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Abstract

Particles fabricated from red blood cells (RBCs) can serve as vehicles for delivery of various 

biomedical cargos. Flipping of phosphatidylserine (PS) from the inner to the outer membrane 

leaflet normally occurs during the fabrication of such particles. PS externalization is a signal 

for phagocytic removal of the particles from circulation. Herein, we demonstrate that membrane 

cholesterol enrichment can mitigate the outward display of PS on microparticles engineered from 

RBCs. Our in-vitro results show that the phagocytic uptake of cholesterol-enriched particles by 

murine macrophages takes place at a lowered rate, resulting in reduced uptake as compared to 

RBC-derived particles without cholesterol enrichment. When administered via tail-vein injection 

into healthy mice, the percent of injected dose (ID) per gram of extracted blood for cholesterol-

enriched particles was ~1.5 and 1.8 times higher than the particles without cholesterol enrichment 

at 4 and 24 h, respectively. At 24 h, ~43% ID/g of the particles without cholesterol enrichment 

was eliminated or metabolized while ~94% ID/g of the cholesterol-enriched particles were still 

retained in the body. These results indicate that membrane cholesterol enrichment is an effective 

method to reduce PS externalization on the surface of RBC-derived particles and increase their 

longevity in circulation.

Graphical Abstract
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INTRODUCTION

Particles fabricated from red blood cells (RBCs) provide a platform for the delivery of 

a variety of biomedical cargos,1 including chemotherapeutic drugs,2–4 photosensitizers,3–5 

and imaging contrast agents.4,6–9 A key principle motivating the use of RBCs as delivery 

vehicles is the presence of specific membrane proteins including CD47, which prevents 

phagocytic uptake by macrophages, and CD55 and CD59, which protect the RBCs from 

complement damage and cell lysis.10 These membrane proteins offer a mechanism for a 

prolonged circulation time of the cargo before the vehicles are ultimately eliminated by the 

immune system.

Common methods for encapsulation of various cargos into RBC-based platforms are based 

on biochemical treatment of RBCs in hypotonic buffers or by exposure of RBCs to electric 

field pulses (i.e., electroporation).11–16 Phospholipids in the membrane bilayer of RBCs 

and other eukaryotic cells have an asymmetrical distribution where phosphatidylserine 

(PS) and phosphatidylethanolamine are confined to the inner (cytosolic facing) leaflet and 

phosphatidylcholine and sphingomyelin are predominantly in the outer (extracellular facing) 

leaflet.17–19 Hypotonic treatment and electroporation can result in flipping of PS from 

the inner to the outer leaflet.20–25 Physiologically, flipping of PS is associated with RBC 

senescence, where it serves as an “eat-me” signal for phagocytosis by splenic macrophages 

that contain a PS receptor.26,27

Transmembrane amino-phospholipid translocases (flippases) are involved in localization 

of PS by actively transferring it from the outer to the inner leaflet of the membrane 

in an ATP-dependent manner, with ATP11C identified as a major flippase in human 

RBCs.28 In addition to flippases, transmembrane scramblases bidirectionally and 

nonselectively transport phospholipids in a Ca2+-dependent but ATP-independent manner, 

with phospholipid scramblase 1 (PLSCR1) considered as a key scramblase in human 

RBCs.19,28,29

It has been reported that cholesterol is an important regulator of PLSCR1 activity and PS 

localization to the inner leaflet of the membrane.28 Specifically, decreasing the cholesterol 

content of RBCs has been shown to activate PS scrambling and externalization of PS to 

the outer membrane leaflet. van Zwieten et al. have also reported that cholesterol depletion 

led to increased PS flipping.30 The exact mechanism for cholesterol-induced inhibition of 

PLSCR1 remains to be elucidated, but it is thought to involve a cholesterol-binding motif in 

PLSCR1.31

In relation to microparticle delivery systems derived from RBCs, the inhibitory effects of 

cholesterol on PS flipping and the subsequent phagocytic outcomes have not been studied. 

Herein, we demonstrate for the first time that enrichment of the membrane cholesterol of 

microparticles fabricated from RBCs can be used to reduce PS externalization to the outer 
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leaflet of these particles and, subsequently, decrease the uptake of the particles by murine 

model macrophages in vitro and increase the circulation time concomitant with lowered 

distributions in the reticuloendothelial system (RES) of mice.

In this study, we have used indocyanine green (ICG), a near-infrared (NIR) sensitive 

molecule, approved by the FDA for specific clinical indications32–34 and with extensive 

utility in clinical fluorescence imaging35–39 as the cargo of choice for encapsulation. 

Additionally, ICG serves as an optical marker for quantitative assessment of the 

biodistribution of RBC-derived particles. We refer to these particles as microsized 

NIR erythrocyte-derived transducers (μNETs) as they can transduce NIR light to emit 

fluorescence, generate heat, or produce reactive oxygen species.5,20 We have previously 

investigated the use of μNETs for real-time intravascular fluorescence imaging and 

photothermal destruction of the microvasculature, similar to vascular malformations found 

in port wine stain lesions.20 ICG-doped RBCs have been used to characterize microvascular 

vasomotion in humans.15,16 We have used nanosized RBC-derived particles containing 

ICG for NIR fluorescence imaging and photodestruction of tumors in animal models.5,40 

The present study is an important step towards the engineering of RBC-derived particles 

with appropriate biochemical characteristics, based on cholesterol incorporation, to enhance 

the bioavailability of the particles resulting from reduced clearance by the immune cells. 

