phagocytosis occurs after approximately 1 hour in human 

blood ex vivo.5 In addition, we used ACD for the non-phagocytic experiments because it 

chelates Ca2+, preventing phagocytosis, and heparin was used for the preincubated condition 

as it anticoagulates by activating antithrombin III, which in turn deactivates Thrombin, 
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Factor IX, and Factor X, thus allowing for phagocytosis to occur. We performed these 

experiments with both 2 μm (at 1E7/mL) and 500 nm particles (at 6.4E8/mL; chosen for 

equivalent particle mass to the 2 μm particles); the results are shown in Figure 4.

Notably, we see a striking difference between the “Non-incubated” and “Preincubated” 

conditions for both particle sizes. For 2 μm particles in the “Non-incubated” condition, 

we see little to no reduction in leukocyte adhesion for the non-targeted particle and 

~30% reduction for the sialyl Lewis A-targeted particles (Figure 4A). However, for the 

“Preincubated” condition, we find that both particle types significantly reduce leukocyte 

adhesion at close to the same level (~30% reduction for non-targeted, ~50% reduction for 

sLeA). This observation for the 2 μm size is replicated with the 500 nm particles; for the 

“Non-incubated” condition, we find ~15% reduction for the non-targeted particles and ~50% 

reduction for the sLeA particles, and for the “Preincubated” condition we find a reduction of 

~75% for both particle types (Figure 4B).

These results have a few major implications. First, we find that particle internalization can 

dramatically reduce the propensity for leukocytes to adhere to an activated endothelium. 

Additionally, we see that the added component of internalization eliminates much or all 

of the difference between targeted and non-targeted particles, suggesting that phagocytosis 

dominates in this effect over particle-leukocyte collisions and specific blocking of binding 

sites on the endothelium. This finding is critically important, as it more closely describes the 

situation found in vivo.

Particle phagocytosis results in altered neutrophil phenotype, changing ligand expression 
levels

The results in Figure 4 led us to ask whether particle phagocytosis results in specific 

changes in the leukocyte phenotype, which drive the reduction in leukocyte adhesion 

further. Because neutrophils comprise up to 70%44 of circulating leukocytes and are the 

primary first-responders in inflammation, monocytes are responsible for relatively little 

particle uptake in ex vivo blood samples (~20% particle positive monocytes, Supplemental 

Figure 6), and given recent work showing that neutrophil-particle interactions impact the 

immune response to inflammation in vivo32,45, we focus this analysis on neutrophils. 

Further, we performed flow cytometry on whole blood samples from 3 blood donors 

showing that, before PPFC experiments, ~62% of leukocytes are neutrophils, while after 

perfusion in the PPFC ~50% of leukocytes in the outlet are neutrophils, suggesting that 

neutrophils are overrepresented in the adherent cell population (Supplemental Figure 7). 

Additionally, given our recent work showing that particle surface chemistry greatly impacts 

neutrophil phagocytosis5, (specifically, PEGylation results in greater uptake by human 

neutrophils in blood and plasma), we investigated these changes resulting from phagocytosis 

of carboxylated polystyrene particles, PEGylated polystyrene particles, and sialyl Lewis 

A-conjugated particles (Figure 5). For these experiments, we incubated heparinized human 

whole blood with 2 μm particles of the various surface chemistries for 2 hours, allowing for 

phagocytosis to occur. Then, we stained the samples for CD11b and CD62L and measured 

their expression levels via flow cytometry, comparing the expression levels to untreated 

samples. Notably, we found that neutrophils exposed to all particle types increased their 
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expression of CD11b, by a factor of ~2 for PS-COOH and PS-sLeA particles and by a 

factor of ~2.5 for PS-PEG particles (Figure 5A). Further, we found that this effect is more 

pronounced in particle-positive neutrophils, with fold increases of CD11b expression of 

~2.5 for PS-COOH and PS-sLeA and ~3 for PS-PEG (Figure 5B). As expected with an 

increase in CD11b expression, we find that particle internalization results in a reduction 

in CD62L expression by a factor of ~1.5 for PS-COOH and PS-sLeA and ~2 for PS-PEG, 

with similar reductions in expression for particle-positive neutrophils (Figure 5 C-D). These 

results show that, in general, particle uptake significantly alters neutrophil phenotype, which 

can result in downstream effects on neutrophil (and, thus, leukocyte) functions. Further, we 

see that, because neutrophils more-readily phagocytose PS-PEG particles, this induces a 

greater change in CD11b and CD62L expression, resulting in weaker adhesion kinetics and 

thus faster neutrophil rolling on the endothelial surface (Supplemental Figure 8).

