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Abstract

Red blood cell (RBC)-derived systems offer a potential platform for delivery of biomedical 

cargos. Although the importance of specific proteins associated with the biodistribution and 

pharmacokinetics of these particles has been recognized, it remains to be explored whether 

some of the key transmembrane and cytoskeletal proteins responsible for immune-modulatory 

effects and mechanical integrity of the particles are retained. Herein, using sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and quantitative tandem mass tag mass 

spectrometry in conjunction with bioinformatics analysis, we have examined the proteomes of 

micro- and nanosized erythrocyte ghosts doped with indocyanine green and compared them 

with those of RBCs. We identified a total of 884 proteins in each set of RBCs, micro-, and 

nanosized particles, of which 8 and 45 proteins were expressed at significantly different relative 
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abundances when comparing micro-sized particles vs RBCs and nanosized particles vs RBCs, 

respectively. We found greater differences in relative abundances of some mechano-modulatory 

proteins, such as band 3 and protein 4.2, and immunomodulatory proteins like CD44, CD47, 

and CD55 in nanosized particles as compared to RBCs. Our findings highlight that the methods 

utilized in fabricating RBC-based systems can induce substantial effects on their proteomes. Mass 

spectrometry data are available at ProteomeXchange with the identifier PXD038780.

Graphical Abstract
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INTRODUCTION

Cell-based platforms have gained increasing attention for the delivery of various therapeutic, 

diagnostic, and imaging cargos. In particular, red blood cells (RBCs) are promising 

candidates due to their expected biocompatibility and nontoxicity, especially if derived 

from autologous blood.1–5 An important issue related to the effectiveness of RBC-derived 

delivery vehicles in clinical application is their circulation time. To accumulate at sufficient 

therapeutic or diagnostic quantities within the target site, a sufficiently long circulation time 

is necessary before the particles are removed by the reticuloendothelial system.
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One of the key determinants in the longevity of RBC-derived carriers within circulation 

is the presence of specific proteins on the surface of their membranes that interact with 

the immune cells. For example, transmembrane glycoprotein CD47 prevents RBCs from 

being phagocytosed by macrophages,6 and the decay-accelerating factor (CD55) and CD59 

prevent the complement system from activating and forming membrane-attack complexes 

(MACs) against RBCs.7 The presence of these cell surface proteins (among others) is 

needed for prolonging the circulation time of RBC-derived vehicles.

Another important factor in determining the circulation time of RBC-derived carriers is 

their mechanical deformability. Healthy RBCs repeatedly squeeze through narrow capillaries 

that have diameters similar to those of RBCs (~8 μm) and through the endothelial slits of 

spleen (~200 to 400 nm),8 the filtration organ involved in sequestering and disassembly of 

senescent RBCs. In addition to the mechanical properties of the membrane bilayer itself, 

the deformability of RBCs is attributed to the proteins that link the membrane to the 

cytoskeleton as well as a network of cytoskeletal proteins.9–11

Toward development of RBC-derived carriers for clinical use, it is important to gain a better 

understanding of their proteomes, particularly those proteins involved in modulating the 

immune response and the mechanical characteristics of the carriers as they are related to 

the circulation time of the particles. While the proteomes of RBCs have been extensively 

investigated,12,13 this is the first evaluation of the proteome of RBC-derived carriers. 

In particular, we have used sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

(SDS-PAGE) and quantitative tandem mass tag (TMT)-based mass spectrometry (MS) 

in combination with bioinformatics analysis to characterize the proteomes of micro- and 

nanosized RBC-derived particles. These particles are doped with the FDA-approved near-

infrared chromophore, indocyanine green (ICG), which has a long history in clinical 

applications ranging from ophthalmic angiography14,15 to tumor imaging16–18 and laser 

therapy.19,20 The nanosized RBC-carriers have relevance to tumor optical imaging and 

laser-based therapeutics,21–27 while the micro-sized RBC-derived carriers may be useful for 

laser treatment of cutaneous hypervascular lesions such as port-wine birthmarks.28,29

Herein, we demonstrate that the protein composition of micro-sized erythrocyte ghosts 

