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Neutrophils preferentially phagocytose elongated
particles—An opportunity for selective targeting

in acute inflammatory diseases
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Polymeric particles have recently been used to modulate the behavior ofimmune cells in the treatment of various
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inflammatory conditions. However, there is little understanding of how physical particle parameters affect their
specific interaction with different leukocyte subtypes. While particle shape is known to be a crucial factor in their
phagocytosis by macrophages, where elongated particles are reported to experience reduced uptake, it remains
unclear how shape influences phagocytosis by circulating phagocytes, including neutrophils that are the most
abundant leukocyte in human blood. In this study, we investigated the phagocytosis of rod-shaped polymeric
particles by human neutrophils relative to other leukocytes. In contrast to macrophages and other mononuclear
phagocytes, neutrophils were found to exhibit increased internalization of rods in ex vivo and in vivo experi-
mentation. This result suggests that alteration of particle shape can be used to selectively target neutrophils in

inflammatory pathologies where these cells play a substantial role.

INTRODUCTION

Neutrophils and monocytes are the most prominent phagocytes in
the bloodstream in humans, collectively comprising about 60 to
80% of blood leukocytes (1, 2), because of their essential role as our
body’s first defense against invading pathogens or responder in the
case of injury (3, 4). Furthermore, recent studies have demonstrated
that neutrophils are a significant contributor to the in vivo clear-
ance of intravenously injected particles (5, 6). However, neutrophils
and monocytes are increasingly negatively implicated in many hu-
man pathologies. For instance, neutrophils are vital contributors to
the severity of autoimmune diseases, such as antiphospholipid syn-
drome and multiple sclerosis (4, 7), sepsis (8), ischemic stroke (9),
and chronic inflammatory airway diseases (10). Excessive infiltra-
tion of neutrophils and increased neutrophilic inflammation (4, 10),
or their failure to be recruited to the infection site (8), are among the
main factors contributing to the severity of these disorders. Along-
side neutrophils, inflammatory monocytes also play a significant role
in autoimmune disorders, viral infections, and ischemia-reperfusion
injury (11). Thus, depletion of neutrophils and inflammatory mono-
cytes from the circulation has been investigated for reducing symptoms
for the conditions mentioned above (4, 10). Steroids, anti-inflammatory
agents, antibodies, and small interfering RNA delivery systems are
some of the approaches previously explored for this purpose (11, 12).
However, most of these systems either are complex with cytotoxicity
issues or have not been fully efficient in delivering a therapeutic
benefit (11, 13, 14).

Recently, researchers have introduced biodegradable particles for
targeting blood leukocytes as a strategy for the treatment of or to
control the severity of many of the inflammatory conditions men-
tioned above. As an example, biodegradable particles have been used
to modulate immune cells to reduce inflammation and disease symp-
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toms in lupus, spinal cord injury, and sepsis models (4, 15-17). How-
ever, we know little about the specificity of these systems for targeting
various leukocyte subpopulations. Despite their similarities, there have
been several reports on structural differences between the different
leukocyte subgroups, i.e., neutrophilic polymorphonuclear leukocytes
and mononuclear phagocytes (MNPs), which include monocytes, mac-
rophages, and dendritic cells (18). The differences in the monocyte
chemotactic responses and metabolic burst activity during phago-
cytosis, their higher level of expression of toll-like receptors, and their
capacity for cytokine production compared with neutrophils are among
the known differences (19). Some recent studies have also reported
differences between the interaction of particles with neutrophils com-
pared with other leukocytes. For example, Kelley et al. (20) recently
showed that the presence of poly(ethylene glycol) (PEG) chains on
polymeric particle surface increases their phagocytosis by primary
human neutrophils, which is the opposite of the observed trend for
other phagocytic cells such as macrophages and monocytes.

A compounding factor in our understanding of the interaction
of particulate carriers with leukocytes is the fact that most studies
have been either in vivo in mice or with immortalized mouse-derived
cells in culture, which may not fully capture the behavior of human
leukocytes. Furthermore, most of the available literature in this re-
gard have focused on the impact of spherical particle size and surface
chemistry on phagocytosis (21-24). To date, there is a limited un-
derstanding of how particle shape prescribes their interactions, i.e.,
phagocytosis and blood clearance, with circulating leukocytes (25)
despite a seminal paper by Mitragotri and co-workers (26) demon-
strating that macrophages do not successfully internalize microparticles
from their low curvature side (major axis). A few others validated
this finding that sufficiently elongated particles can avoid phagocytosis
by macrophages (27-29), leading to an increase in their in vivo circu-
lation time (30). However, considering the differences between the
neutrophils and mononuclear phagocytes discussed in the previous
paragraph, it remains unclear how neutrophils and other phagocyte
groups will internalize particles of varying shapes.

Here, we investigated the effect of particle aspect ratio (AR) on
phagocytosis by various human immune cell populations, including
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neutrophils, monocytes, and macrophages. We demonstrate that the
neutrophil response to alterations in the shape of particles is the
opposite of the prior observation for mononuclear phagocytes. While
rods exhibit reduced phagocytosis by macrophages, monocytes, and
dendritic cells, the association of neutrophils with particles signifi-
cantly increased for rod-shaped particles both in vitro and in vivo.
When particles were incubated in whole-blood samples, we found
that rods were selectively internalized by neutrophils, with up to
sevenfold increased association with neutrophils compared with
monocytes. The observed trend of increased phagocytosis of rods
by neutrophils was independent of the material type. Our results
demonstrate that altering the shape of the micro-/nanoparticles can
be used to selectively target the neutrophils for the treatment of the
different inflammatory conditions where the neutrophils are the key
controllers of the disorder.

