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Abstract

Macrophage uptake of nanoparticles is highly dependent on the physicochemical characteristics 

of those nanoparticles. Here, we have created a collection of lipid-polymer nanoparticles (LPNPs) 

varying in size, stiffness, and lipid makeup to determine the effects of these factors on uptake in 

murine bone marrow-derived macrophages. The LPNPs varied in diameter from 232 to 812 nm, 

in storage modulus from 21.2 to 287 kPa, and in phosphatidylserine content from 0 to 20%. Stiff, 

large nanoparticles with a coating containing phosphatidylserine were taken up by macrophages 

to a much higher degree than any other formulation (between 9.3× and 166× higher than other 

LPNPs). LPNPs with phosphatidylserine were taken up most by M2-polarized macrophages, while 

those without were taken up most by M1-polarized macrophages. Differences in total LPNP 

uptake were not dependent on endocytosis pathway(s) other than phagocytosis. This work acts as a 

basis for understanding how the interactions between nanoparticle physicochemical characteristics 

may act synergistically to facilitate particle uptake.
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1. INTRODUCTION

Nanoparticles used as vehicles for drug delivery are a popular area of study due to their 

improved targeting of cells or tissues of interest, increased circulation times, and decreased 

off-target effects compared to drugs alone.1–5 However, most of the first-generation 

nanoparticle carriers on the market were chosen because they are inert vessels for housing 

the drugs of interest.6 Research is now being conducted on how active targeting strategies 

and the underlying physical characteristics of nanoparticles can play a role in their uptake by 

cells.7,8 We are interested in how the nanoparticle physicochemical properties can be chosen 

to maximize uptake for future drug delivery applications.

A cell type that can be readily targeted with nanoparticles to ameliorate symptoms in a 

variety of conditions, like cancer and chronic inflammatory diseases, is the macrophage.9,10 

Macrophages are responsible for disease progression and severity in chronic autoimmune 

diseases like rheumatoid arthritis, systemic lupus erythematosus, and type 1 diabetes 

mellitus, so they are a good therapeutic target.11–15 Macrophages also readily endocytose 

nano- and microparticles, making targeting them easier than many other cell types.

In a healthy individual, over one billion apoptotic cells are cleared every day by the immune 

system, primarily by macrophages and dendritic cells.16 One way in which macrophages 

can target apoptotic cells is through “eat me” signals like phosphatidylserine (PS). PS is a 

phospholipid that is sequestered in the inner cell membrane leaflet in a living cell. When 

that cell undergoes apoptosis, the membrane loses its anisotropy, revealing PS on its surface. 

Macrophages have a variety of PS receptors on their surfaces that can bind with PS to clear 

apoptotic cells from circulation.17 When macrophages endocytose cells after recognizing 

PS on their surface, they take on a more anti-inflammatory phenotype. This includes an 

increase in release of anti-inflammatory molecules like TGF-β and IL-10 and a decrease 

in production of pro-inflammatory molecules like TNF-α and IL-1β through activation of 

PPARγ and regulation of NF-κB.18 We can exploit the native clearance of apoptotic cells 
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by adding PS to the surface of nanoparticles to target macrophages for the treatment of 

inflammatory conditions. This can act as both a targeting molecule and a primer for the 

anti-inflammatory cascade when paired with anti-inflammatory cargo.

Previously, we have designed an apoptotic body mimicking nanoparticle to reduce pro-

inflammatory polarization of macrophages through presentation of PS-containing cell 

membranes on the surface of polymeric nanoparticles.19,20 These nanoparticles reduced 

inflammation, but we are now interested in how their underlying physical characteristics 

could be tuned to further improve their uptake. These findings could be used in combination 

with anti-inflammatory drugs to provide the best treatment for chronic inflammatory 

conditions through targeted delivery to macrophages.

Nanoparticle properties can also affect macrophages’ ability to endocytose nanoparticles 

through different pathways. Studies modulating one property at a time (i.e., surface coating, 

size, or stiffness) indicate that nanoparticles with PS,21–24 stiffer nanoparticles,25–29 and 

larger nanoparticles30–32 tend to be taken up faster and to a higher degree than those 

without PS, those that are softer, and those that are smaller. However, the impact of the 

interactions among these characteristics on macrophage uptake has not been widely studied. 

The literature also shows that the pathway by which macrophages take up nanoparticles 

is dependent upon these characteristics. Endocytosis pathways have been determined to 

be size-,33,34 stiffness-,27,35 and ligand-dependent.36,37 We aim to design an array of 

nanoparticles that can be tuned in these three dimensions while keeping other characteristics, 

such as ζ-potential, base material, and morphology consistent. In this study, we use a 

polymeric nanoparticle core that can be easily tuned in size and stiffness with a lipid coating 

that can mimic the surface of a living or apoptotic cell.

2. MATERIALS AND METHODS

2.1. Materials.

Cyclohexane, poly(ethylene glycol) diacrylate (MW 700 Da) (PEGDA), 2-carboxyethyl 

acrylate (CEA), 2-hydroxy-2-methylpropiophenone (HMP), 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate (DiI), fetal bovine serum, Span 80, Tween 80, 

cytochalasin D, 5-(N-ethyl-N-isopropyl)amiloride, and ES9–17 were purchased from Sigma-

Aldrich. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), and 1,2-

dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) were purchased from Avanti Polar Lipids. 

Repligen Biotech CE Dialysis Membrane (MWCO 300 kDa) was purchased from Spectrum 

Chemical. Female FVBn mice were purchased from Charles River Laboratories. RPMI 1640 

with L-glutamine was purchased from Caisson Laboratories. Penicillin-streptomycin was 

purchased from Thermo Fisher.