Membrane cholesterol enrichment is also relevant to the fabrication of RBC-based particles 

containing not only optical materials but also other types of biomedical cargos.41,42

MATERIALS AND METHODS

Fabrication of μNETs and μNETs with Cholesterol-Enriched Membranes.

RBCs were isolated from 1 mL of whole human blood (Biological Specialty Corp.) by 

centrifugation twice in cold (4 °C) isotonic (~300 mOsm) phosphate-buffered saline (PBS) 

(referenced as 1× PBS). Isolated RBCs were then repeatedly washed in 1 mL of cold 

hypotonic PBS (0.25×, 15 min, 20,000g) to deplete the hemoglobin content of the cells. The 

resulting microsized erythrocyte ghosts (μEGs) were resuspended in 1 mL of 1× PBS. We 

designate the μEGs in 1 mL of solution as having a relative number concentration of 1 N.

To load ICG (MP Biochemicals) into μEGs, we added 1 mL of 300 μM ICG dissolved in 

water into the solution consisting of 1 mL of 1 N μEGs and 1 mL of 0.1 M Sørensen’s buffer 

(Na2HPO4/NaH2PO4, ~140 mOsm, pH ~ 8), resulting in an ICG concentration of 100 μM in 

this loading buffer (~147 mOsm). To form μNETs, μEGs were incubated in this solution for 

30 min at 4 °C (Figure 1). The resulting μNETs were then washed twice in 1 mL of 1× PBS 

(15 min, 20,000g) and resuspended in 4 °C 1× PBS to a final volume of 1 mL and stored at 4 

°C for no longer than 24 h before experiments.

Methyl-β-cyclodextrin (MβCD) is commonly used to generate cholesterol inclusion 

complexes that donate cholesterol to the membrane of cells.43,44 To form βNETs with 

enriched membrane cholesterol (referred to as C+-μNETs), isolated RBCs were incubated 

in hypotonic 0.25× PBS solution containing the cholesterol–MβCD complex (48 mg 

of cholesterol per gram of cholesterol–MβCD complex) (Sigma-Aldrich), followed by 

centrifugation (15 min, 20,000g, 4 °C) (Figure 1). In this study, the cholesterol concentration 
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within the cholesterol–MβCD complex was 15 mM because we determined that this 

particular concentration resulted in the maximum level of cholesterol being imparted to 

the membrane of μEGs as compared to other concentrations experimented in the range of 

5–30 mM (Figure S1). For all cholesterol-loading procedures, the molar ratio of MβCD 

to cholesterol in the complex was ~5.8:1. The supernatant, containing hemoglobin and 

excess cholesterol–MβCD complex, was decanted, and 1 mL of fresh 0.25× PBS solution 

containing the cholesterol–MβCD complex was added. This process was repeated until the 

supernatant became colorless. The pellet, consisting of cholesterol-enriched μEGs, was then 

loaded with ICG using the same method described above to form C+-μNETs. To account 

for slight differences in the loading efficiency45 of ICG into μNETs (~37%) and C+-μNETs 

(~33%), we concentrated the suspension of C+-μNETs accordingly so that both μNET and 

C+-μNET solutions had the same absorbance value at 780 nm.

Characterization of Particles.

We measured the ζ potentials (Zetasizer Nano series, NanoZS90, Malvern Instruments) 

of the particles suspended in 1× PBS using folded capillary ζ cells. Five individual 

measurements were collected for each sample and averaged to determine the mean ζ 
potential ± standard deviation (SD). Absorption spectra of μNETs and C+-μNETs suspended 

in 1× PBS were recorded in the spectral range of 280 to 900 nm using a UV—visible 

spectrophotometer (jasco V-670 UV—vis spectrophotometer, JASCO) with an optical path 

length of 1 cm. Fluorescence spectra of μNETs and C+-μNETs suspended in 1× PBS 

in response to photoexcitation at 780 ± 2.5 nm filtered from a 450 W xenon lamp 

were obtained using a fluorometer (Fluorolog-3 spectrofluorometer, Edison). Normalized 

fluorescence emission χ(λ) spectra were quantified as

χ λ = F λ
1 − 10−A λex (1)

where F is the fluorescence emission intensity in response to the excitation wavelength (λex) 

and A(λex) is the absorbance of the sample at the excitation wavelength. Each NET solution 

was diluted 10-fold in 1× PBS prior to absorption and fluorescence measurements.