Discussion

While targeted drug carriers have been widely researched over the past several decades for 

their potential to protect therapeutic molecules from degradation and deliver drug directly to 

the site of disease, there is still much we do not understand about their potential side effects, 

especially in humans. Additionally, very few of these formulations have successfully passed 

clinical trials, suggesting a need for more rigorous studies of the potential side effects of 

injectable particle drug carrier platforms. In this work, we aimed to investigate the impact 

of model drug carriers on the behavior and function of leukocytes broadly and neutrophils 

specifically in blood flow, as these impacts have not been thoroughly explored previously.

Importantly, we found that the introduction of both targeted and non-targeted polymeric 

particles results in significantly reduced leukocyte adhesion to an inflamed endothelium in 
vitro (Figures 1–3). This effect was highly dependent on both particle size and particle 

concentration, with larger particles and higher particle concentrations generally resulting 

in greater inhibition in leukocyte adhesion. Thus, it is possible that certain particle 

formulations/dosing schemes may result in a more pronounced impact, informing the design 

parameters for such formulations. Additionally, we find that, for certain particle sizes and 

concentrations, there is a significant increase in the reduction of leukocyte adhesion when 

particles are targeted to the site of inflammation (Figure 2), suggesting that both physical 

collisions and specific competition for binding sites on the endothelium are at play in 

this effect. Again, this finding reinforces the need to consider whether reducing leukocyte 

adhesion at the site of inflammation will result in unintended side effects.

Additionally, we found that vessel size is another important factor in the prominence of 

this effect. Because blood vessel size impacts the size of the CFL and particle margination 

efficacy14,42, as well as the magnitude of collision forces in blood flow, it also affects 

how frequently particles and leukocytes will collide. Thus, we observe that the reduction in 

leukocyte adhesion is somewhat less prominent in a smaller chamber, particularly for the 2 

μm particles, which carries important implications depending on the desired destination of a 

given particle drug carrier (Figure 3).
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Given that neutrophils are by far the most abundant blood leukocyte, comprising up to 

70% of all circulating white blood cells44, as well as recent work in our lab and others 

showing that neutrophil-particle interactions in vivo drive changes in the immune response 

to inflammation32,45, we focused the remainder of our analysis on neutrophils specifically. 

Despite their relative prevalence, very little of the literature examining the internalization of 

particle drug carriers has examined the phagocytic contributions of neutrophils, leading to 

a gap in understanding that is only recently being filled. Indeed, recent work by Kelley et 

al. shows that neutrophils phagocytose particle drug carriers very different from cultured or 

isolated macrophages and monocytes which are frequently used for phagocytosis studies.5 

Notably, monocytes, the other major population of circulating phagocytes, exhibit very little 

particle phagocytosis ex vivo (Supplemental Figure 6). Thus, when evaluating the effects of 

phagocytosis on leukocyte adhesion, it makes sense to specifically hone in on neutrophils.

In these studies, we found that, in addition to particle-leukocyte collisions, particle 

phagocytosis is another major driver of altered leukocyte behavior in human blood (Figures 

4–5, Supplemental Figure 8), which is in agreement with our recent work in mice.32 Based 

on previous work, and because the polystyrene spheres are not specifically targeted to 

any ligands on the neutrophil surface, we expect that the particle will rapidly undergo 

opsonization with plasma proteins, which facilitates interaction with the with FC receptors 

on the neutrophil surface. The engagement of Fc receptors is known to initiate cell 

eating.46,47 We observe that particle internalization results in increased expression of CD11b 

and shedding of CD62L for neutrophils, and that this effect varies depending on the particle 

surface chemistry (Figure 5). These results are consistent with neutrophil activation. Further, 

we see that these changes are correlated with downstream changes in neutrophil function, 

resulting in decreased firm adhesion (Figure 4) and increased rolling velocity and proportion 

of rolling neutrophils versus firmly adherent (Supplemental Figure 8). These results, upon 

first glance, may seem counterintuitive as reduced CD62L expression and increased CD11b 

expression are typical of neutrophil activation.9 However, in the context of the normal 

inflammation and cell adhesion cascade, neutrophil activation occurs after the initial capture 