2.2. Cell Culture.

Bone marrow-derived macrophages (BMDMs) were isolated and cultured as previously 

described.38 Briefly, the hindlimbs of a female FVBn mouse were extracted. Bone marrow 

was flushed out of the shafts of the bones using sterile phosphate-buffered saline (PBS). The 
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cells were centrifuged, resuspended in media (RPMI 1640 medium + 10% heat-inactivated 

fetal bovine serum + 100 U/mL penicillin + 100 μg/mL streptomycin), and strained to 

remove any bone fragments. The cells were counted using a hemocytometer and adjusted to 

a concentration of 1 million cells/mL. Macrophage colony-stimulating factor (MCSF) was 

added to a final concentration of 10 ng/mL. Cells were plated and grown for 7 days with 

media changes on days 3, 5, and 7 to differentiate the cells to macrophages. Experiments 

were performed beginning on day 7.

2.3. Nanoparticle Core Synthesis.

Polymeric nanoparticle cores were synthesized through a water-in-oil emulsion templating 

technique modified from a previously described protocol.25 Briefly, 1 mL of an aqueous 

phase of water, PEGDA, and CEA was added into 15 mL of cyclohexane with 300 mg of 

Span 80 and 100 mg of Tween 80 as emulsifiers while stirring. PEGDA was chosen as the 

main polymer due to its ability to cross-link via free radical polymerization and its wide 

range in elastic modulus. CEA was added to stabilize charge within the nanoparticles and 

improve precipitation into cold ethanol when necessary.39 Soft nanoparticles were produced 

with 10% PEGDA and 1% CEA and stiff nanoparticles were produced with 40% PEGDA 

and 1% CEA. The emulsion was stirred for 5 min before being sonicated for 2 min to 

reduce the emulsion droplet size. If needed, multiple emulsions were pooled together into 

one round-bottom flask to increase the number of nanoparticles produced. HMP was added 

as a photoinitiator at a ratio of 5 μL/mL of emulsion. Oxygen was purged from the emulsion 

using nitrogen for 30 min then the emulsion was ultraviolet (UV) (λ = 365 nm) exposed 

for 15 min to cross-link the nanoparticles. The emulsion was stirred for an additional 1 

h to ensure complete polymerization via free radical formation. The nanoparticles were 

washed 3× by mixing the emulsion with an equal volume of cold ethanol and centrifuging at 

10,000g for 10 min at 8 °C. The final pellet was resuspended in water and dialyzed against 

water for 2 days to remove any excess ethanol, cyclohexane, or surfactants.

The resulting purified nanoparticles were separated based on size using differential 

centrifugation. Nanoparticles were centrifuged for 20 min at 1000g. The pellet was 

resuspended in water, and the supernatant was centrifuged at 5000g. This process of 

separating the pellet and supernatant and centrifuging the supernatant at a higher speed 

was repeated for 10,000, 15,000, and 20,000g. Each pellet was washed with water and 

centrifuged again at the same speed to remove any smaller nanoparticle contaminants.

2.4. Lipid-Polymer Nanoparticle Production.

Polymeric nanoparticle cores were coated in lipids using thin film hydration and sonication. 

Lipids dissolved in chloroform, either DPPC/DOPC/DiI 50/50/0.1 or DPPC/DOPC/DOTAP/

DOPS/DiI 50/6-9/21-24/20/0.1, were dried into a thin film on a round-bottomed flask using 

a rotary evaporator. The amounts of DOTAP and DOPC were varied from batch to batch 

to produce a neutral liposome. The films were stored under a vacuum overnight to ensure 

complete removal of chloroform. The films were dissolved in water to 2 mg/mL at 55 °C 

for 30 min while rotating to form large multilamellar vesicles (LMVs). The LMVs were 

sonicated for 4 min at room temperature, rested for 2 min on ice, and then repeated for a 

total of 4 rounds to form small unilamellar vesicles (SUVs). The SUVs were centrifuged 
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for 3 min at 10,000g to pellet and remove any titanium contamination from the sonic 

probe. Nanoparticle cores were coated by mixing with SUVs at a ratio of 1.25 mg lipid/

7300 mm2 total nanoparticle core surface area. This corresponds to 1.25 mg lipid/1011 

smallest cores (St-S). The SUV/core mixtures were shaken at room temperature at 500 

rpm overnight to facilitate coating. The coated nanoparticles were separated from excess 

SUVs by centrifuging at 20,000g for 20 min and washing 1× in water. The lipid-polymer 

nanoparticles (LPNPs) were then resuspended in water.

2.5. Nanoparticle Characterization.

The storage and loss moduli of the bulk PEGDA hydrogels were measured via rheometry. A 

mixture of 10 or 40% PEGDA, 1% CEA, and 1% HMP in water was added to a PDMS mold 

and UV-exposed for 30 min to cross-link the hydrogels. The hydrogels were hydrated in 

water overnight, cut into 8 mm × 1 mm cylinders, and measured on an Anton Paar Physica 

MCR 101 rheometer with a parallel plate geometry at 0.1% strain.

Nanoparticle size and ζ-potential were measured using a Malvern Zetasizer Nano ZS. 

Z-average diameter was reported for nanoparticle size. Size and ζ-potential measurements 

were run in triplicate. Nanoparticle concentration and scattered light intensity were 

measured by using Nanoparticle Tracking Analysis (NTA) on a Malvern NanoSight NS300. 

Five 20 s videos were analyzed for each sample to determine the concentration of 

nanoparticles. A separate set of five 20 s videos with the incident light intensity held 

constant were analyzed to measure the intensity of the light scattered by the nanoparticles 

to compare nanoparticle densities. Images of the nanoparticles were taken using an FEI 

Tecnai transmission electron microscope at 80 kV. Carbon-coated copper grids (Electron 

Microscopy Science) were plasma treated before the addition of the sample and then stained 

with 2% uranyl acetate.