(EGs) doped with ICG (μEGs+ICG) was generally similar to that of RBCs, but there were 

still 8 proteins with significantly different relative abundance in μEGs+ICG as compared 

to RBCs. The proteomic profiles of nanosized EGs (nEGs) doped with ICG (nEGs+ICG) 

showed lower relative abundance levels of some structural proteins (α-/β-Adducin, dematin) 

and additional differences in their protein compositions, including immunomodulatory 

surface proteins like CD47, CD44, and complement C4B as compared to those of RBCs and 

μEGs+ICG. Our findings highlight the importance of methods in engineering RBC-derived 

carrier systems with appropriate proteomes for clinical translation.

MATERIALS AND METHODS

Fabrication Procedures

RBCs were isolated from human whole blood (Innovative Research Inc., Novi, MI) via 

centrifugation (1600g for 10 min at 4 °C). The supernatant containing the plasma and 
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buffy coat was removed, and the erythrocyte pellets were washed twice with ~320 mOsm 

phosphate-buffered saline (PBS) (referred to as 1× PBS, pH = 8) (Fisher Scientific, 

Hampton, NH). The supernatant was discarded after each wash. The washed erythrocytes 

were then subjected to hypotonic treatment in 0.25× PBS (~80 mOsm, pH = 8) for 30 

min, followed by centrifugation (20 000g for 20 min at 4 °C). The supernatant containing 

hemoglobin was discarded, and the hypotonic treatment was repeated until a white pellet 

containing the micro-sized erythrocyte ghosts (μEGs) was obtained. The μEGs were then 

resuspended in 1× PBS.

To form nEGs, 1 mL of μEGs was first diluted 10-fold in 1× PBS and then 

extruded sequentially through 800-, 400-, and 200 nm diameter polyester porous 

membranes (Sterlitech Corp., Kent, WA) using a 10 mL LIPEX extruder (TRANS-FERRA 

Nanosciences Inc., Burnaby, BC). μEGs were passed through each membrane size at least 

three times. The pellet containing the nEGs was isolated by centrifugation (100 000g for 1 h 

at 4 °C) and then resuspended in the original 1 mL of 1× PBS.

To load ICG (MP Biomedicals, Santa Ana, CA) into μEGs and nEGs, particles were 

incubated in a hypotonic solution made of 1:1:1 volume ratio of particles, Sørenson’s 

phosphate buffer (Na2HPO4/NaH2PO4, 140 mOsm, pH = 8), and ICG solution for 30 min 

at 4 °C in the dark. Concentration of ICG in the loading buffer solution was 25 μM. This 

process results in the formation of μEGs and nEGs doped with ICG, which we refer to 

as μEGs+ICG and nEGs+ICG, respectively. To obtain the μEGs+ICG and nEGs+ICG pellets, 

3 mL of suspension was then centrifuged and washed twice with 1× PBS (20 000g for 20 

min at 4 °C and 100 000g for 1 h at 4 °C for μEGs+ICG and nEGs+ICG, respectively). The 

resulting pellets of μEGs+ICG and nEGs+ICG were then resuspended in their original 1 mL 

of 1× PBS to restore tonicity. The absorption spectra of the particles were obtained using a 

spectrophotometer (Jasco-V670, JASCO, Easton, MD).

Size Profiling of Particles

Dynamic light scattering (DLS) (Zetasizer Nanoseries, NanoZS90, Malvern Instruments 

Ltd., Westborough, MA) was used to estimate the hydrodynamic diameters of the particles 

suspended in 1× PBS in a polystyrene cuvette with a 1 cm pathlength. Three measurements 

were collected for each sample. The mean peak diameter ± standard deviation (SD), based 

on lognormal fits to the DLS-based measurements, were 4,149 ± 200 and 140.87 ± 0.848 nm 

for μEGs+ICG and nEGs+ICG, respectively.

We also used the Zetasizer to quantify the ζ-potentials of the particles in 1× PBS. The mean 

± SD values of ζ-potentials for μEGs+ICG and nEGs+ICG were −13.02 ± 0.85 and −14.4 ± 

0.88 mV, respectively.