to the endothelium and rolling adhesion step. As L-selectin is a critical molecule for the 

initial capture, the pre-activation of these cells in circulation via particle internalization will 

lead to reduced adhesion.9

Importantly, we find that particle phagocytosis eliminates significant differences between 

the impact of targeted and non-targeted particles on leukocyte adhesion, implying that 

phagocytosis is the dominating driver of this effect. Thus, if a drug carrier is modified with 

a coating that greatly reduces phagocytosis by circulating leukocytes, it is possible that this 

effect (or at least the phagocytosis-driven portion of it) will be sufficiently muted. However, 

the typical approach for achieving a non-fouling drug carrier surface, i.e., PEGylation, 

was recently reported to promote phagocytosis in human neutrophils, suggesting other 

approaches are needed.5 Here, the use of zwitterionic coatings48–50 or leukocyte mimetic 

surfaces35,36 may be the key to reducing phagocytosis of particle drug carriers by circulating 

leukocytes in human blood and avoiding the reduction in leukocyte adhesion observed in this 

work.
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Additionally, other strategies may be employed to alter particle margination, the magnitude 

of collision forces, particle phagocytosis, or some combination of these. It has been 

reported that changing particle shape can alter both particle margination dynamics20 and 

phagocytosis19,51, both of which would likely alter the magnitude of the reduction in 

leukocyte adhesion observed here. Further, manipulating the stiffness of particles can impact 

margination dynamics, collision forces, and particle phagocytosis52–54, with softer particles 

resulting in lower collision forces and potentially decreased phagocytosis by circulating 

leukocytes. Thus, a thorough exploration of how these particle properties influence the 

reduction in leukocyte adhesion observed here could reveal strategies for mitigating this 

effect on the efficacy of drug delivery systems.

The results presented in this study have a wide range of implications for the field of particle 

drug delivery across a wide range of applications. First and foremost, the surface blocking 

mechanism of leukocyte adhesion reduction only applies to applications where particle drug 

carriers are targeted to inflammatory molecules (or potentially other surface molecules) on 

the vascular wall, and may not be a concern for passive targeting schemes or otherwise 

non-targeted particles. Second, these effects may be undesirable in certain contexts (e.g., 

by preventing leukocytes from adhering/transmigrating to destroy a pathogen), but desirable 

in others (e.g., preventing an overactive immune response such as those seen in certain 

autoimmune diseases which result in downstream thrombus formation). Of course, the non-

specific collision and phagocytosis mechanisms apply to all contexts, and again could be 

beneficial or not depending on the disease context. For example, one of the most prominent 

and widely-studied applications for targeted drug delivery is for the delivery of cancer 

therapeutics. Given the immunosuppressive tumor microenvironment is a major obstacles to 

cancer treatment, i.e., immune cells fail to recognize and destroy cancer cells, the effects 

observed in these studies may result in decreased efficacy for particle drug carriers for 

cancer therapy.55 On the other hand, tumor-associated neutrophils have recently emerged as 

a potential therapeutic target as neutrophils have been shown to promote tumorigenesis and 

metastasis.56 Thus, the exact impact of these effects on drug carriers for cancer therapies is 

at question, and should be evaluated by groups involved in designing drug carriers for cancer 

applications.

It is important to highlight a few limitations to work presented in this manuscript. First, all 

of the experiments described in this study utilized polystyrene spheres as model particulate 

drug carriers. While these are an excellent and convenient model for evaluating drug carrier 

properties, they do not necessarily always directly predict the behavior of actual drug 

carriers made from biocompatible materials, particularly because the efficiency and effect 

of neutrophil phagocytosis can vary greatly based on particle material.57 Thus, employing 

particle drug carriers comprised of such materials (such as PLGA), may not result in the 

same effects seen here. Furthermore, while this study focuses specifically on the impact of 

leukocyte-particle interactions on neutrophil adhesion, we recognize that neutrophils also 

exercise other important functions in inflammation, including oxidative burst, degranulation, 

and NETosis. Thus, future work focusing on these other aspects of neutrophil behavior 

in inflammation may be necessary to shed more light on the totality of the impact of 

particle drug carriers on neutrophil function in inflammation. In particular, NETosis is 

an interesting phenomenon which often contributes to the damage caused by neutrophils 
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in inflammatory diseases.40,58 Typically, NETs are released after neutrophils transmigrate 

through the endothelium to destroy the cause of inflammation.59,60 Thus, we expect that the 

prevention of neutrophil adhesion would reduce NETosis at the site of acute inflammation. 