2.6. Nanoparticle Uptake.

LPNPs were added to the BMDM culture at a surface area of 6500 mm2/mL, which 

corresponds approximately to a maximum concentration of 4 × 1010 particles/mL for 

the smallest LPNP formulation (PS-St-S). Equivalent surface area was calculated using 

dynamic light scattering (DLS) Z-average diameter (d) and NTA concentration (LPNP 

Number/Volume) using the following equation

surface area
volume = LPNP number

volume × πd2

(1)

After 4–24 h, the media was removed, and the cells were washed with PBS 2 times to 

remove unbound LPNPs before replacing with fresh media. The cells were imaged at 

20× magnification with an Incucyte S3 Live Cell Analysis Instrument (Sartorius). The 

phase contrast and red fluorescent channels were used to measure the cells and LPNPs, 

respectively. Nine images/well with three wells/LPNP conditions were taken. The Incucyte 

software was used to measure cell confluence and fluorescence intensity within the cells 
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from the phase contrast and red channels, respectively. For PS-St-L LPNPs measured over 

time, relative uptake compared to 0 h was calculated as follows

uptakerel.t0 =
integrated red intensity

phase area
integrated red intensity

phase area t0

(2)

For experiments with all 8 LPNPs at 12 h, baseline fluorescence of BMDMs without LPNPs 

was subtracted from all values. Total fluorescence of the LPNP-containing media was 

measured by using a BioTek Cytation 3 microplate reader. Relative uptake across LPNPs 

was calculated as follows

uptakerel.LPNP =
integrated red intensity ÷ phase area

total LPNP red intensity
integrated red intensity ÷ phase area

total LPNP red intensity maxLPNP

(3)

2.7. Uptake by Polarized Macrophages.

BMDMs were polarized with 50 ng/mL LPS (M1) or 20 ng/mL IL-4 (M2) for 24 h. LPNPs 

were then added for 12 h before being washed with PBS and imaged using the Incucyte S3. 

Relative uptake across-polarizations within each LPNP was calculated as follows

uptakerel.M0 =
integrated red intensity

phase area
integrated red intensity

phase area M0

(4)

2.8. Endocytosis Inhibition.

Cytochalasin D (cytoD), 5-(N-ethyl-N-isopropyl)amiloride (EIPA), and ES9–17 were added 

to a BMDM culture for 30 min to inhibit different endocytosis pathways (Table 1). LPNPs 

were added to the culture at a surface area of 6500 mm2/mL along with the inhibitors. After 

12 h, the BMDMs were washed twice with PBS and imaged using the Incucyte S3. The 

cell confluence and red fluorescence intensity were measured on Incucyte software. Percent 

uptake with each inhibitor was found as follows

percent uptake =
integrated red intensity

phase area inhibitor
integrated red intensity

phase area no inhibitor

× 100%

(5)
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A decrease below 100% for an inhibitor and LPNP combination indicates use of that 

pathway in endocytosing the LPNP formulation. Results indicate the average of two 

experiments pooled together with three biological replicates per experiment.

2.9. Endocytosis Inhibition at Earlier Time Point.

BMDMs were plated on a 24-well glass-like polymer cell culture plate. After 7 days, 

BMDMs were pretreated with inhibitors for 30 min before adding LPNPs. After 4 h, 

inhibitors and LPNPs were removed, and cells were fixed with 4% formaldehyde for 15 

min. The cells were stored in PBS under refrigeration and then imaged on a Nikon W1 

spinning disk confocal microscope. Brightfield and red fluorescence images were taken 

at 20× magnification to visualize the cells and LPNPs, respectively. Ten images per well 

were taken. Fluorescence of LPNPs in each image was quantified using ImageJ. The 

background of each image was removed by auto thresholding using the triangle algorithm. 

The integrated intensity within each cell was measured using Analyze Particles and the 

integrated intensity was totaled for each image and then averaged across each well. Standard 

deviations are across technical replicates within one biological replicate.

2.10. Statistical Analysis.

Quantitative data is reported as mean ± standard deviation. Rheometry quantification was 

assessed with t tests, while the differences between all nanoparticles in other experiments 

were assessed with ANOVA. When appropriate, the ANOVA was followed by post hoc 

analysis using Tukey HSD. Reported significant results are at p < 0.05 unless otherwise 

noted. Statistical analysis was performed in R.

3. RESULTS AND DISCUSSION

3.1. Polymeric Nanoparticle Core Stiffness Is Modulated by Adjusting Polymer Fraction in 
Emulsion.

Nanoparticle cores were fabricated by using a water-in-oil emulsion technique, where the 

percent of PEGDA in the aqueous phase altered the stiffness of the nanoparticle (Figure 1A). 

An emulsion templating technique was chosen for its ability to vary the density of polymer 

within each nanoparticle while keeping the size fixed, based upon the initial emulsion 

droplet size. To understand how polymer density affects the stiffness of PEGDA-based 

hydrogels, we measured the moduli of macroscopic hydrogels with the same makeup as 

their nanoparticle counterparts. Storage and loss moduli of bulk PEGDA hydrogels were 

measured using a rheometer with a parallel plate geometry. Hydrogels with 10% PEGDA 

had storage and loss moduli of 21.2 and 1.62 kPa, respectively, while hydrogels with 40% 

PEGDA had storage and loss moduli of 287 and 49.5 kPa, respectively. This equates to the 

storage moduli of the 40% PEGDA hydrogels being 13.5 times higher than those made with 

10% PEGDA (Figure 1B).