RESULTS

Shape dependence of ex vivo uptake of polymeric particles
by circulating blood leukocytes

Commercial polystyrene particles of varying diameters (500 nm, 1 pm,
and 2 um) were stretched in a poly(vinyl alcohol) (PVA) film in an
oven using a syringe pump as previously described (31). The total
draw volume of the syringe pump was used to adjust the AR of the
particles, and ellipsoidal rods with ARs of 2, 4, and 6 were fabricated,
as shown in Fig. 1A. Table S1 shows the sizes of major and minor
axes of the particles measured from the scanning electron micros-
copy (SEM) images, which is in close agreement with the theoretical
dimensions of the particles in table S2, i.e., if they were perfect
spheroids.

Next, we evaluated the uptake by primary human neutrophils
of polystyrene particles of various ARs by incubating fluorescein-
labeled particles in whole blood for a 2-hour period. After gating for
singlets via flow cytometry, CD45- and CD11b-positive cells were

Spheres AR2 AR4

2 um

identified, and the neutrophil population was isolated using the
forward-scatter and side-scatter panels (fig. S1). The population of the
particle-positive cells in the system was quantified by identifying
the population of fluorescein isothiocyanate (FITC)-positive cells.

Figure 1B shows the uptake by primary human neutrophils of
2-um polystyrene spheres and rods of different ARs that were de-
rived from the 2-um spheres, i.e., having an equivalent spherical
diameter (ESD) of 2 pm. Unexpectedly, increasing the AR of these
particles increased their association with human neutrophils. How-
ever, the difference was only significant for AR6 rods, which had a
twofold higher uptake compared with spheres of the same volume.
Similar to the 2-um particles, human neutrophils internalized 1-um
and 500-nm ESD rods more than spheres of the same volume.
Moreover, the difference between the internalization of rods and
spheres was significant for all the ARs in the 1-um and 500-nm size
range. In particular, the 1-um AR2 particles exhibited a significant
twofold increase in uptake by neutrophils compared with the 1-um
spheres (Fig. 1C). The difference between rods and spheres increased
further for the AR4 and ARG rods having 1-um ESD, where they
respectively had five- and fourfold higher uptake than their spherical
counterparts. For 500-nm particles, the concentration of the parti-
cles in blood was increased 10 times compared with microparticles
to 10° particles/ml because of their minimal uptake in the lower con-
centration range (fig. S2). However, the folds that increase in uptake
relative to spheres of the 500-nm ESD rods were smaller compared
with the 1 um for the short rods, with AR2 and AR4 displaying only
a 1.5-fold increase in their uptake compared with the spheres. At
the largest AR of ARG, the 500-nm rods had a significant fivefold
increased uptake relative to their spherical counterparts.

Next, we measured the zeta potential of the spheres and AR6 rods
of different sizes to determine whether the increased neutrophil rod
uptake is linked to the particle surface charge. As shown in table S3,
both the rods and spheres were negatively charged, but with the rods
(~—25 mV) being slightly less negative than the spheres (~—40 mV).
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Fig. 1. Ex vivo uptake of particles of different ARs by primary human neutrophils. (A) SEM image of the polystyrene particles of different sizes and ARs fabricated via
the heat stretching technique in a PVA film. Scale bars, 1 um. (B to D) The percentage of primary human neutrophils in whole blood that uptake fluorescent polystyrene
particles with equivalent spherical diameters (ESDs) of (B) 2 um, (C) T um, and (D) 500 nm. The particle concentration in blood was set at 10 particles/ml for (B) and (C) and
at 10® particles/ml for (D). (E) Effect of shape on the uptake of poly(lactic-co-glycolic acid) (PLGA) microparticles by primary human neutrophils. The concentration of the
particles in blood was set at 5 x 10° particles/ml. One-way analysis of variance (ANOVA) with Tukey's posttest and confidence interval of 95% were used to analyze (B) to
(D). Each condition was replicated for at least three individual donors. Unpaired t test was used to analyze (E) (ns, P> 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).
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On the basis of the previous literature, the slightly lower zeta poten-
tial value of the rods should lead to decreased phagocytosis if the
surface charge is the dominating factor (32, 33), which is the oppo-
site of the trend observed here for their uptake by primary human
neutrophils. These zeta potential measurements, thus, confirm that
the observed difference in the uptake of rods and spheres by human
neutrophils is not a result of the difference in their surface charge.

To see whether the observed increased uptake of rods by neutro-
phils is valid for other materials, we investigated the uptake of
poly(lactic-co-glycolic acid) (PLGA) rods and spheres by primary
human neutrophils. Fluorescent (Cy5.5-loaded) spherical and rod-
shaped PLGA particles of 1.5 um ESD were fabricated via a two-step
emulsion solvent evaporation technique (fig. S3A), as previously
described (34). As with polystyrene particles, PLGA rods were taken
up by primary human neutrophils at a ~20% higher rate than that of
equivalent PLGA spheres (Fig. 1E). However, the differences be-
tween rods and spheres were not significant for PLGA particles due
to variation in the uptake levels for individual donors and, likely,
the heterogeneity in the PLGA particle size within a given sample.
Nevertheless, rods were consistently internalized more than spheres
for each donor (fig. S3B).