However, there is evidence that in some chronic inflammatory conditions, e.g., autoimmune 

conditions, neutrophils are ‘preactivated’ and may release NETs into circulation.61–63 Thus, 

further exploration into the impact on intravenously-administered particle drug carriers on 

activated neutrophils and NETosis in circulation is warranted, though outside the scope of 

this paper.

Conclusions

Overall, this work demonstrates for the first time that polymeric drug carriers may have 

unintended effects on the ability of leukocytes to respond to an inflammatory event. Because 

drug carriers and leukocytes will necessarily be occupying the same physical space near and 

on the vascular wall, particularly in the case of vascular-targeted carriers which are designed 

to bind to inflammatory molecules, leukocytes and drug carriers (especially neutrophils) 

will interact with one another intimately in blood flow, potentially hindering the ability of 

leukocytes to bind to the endothelium. This could have unintended consequences for patients 

being treated with a drug carrier formulation, and might contribute to the general failure of 

drug carrier formulations advancing past clinical trials and onto the market. Additionally, 

we find that particle uptake dramatically inhibits the ability of human neutrophils to bind 

to an inflamed endothelium, in concurrence with our previous work32. However, that result 

suggests that this effect can perhaps be mitigated by sufficiently protecting drug carriers 

from phagocytosis, which is beneficial for drug carrier efficacy already. Additionally, these 

results suggest that there may be opportunities to effectively target circulating leukocytes 

simply by designing particles which will accumulate near the vascular wall, perhaps 

enhancing any such therapeutic strategy. In the grand scheme, this study provides crucial 

information as to how drug carriers interact with leukocytes in blood flow, and will help 

inform the design of particle drug carriers in the future.

Methods

Study Approvals

Human blood was obtained from healthy donors via venipuncture per a protocol approved 

by the University of Michigan Internal Review Board. Informed, written consent was 

obtained from donors prior to blood collection.

Particle Functionalization

Fluorescent, carboxylated polystyrene (5 μm, 3 μm, 2 μm, and 500 nm, Polysciences, Inc.) 

were conjugated with IgG or sialyl Lewis A via avidin proteins covalently linked to the 

particle surface using carbodiimide chemistry.64 Briefly, carboxylated particles were washed 

with 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer, then resuspended in a 5 

mg/mL NeutrAvidin® solution and rotated at room temperature for 15 minutes, at which 

time an equivalent volume of 75 mg/mL N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC, Sigma) was added, and particles were rotated overnight. After 
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overnight incubation, 7.5 mg/mL of glycine (Sigma) was added to the solution, and particles 

were rotated for another 15 minutes. Then, particles were washed with 50 mM PBS buffer, 

counted via fluorescence microscopy using a hemacytometer, and stored at 4° C.

After NeutrAvidin® conjugation, particles were then conjugated with either biotinylated 

rat IgG2b (Biolegend) or sialyl Lewis A (Glycotech). This was achieved by a 45-minute 

incubation with the desired ligand on a rotator, after which particles were stored in a 

PBS buffer with calcium and magnesium ions and 1% BSA until use or site density 

characterization. Site densities were determined via flow cytometry using anticutaneous-

lymphocite-associated-antigen-APC (for sLeA; Miltenyi Biotech) or anti-rat-IgG2b-PE (for 

IgG, eBioscience) as previously described.65 Site densities for both sLeA and IgG were 

fixed at ~2000 sites/μm2, consistent with previous experiments.

For PEGylated particles, NeutrAvidin® was substituted for 30 mg/mL of aminated, 

methoxy-terminated polyethylene glycol (PEG, 5k molecular weight, Fisher), as described 

previously.5

Cell Culture and HUVEC Monolayer Preparation

Human umbilical vein endothelial cells (HUVEC) were isolated from umbilical cords 

obtained from Mott Children’s Hospital at the University of Michigan. Isolated HUVEC 

were cultured in T75 flasks at 37°C and 5% CO2 until confluent, and then seeded onto glass 

coverslips coated with gelatin as previously described.66 Monolayers were allowed to grow 

to confluence prior to use, typically over the course of 48 hours.