Direct measurements of nanoparticle stiffness using atomic force microscopy (AFM) 

were not performed due to the challenges and technical error associated with performing 

AFM on hydrogel nanoparticles.40–42 However, nanoparticles made with 40% PEGDA 

scattered light at a significantly higher intensity than those made with 10% PEGDA, 
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as measured using NTA, indicating a higher density of the polymer (Figure 1C). The 

refractive index of PEGDA hydrogels and therefore their ability to scatter light increases 

with increasing polymer concentration.43 These results, along with qualitative differences 

seen in the transmission electron microscopy (TEM) images, provide confidence that the two 

nanoparticle stiffnesses chosen are significantly different from each other in the absence of 

a direct measure of nanoparticle stiffness. These formulations were labeled as “soft/So” and 

“stiff/St” for 10 and 40% PEGDA, respectively.

3.2. Differential Centrifugation Separates Polymeric Nanoparticle Cores by Size.

Despite the emulsion template providing consistency across stiffnesses, the nanoparticle 

cores within one batch were relatively polydisperse in size. To separate these nanoparticles 

into different size fractions, the nanoparticle cores were centrifuged at increasing speeds 

to pellet decreasing sized nanoparticles. Nanoparticle cores spun down at 5000g resulted 

in diameters of 517.9 and 443.6 nm for soft and stiff, while those spun down at 20,000g 
resulted in diameters of 206.8 and 152.1 nm for soft and stiff (Figure 2A and Table 2). 

The polydispersity index (PdI) for each nanoparticle core was low (0.203 or less), indicating 

monodisperse size fractions.44 Soft nanoparticles spun down at 5000g were 2.5× larger in 

diameter than those spun down at 20,000g while stiff nanoparticles spun down at 5000g 
were 2.9× larger in diameter than those spun down at 20,000g. Nanoparticles in the 1000g 
fraction were discarded because of the high concentration of microscale aggregates, while 

those in the 10,000g and 15,000g fractions were of intermediate size and not used for any 

further experiments. Both the centrifugation speed and stiffness significantly impacted the 

resulting size of the nanoparticle cores. Each core composition is significantly different in 

size than all others; however, the impact of speed is much greater than that of stiffness. 

These nanoparticle core fractions were labeled as “large/L” and “small/S” for 5000g and 

20,000g fractions, respectively. The ζ-potentials of all nanoparticle cores were between 

−35.6 and −39.5 mV, regardless of core stiffness or size (Figure 2B). Separation of 

nanoparticle cores by size was confirmed by TEM (Figures 2C and S1). Large differences 

in TEM size between soft and stiff cores are thought to be largely an artifact due to drying, 

exaggerating the small differences in diameter between stiffnesses measured using DLS.

3.3. Polymeric Nanoparticle Cores Are Coated in SUVs to Form LPNPs.

LPNPs were formed by producing SUVs with PS (“PS”: DPPC/DOPC/DOTAP/DOPS/DiI 

50/6–9/21–24/20/0.1) and without PS (“PC”: DPPC/DOPC/DiI 50/50/0.1) and mixing with 

each nanoparticle core separately (Figure 3A). DOPC and DPPC were chosen as filler 

lipids due to their abundance in the cell membrane and their neutral charge. Unsaturated 

lipids (DOPC, DOPS, and DOTAP) were chosen for their fluidity and low elastic moduli, 

while saturated lipids (DPPC) were chosen to give the coatings structure. A ratio of 1:1 

for unsaturated/saturated lipids was chosen empirically to balance the advantages of each. 

Since DOPS is negatively charged like the polymeric cores, SUVs made of DOPC + DPPC 

+ DOPS did not coat the cores effectively, likely due to repulsive electrostatic forces. 

Positively charged DOTAP was added to neutralize the charge of the PS-containing SUV to 

provide a better coating and to mimic the ζ-potential of the PC SUVs. With the inclusion of 

both DOPS and DOTAP, small changes in the makeup of the PS SUVs would result in large 

shifts in ζ-potential from negative to positive charge. Obtaining a PS SUV with a ζ-potential 
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as neutral as that of the PC SUV was not possible, explaining the small difference in 

ζ-potential between the two chosen SUVs. A slightly larger and variable percent of DOTAP 

(21–24%) compared to DOPS (20%) was used in the PS SUVs to produce SUVs with 

as neutral a charge as possible, which was not achieved with equal amounts of each. The 

amount of DOTAP added was adjusted due to batch variability in purchased stocks of lipids. 

DOPC was varied with DOTAP to keep the saturated:unsaturated lipid ratio consistent.

The PS and PC SUVs were 64.0 and 52.8 nm in diameter, respectively (Figures 3B and 

S2A). The ζ-potentials were 14.2 and 7.3 mV for PS and PC SUVs, respectively (Figures 

3C and S2B). The small size of the SUVs imparted a drastic curvature of their surfaces, 

making them less stable and more likely to fuse and reform around the nanoparticle cores. 

An equivalent surface area of each nanoparticle core was coated in lipid to coat all cores as 

evenly as possible.

Coating the nanoparticle cores in SUVs resulted in an increase in the diameter of the 

nanoparticles and an increase in the ζ-potential toward the weakly positively charged 

ζ-potential of the SUVs, as is demonstrated with PS-St-L LPNPs (Figure 3B–C). 

The opposing charges of the cores and SUVs facilitated coating through electrostatic 

interactions. TEM images show that this coating was multilamellar and bleb-like at times, 

resembling a blebbing apoptotic body (Figure 3D).

For all formulations except PS-So-L, the final LPNPs were significantly larger in diameter 

and more positive in ζ-potential than their cores (Figure S2). Within the final collection 

of LPNPs, there were no differences within each size group, with PC-St-L being the only 

large LPNP not significantly larger than its small counterpart (Figure 4A and Table 3). 