SDS-PAGE

Samples consisting of RBCs (control), μEGs+ICG or nEGs+ICG were thoroughly mixed in 

Laemmli buffer (6×; 375 mM Tris-HCl, 6% SDS, 4.8% glycerol, 9% 2-mercaptoethanol, 

0.03% bromophenol blue), followed by heating at 95 °C for 5 min to denature the 

proteins. To quantify the total protein amount in each sample, the Bradford assay (Thermo 

Fisher Scientific Inc., Rockford), in conjunction with standard curves, was used. The peak 
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absorption of the Bradford reagent (Coomassie blue G-250) changes from 470 to 595 nm 

when it binds to proteins, which is then measured spectroscopically. After binding, we 

compared the 595 nm absorbance value to a standard curve that relates the absorbance 

values to various concentrations of protein, and quantified the amount of the protein in each 

sample.

We then loaded the samples into a precast, gradient 12% polyacrylamide gel and 

electrophoretically separated the protein at 100 V for 2 h. The gel was fixed and stained 

in staining buffer (0.25 g Coomassie blue R-250, 40 mL methanol, 50 mL dH2O, 10 mL 

acetic acid) overnight to visualize the protein migration. The stained gel was then washed 

in a destaining buffer (40% methanol, 10% acetic acid in dH2O) overnight to clear the 

background dye. Visualization of the gel band was obtained using the BioSpectrum Imaging 

System (UVP system, Anaytik Jena, Upland, CA). To estimate the molecular weight (MW) 

of unknown proteins, the gel image was then analyzed to determine the relative migration 

distance (Rf value) of the protein standard marker and the unknown protein

Rf = migration distance of the band
migration distance of the dye at front (1)

Finally, a plot of the logarithm of the MW of the protein standards against their Rf

values was constructed as the standard curve to determine the MW of various unknown 

proteins.30,31 The protein identity was predicted by comparing the estimated MWs to those 

of known proteins in the literature.12,32,33

TMT- MS Analysis

Sample Preparation.—Samples were prepared in triplicate. Following the manufacturer’s 

instructions (TMT Mass Tag Labeling Kit, Thermo Fisher Scientific), each sample type was 

lysed to isolate the protein extracts, which were then reduced, alkylated, and digested to 

obtain the peptides. The TMT reagents were added to label the peptides from each sample. 

All samples were then mixed together, followed by fractionation prior to MS analysis. 

Specifically, cell suspensions were first lysed in lysis buffer (0.25% sodium deoxycholate, 

1% NP-40, 50 mM triethylammonium bicarbonate (TEAB) (Millipore Sigma), 1 mM 

phenylmethylsulfonyl fluoride) on ice for 1 h and then adjusted to 500 μL in 50 mM 

TEAB. To minimize protein degradation and reduce the activity of proteases and the 

contaminants in each sample, acetone precipitations prior to digestion and labeling process 

were performed. The proteins derived from lysed cells of each sample were precipitated 

in equal volumes of trichloroacetic acid and incubated on ice for 1 h. The supernatant 

was discarded, and the pellet was rinsed twice with 500 μL of cold acetone, which was 

then removed using a vacuum concentrator (SpeedVac, Thermo Fisher Scientific). These 

procedures remove the detergents.34 The resulting dried pellet was resuspended in 50 μL 

of 50 mM TEAB and subsequently reduced by incubating it with 1 μL of 500 mM Tris 

(2-carboxyethyl) phosphine (Thermo Fisher Scientific, Rockford, IL) at 37 °C for 1 h. Each 

sample was then added to 3 μL of 500 mM iodoacetamide (Millipore Sigma) and incubated 

in the dark at room temperature for 1 h.
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Next, the digestion of the proteins was performed per the manufacturer’s instructions 

(Thermo Fisher Scientific). Specifically, proteins of each sample were incubated with 500 

μL of 50 mM TEAB and 10 μL (2 μg) of trypsin/lysC mix (Promega, Madison, WI) at 37 

°C overnight (16 h). After digestion, the concentrations of peptides from each sample were 

measured using a colorimetric assay (Thermo Fisher Scientific). The assay was performed 

following the manufacturer’s instructions using a 96-well microplate which involves protein 

peptide–copper chelation and detection of the reduced copper. Briefly, the amide backbone 

of peptides in the sample causes the copper to be reduced under alkaline conditions to form 

a bright red complex, which can be detected at 480 nm. The peptide concentration of each 

sample was determined by comparing the absorbance at 480 nm to that of a peptide standard 

curve.