We imaged the RBCs, μNETs, and C+-μNETs by a quantitative phase imaging (QPI) 

system and used the images to estimate their mean Feret diameters. Any abnormally shaped 

RBCs or particles (e.g., nondiscoidal shapes in RBCs or noncircular μNETs/C+μNETs) 

were excluded from the analysis. Details of the QPI system are described in previous 

publications.46,47 Briefly, samples were illuminated by a 100 W halogen lamp source 

through a condenser annulus and condenser lens. A 100× oil immersion objective (NA = 

1.3) was used to collect the scattered and unscattered components of light passing through 

the sample. The light after sample illumination was filtered to a center wavelength of 595 

± 30 nm prior to exiting the microscope. A mirror directed the scattered and unscattered 

light to a linear polarizer. The unscattered light formed an image of the condenser annulus 

on a reflective spatial light modulator (SLM) (Hamamatsu LCOS-SLM X-10468). The 

SLM was used to introduce four phase shifts in π/2 increments to the unscattered light. 

The unscattered components interfered with the scattered light to form an image of the 
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sample, which was focused onto an electron-multiplying charge-coupled device (C9100-13, 

Hamamatsu). To accommodate full rearrangement of the nematic liquid crystals in the SLM, 

field delays of 100 ms were used between the phase modulations. We acquired 10 phase-

shifted images every second to yield quantitative phase images at 2.5 frames per second. 

We designate the image intensity at a given pixel location i, j resulting from the interference 

between the scattered light and unscattered light at four different phase modulations as I0, 

Iπ, Iπ/2, and I(3π)/2 respectively. Values of the phase difference (Δφ) associated with each 

interference signal intensity are given as

Δφ i, j = tan−1 I3π/2 − Iπ/2
Iπ − I0

(2)

We subsequently obtained the resulting phase maps as

φ i, j = tan−1 β sin Δ φ
1 + β cos Δ φ (3)

where β is the ratio of the amplitude of scattered to unscattered light intensity at a given 

pixel location.

We have previously carried out extensive characterizations of RBC-derived optical 

microparticles doped with ICG.45,48–50 These studies include ICG concentration-dependent 

characterizations of the ζ potential, absorption and emission spectra, excitation–emission 

maps, relative fluorescence quantum yield, and quantification of optical stability and ICG 

leakage dynamics and are not repeated here as they are not the subject of this particular 

study.

Cholesterol Quantification Assay.

We quantified the membrane cholesterol content in RBCs (positive control), μNETs 

(negative control), and C+-μNETs using the Amplex Red Cholesterol Assay Kit (invitrogen 

Molecular Probes). We performed the assay by following the manufacturer’s instructions 

using a 96-well plate (Corning, Inc.). Briefly, we oxidized the membrane-bound cholesterol 

using cholesterol oxidase to yield H2O2, which was then detected using the Amplex Red 

reagent (10-acetyl-3,7-dihydroxyphenoxazine) in the presence of horseradish peroxidase. 

Cholesterol oxidase contains a flavin adenine dinucleotide cofactor, which catalyzes the 

oxidation of cholesterol with O2.51 The reaction between the Amplex Red reagent and H2O2 

produces resorufin, a highly fluorescent compound with respective absorption/emission 

maxima at 571 nm/585 nm in 50 mM sodium phosphate buffer (pH 7.4). We photoexcited 

the resorufin at 560 ± 2.0 nm, spectrally filtered from a xenon flash lamp, and obtained 

the emission recorded at 590 nm using a microplate reader (SpectraMax M3 microplate 

reader). We then compared the emission values to a cholesterol standard curve that related 

the fluorescence emission at the same wavelength to various concentrations of cholesterol in 

the reaction buffer, allowing us to quantify the amount of cholesterol in each sample.
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Flow Cytometric Quantification of Externalized PS on Particles.

We used annexin V-Alexa Fluor 488 conjugate (AV-AF488) (Thermo Fisher Scientific) as a 

detection reagent to assay for PS externalization in μNETs and C+-μNETs.52,53 Specifically, 

we added 0.5 μL of each sample to 500 μL of annexin binding buffer (10 mM HEPES, 

140 mM NaCl, and 2.5 mM CaCl2 dissolved in water) and 40 μL of AV-AF488 and 

incubated them for ~20 min at 22 °C before analyzing them by flow cytometry (LSR II, BD 

Biosciences).

Our flow cytometric analysis of externalized PS on each sample was based on ICG 

fluorescence gating using the APC-Cy7 channel (633 nm excitation laser, 780 ± 30 nm 

emission filter). Out of the available excitation lasers and emission filters used in this flow 

cytometer instrument, these optical parameters yielded maximal NIR fluorescence from 

the ICG-loaded particle variants. We considered all ICG-positive events to result from the 

presence of either μNETs or C+-μNETs. We determined the change in median fluorescence 

intensity (ΔMFI) of the AF488-labeled samples using the FITC/Alexa 488 channel of the 

LSR II (excitation wavelength = 488 ± 2 nm, fluorescence emission filter = 530 ± 15 

nm) and additionally obtained forward scattering area (FSC-A) versus side scattering area 

(SSC-A) plots.

In-Vitro Assessment of Particle Uptake by RAW 264.7 Macrophages.