Next, we examined the uptake of the particles of different shapes
by monocytes and monocyte-derived cell lines. First, we evaluated
isolated primary human monocytes in plasma. Isolated monocytes
were used in this study because of the low population of the human
monocytes in whole blood compared with neutrophils and lack of a
specific monocyte marker. As represented in Fig. 2A, the isolated
human monocytes’ uptake of rods was not significantly different
from that of spheres. Conversely, for assays with cultured Tamm-
Horsfall Protein 1 (THP-1) monocytes, we find rods exhibited five-
and sixfold lower uptake than the spherical particles of the same
volume for the ESDs of 500 nm and 1 pm, respectively, which is the
opposite of the trend observed for neutrophils (Fig. 2B).

To determine whether the observed trend for human neutrophils
is species dependent, we investigated the uptake of AR6 rods and
spheres of different sizes by normal and inflamed mouse blood.
ARG rods were used in these experiments because of their consist-
ently higher uptake by primary human neutrophils compared with
the spheres across all the size ranges (Fig. 1, B to D). Neutrophils in
mouse blood were identified by gating out CD45-, CD11b-, and
Ly6G-positive cells. Particle-positive cells were quantified by gating
the population of the FITC-positive cells (fig. S4). Figure 3 shows
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that, independent of the mouse strains evaluated, rods of all differ-
ent sizes had a significantly higher uptake by neutrophils compared
with spheres. In the BALB/c mouse blood, 500-nm, 1-pm, and 2-pm
ARG6 rods had an approximately 1.5-fold higher uptake than spheres
(Fig. 3A). We observed the same trend for the experimental auto-
immune encephalomyelitis (EAE) model of the SJL/] mouse strain.
Because of the saturation of the EAE mice neutrophils by 2-pm par-
ticles at the 2-hour uptake point (fig. S5), we opted to investigate the
uptake at the 30-min time point. At the 30-min time point, EAE
neutrophils in blood internalized rods with ESDs of 500 nm, 1 um,
and 2 um at 7-, 7.5-, and 4-fold higher than the spheres of the same
volume, respectively, which was consistent with the trend observed
for the BALB/c mice and human neutrophils (Fig. 3B). Again, in
contrast to neutrophils, BALB/c mouse monocytes phagocytosed rods
at the same or lower level than the spheres of the same volume (Fig. 3A).
When we compare the uptake of the particles by neutrophils and
monocytes for BALB/c mice, we find that rods had 2.5-, 4.5-, and
7-fold higher association with neutrophils compared with mono-
cytes for the 500-nm, 1-um, and 2-pm particles, respectively. In the
EAE model, monocytes internalized rods higher than the spheres,
similar to neutrophils (Fig. 3B). However, a head-to-head comparison
between EAE mouse neutrophils and monocytes shows that neu-
trophils internalized rods by ~3.5-fold more than monocytes for
the 500-nm and 1-um particles. For the 2-um particles in EAE
mouse blood, however, rods were internalized at the same level by
both monocytes and neutrophils. These results demonstrate that
the rod shape, coupled with size, can be used to target neutrophils
in circulation selectively while keeping the respective uptake by
monocytes minimum.

Shape dependence of uptake of polymeric particles by

blood leukocytes in vivo

To confirm that the observed in vitro trends described above exist
in vivo, we investigated the uptake of particles by leukocytes in
BALB/c mice injected with either 500-nm polystyrene spheres or
ARG rods in vivo. We chose 500-nm particles and AR6 rods for
in vivo assays because of the maximum difference between the asso-
ciation of rods and spheres with neutrophils that was observed for
this size with in vitro assays, as represented in Fig. 1D. In addition,
there is more interest in the use of smaller-sized particles in clinical
trials because of the lower risk of inducing occlusion in smaller cap-
illaries. After particle injections, blood was drawn from the animals

3 B ..

— *kk

| — |
20+ BB Spheres
(3 Rods
104
ARG ARG
0-
$ &
6@‘\ N

Fig. 2. Shape dependence of phagocytosis by human monocytes. Uptake by (A) isolated human monocytes in plasma (n = 3 individual donors for each condition) of
polystyrene spheres or AR6 rods with an ESD of 1 um and (B) THP-1 monocytes in RPMI media of polystyrene spheres and AR6 rods with ESDs of 500 nm and 1 um. The
concentration of the cells and particles was set at 10° cells/ml and 107 particles/ml, respectively. An unpaired t test was used to analyze (A) and two-way ANOVA with
Bonferroni posttest for (B) (ns, P> 0.05; ***P < 0.001).
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via cardiac puncture 30 min after injection, and the association of
the particles with monocytes and neutrophils was evaluated via flow
cytometry. The in vivo results confirmed the observed ex vivo trend.
While there was not a significant difference between the uptake of
the rods and spheres by monocytes, mouse neutrophils in vivo pref-
erentially phagocytosed rods compared with the spheres. Specifically,
rods had threefold higher uptake than the spheres of the same volume
by mouse neutrophils in vivo (Fig. 4).