Lastly, TMT labeling was performed according to the manufacturer’s instructions (10-plex 

Tandem Mass Tag labeling, Thermo Fisher Scientific). From each sample, 50 μg was mixed 

with TMT Label Reagent using a 1:1 mass ratio of reagent to peptide and incubated at 

room temperature for 1 h, followed by quenching with 8 μL of 5% hydroxylamine for 

15 min. The labeled aliquots were combined into one sample and then dried in a vacuum 

concentrator in preparation for high-pH fractions. The Pierce high-pH fraction kit (Thermo 

Fisher Scientific) was used to separate the peptides by hydrophobicity to increase the 

number of proteins from the complex sample identified by liquid chromatography–mass 

spectrometry (LC-MS) analysis.

LC-MS Analysis.—Liquid chromatography was performed on an EASY-nLC1200 liquid 

chromatography system (Thermo Fisher Scientific) in single-pump trapping mode with a 

PepMap RSLC C18 EASY-spray column (2 μm, 100 Å, 75 μm × 25 cm) and a Pepmap 

C18 trap column (3 μm, 100 Å, 75 μm × 20 mm). Samples were separated at 300 nL/min 

with a 260 min linear gradient (3–85% solvent containing 80% acetonitrile with 0.1% 

formic acid), and data were acquired on an Orbitrap Fusion mass spectrometer (Thermo 

Fisher Scientific) in data-dependent mode. A full scan was conducted using 60k resolution 

in the Orbitrap in positive mode. Precursors for mass spectrometry 2 (MS2) were filtered 

by monoisotopic peak determination for peptides. Intensity threshold was set to 5.0 × 103, 

charge states 2–7 were selected, and dynamic exclusion was set to 60 s after one analysis 

with a mass tolerance of 10 ppm. Collisionally induced dissociation spectra were collected 

in ion trap MS2 at 35% energy and isolation window 1.6 m/z. Synchronous precursor 

selection MS3 was utilized for TMT ratio determination at higher-energy C-trap dissociation 

(HCD) energy. The sequence of steps for TMT analysis are shown in Figure 1.

Bioinformatics and Data Analysis.—All obtained data were searched individually in 

Proteome Discover 2.2 (Thermo Fisher Scientific) against the universal protein resource 

(UniProt) FASTA database for Homo sapiens. The precursor mass tolerance was set 

to 10 ppm, and fragment mass tolerance was set to 0.6 Da. Fixed modifications were 

carbamidomethyl (Cys +57.021 Da) and TMT 6plex (Lys, N-terminus +229.163 Da), and 

dynamic modifications included methionine oxidation (+15.995 Da) N-terminal acetylation 

(+42.011 Da). Results were filtered to a strict 1% false discovery rate.
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Volcano plots35,36 were generated in Excel 2011 to illustrate the differentially expressed 

proteins between any two of the three sample types. Specifically, we calculated the log2 fold 

change of each identified protein from any two sample types and its corresponding −log10 

p-value. We used Protein Analysis Through Evolutionary Relationships (PANTHER)37,38 to 

categorize the proteins that had significantly different relative abundances between any of 

the two samples according to molecular function, biological process, and protein class.

RESULTS AND DISCUSSION

SDS-PAGE

SDS-PAGE analysis revealed that the membrane protein band 3 (90 kDa) and other 

cytoskeletal proteins consisting of α-spectrin (240 kDa), β-spectrin (220 kDa), protein 4.1R 

(80 kDa), and protein 4.2 (72 kDa)39–41 were retained in μEGs and μEGs+ICG (Figure 2). 