We used RAW 264.7 murine macrophages, stable at passage 11, to assess the uptake 

dynamics of μNETs and C+- μNETs.54 Cells were seeded at a density of ~100,000 per 

well in a 96-well tissue culture plate and incubated in 100 μL of Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin/

streptomycin for 24 h at 37 °C in 5% CO2. To assess the uptake of each particle type, 

serum-supplemented DMEM in each well was removed, followed by adding 50 μL of 1 N 

sample mixed with 50 μL of serum-free DMEM to each well. Cells were incubated with 

each particle type at 37 °C with 5% CO2 for 30, 60, and 120 min. At each time point, the 

particles were removed by washing the cells with 1× PBS. The cells were then fixed with 

4% paraformaldehyde for 5 min, permeabilized with 2% Tween 20 for 5 min, and stained 

with 300 nM 4′,6-diamidino-2-phenylindole (DAPI) for 5 min. Between each of these steps, 

the cells were rinsed with 100 μL of sterile 1× PBS and finally rinsed twice more with 100 

μL 1× PBS prior to fluorescence microscopy imaging using an inverted microscope (Eclipse 

Ti, Nikon).

We used a NIR filter set containing 740 ± 18 nm for photoexcitation and a long-pass 

filter (>780 nm) (41037—Li-Cor IR800, Chroma Technology Corp.) to capture the emitted 

fluorescence light. Cells’ nuclei were visualized using a DAPI filter set (DAPI-5060B-NTE, 

Semrock Inc.) with 377 ± 25 nm for photoexcitation and 447 ± 30 nm for emission. ImageJ 

was used to normalize the window/level of emission from ICG in the NIR channel in each 

image and stack both DAPI and ICG channels into a single composite RGB image.

To calculate the average NIR emission intensity per cell (Icell) after incubation with μNETs 

or C+-μNETs for durations of 30, 60, and 120 min, we summed the NIR intensity values for 
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all pixels in a given image, divided the total intensity by the number of cells in the image, 

and finally averaged among four images of the same batch of cells as follows

Icell = 1
4 ∑

n = 1

4 ∑x = 1
512 ∑y = 1

512 I x, y
ncells

(4)

where I(x, y) is the NIR emission intensity value at the pixel position (x, y) in a given image 

and ncells is the number of cells in the image, obtained by counting the number of the cell 

nuclei in the DAPI channel using ImageJ.55

In Vivo Assessment of μNET and C+-μNET Biodistribution in Swiss Webster Mice.

Healthy female Swiss Webster (SW) mice (~7–9 weeks old) were obtained from Taconic 

Biosciences. All animal studies were performed under a protocol approved by the 

University of California, Riverside Institutional Animal Care and Use Committee (protocol 

A-20200027). Animals were anesthetized by inhalation of 2% isoflurane gas in oxygen. 

All animals were tail-vein injected with 100 μL of either μNETs or C+-μNETs while 

under anesthesia. Mice were euthanized by inhalation of compressed CO2 gas at 4 or 24 

h postinjection of the particles. A total of 16 mice were used in this study with 4 mice 

per sample type (μNETs or C+-μNETs) per euthanasia time point (4 or 24 h postinjection). 

Following euthanasia, we collected ~500 μL of blood from the heart by cardiac puncture and 

extracted the liver, lungs, spleen (organs associated with the RES), and the kidneys for ICG 

content quantification.56

For measurement of ICG in blood samples, the blood was first weighed and then mixed 

with 1 mL of 5% sodium dodecyl sulfate (SDS) to lyse all cells and μNETs/C+-μNETs, 

thereby releasing ICG. The samples were then incubated at 4 °C for 30 min, followed by 

centrifugation at 15,000g for 1 h at 4 °C. The supernatant was collected for fluorescence 

measurements. For organ analysis, samples were weighed and then incubated in 1 mL of 5% 

SDS for 30 min at room temperature (RT) in the dark. Next, the organs were homogenized 

using a tissue homogenizer (Omni TH 115, Omni International). We then added 3 mL 

of 5% SDS to the homogenate and incubated the samples for 30 min at RT in the dark. 

The crude homogenate was centrifuged at 14,000g for 45 min at 10 °C to separate the 

aqueous ICG-containing organ extract (supernatant). 1 mL of the supernatant was collected 

from each tube and used for ICG fluorescence recording. For both blood and homogenized 

organs, fluorescence emission in the range of 795–900 nm was recorded in response to 780 

± 2.5 nm photoexcitation using a Fluorolog-3 spectrofluorometer (Jobin Yvon Inc., Edison, 

NJ). We used Gaussian profiles to fit the spectral data points.

Analysis of ICG Content in Blood and Organs.

The concentration of ICG in each sample of organ/blood was estimated by comparing 

the spectrally integrated fluorescence emission of the sample in the range of 795–900 nm 

to a calibration curve that related the concentration of ICG dissolved in 5% SDS to the 

spectrally integrated emission of ICG in the same band and as measured by the Fluorolog-3 

spectrofluorometer. We present the percentage of ICG recovered from each organ or blood 
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sample with respect to the initial injected dose per gram of organ. Statistical analysis of ICG 

content among various samples and time points was performed using a twotailed Student’s 

t-test with equal variances.

RESULTS AND DISCUSSION

Characterizations.