Soft LPNPs tended to have a higher PdI than stiff LPNPs, indicating a wider range of 

diameters within each soft LPNP sample. The ζ-potentials of all LPNPs were close to 

neutral, ranging from −6.3 to 11.6 mV (Figure 4B). PS and stiff characteristics caused a 

slight increase in the ζ-potential over PC and soft characteristics. However, nanoparticles 

are considered neutral between −10 and +10 mV, which is approximately the range of the 

LPNPs.45 The standard deviations of all LPNP ζ-potentials were large, indicating substantial 

batch-to-batch variation of LPNPs. Due to the consistency of the sizes and ζ-potentials 

of the cores and the SUVs, this variability comes from the coating process itself. We 

theorize that the differences in ζ-potential between PS-St and PS-So LPNPs are due to 

the arrangement of lipids within the coatings. In the PS-St LPNPs, the final ζ-potentials 

mimic those of SUVs used to coat the stiff cores. However, in the PS-So LPNPs, the final 

ζ-potentials are more neutral, indicating that more of the negatively charged DOPS is being 

presented on the surface of the LPNPs compared to positively charged DOTAP. This is either 

caused by or responsible for the aggregation/layering of lipid on the surface of the PS-So 

LPNPs, increasing their diameters slightly.

TEM images of each LPNP show the presence of lipid on the polymer core surfaces (Figures 

4C and S3–S4). This lipid coating occasionally surrounded multiple cores into one large 

aggregate (PC-St-L) but was often one core surrounded by a multilamellar lipid structure 

created by the fusing of small SUVs together on the surface of the core. Aggregation and 
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multilamellar coating account for the increase in size following coating seen in Figure 4A 

that is greater than the ~10 nm increase that would indicate coating in a single lipid bilayer.

Thin-layer chromatographs stained with ninhydrin for DOPS and sulfuric acid for DOPC, 

DOTAP, and DOPS show that the lipids contained in both SUVs were present on the 

surfaces of their corresponding final LPNPs (Figures 4D and S5). DiI is also visible in 

the ninhydrin-stained chromatograph, but this is due to the visible pink band of the DiI 

and not staining with ninhydrin. PC-coated LPNPs stain darker with sulfuric acid for 

DOPC, corresponding to the higher fraction of DOPC in their coating than the PS-coated 

LPNPs. The 8 LPNPs produced (Table 4) were then used to understand the impact of their 

physicochemical characteristics on uptake by macrophages.

3.4. LPNP Uptake Increases over Time while Cell Confluency Decreases.

BMDMs were plated in 96-well plates and differentiated for 7 days. To determine the ideal 

time point to compare uptake, PS-St-L LPNPs were given to BMDMs and uptake and cell 

confluence were measured at 4, 8, 12, and 24 h (Figure 5A). There was a steady decrease 

in the confluence of the BMDMs over time both with (PS-St-L) and without (control) 

the inclusion of LPNPs (Figure 5B). There was no significant difference in confluence 

between PS-St-L and control. Uptake of PS-St-L LPNPs relative to background fluorescence 

increases significantly over control fluorescence at 12 and 24 h (Figure 5C). This data was 

fit using the Boltzmann sigmoid function.

Final uptake experiments were conducted at 12 h because this time point balanced uptake 

and cell survival well in preliminary studies with only PS-St-L LPNPs. This time point is 

within the linear growth phase of uptake. At earlier time points (4 and 8 h), there was not 

yet substantial accumulation of any LPNPs within the macrophages. At later time points, all 

cells, including the nanoparticle-free control, began to die due to a lack of stimulation from 

MCSF while uptake also leveled off. At 12 h, there was a significant accumulation of LPNPs 

within cells but limited cell death compared to 24 h.

3.5. Unpolarized Macrophages Take Up LPNPs to Varying Degrees.

LPNPs were added to media at a surface area concentration of 6500 mm2/mL. The cells 

were incubated with LPNPs for 12 h before removing the unbound LPNPs for imaging. 

After 12 h, PS-St-L LPNPs were taken up more than their soft (PS-So-L), small (PS-St-S), 

and PC (PC-St-L) counterparts (Figures 6 and S6). PS-So-L and PS-St-S were taken up 

more than their PC counterparts (PC-So-L and PC-St-S, respectively). By far, PS-St-L 

LPNPs were taken up the most, with all other LPNPs being taken up over 9.3× less.

PS, stiff, and large being the characteristic levels that increased uptake of LPNPs 

corresponds with findings from other groups throughout literature when these characteristics 

were tested individually.21–32 When all three favorable characteristics were present (PS-St-

L), there was the greatest uptake by a large margin. This is the only formulation that 

produced significantly higher uptake compared with other PS-coated LPNPs. Out of the 

three characteristics, PS was the only one that was necessary for any substantial uptake of 

LPNPs. PS acts as an active targeting molecule, binding to PS receptors on the surface of the 

macrophages. PC-coated LPNPs showed very little fluorescence within macrophages due to 
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their lack of active targeting. When only PS plus one of the other favorable characteristics 

was present (PS-So-L and PS-St-S), there was significant uptake over those of some of the 

other LPNPs. No LPNPs with only one of the favorable characteristics exhibited significant 

uptake. However, the substantial gap between the uptake achieved by the PS-St-L LPNPs 

and the PS-So-L and PS-St-S LPNPs indicates that all three physicochemical characteristics 

are important in uptake and together they work synergistically to increase endocytosis.

Since nanoparticle ζ-potential is known to be important in how well nanoparticles are 

endocytosed,46,47 we wanted to confirm that the differences in uptake between PC- and 

PS-coated LPNPs were due to the presence of PS and not the differences in ζ-potential. To 

accomplish this, we coated stiff large cores in different lipid coatings. These were PC and PS 

SUVs as before as well as SUVs made of DPPC/DOPC/DOTAP/DiI (50/48/2/0.1; “TAP”). 