While a few studies have evaluated the circulation time and tissue
distribution of prolate rods in vivo in mice, none have done so in
parallel with the analysis of phagocytosis by blood leukocytes. Thus,
we analyzed the tissue distribution of the 500-nm spheres and AR6
rods at the 30-min postinjection time used for the in vivo uptake
studies. The results show a preferential accumulation of spheres in
the liver, while more rods were found in the spleen and lungs (fig. S6).
This particle tissue distribution pattern is consistent with the previous
studies where the increase in AR for nanoparticles was shown to
decrease their accumulation in the liver while increasing it in the
lungs and spleen for shorter time points (35, 36). Furthermore, the
lower accumulation of the rods in the liver and, thus, their increased
accumulation in other organs can be attributed to their lower up-
take by liver macrophages (27).

Competitive uptake of rods and spheres by neutrophils
Competitive uptake assays conducted with 2-um rods and spheres
also confirmed the preferential uptake of rods by human and mouse
neutrophils, i.e., spheres and rods, each with a different fluorescent
label, were simultaneously present in the sample at the same con-
centration. The AR6 rods were associated with human neutrophils
about threefold higher than the spheres of the same volume despite
both particle shapes being simultaneously available for cell eating
(Fig. 5A). Further analysis revealed that less than 10% of the human
neutrophils internalize only spheres, while approximately 35% of them
were associated with rods only. About 15% of the human neutrophils
internalized both rods and spheres simultaneously (Fig. 5B). The same
trend was observed for mouse neutrophils, where there were around
3.5-fold higher number of the neutrophils associated with the rods
compared with the spheres (Fig. 5C). In addition, only about 5% of
the mouse neutrophils internalized only spheres, while ~55% of the
cells only phagocytosed rods. About 15% of mouse neutrophils in-
ternalized both the rods and spheres (Fig. 5D).

The increased association of the neutrophils with the rods in the
competitive uptake assays was also confirmed via microscopy. As
shown in Fig. 5E, a higher number of rods were colocalized with the
human neutrophils compared with spheres. Quantification of the
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Fig. 3. Ex vivo uptake of rods and spheres in whole mouse blood. Uptake of polystyrene spheres and AR6 rods of different sizes by mouse neutrophils and monocytes in
blood obtained from (A) 6- to 8-week-old male BALB/c and (B) 9- to 11-week-old female experimental autoimmune encephalomyelitis (EAE) model of SJL/J. The concentration
of the particles in blood was set at 107 particles/ml. Two-way ANOVA with Bonferroni posttest was used for analyzing the data (ns, P> 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).
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Fig. 4. In vivo uptake of the 500nm polystyrene spheres and AR6 rods of the
same volume by mouse neutrophils and monocytes. Particles (5 x 10%) (either
rods or spheres) were injected into each animal, and the blood was drawn from the
animals 30 min after injection. Healthy 6- to 8-week-old male BLAB/c mice were
used for the invivo experiments. Two-way ANOVA with Bonferroni posttest was
used for analyzing the data (ns, P> 0.05; ***P < 0.001).

number of particles associated with cells in multiple images showed
that about 85% of spheres were free in the mixture without being
internalized by any cells. This number decreased to 60% for the rods,
which confirms the preferential association of the rods with neutrophils.
To summarize, the results here demonstrate that the preference of
neutrophils for internalizing rods remains valid even with both the
rods and the spheres present in the same sample.

Preferential uptake of rods is unique to neutrophils

The results presented in previous sections demonstrating the pref-
erential uptake of rods by blood neutrophils are unexpected and
counter the general understanding to date of the impact of shape on
particle phagocytosis and blood circulation in vivo. Several pub-
lished studies have demonstrated that rods are phagocytosed by
macrophages significantly less than their spherical counterparts
(26), and these observations were often projected to all leukocytes.
To confirm the unique observation that neutrophil’s preference for
rods is not an artifact of our system, we investigated the uptake of
particles of different shapes by the cells evaluated in prior publica-
tions, i.e., mouse and rat macrophages and dendritic cells.

Similar to prior publications, bone marrow-derived macrophages
evaluated in our system preferentially phagocytosed spheres. Spheres
were taken up six- and fivefold higher than AR6 rods of the same
volume, respectively, for particles with ESDs of 500 nm and 1 pm
(Fig. 6A). Similarly, rat alveolar macrophages also exhibited three-
and fivefold higher uptake of spheres than AR6 rods for particles with
ESDs of 500 nm and 1 pum, respectively (Fig. 6B). Because of the
minimal uptake of the 500-nm particles by the rat alveolar macro-
phages when at the same concentration as microparticles, the uptake
was not significantly different between rods and spheres for this
size. When the concentration of the 500-nm particles was increased
to 10° particles/ml and the concentration of the cells lowered to
10° cells/ml, the difference between the rods and spheres became
significant for the 500-nm particles as well. Spheres of this nanometer
size had 16-fold higher uptake by alveolar macrophages than the rods
of the same volume (fig. S7). Our results demonstrated that macro-
phages followed the same general observed trend of the preferential
uptake of the spheres reported in previous works, showing that

Safari et al., Sci. Adv. 2020; 6 : eaba1474 10 June 2020

phagocytosis of microparticles by macrophages can be inhibited by
using elongated particles.