Values of the ζ-potentials measured in 1× PBS were similar among RBCs (−14.07 ± 0.76 

mV), μNETs (−14.84 ± 1.01 mV), and C +-μNETs (−14.62 ± 0.71 mV). These results 

suggest that sialoglycoproteins, the primary negative charge-bearing components of the RBC 

membrane, were retained on μNETs and C+-μNETs. Furthermore, these results also suggest 

that the presence of the hydrophilic hydroxyl group of cholesterol facing the external 

aqueous environment was insufficient to induce a statistically significant difference in the 

mean ζ potential of C+-μNETs as compared to μNETs.

Illustrative absorption spectra of μNETs and C+-μNETs associated with samples that were 

injected into mice are shown in Figure 2A. Absorption at 280 nm is attributed to the amino 

acids (e.g., tyrosine, tryptophan, phenylalanine, and histidine) associated with aromatic 

rings.57,58 We observed that the absorbance value at 280 nm was nearly the same for μNETs 

and C+-μNETs, suggesting that both samples contained approximately the same number of 

particles.

Absorption peaks at 412, 541, and 576 nm are the respective Soret peak and fundamental 

band (Q0) and its vibronic tone (Qv) for porphyrin π → π* transitions associated 

with oxyhemoglobin. The higher absorbance values at these wavelengths for C+-μNETs 

(compared to μNETs) indicates greater hemoglobin content in these particles. This is likely 

due to increased stability of the cholesterol-enriched RBC membrane during hypotonic 

treatment. Cholesterol is known to affect protein–protein interactions at the band 3 complex, 

which forms linkages with the underlying cytoskeletal network.59,60 The increased presence 

of cholesterol may serve to stabilize the RBC membrane and reduce the amount of 

hemoglobin lost during hypotonic treatment of the cholesterol-enriched RBCs.

Samples of μNETs and C+-μNETs exhibited similar fluorescence emission characteristics 

as quantified by the normalized fluorescence intensities (Figure 2B) and the spectrally 

integrated emission intensities (Figure 2C). These results indicate that membrane cholesterol 

enrichment did not significantly alter the emission characteristics of the particles. We 

suggest that ICG and cholesterol either did not colocalize in the same membrane domains 

to allow interactions that may have altered the emission characteristics of ICG or if they 

colocalized, the ICG emission characteristics were not altered due to interactions with 

cholesterol. Our findings are consistent with a previous study where the emission of free 

ICG in aqueous solution containing cholesterol was not altered.61

Reduced Externalization of PS on μNETs via Membrane Cholesterol Enrichment.

There was a small (~12%), but statistically significant (p < 0.05), reduction in the membrane 

cholesterol content of μNETs as compared to RBCs (Figure 3A). A possible reason for this 

relatively small reduction is that the lower numbers of particles may have been assayed 
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in the μNET sample as compared to RBCs while performing the cholesterol quantification 

assay. There was nearly a sixfold increase in membrane cholesterol content of C+-μNETs as 

compared to RBCs (p < 0.001) (Figure 3A), indicating a large capacity for enrichment of 

the membrane with cholesterol. We found that a concentration of 15 mM cholesterol in the 

cholesterol—MβCD solution was sufficient to saturate the membranes (Figure S1).

As evidenced by the flow cytometry results, the ΔMFI associated with AF488-labeled 

annexin V for μNETs was about 1000 times higher than that of RBCs (p < 0.01) 

(Figure 3B), indicating that μNETs had higher levels of PS externalization. Membrane 

cholesterol enrichment resulted in approximately ~26-fold reduction in ΔMFI for C+-μNETs 

as compared to that of μNETs (p < 0.01) (Figure 3B), indicating the effectiveness of 

cholesterol in lowering PS externalization, albeit not to the level associated with RBCs.

Values of SSC-A, which are proportional to the intracellular content of the cells or particles, 

were highest for RBCs as compared to those of μNETs and C+-μNETs (Figure 3C), 

consistent with highest level of hemoglobin in RBCs. Similarly, minimal fluorescence 

emission due to PS surface expression was detected from RBCs. In general, μNETs 

exhibited the lowest values of SSC-A and fluorescence emission, indicative of their least 

amount of hemoglobin and highest PS externalization. The range of SSC-A values for C+-

μNETs was higher than the range for μNETs, consistent with the higher residual hemoglobin 

in these particles as compared to μNETs (Figure 2A), but lower than the range for RBCs, 

indicative of the lower hemoglobin content in C+-μNETs. The variation in SSC-A for 

C+-μNETs can be attributed to intraparticle differences in the hemoglobin and ICG content 

of these particles. We assume the addition of membrane cholesterol competes with the 

depletion of the hemoglobin process during the hypotonic treatment,62 resulting in a mixture 

of microsized particles with different degrees of depleted hemoglobin level.

C+-μNETs exhibited a relatively broad range for PS fluorescence (Figure 3C), suggesting 

that there was a nonuniformity in membrane cholesterol enrichment, which resulted in 

a nonhomogeneous population of C+-μNETs with varying degrees of PS externalization. 