Based on their MWs, as determined by the comparison of their Rf values with the ladder 

as well as the known MW of each protein reported in the published literature,33 we expect 

that the remaining label bands in Figure 2 correspond to dematin (~48 kDa), tropomodulin 

(~43 kDa), tropomyosin (~27 kDa), and protein 8 (~23 kDa).33,42 These proteins were also 

retained in μEGs and μEGs+ICG (Figure 2).

The RBC membrane is anchored to the underlying network of cytoskeletal proteins via 

ankyrin- and protein 4.1R (actin junctional complex)-based protein complexes.43,44 These 

complexes have vital roles in maintaining the structural integrity of normal RBCs by serving 

as a system of vertical linkages that connect the membrane bilayer to the cytoskeleton. Band 

3 is one of the main transmembrane proteins that links the bilayer to ankyrin. The principal 

protein constituents of the RBC cytoskeleton are α- and β-spectrin, actin protofilament, 

dematin, tropomyosin, and tropomodulin.44,45 These proteins are part of the actin junctional 

complex and are involved in maintaining the membrane mechanical stability of RBCs.46–49 

Other studies have indicated that dematin maintains the integrity of the membrane skeleton 

by reinforcing the lateral interaction between actin filament and spectrin tetramers,50 and its 

depletion destabilizes the association of the cytoskeleton to the plasma membrane.45

Our findings suggest that hypotonic treatment and ICG loading had little to no marked effect 

on the presence of these proteins in μEGs and μEGs+ICG (Figure 2). Nevertheless, it should 

be recognized that the linkages between the membrane and cytoskeleton may be disrupted, 

resulting in changes to the membrane mechanical properties and deformability of these 

RBC-like particles.51 Weakened vertical linkages between the membrane and cytoskeleton 

can lead to dissociation of the spectrin tetramers into dimers.29,52 Furthermore, hypotonic 

treatment is associated with clustering and rearrangement of band 3.53,54

Hypotonic treatment did not result in complete depletion of hemoglobin in μEGs and 

μEGs+ICG. These results are consistent with the absorption spectrum (Figure 3) showing 

spectral peaks at 412, 542, and 575 nm, respectively, corresponding to the Soret, 

fundamental (Q0), and its vibronic tone (Qv) associated with oxyhemoglobin,55 as well 

as quantitative optical phase images, demonstrating the presence of residual oxyhemoglobin 

in μEGs and μEGs+ICG.51
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The nanosized particles (nEGs and nEGs+ICG), fabricated by mechanical extrusion of 

the micro-sized particles, had several faint and missing protein bands as compared to 

nonextruded micro-sized particles (μEGs and μEGs+ICG) and RBCs (Figure 2). During the 

extrusion process, the cells are passed through cylindrical pores with nanosized diameters, 

resulting in cell lysis and reassembly of membrane lipids to form nanosized vesicles (e.g., 

nEGs).56 We attribute the loss or reductions in expression levels of specific proteins such as 

dematin and tropomyosin to the extrusion process.

To further observe the effects of the extrusion process, we performed the SDS-PAGE 

analysis after extruding the particles through progressively smaller pores (800, 400, and 

200 nm), with each extrusion through each pore size repeated three times. Specifically, we 

centrifuged the nanosized particles formed following the extrusion through each of the pore 

sizes and collected both the pellet and the supernatant for SDS-PAGE analysis to identify 

some of the proteins that were removed from the particles and released into the supernatant 

as a result of each extrusion. We quantified the relative expression of each band to the RBC 

bands using ImageJ.

Two bands associated with the pellets and corresponding to dematin and tropomodulin 

became progressively fainter after each extrusion, whereas the bands corresponding to 

tropomyosin and protein 8, which have lower molecular weights, became faint immediately 

after the first extrusion of the μEGs through the 800 nm pore diameter (Figure 4A). 