The same trend of inhibited phagocytosis of rods was also ob-
served for dendritic cells. When the concentration of the particles
was fixed at 107 particles/ml, which is two times higher than the cell
concentration, 500-nm and 1-um spheres had 2.5- and 4-fold higher
uptake than the rods of the same volume, respectively (Fig. 6C), but
the difference was not significant for the 500-nm ESD. At the higher
concentration of 10® particles/ml, the difference between the uptake
of the 500-nm rods and spheres was shown to be significant, with
spheres exhibiting sevenfold higher uptake than the rods of the same
volume (Fig. 6D). To summarize, our results in this section show
that both macrophages and dendritic cells favorably phagocytosed
spheres compared with the high AR particles, following the same
trend as monocytes.

DISCUSSION

Our results here have demonstrated that, contrary to the trend observed
for mononuclear phagocytes, neutrophils preferentially phagocytose
rod-shaped particles. Increasing the AR of the particles increases
their association with and uptake by human and mouse neutrophils.
The observed trend remains valid when the competitive uptake of
the rods and spheres was investigated as well, where neutrophils
were favorably associated with the rods compared with the spheres.
In whole-blood samples, when both the neutrophils and monocytes
were present, the neutrophils significantly favored the rods com-
pared with monocytes.

The previously reported reduced internalization of the ellipsoidal
particles by macrophages was attributed to the energy requirement
for actin remodeling necessary for engulfment of the high AR particles
(28). Previous studies reported rods to have increased attachment to
macrophages, but the energy required for the actin remodeling limits
their internalization and phagocytosis rate (28). The observed dif-
ferences between the response of the neutrophils and MNP phago-
cyte groups might be attributed to the differences in their phagocytic
mechanisms. Neutrophils generally have higher mobility than the
other phagocytes, including both monocytes and macrophages (18).
It has also been shown that when engulfing untargeted microparticles,
the cellular pedestal of the neutrophils goes through protrusion in
the direction of the target in the initial phases of phagocytosis, which
shows their capability for remodeling their actin network during
phagocytosis (37, 38). The amount of cortical tension and viscosity
is an order of magnitude higher for macrophages compared with neu-
trophils. All these mentioned studies imply higher stiffness and lower
surface motility for macrophages compared with neutrophils (39).
Furthermore, in contrast to macrophages, phosphorylation of the frag-
ment crystallizable gamma receptor (FcyR) receptors is not essential
for the phagocytic activity of neutrophils (40). Thus, the increased
motility of the neutrophils compared with MNP phagocytes and the
nonnecessity of phosphorylation during phagocytosis likely translate
to their lower energy barrier for actin remodeling and engulfment of
the elongated particles compared with the other phagocyte groups.

Furthermore, phagocytosis is a two-step process consisting of the
attachment and internalization of the particles (24). The lower energy
barrier for the actin remodeling can change the rate-limiting step in
the phagocytosis process for the neutrophils. Once this energy barrier
for the actin remodeling is overcome, the extent of the phagocytosis
can be a consequence of the interplay between the attachment rate,
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Fig. 5. Competitive uptake of 2um spheres and AR6 rods by primary human and mouse neutrophils. The total population of the human neutrophils that were
(A) rod positive or sphere positive and (B) internalized only rods, spheres, or both rods and spheres. The total population of the mouse neutrophils that were (C) rod positive
or sphere positive or (D) internalized only rods, spheres, or both the rods and the spheres. (E) Fluorescence image representing the competitive uptake of the rods and
spheres by human neutrophils. The cells are red, and the particles are green. Two-micrometer spheres and AR6 rods of the same volume were used in all experiments
represented in the figures. One-way ANOVA with Tukey’s posttest was used to analyze (B) and (D), and unpaired t test was used to analyze (A) and (C) (ns, P> 0.05;

**P <0.01;***P < 0.001).

particle volume, and major axis size. As our results show, for the
size range studied in our work, increasing the size of the particles
increases their uptake by neutrophils for the matched concentration
of the particles in the blood, which is in line with the results of the
previous studies that have investigated the impact of size on phago-
cytosis of the particles by primary human neutrophils (20, 23). The

Safari et al., Sci. Adv. 2020; 6 : eaba1474 10 June 2020

previously reported higher attachment of the rods to the phagocytes
(28) and the increase in the major axis length by increasing the AR
of the particles may then explain the observed higher internalization
of the particles by neutrophils. However, the major axis length is not
the sole determining factor of the phagocytosis by neutrophils. The
AR6 500-nm rods and AR2 1-pm rods both have the same major
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Fig. 6. The shape dependence of the phagocytosis of polymeric particles by macrophages and dendritic cells. Uptake of the spherical and AR6 rod-shaped polystyrene
particles of different sizes by (A) mouse bone marrow-derived macrophages and (B) rat alveolar macrophages in RPMI media. The concentration of the particles was fixed
at 107 particles/ml, and the concentration of the cells was set at 5 x 10% and 107 cells/ml, respectively, for mouse bone marrow-derived and rat alveolar macrophages.
Uptake of rods and spheres of different sizes by mouse bone marrow-derived dendritic cells with the fixed particle concentration of (C) 10 particles/ml and (D) 10° particles/ml.
The concentration of the cells was fixed at 5 x 10° cells/ml. Two-way ANOVA with Bonferroni posttest was used for analyzing (A) to (C), and unpaired t test was used for

analyzing (D) (ns, P> 0.05; **P <0.01; ***P < 0.001).

axis length, but the uptake of the 500-nm rods (fig. S2) is signifi-
cantly lower than that of the 1-um rods (Fig. 1C) for the matched
concentration, possibly due to their smaller volume.