The TAP SUVs were chosen to induce a positively charged surface onto the LPNPs such 

as the slightly more positive PS SUVs without the inclusion of PS as a targeting molecule. 

This decouples the impact of PS content from ζ-potential on the uptake of the LPNPs. 

Despite the PS-St-L LPNPs having a ζ-potential between the two other LPNPs, PS-St-L 

LPNPs were still taken up by BMDMs significantly more than the other LPNPs (Figure 

S7). This indicates that the positive charge associated with PS LPNPs does not account for 

the increased uptake over PC LPNPs. However, the PS-St-L LPNPs used in this experiment 

were more positively charged than usual due to a high ζ-potential in the coating SUV. This 

resulted in a lower relative uptake of PS-St-L LPNPs over PC-St-L LPNPs than was seen in 

other studies. This indicates that the ζ-potential does play a role in uptake in some way but 

is not relevant in the neutral (±10 mV) range that our standard LPNPs are within.

3.6. LPNP Uptake Is Dependent upon Macrophage Phenotype and Lipid Coating.

Due to the differences in uptake dependent upon lipid coating, polarized uptake was divided 

into two experiments, one with PS LPNPs and one with PC LPNPs. When compared to 

uptake by M0 macrophages, M2 macrophages took up more nanoparticles across all four 

PS LPNPs (Figure 7). This increase was more pronounced for the PS-So LPNPs. Compared 

to M0 macrophages, M1 macrophages tended to endocytose fewer PS LPNPs, although this 

decrease was not significant. This creates an overall uptake hierarchy of M2 > M0 ≥ M1 for 

PS LPNPs.

Results differed when testing the polarized uptake of PC LPNPs. When compared to uptake 

by M0 macrophages, M1 macrophages took up more nanoparticles across all four PC 

LPNPs (Figure 8). This was followed by M2 macrophages, with M0 macrophages taking up 

the fewest nanoparticles, resulting in an uptake hierarchy of M1 > M2 > M0 for PC LPNPs.

Macrophage polarization is known to impact how well nanoparticles are taken up. However, 

there is no clear consensus on what polarization causes the most endocytosis. In many 

nanoparticle systems, M2 macrophages take up more particles than M0 or M1 macrophages, 

which is the same as what we see in PS LPNP experiments.48,49 However, in other studies, 

M1 macrophages have been seen to take up more nanoparticles, which is what we see in PC 

LPNP experiments.50,51 These differences may be due to differences in both the macrophage 

sources and nanoparticle characteristics. For instance, M2 macrophages are upregulated in 
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PS receptors like TIM-4 and stabilin-1.52,53 Therefore, this increased preference for binding 

with PS may be the cause of the increased uptake of PS LPNPs.

The differences in polarized uptake between PS and PC LPNPs may be due to differences 

in specific vs nonspecific uptake as well as total uptake of each subset. We hypothesize that 

M1 macrophages take up more nanoparticles in a nonspecific manner than M2 or M0 cells. 

This accounts for the increase in the uptake of PC LPNPs by M1 macrophages. Since the 

total uptake of PC LPNPs is minimal compared to the total uptake of PS LPNPs, a similar 

increase in nonspecific uptake of PS LPNPs by M1 macrophages may be concealed. PS 

receptor-mediated endocytosis, which is upregulated in M2 macrophages, is a much stronger 

uptake mechanism than the upregulation of nonspecific uptake by M1 macrophages. The 

variations in nanoparticle surfaces lead to the differences seen in polarized uptake between 

PS and PC LPNPs.

3.7. Macrophages Use Multiple Endocytosis Pathways to Take Up PS LPNPS.

To inhibit endocytosis pathways individually, we chose three chemical inhibitors. There 

is no inhibitor specific for phagocytosis, so cytoD was used as a general inhibitor for 

all actin-dependent endocytosis. These pathways include phagocytosis, macropinocytosis, 

clathrin-mediated endocytosis, and caveolin-mediated endocytosis.54,55 Caveolin-mediated 

endocytosis is size-limited, taking up nanoparticles ~60 nm in diameter, much smaller than 

any LPNPs tested here.56 Therefore, it was not investigated in our studies. If the uptake 

of an LPNP condition was inhibited by cytoD but not by any other inhibitor, it would 

be assumed that the LPNPs were taken up by phagocytosis as the primary mechanism. 

Endocytosis pathways of PC LPNPs were not investigated due to the low total uptake of 

these nanoparticles.

Across all PS LPNPs, treatment with all inhibitors for 12 h resulted in a decrease in 

total LPNP uptake (Figure 9). Treatment with cytoD reduced the uptake to a negligible 

amount, indicating that LPNPs are taken up in an actin-dependent manner. This also 

confirms that LPNPs were actively endocytosed and not merely adsorbed onto the surface 

of the macrophages. Uptake of all LPNPs was also reduced when treated with EIPA, a 

macropinocytosis inhibitor, and ES9–17, a CME inhibitor. This suggests that all PS LPNPs 

are taken up to a significant extent by multiple pathways.

To confirm if decreases in uptake after inhibiting actin polymerization, sodium-proton 

exchange, and clathrin heavy chain for 12 h was due to inhibition of specific uptake 

pathways or a reduction of receptors on the cell surface through inhibited cell membrane 

recycling, we treated BMDMs with chemical endocytosis inhibitors and LPNPs for 4 h then 

imaged using confocal microscopy. Increased resolution in the confocal images and more 

control over fluorescence wavelength compared to the Incucyte images allowed us to see 

accumulation of the LPNPs within the cells at this earlier time point when they were not 

visible using the Incucyte. At 4 h, cytoD significantly inhibited uptake of all LPNPs (Figure 

10). However, ES9–17 had no effect, and EIPA only reduced uptake in PS-St-S LPNPs, 

despite the widespread effects both inhibitors had at 12 h. Decrease in cytoD without 

decrease in another main pathway indicates that phagocytosis may be the main form of 

uptake of LPNPs at 4 h.
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The difference in uptake mechanism present at the different time points leads to 

two theories: (1) There are rate differences in each pathway leading to CME and 

macropinocytosis only being significantly used for LPNP uptake at longer time scales. 