Because the lower bound of the SSC-A value for C+-μNETs was associated with particles 

with various levels of cholesterol, it appears that cholesterol enrichment does not make 

a significant contribution to the SSC-A values for C+-μNETs. The number–count plot of 

particles as determined by flow cytometry provided further evidence that there were C+-

μNETs with various degrees of PS externalization (Figure 3D). We considered all particles 

with PS labeling greater than 102 to be PS positive. Based on this threshold, only 0.11% 

of RBCs were PS positive, whereas ~99% of μNETs were PS positive (Figure 3E). The 

cholesterol-enriched C+-μNETs had a significantly lower PS positivity fraction of ~40% 

(i.e., less than half as compared to μNETs).

Morphological Characteristics of Cholesterol-Enriched μNETs.

While the SSC-A data provide information about the intracellular components, we also 

present the FSC-A data as an indication of the size of RBCs and the microparticles (Figure 

4A). As expected, RBCs had the greatest FSC-A and SSC-A63,64 due to their relatively large 

size and presence of hemoglobin and other intracellular components. μNETs, however, had 

the lowest FSC-A values (Figure 4A), indicating their smallest size as compared to RBCs 
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and C+-μNETs, with the latter having intermediate values of FSC-A. Our analysis based on 

QPI indicated that the respective mean ± SD diameters of RBCs, μNETs, and C+-μNETs 

were 8.3 ± 0.6, 6.7 ± 0.9, and 7.1 ± 0.7 μm (Figure 4B–D).

Using QPI, we could detect the normal biconcave discoid shape of RBCs (Figure 4B, red 

arrows). We also detected echinocytes (Figure 4B, blue arrows) and acanthocytes (Figure 

4B, black arrows) among the RBC population.

QPI of μNETs illustrated that these particles had a brighter rim (Figure 4C, purple arrows), 

evidenced by higher phase values, as compared to the central part of the particles, indicative 

of the localization of the residual hemoglobin near the membrane. Spatial variations in 

the phase values suggest the variabilities in hemoglobin localization and content among 

the μNETs. The near-zero phase values in the center of μNETs confirm our spectroscopic 

findings that μNETs contained minimal hemoglobin.

Based on QPI, we observed two distinct subpopulations of C+-μNETs (Figure 4D), 

consistent with the corresponding SSC-A versus FSC-A plots for these particles (Figure 

4A). The subpopulation with lower FSC-A and SSC-A values was more similar to μNETs 

with corresponding phase shifts and morphology (Figure 4D, purple arrows). The other 

subpopulation appeared similar to RBCs (Figure 4D, red arrows) with higher FSC-A and 

SSC-A values, a biconcave discoid shape, central dimple, and large phase shifts due to 

increased hemoglobin content (Figure 4D, red arrows).

Cholesterol-Enriched NETs Show Reduced Uptake by RAW 264.7 Macrophages.

Illustrative NIR fluorescence images of RAW 264.7 cells after 30–120 min of incubation 

with μNETs or C+-μNETs are shown in Figure 5A. We observed higher NIR emission at 60 

and 120 min from the cells incubated with μNETs, indicating that phagocytosis of μNETs 

occurred at a more rapid rate than phagocytosis of C+-μNETs, resulting in greater uptake of 

μNETs at these time points.

At the 30 min time point, there was not a statistically significant difference in the mean 

fluorescence intensity of RAW 264.7 macrophages incubated with either μNETs or C+-

μNETs (Figure 5B). After 60 and 120 min of incubation, cells incubated with C+-μNETs 

showed significantly lower mean fluorescence intensity compared to cells incubated with 

μNETs (Figure 5B). There was not a statistically significant difference between the mean 

fluorescence intensity of cells at 30 or 60 min of incubation with C+-μNETs (p > 0.1); 

however, at 120 min of incubation with C+-μNETs, the mean intensity became significantly 

larger as compared to the value at 60 min (p = 0.03). In comparison, the mean fluorescence 

intensity for cells incubated with μNETs continued to statistically increase from 30 to 120 

min. These results indicate that membrane cholesterol enrichment was effective in delaying 

the phagocytosis of C+-μNETs due to their reduced PS externalization as compared to 

μNETs.

In-Vivo Biodistribution.

To evaluate the efficacy of cholesterol enrichment on prolonging the circulation of μNETs, 

we analyzed the biodistribution of μNETs and C+-μNETs in healthy SW mice. We recorded 
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fluorescence emission spectra (795–900 nm emission in response to 780 nm excitation) 

of blood and organs (liver, spleen, lungs, and kidneys) extracted from mice at 4 and 24 

h following tail-vein injection of μNETs or C+-μNETs. The liver, spleen, and lungs are 

the primary organs of the RES with an abundance of phagocytic cells that uptake foreign 

materials.65 The spleen is a blood filtration organ equipped with macrophages that recognize 

and uptake senescent RBCs expressing PS on their outer leaflets. The liver contains Kupffer 

cells, which are adherent macrophages on the endothelial lining of the liver sinusoids. The 

lungs also have a large population of alveolar macrophages that are capable of engulfing 

microparticles, as well as a dense network of capillaries that can effectively trap exogenous 

particles.66

At 4 h postinjection, the Gaussian fits to the fluorescence emission intensity spectrum of 

blood from mice injected with μNETs were lower than that of mice injected with C+-μNETs 

(Figure 6A). A similar trend was observed at 24 h postinjection. These results indicate that 

C+-μNETs remained in the blood circulation longer than μNETs for at least up to 24 h after 

intravascular injection.