As discussed previously, targeting the neutrophils in different in-
flammatory conditions is a potential strategy for controlling the disease
and its progression (4, 15, 16). The results of this study show the spec-
ificity of rods to neutrophils, even in inflammatory conditions like
EAE, for particle sizes of 1 um or smaller. Previous works have also
demonstrated that optimization of the particle design parameters, like
hydrophobicity, to maximize their association with the neutrophils will
increase their therapeutic benefit as inflammation modulators (4, 16).
We posit that this observed desirability of the rods to get associated
by neutrophils can be used to specifically target neutrophils in disease
models where neutrophils are the key player while benefiting from
their reported prolonged circulation times and minimum uptake by
other phagocytes to increase their therapeutic efficacy.

In conclusion, our work has investigated the response of neutrophils
to variations in particle shape. This feature can be used to target neu-
trophils to reduce their trafficking to inflammation sites or to deliver
a specific drug to these cells. In future work, rod-shaped particles could
be used in various disease models where neutrophils are the key targets
to see whether the use of the elongated particles, which benefit from
increased association with neutrophils, can help to improve the treat-
ment status of these conditions. The future use of such particle shape-
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based targeting to neutrophils will require researchers to have easy ac-
cess to biocompatible and biodegradable, nonspherical particles, such
as the PLGA spheroids used here. Naturally occurring, rod-shaped par-
ticles like halloysite nanotubes can also be used in this regard (41).

MATERIALS AND METHODS

Experimental design

Our experiments were designed to investigate the effect of AR on the
association of the polymeric particles with different phagocyte groups.
Particles of different ARs were fabricated, and their association with
neutrophils, monocytes, macrophages, and dendritic cells were quan-
tified and compared to each other. The comparative uptake of the
particles of different shapes in whole-blood samples was evaluated
both ex vivo and in vivo. We compared the shape dependence of the
uptake for neutrophils and mononuclear phagocytes. All the human
donors for the experiments were healthy. The animal blood was col-
lected from both healthy and EAE model mice. In vivo experiments
were performed on healthy mice. All the experiments were replicated
at least three times.

Study approvals
Human blood from healthy donors was obtained via venipuncture per
a protocol approved by the University of Michigan Internal Review
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Board. A written consent was obtained from the individuals before
the blood draw.

Animal studies were conducted in accordance with National In-
stitutes of Health Guidelines for the Care and Use of Laboratory
Animals and approved by the Institutional Animal Care and Use Com-
mittee of the University of Michigan. All mice were housed under
specific pathogen—free conditions and maintained in the University
of Michigan in compliance with the University Committee on Use
and Care of Animal regulations.

Materials

Poly(pL-lactide-co-glycolide) (50:50) (inherent viscosity = 0.66 dl/g)
with carboxylic acid end groups were purchased from DURECT
Corporation (Cupertino, CA). Proteolipid protein (HSLGKWLGHPDKF)
(PLP139-151) was purchased from GenScript USA Inc. (Piscataway, NJ).
Cyanine 5.5 (Cy5.5) amine dye was purchased from Lumiprobe (Florida,
USA). Dichloromethane (DCM), chloroform, N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC), PVA, 2-mercaptoethanol,
and Trizma base were purchased from Sigma-Aldrich (St. Louis, MO).
N-hydro-xysuccinimide (NHS) was purchased from Thermo Fisher
Scientific (Waltham, MA). Fluoresbrite YG carboxylate microspheres
of different sizes were purchased from Polysciences (Warrington,
PA). Two-micrometer sky blue polystyrene carboxylate microspheres
were purchased from Spherotech (Lake Forest, IL). Granulocyte-
macrophage colony-stimulating factor (GM-CSF) was purchased from
PeproTech (Rocky Hill, NJ). Human monocyte isolation kit was pur-
chased from BioVision Incorporated (Milpitas, CA). Cell Dissociation
Buffer Enzyme-Free Hanks’-Based was purchased from Life Technol-
ogies (Carlsbad, CA). Mycobacterium tuberculosis H37Ra was pur-
chased from Difco (Detroit, MI). Sodium metaphosphate (SMP) was
purchased from Alfa Aesar (Haverhill, MA). Fetal bovine serum
(FBS) was purchased from Atlanta Biologicals (Flowery Branch, GA).
Anti-human CD45, anti-mouse/human CD11b, anti-mouse CD45,
anti-mouse Ly-6G, and anti-mouse Ly-6C antibodies were purchased
from BioLegend (San Diego, CA).