Parallel plate flow chamber assays

Venous blood was collected from healthy adults into a syringe using either acid-sodium 

citrate-dextrose (ACD, for non-phagocytic experiments) or heparin-sodium (for phagocytic 

experiments) as anticoagulant. Confluent HUVEC monolayers were activated with 2 mL 

of 10ng/mL IL-1β (Fitzgerald) for 4 hours prior to flow experiments to induce CAM 

expression. After activation, blood with or without particles was perfused over the activated 

HUVEC monolayer using a parallel pate flow chamber (PPFC, Glycotech) and syringe 

pump.

For pulsatile flow experiments (Figures 1, 3, and 5), blood was perfused forward for 14 

seconds and backward for 7 seconds at a shear rate of 1000s−1, for a total of 15 minutes. 

The 1000s−1 shear rate and pulsatile flow profile were chosen to simulate the shear rate 

of arterial blood flow67,68 and conditions relevant in vessels often associated with coronary 

artery disease, one condition where targeted particle drug carriers would be employed.14,69 

For laminar flow experiments (Figure 4), blood was perfused forward over the monolayer 

for a total of 5 minutes at a shear rate of 1000s-1. A 5-minute time was chosen for laminar 

flow experiments in order to establish a fully-developed laminar flow profile, while 15 

minutes was chosen for pulsatile experiments to match the blood volume used in laminar 

flow experiments. For both types of experiments, after perfusion was completed, PBS with 

calcium and magnesium ions and 1% BSA was added and perfused at a shear rate of 

500s−1 while images or videos were taken. For leukocyte counts, 10 images were taken 
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along the length of the flow chamber using a Nikon TE-2000-S microscope with a digital 

camera (Photometrics CoolSNAP EZ with a Sony CCD sensor), and cells were counted 

using ImageJ software. For rolling velocity analysis, 10-second videos were taken for each 

sample, and rolling leukocytes were tracked using NIS-Elements® software.

Blood flow rates were determined based on the shear rate and channel size using Equation 2, 

below:

γ = 6Q
ℎ2w

   (2)

where γ (s−1) is the shear rate, Q is the volumetric flow rate (mL/s), h is the channel height 

(0.127 or 0.254 cm), and w is the channel width (0.25 cm).

For phagocytic flow experiments, particles at the desired concentration were added to blood 

1 hour prior to flow, allowing for a substantial amount of particle uptake as previously 

characterized.5

Particle uptake and neutrophil phenotype assays

Particle uptake assays were performed as previously described.5 Briefly, venous blood was 

collected from healthy adults into a syringe using heparin-sodium as an anticoagulant. 100 μ
L aliquots were distributed into FACS tubes, and 5 μL of particle solution in PBS was added 

for a final concentration of 1E7/mL for 2 μm particles and 6.4E8/mL for 500 nm particles. 

Samples were incubated at 37°C and 5% CO2 for 1 hour, and were then stained using 

CD45-APC, CD11b APC-Cy7, and CD62L PE-Cy7 (Biolegend) on ice for 30 minutes. 2 

mL of 1-step Fix-Lyse solution (eBiosciences) was then added to each sample, and the 

samples were allowed to sit at room-temperature for 30 minutes. Fixed samples were then 

washed 3x with FACS buffer (PBS −/− w/ 2% fetal bovine serum (FBS), pH 7.4) and 

analyzed using flow cytometry.

Untreated samples were used as a control for normalization of expression levels and for 

gating ‘particle positive’ cells. Neutrophils were gated as previously described.5 Expression 

levels are reported as fold changes over the untreated samples, with reductions being 

reported as the negative reciprocal of the decimal for proper visual scaling.

Neutrophil isolation

For experiments with isolated neutrophils (Figure 4), neutrophils were isolated from whole 

blood and then reconstituted as follows. Venous blood was collected from healthy adults 

into syringes using heparin-sodium as an anticoagulant. 20 mL of blood was then layered 

on top of 20 mL of lymphoprep (Fresenius Kabi Norge AS). The top plasma layer was 

then collected using a pasteur pipette and stored at room temperature. The middle layer, 

containing monocytes and lymphocytes, was discarded along with the lymphoprep layer. 

The RBC/neutrophil pellet was preserved, and plasma was added back to the solution. Then, 

PBS containing calcium and magnesium ions with 1% BSA was added to return the final 

volume to 20 mL to preserve a physiological concentration of neutrophils.
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Neutrophils were then allowed to phagocytose particles as described above and used for flow 

experiments.

Statistical Methods

Data from flow experiments is representative of trials using at least 3 independent donors. 