As a metric for quantifying μNET and C+-μNET fluorescence in the blood and organs, we 

used the value of the integrated NIR fluorescence emission across 795–900 nm normalized 

by the mass of the organ/blood. We observed that the fluorescence signal per gram of 

extracted blood for C+-μNETs was significantly greater than that of μNETs at both 4 and 24 

h time points (~69 and 182% greater, respectively) (Figure 6B). Between these time points, 

the mass-normalized integrated fluorescence signal of μNETs in blood decreased by ~ 62%, 

while that of C+-μNETs only decreased by about 37%, indicating prolonged circulation of 

C+-μNETs compared to μNETs.

Analysis of the liver, lungs, kidneys, and spleen revealed that the mass-normalized 

integrated fluorescence of μNETs was significantly higher in these organs as compared 

to that of C+-μNETs at 4 h (Figure 6B). These results suggest that the prolonged circulation 

time of C+-μNETs over the first few hours following tail-vein injection is concomitant 

with reduced accumulation of C+-μNETs in the RES organs and kidneys. At 24 h, the 

mass-normalized integrated fluorescence of C+-μNETs was significantly higher than that of 

μNETs in the lungs (also in the liver and spleen, but not significantly). These results are 

ostensibly due to clearance of the rapidly sequestered μNETs from these organs via alveolar, 

hepatic, and splenic phagocytosis pathways and the delayed accumulation of C+-μNETs in 

these organs over 24 h.

We also quantified the biodistribution of particles in the blood and the extracted organs 

by calculating the percent of the injected dose (ID) recovered in the organ, normalized by 

the organ mass (% ID/g) (Figure 6C). The mass-normalized fraction of the initial dose of 

C+-μNETs in the blood was significantly higher than that of μNETs at 4 h (~74 vs 49% 

ID/g; 1.5-fold increase) and 24 h (~63 vs 35% ID/g; 1.8-fold increase), indicating that 

the reduced PS externalization due to membrane cholesterol enrichment was effective in 

prolonging the circulation time of C+-μNETs compared to μNETs.
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Hepatic removal of RBCs has been shown to positively correlate with the amount of 

externalized PS.67 Consistent with this previous study, we found that for C+-μNETs only 

about 7.5% ID/g had accumulated in the liver as compared to 17.2% ID/g for μNETs at 4 h 

postinjection (p < 0.01) (Figure 6C). Similarly, at the 4 h time point, the mass-normalized 

fraction of μNETs in the spleen (~7.1% ID/g) was significantly higher than fraction of 

C+-μNETs (~4.4% ID/g) (p < 0.001) (Figure 6C), indicating the higher uptake of μNETs 

by the splenic macrophages. We attribute the greater accumulation of μNETs in the liver 

and spleen at 4 h to the greater degree of externalized PS on the surface of μNETs, causing 

them to be more readily recognized and engulfed by hepatocytes, and Kupffer cells68,69 

and splenic macrophages. At 24 h, the hepatic fraction of μNETs significantly decreased to 

~2.6% ID/g (Figure 6C and Table S1), indicating clearance via the hepatobiliary mechanism. 

At this time point, the hepatic fraction of C+-μNETs increased to ~4.5% ID/g (Figure 6C and 

Table S1), indicating their slower rate of accumulation in the liver.

We also compared the recovered mass-normalized fractions of μNETs and C+-μNETs 

between the various organs (Table S2). At the 4 h time point, the liver was the primary 

site of accumulation for both μNETs and C+-μNETs. The exception was the lungs where the 

amount of C+-μNETs was not significantly different from the liver. At 24 h, the primary sites 

of accumulation for both μNETs and C+-μNETs were the lungs and spleen.

The total recovered mass-normalized percentages of μNETs and C+-μNETs recovered from 

the blood, liver, lungs, kidneys, and spleen were ~87 and 96% ID/g at 4 h, respectively. 

At 24 h, the recovered fraction of μNETs was reduced to ~57% ID/g, whereas ~94% 

ID/g of C+-μNETs was recovered from these compartments. The relatively high recovery 

of C+-μNETs at 24 h indicates minimal hepatobiliary elimination, phagocytic removal, or 

urinary excretion of these particles, whereas nearly half of the initial dose per gram of 

organs for μNETs was eliminated from these compartments by that time.

CONCLUSIONS

Externalization of PS on the surface of RBC-derived particles, such as μNETs, can be 

reduced by membrane cholesterol enrichment. Our in-vitro results indicate that uptake of 

cholesterol-enriched μNETs (C+-μNETs) by RAW 264.7 murine macrophages takes place at 

a lowered rate as compared to μNETs without cholesterol enrichment. When administered 

intravenously via tail-vein injection in healthy mice, the % ID/g of C+-μNETs in blood at 4 

and 24 h was ~1.5 and 1.8 times higher than that of μNETs. At 4 h postinjection, μNETs 

and C+-μNETs that were removed from circulation had primarily accumulated in the liver 

with lungs as an additional accumulation site for C+-μNETs. At 24 h postinjection, the % 