Fabrication of polystyrene rods

Polystyrene carboxylated microspheres were stretched into rods using
a previously described film stretching method (26). Briefly, 100 pl of
the original particle stock was added to 10 ml of 7% PV A and dried to
a film via overnight incubation at 45°C in a single-well Omni Tray.
After 24 hours, the dried film was peeled off the tray and cut into 3 x
1-cm pieces and stretched at 200°C using a syringe pump. The AR of
the particles was adjusted by changing the total draw volume of the
pump. The films were first washed by dissolving them in 70% isopro-
panol solution and then subsequently with water to remove the resid-
ual PVA. The particles were characterized via SEM imaging using a
JEOL JSM-7800FLV SEM microscope. The suspension of the particles
was dried on a glass stub and sputter coated with gold before the im-
aging. The size of the particles was measured using Image]J software.
The size is reported as the average of at least 50 measurements from
multiple images. For zeta potential measurements, particles were re-
suspended in deionized water (5 x 107 particles/ml for microparticles
and 5 x 10° particles/ml for nanoparticles), and the zeta potentials
were measured using a Malvern ZEN3600 Zetasizer.

Fabrication of the Cy5.5-loaded PLGA rods and spheres
Conjugates of PLGA and Cy5.5 amine dyes were fabricated using
EDC/NHS chemistry. Polymer (0.002 mmol) was dissolved in 5 ml
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of DCM in a 20-ml scintillation vial and mixed with 1.7 mg of EDC in
1 ml of DCM for 5 min. NHS (1.0 mg) in 0.5 ml of DCM was added
dropwise to the mixture and allowed to stir for 10 min. Last, 1.5 mg of
Cy5.5 amine dye in 1 ml of DCM was added to the mixture and stirred
overnight. The solution was purified using 3500-molecular weight
cutoff dialysis membrane in 4 liters of distilled water over 3 days.

Rod-shaped PLGA particles were fabricated by the modified two-
step emulsion solvent evaporation technique previously described
(34). Briefly, 25 mg of acid-terminated 50:50 PLGA polymer and
0.5 mg of Cy5.5-conjugated PLGA were dissolved in 10 ml of chlo-
roform. The oil phase was slowly injected into 50 ml of the water
phase containing 1% PV A and 3% SMP at pH 8.4 while being con-
tinuously stirred at 5500 rpm via a Caframo overhead mixer. The
emulsion was mixed for 15 min, and then 50 ml of the second step
water phase solution containing 5% PVA and 3% SMP at pH 8.4
was added to the mixture to induce a viscosity shock and enable
stretching of the droplets to rods. The emulsion was then stirred for
an additional 2 hours to allow the complete evaporation of the oil
phase and then centrifuged at 5500 rpm for 15 min to collect the
particles and washed twice with water afterward. The spherical par-
ticles of the same volume were fabricated via the same protocol and
replacing SMP in the water phases with 0.2% Trizma base. The par-
ticles were subsequently freeze dried using a Labconco lyophilizer
and stored at —20°C until usage.

Cell cultures

Rat alveolar macrophages (ATCC CRL2192) were bought from the
American Type Culture Collection (ATCC). Upon arrival, the fro-
zen cell vial was thawed and resuspended in 9.0 ml of macrophage
culture media (85% Ham’s F-12K medium with 2 mM L-glutamine
adjusted to contain 1.5 g/liter sodium bicarbonate, ATCC 30-2004)
containing 15% heat-inactivated FBS and centrifuged at 125¢ for
7 min. The supernatant was aspirated, and the cells were resuspended
in 15 ml of fresh warm media and transferred to a T75 culture flask
and incubated at 37°C and 5% CO,. The concentration of the cells
was counted each day, and when the concentration of the floating
cells reached 5 x 10° cells/ml, the cells were collected via trypsiniza-
tion and utilization of a cell scraper. The cell suspension was then
centrifuged at 125¢ for 7 min, reconstituted in fresh media to a con-
centration of 2 x 10° cells/ml, and transferred to a new flask. The
cell media were changed two times per week.

Human THP-1 monocytes were purchased from ATCC (ATCC
TIB-202). The frozen cells were thawed and added to 10 ml of warm
THP-1 media (ATCC formulated RPMI-1640 media with 10% FBS
and 0.05 mM mercaptoethanol). The cell suspension was then cen-
trifuged at 200g for 7 min to collect the cells. The media were aspi-
rated, and the cells were resuspended in 10 ml of fresh media and
transferred to a T75 flask and incubated at 37°C and 5% CO,. When
the concentration of the cells reached 10° cells/ml, the cells were cen-
trifuged, diluted to a concentration of 2 x 10° cells/ml, and trans-
ferred to new flasks. The media were refreshed three times per week.

Isolation of the bone marrow-derived macrophages

and dendritic cells

Macrophages and dendritic cells were generated as previously de-
scribed (42). Bone marrow cells were collected by flushing femurs
and tibias of mice. The cells were cultured in RPMI 1640 GlutaMAX
supplemented with 10% FBS and 1% penicillin-streptomycin. To
obtain macrophages, culturing media were further supplemented
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with either 20% L1929 conditioned media, and macrophages were
removed using Cell Dissociation Buffer Enzyme-Free Hanks’-Based.
To obtain dendritic cells, culture media were supplemented with
50 mM 2-mercaptoethanol and GM-CSF (20 ng/ml), and dendritic
cells were obtained from suspension.