Uptake studies are representative of trials using at least 3 independent donors, with 

duplicates for each. For all studies, all data points were included in the analysis. Data are 

plotted with standard error. Significance was determined by ANOVA using GraphPad Prism. 

Asterisks indicate p values of: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. n.s. indicates 

“not significant”.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 - Reduction of leukocyte adhesion observed following pulsatile flow with (a) 200 nm, (b) 
500 nm, (c) 2 μm, (d) 3 μm, and (e) 5 μm targeted (sLeA) particles.
(*) indicates significant difference in leukocyte adhesion of targeted (sLeA) particles relative 

to particle-free blood, (p<0.05). Statistical analysis was performed Kruskal-Wallis with α = 

0.01. n ≥ 3 donors for each particle size and concentration. Error bars represent standard 

error.
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Figure 2 - Normalized Adhesion Ratio of Non-Targeted versus Targeted Particles.
(a) Example images of leukocyte and particle (2 μm,  1E8/mL  adhesion on a HUVEC 

monolayer. Ratio of leukocyte adhesion (Non-targeted over Targeted Particles) relative to 

particle-free blood for (b) 200 nm, (c) 500 nm, (d) 2 μm, (e) 3 μm, and (f) 5 μm targeted 

(sLeA) particles.
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Figure 3 - Particle reduction of leukocyte adhesion in pulsatile blood flow in 127 μm channel.

(a) Percent reduction in leukocyte adhesion to an inflamed endothelium in 127 μm channel 

following pulsatile blood flow with the addition of 500 nm targeted and non-targeted 

particles at varying concentrations. (b) Percent reduction in leukocyte adhesion to an 

inflamed endothelium in 127 μm channel following pulsatile blood flow with the addition 

2 μm targeted and non-targeted particles at varying concentrations. (*) indicates significant 

difference in leukocyte adhesion of targeted (sLeA) particles relative to particle-free blood, 

(#) indicates significant difference in leukocyte adhesion of non-targeted particles relative 

to particle-free blood, and (+) indicates significant difference between targeted and non-

targeted groups (p<0.05). Statistical analysis was performed using one-way ANOVA using 

GraphPad Prism software. n ≥ 3 donors for each particle size and concentration. Error bars 

represent standard error.
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Figure 4 - Impact of Particle Internalization on Leukocyte Adhesion in Pulsatile Flow.
(a) Leukocyte adhesion in whole blood following pulsatile flow at 1000s−1 shear over 

an activated HUVEC monolayer for 15 minutes for blood with carboxylated and sialyl 

Lewis A-conjugated 2 μm polystyrene particles at a concentration of 1E7/mL, normalized 

to the particle-free control. (b) Leukocyte adhesion in whole blood following pulsatile 

flow at 1000s−1 shear over an activated HUVEC monolayer for 15 minutes for blood 

with carboxylated and sialyl Lewis A-conjugated 500 nm polystyrene particles at a 

concentration of 6.4E8/mL, normalized to the particle-free control. (#) indicates a significant 

reduction from the particle-free control; (*) indicates a significant reduction between the 

‘non-incubated’ and ‘preincubated’ conditions for that particle type (p<0.05). n≥3 donors for 

each bar shown. Statistical analysis was performed using one-way ANOVA using GraphPad 

Prism software.
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Figure 5 - Impact of Particle Internalization on Neutrophil Expression of CD11b and CD62L.
(a) Fold change in CD11b expression over untreated for all neutrophils in whole blood 

exposed to carboxylated, PEGylated, and sialyl Lewis A-conjugated polystyrene particles. 

(b) Fold change in CD11b expression over untreated for particle-positive neutrophils 

in whole blood exposed to carboxylated, PEGylated, and sialyl Lewis A-conjugated 

polystyrene particles. (c) Fold decrese in CD62L expression over untreated for all 

neutrophils in whole blood exposed to carboxylated, PEGylated, and sialyl Lewis A-

conjugated polystyrene particles. (d) Fold decrease in CD62L expression over untreated for 

particle-positive neutrophils in whole blood exposed to carboxylated, PEGylated, and sialyl 

Lewis A-conjugated polystyrene particles. (#) indicates significant changes in expression 

from the untreated samples for each donor; (*) indicates significant differences in expression 

levels between particle treatment groups (p<0.05). Statistical analysis was performed with 

one-way ANOVA using GraphPad Prism software. n≥3 donors for each treatment, with 

duplicates for every donor.
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