ID/g of μNETs and C+-μNETs was greatest in blood, followed by the lungs and spleen. The 

total mass-normalized percentage of the initial C+-μNETs dose at 24 h was 94% ID/g, but 

only 57% ID/g for μNETs. These results indicate that membrane cholesterol enrichment is 

an effective method to reduce PS externalization on the surface of RBC-derived particles and 

can prolong their circulation in the blood.
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ABBREVIATIONS

AF488 Alexa Fluor 488

C+-μNETs cholesterol-enriched μNETs

FSC-A forward scattering area

ICG indocyanine green

ID injected dose

MβCD methyl-β-cyclodextrin

NETs NIR erythrocyte-derived transducers

NIR near infrared

PBS phosphate-buffered saline

PC phosphatidylcholine

PE phosphatidylethanolamine

PS phosphatidylserine

RBCs red blood cells

RES reticuloendothelial system

SDS sodium dodecyl sulfate

SLM spatial light modulator

SM sphingomyelin

SSC-A side scattering area

SW Swiss Webster

QPI quantitative phase imaging

μNETs microsized NIR erythrocyte-derived transducers
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Figure 1. 
Schematic of the methods to form μNETs and C+-μNETs. For C+-μNETs, the cholesterol–

MβCD complex was added in a hypotonic solution during simultaneous hemoglobin 

depletion and membrane enrichment with cholesterol prior to ICG loading.
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Figure 2. 
Optical characteristics of μNETs and C+-μNETs. (A) Absorption spectra corresponding 

to the average of three independent measurements for each sample. (B) Normalized 

fluorescence emission spectra in response to 780 ± 2.5 nm photoexcitation. Data points 

correspond to the average of three measurements. Solid traces are the Gaussian fits to the 

averaged data. (C) Emission intensities integrated over the 795–900 spectral band. Each bar 

is an average of three independent measurements with error bars representing the SDs (n = 

3).
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Figure 3. 
Quantification of cholesterol content and detection of externalized PS. (A) Relative average 

membrane cholesterol level of RBCs, μNETs, and C+-μNETs. Each bar is an average of four 

independent measurements (n = 4). (B) ΔMFI of RBCs, μNETs, and C+-μNETs conjugated 

with AF488-labeled annexin V for PS detection. Each bar represents the average of three 

independent measurements. (C) Representative dot plots of SSC-A vs fluorescently detected 

PS for RBCs, μNETs, and C+-μNETs. (D) Representative counts of RBCs, μNETs, and 

C+-μNETs fluorescently detected for PS. (E) Mean fractions of PS-positive RBCs, μNETs, 
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and C+-μNETs associated with three measurements. Error bars in panels (A,B,E) represent 

SDs. Asterisks *, **, and ***, respectively, correspond to statistically significant differences 

with p < 0.05, p < 0.01, and p < 0.001.
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Figure 4. 
Morphological characteristics of RBCs, μNETs, and C+-μNETs. (A) Representative SSC-

A vs FSC-A plots of RBCs, μNETs, and C+-μNETs obtained by flow cytometry. 

Representative falsely colored images of (B) RBCs, (C) μNETs, and (D) C+-μNETs obtained 

by QPI. In panel (B), examples of normal RBCs, echinocytes, and acanthocytes are pointed 

out by the red, blue, and black arrows, respectively. Purple arrows point to μNETs in panel 

(C). In panel (D), examples of C+-μNETs resembling RBCs or μNETs are pointed out by the 

respective red and purple arrows. The scale bar for the phase values applies to panels (B–D).
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Figure 5. 
In-vitro uptake dynamics of μNETs and C+-μNETs by RAW 264.7 murine macrophages. (A) 

Fluorescence images of RAW 264.7 macrophages after 30, 60, and 120 min of incubation 

with μNETs or C+-μNETs. Scale bar = 50 μm and applies to all panels. (B) Average NIR 

fluorescence intensity of RAW 264.7 cells (estimated using eq 4) after incubation with 

μNETs or C+-μNETs for 30, 60, and 120 min. Error bars are the SDs, and statistical 

significance is denoted with *** asterisks indicating p < 0.001.
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Figure 6. 
Biodistribution of μNETs and C+-μNETs. (A) Fluorescence emission spectra of blood 

collected from mice at 4 and 24 h following tail-vein injection of μNETs and C+-μNETs 

in response to 780 ± 2.5 nm photoexcitation. Solid traces are Gaussian fits to the data 

points (C+-μNETs at 4 h represented by filled triangles; μNETs at 4 h represented by filled 

circles; C+-μNETs at 24 h represented by unfilled triangles; and μNETs at 24 h represented 

by unfilled circles). (B) Spectrally integrated emission intensity of blood and homogenized 

organs normalized to the mass of the organ/blood. (C) Recovered percentage of the initial 
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dose of ICG normalized to the mass of extracted organs and blood (% ID/g) at 4 and 24 

h postinjection of μNETs and C+-μNETs. In each panel, the means of four independent 

measurements are presented. Error bars correspond to their SDs from the mean. Asterisks 

denote statistically significant differences (*, p < 0.05; **, p < 0.01; ***, p < 0.001) between 

the indicated pairs.
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