In vitro uptake studies

Uptake studies were performed with the general protocol previously
described (20). For polystyrene whole-blood uptake studies, particles
were added to 100 pl of human or mouse blood (at a concentration
of 107 particles/ml unless specified) and incubated at 37°C and 5%
CO; for 2 hours. Competitive uptake studies were performed by in-
cubating the same concentration (5 x 10° particles/ml) of the 2-um
carboxylate polystyrene sky blue spheres and green rods of the same
volume in whole blood for 2 hours. For PLGA particles, the particle
concentration was set at 5 x 10 particles/ml, and the uptake time
was reduced to 30 min. The samples were then stained with CD45
and CD11b antibodies (human blood) or CD45, CD11b, ly6G, and
ly6C antibodies (mouse blood) for 30 min on ice. Afterward, 2 ml of
1x lyse-fix solution was added to each sample to lyse the red cells and
fix the white blood cells and incubated with the samples for 1 hour at
room temperature. The samples were then centrifuged at 500g for
5 min and washed with fluorescence-activated cell sorting (FACS)
buffer (1x PBS + 2% FBS) three times. The percentage of the particle-
positive cells in each sample was quantified via flow cytometry. For
imaging the competitive uptake assays, 2-um spheres and AR6 rods
of the same concentration (10’ particles/ml) were added to the same
sample, and the uptake assays were done as previously described.
The cells were stained with phycoerythrin (PE) anti-human CD45
antibody, and the particles within the cells were visualized via an
inverted Nikon fluorescence microscope.

Human plasma was obtained by centrifuging whole blood at
2250g for 20 min. Human monocytes were isolated from whole
blood using a human monocyte isolation kit and reconstituted in
plasma to a concentration of 10” cells/ml and used for uptake studies
with the protocol described below.

For macrophages, THP-1 monocytes, and dendritic cells, the
cells were reconstituted in RPMI 1640 media at a concentration of
107 cells/ml for bone marrow—derived macrophages and 5 x 10° cells/
ml for THP-1 monocytes, rat alveolar macrophages, and dendritic
cells. One hundred microliters of the cell suspensions was added to
each well of a 96-well plate and incubated with particles (107 particles/
ml unless specified) for 2 hours. For macrophages, the cells were incu-
bated in the plates for 30 min before adding the particles to allow their
adherence to the plate. After 2 hours, the macrophages and dendritic
cells were detached respectively with trypsin or 1x versene solution.
The cells were removed from the wells and transferred to 5-ml Falcon
tubes. The samples were then fixed using 2 ml of 4% paraformalde-
hyde solution for 1 hour. Afterward, the samples were washed three
times using FACS buffer at 500¢ for 5 min and run on a flow cytome-
ter to check their association with particles.

Mouse immunization

Female SJL/] mice were purchased from Envigo. Peptide-induced
EAE was induced in SJL/] mice as previously reported (43). Eight- to
10-week-old female mice were immunized subcutaneously at three spots
on the flank with 100 ul of an emulsion of PLP peptide in complete
Freund’s adjuvant (CFA) containing 200 pg of M. tuberculosis H37Ra. Pe-
ripheral blood was collected from EAE mice 9 days after immunization.
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In vivo uptake studies

Six- to 8-week-old male BALB/c mice were used in the in vivo assays.
For the in vivo uptake studies, 1.5 x 10° particles were resuspended in
100 pl of PBS and injected a using tail vein catheter. Thirty minutes
after injection, the animals were euthanized, and their blood was drawn
into heparin-containing syringes using cardiac punctures. The blood
samples were then stained using anti-mouse CD45, anti-mouse/human
CD11b, anti-mouse Ly-6G, and anti-mouse Ly-6C for 30 min on ice.
Afterward, the samples were lyse fixed and centrifuged at 500g for
5 min. The pellet was collected and subsequently washed twice with
FACS buffer and ran on a flow cytometer to quantify the uptake of
the particles by neutrophils and monocytes. Each condition was re-
peated for five individual animals.

In vivo biodistribution studies

Male BALB/c mice (6 to 8 weeks old) were used in the biodistribu-
tion studies. Briefly, 100 ul of 500-nm sky blue polystyrene spheres
or ARG rods of the same volume in PBS was intravenously injected
using a tail vein catheter (1.5 x 10° particles/ml). Thirty minutes after
injection, the animals were euthanized, and different organs were re-
moved. The animal blood was collected via cardiac puncture. Whole-
organ scans were performed via an Odyssey CLx Infrared Imaging
System (LI-COR) using the 700-nm channel. Total fluorescence in
each organ was quantified using Image Studio Software. Untreated
organs were used as a background, and their signal was subtracted
from the signal of each organ. The fluorescence signal in all organs of
each animal was quantified, and the percentage of injected dosage
(ID%) in each organ was quantified via dividing its signal by the total
fluorescence signal. The individual organs were weighed, and the data
were reported as the %ID per gram of each of the organs.

Statistical analysis

Statistical analysis of the data was performed using GraphPad Prism.
Each data point was replicated for at least n = 3. Depending on the
sets of the data, unpaired f test, one-way analysis of variance (ANOVA)
with Tukey’s posttest (95% confidence interval), or two-way ANOVA
with Bonferroni posttests were used to compare the significance of
different points.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/24/eaba1474/DC1

View/request a protocol for this paper from Bio-protocol.
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