Other groups have found that nanoparticle physicochemical characteristics both impact total 

cellular uptake as well as rate of uptake.25,27,30,35,57 This could be due to saturation of cells 

with nanoparticles reducing further uptake or speed of different endocytosis pathways used. 

(2) Incubation of BMDMs with endocytosis inhibitors for 12 h leads to nonspecificity of 

the inhibitors. Nonspecificity could be a result of inhibition of membrane recycling of PS 

receptors, which would impact all receptor-mediated endocytosis, not just a single pathway.

CME is typically thought to only endocytose particles up to 150 nm.58,59 This size is smaller 

than those of all LPNPs produced. Our results suggest that all PS LPNPs were taken up 

to some extent by CME at 12 h, regardless of size, which ranges from 232 to 812 nm 

in diameter. Other groups have made conclusions that nanoparticles greater than 150 nm 

can be taken up by CME, calling into question the traditional view on size restrictions of 

this pathway.60 However, there is little evidence in the literature for nanoparticles >500 

nm being taken up by CME. There are a few reasons we may see this in our system 

that do not compete with the current knowledge of CME size restrictions. One possibility 

is that BMDMs are only endocytosing small pieces of the DiI-labeled lipid coating and 

not the entire LPNP. BMDMs could be pulling vesicles off the surface of the LPNPs and 

internalizing them while leaving the PEGDA cores behind. A second possibility is that at 12 

h, ES9–17 is inhibiting other forms of endocytosis like phagocytosis. ES9–17 blocks clathrin 

heavy chain, the main component that makes up clathrin-coated pits. However, clathrin 

heavy chain is also involved in the membrane recycling process.61 It is possible that at 12 h, 

many PS receptors have been pulled off the cell surface but were not able to be put back on, 

reducing all receptor-mediated endocytosis.

The overall lack of substantial differences seen between PS-St-L and other PS LPNP 

endocytosis routes leads us to theorize that the elevated uptake of PS-St-L is due to 

improved phagocytosis and not differences in uptake through the other endocytosis pathways 

tested.

4. CONCLUSIONS

The experiments performed in this paper confirm that the interactions between 

physicochemical characteristics of nanoparticles are just as important as the characteristics 

themselves in cell-nanoparticle interactions. We found that the interaction between size, 

stiffness, and lipid makeup is integral with how macrophages take up those nanoparticles; 

however, the interactions between other characteristics like shape, surface roughness, and 

hydrophobicity were not investigated. Future studies will need to be performed to expand 

our knowledge on the interaction effects of other nanoparticle properties on uptake by 

macrophages and other cell types.

PS-St-L LPNPs can be used alone as a method for reprogramming of macrophages due 

to the anti-inflammatory effects of PS, or they can be used as base nanoparticles for the 
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delivery of anti-inflammatory agents like TNFα siRNA, curcumin, or IL-10 plasmid.62–

64 These physicochemical characteristics can provide the best delivery of these anti-

inflammatory agents to macrophages to allow for an optimal dose response and decreased 

off-target effects. By targeting and repolarizing macrophages, the cycle of inflammation in 

chronic inflammatory and autoimmune diseases can be disrupted to reduce symptoms and 

pause disease progression.

In this study, we created an array of eight lipid-polymer nanoparticles that are small/large, 

soft/stiff, and with/without PS. These LPNPs consist of a polymer core to impart physical 

attributes surrounded by a lipid coating to aid in cellular interactions. When given to bone 

marrow-derived macrophages, LPNPs that were large, stiff, and contained PS were taken 

up significantly more than any other formulation, demonstrating the importance of all three 

physicochemical characteristics on endocytosis and indicating that these characteristics work 

better together than alone. We also found that macrophage polarization drastically impacts 

the uptake of nanoparticles, with PS LPNPs taken up most by M2 macrophages and PC 

LPNPs taken up most by M1 macrophages. The endocytosis pathways used by macrophages 

to take up the PS LPNPs did not differ significantly across the LPNP formulations, despite 

differences in total uptake.
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Figure 1. 
Producing polymeric nanoparticle cores with a tunable stiffness. (A) Schematic of water-in-

oil emulsion templating technique. An aqueous phase with various amounts of PEGDA 

is emulsified into an oil phase with a photoinitiator before being cross-linked under UV. 

Adjusting the amount of PEGDA in the aqueous phase allows for soft (10% PEGDA) or 

stiff (40% PEGDA) nanoparticles to be formed. (B) Macroscopic hydrogels of the same 

composition as soft and stiff nanoparticles show an increase in storage and loss moduli from 

21.2 and 1.62 kPa for soft to 287 and 49.5 kPa for stiff (n = 6). (C) Nanoparticles with 

higher stiffness scatter light at a higher intensity across diameters using NTA. (*p < 0.01, t 
test).
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Figure 2. 
Characterization of polymeric nanoparticle cores. (A) DLS Z-average shows that 

nanoparticle cores are separated into small and large fractions, with small differences 

in size between stiffnesses. (B) ζ-potentials are highly negative and consistent across all 

nanoparticle cores. (C) Representative TEM images confirm that nanoparticles in small and 

large fractions are different in size. Additional images can be found in Figure S1. Scale bar = 

500 nm (n = 5, *p < 10−3, **p < 10−5, ***p < 10−12, two-way ANOVA).
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Figure 3. 
Coating polymeric cores in liposomes. (A) Schematic of coating cores. SUVs are formed 

through thin film hydration and sonication. SUVs and polymeric cores are mixed and 

shaken together overnight to facilitate coating. (B–D) Representative data for coating stiff/

large nanoparticles in SUVs with PS. (B) DLS Z-average size shows increase in size with 

coating. (C) ζ-Potential shifts from highly negative toward slightly positive value of SUV. 

(D) Representative TEM images of nanoparticle cores being coated in SUVs. Darker larger 

objects are the polymeric cores which are surrounded by the lightly stained SUVs. Scale bar 

= 200 nm (n = 5, *p < 0.05, one-way ANOVA).
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Figure 4. 
Characterization of lipid-polymer nanoparticles. (A) Large LPNPs range in diameter from 

543 to 812 nm while small LPNPs range in diameter from 232 to 462 nm. PC-St-L is 

the only large LPNP that is not significantly larger than its small counterpart. There are 

no significant differences in size within the large or small LPNP groups. (B) ζ-Potential 

measurements show that all LPNPs are close to neutral, ranging from −6.3 to +11.6 mV. 

(C) Representative TEM images show a multilamellar structure of lipid surrounding the 

polymer cores. Additional images can be found in Figures S3 and S4. Scale bar = 200 

nm. (D) Thin-layer chromatographs stained with ninhydrin for PS and sulfuric acid for all 

unsaturated lipids show presence of lipids on all LPNPs (n = 5, p < 0.05, * compared to 

matched soft, ∧ compared to matched small, three-way ANOVA).
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Figure 5. 
PS-St-L LPNP uptake was observed over time. (A) Representative images of BMDMs 

with no LPNPs (control) or PS-St-L LPNPs at 0, 4, 8, 12, and 24 h. Red fluorescence 

indicates uptake of LPNPs. Scale bar = 200 μm. (B) BMDM confluence over time relative 

to maximum confluence. Confluence of both control and PS-St-L decrease over time with 

8, 12, and 24 h being significantly lower than 0 h. Treatment with PS-St-L LPNPs does 

not decrease confluence any faster than without. (C) Uptake relative to minimum uptake 

increases significantly for PS-St-L at 12 and 24 h compared to 0 h. Data is fitted with a 

Boltzmann sigmoid model (n = 3, p < 0.05, # compared to control at same time, ∧ compared 

to time = 0 h, two-way ANOVA).
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Figure 6. 
LPNP uptake by BMDMs after 12 h. (A) Representative images of macrophages with 

LPNPs. Red fluorescence shows presence of LPNPs within the cells. Scale bar = 200 μm. 

(B) Fluorescence from images represented in (A) is quantified and normalized to total 

media fluorescence and maximum uptake. PS-St-L LPNPs are taken up significantly more 

than any other LPNPs. PS-So-L and PS-St-S LPNPs are also taken up more than their PC 

counterparts (PC-So-L and PC-St-S, respectively). PS alone is enough to impact uptake; 

however, stiffness and size play secondary roles in increasing that uptake (n = 3, p < 0.05, 

* compared to matched soft, ∧ compared to matched small, # compared to matched PC, 

three-way ANOVA).
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Figure 7. 
PS LPNP uptake in polarized macrophages. (A) Representative images of macrophages 

polarized for 24 h with 50 ng/mL LPS (M1) or 20 ng/mL IL-4 (M2) then given PS LPNPs 

for 12 h. Scale bar = 200 μm. (B) Uptake relative to uptake in M0 for each LPNP. M2 

BMDMs take up more LPNPs than M0 and M1 for all LPNPs tested (n = 3, *p < 0.05, 

one-way ANOVA).
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Figure 8. 
PC LPNP uptake in polarized macrophages. (A) Representative images of macrophages 

polarized for 24 h with 50 ng/mL LPS (M1) or 20 ng/mL IL-4 (M2) then given PC LPNPs 

for 12 h. Scale bar = 200 μm. (B) Uptake relative to uptake in M0 for each LPNP. Polarized 

BMDMs take up more LPNPs than M0 for all PC LPNPs. M1 BMDMs take up more 

PC-St-L, PC-So-L, and PC-St-S than M2 (n = 3, *p < 0.05, one-way ANOVA).
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Figure 9. 
Endocytosis inhibition at 12 h. (A) Representative images captured by Incucyte S3. Scale 

bar = 200 μm. (B) Uptake relative to no inhibitor for each PS LPNP. Treatment with cytoD, 

EIPA, and ES9–17 reduces uptake of all PS LPNPs below 100% (n = 6, *p < 0.05 compared 

to none, two-way ANOVA).
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Figure 10. 
Endocytosis inhibition at 4 h. (A) Representative images captured by confocal microscope. 

Scale bar = 200 μm. (B) Integrated red fluorescence intensity relative to no inhibitor. 

Treatment with cytoD reduces uptake for all PS LPNPs while treatment with EIPA reduces 

uptake of PS-St-S and increases uptake of PS-So-S. ES9–17 has no effect (n = 10 technical 

replicates, p < 0.05 * reduced from none, + increased from none, one-way ANOVA).
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Table 2.

DLS Values for the PEGDA Cores

Z-average diameter (nm) PdI

So-L 517.9 0.203

St-L 443.6 0.0429

So-S 206.8 0.112

St-S 152.1 0.0993
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Table 3.

DLS Values for LPNPs

Z-average diameter (nm) PdI

PC-So-L 755.8 0.301

PC-St-L 638.3 0.177

PS-So-L 811.9 0.397

PS-St-L 542.8 0.188

PC-So-S 462.3 0.257

PC-St-S 366.0 0.196

PS-So-S 432.8 0.244

PS-St-S 232.3 0.123
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