The bands associated with these four proteins were detected in the supernatants (Figure 

4B), suggesting that they were removed from the RBC ghosts during the extrusion 

process. In addition, we observed two prominent bands in the supernatants. Based on our 

proteomic data, we suggest that they may correspond to entries 151–152 (~74 kDa) and 

entries 183–188 (~65 kDa) in Table S1. These are cytoskeletal proteins such as keratin 

and part of the actin junctional complex, which mediates binding of protein 4.1R to 

spectrin.43 Since the aforementioned proteins are involved in maintaining the mechanical 

stability of normal RBCs, we anticipate that their removal will compromise the mechanical 

characteristics of the nanosized particles formed from RBCs. Changes in mechanical 

properties and deformability are thought to modulate the cellular uptake and biodistribution 

of nanoparticles.57–59

The band associated with hemoglobin disappeared following the first extrusion through the 

800 nm pore diameter (Figure 4A), concomitant with the emergence of a hemoglobin band 

in the supernatant (Figure 4B). Consistent with these results, the Q0 and Qv peaks associated 

with oxyhemoglobin absorption were absent in the absorption spectrum of nEGs+ICG, and 

there was a minimal presence of the Soret band (Figure 3). These results indicate that while 

the hypotonic treatment of RBCs did not result in the complete depletion of hemoglobin 

from human RBCs (Figure 3), extruding the RBC ghosts through an 800 nm diameter pore 

was sufficient to eliminate the residual hemoglobin.

Quantitative Analysis of RBC-Derived Optical Particles by TMT-MS

We performed TMT-MS to identify the proteins and quantify their relative abundances 

in RBCs, μEGs+ICG, and nEGs+ICG. In total, 884 proteins were detected in each sample. 

Of these, 710 proteins were quantifiable in RBCs, μEGs+ICG, and nEGs+ICG in all three 

Lee et al. Page 8

J Proteome Res. Author manuscript; available in PMC 2024 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



replicates (Table S1). To determine if the abundance of each identified protein among RBCs, 

μEGs+ICG, and nEGs+ICG showed statistical significance, we conducted t-test analysis on the 

remaining 710 proteins. Of these, 363 proteins had sufficient data (abundance values above 

the detectable threshold from all three TMT channels in the triplicate samples) to perform 

t-test analysis (see Table S2 for proteins without sufficient data). Using these criteria, we 

present volcano plots to show the statistical significance of differences in the relative protein 

expressions for μEGs+ICG vs RBCs (Figure 5A), nEGs+ICG vs RBCs (Figure 5B), and 

μEGs+ICG vs nEGs+ICG (Figure 5C). In these plots, the −log10 of p-value is plotted against 

the log2 ratio of the relative protein abundance (fold changes).60 The more spread out the 

volcano plot, the more differences there are in the protein abundances between two samples.

The protein profile of μEGs+ICG is more similar to that of RBCs, while nEGs+ICG 

present more differences in their proteomic composition as compared to both RBCs 

and μEGs+ICG. Specifically, our statistical analysis demonstrated that in comparison with 

RBCs, only 8 proteins (glutamate dehydrogenase 1, glutathione synthetase, kell blood 

group glycoprotein, calumenin, receptor expression-enhancing protein 5, nonsecretory 

ribonuclease, monocarboxylate transporter 1, calpain-5) had significantly different relative 

abundance in μEGs+ICG (Table S3). However, 45 proteins in nEGs+ICG had significantly 

different abundance as compared to RBCs. Comparing nEGs+ICG to μEGs+ICG, 230 proteins 

had statistically significant relative abundances (Table S3), accounting for ~63% of the total 

proteins identified in these two samples, suggesting that the extrusion processes induced 

substantial effects on the proteome of nEGs and nEGs+ICG.

The biodistribution and circulation time of RBC-based particles are influenced by proteins 

that provide mechanical stability as well as those that mediate evasion from the immune 

cells. We provide a partial listing of these mechano- and immunomodulatory proteins in 

Table 1. Through our proteomics analysis, we have estimated that the relative abundance 

levels of ankyrin, band 3, and protein 4.2 are, respectively, reduced by about 12.8, 25.8, 

and 36.5% in μEGs+ICG as compared to RBCs (reduction percentages are calculated from 

the abundance ratios provided in Table S1). However, other proteins that participate in 

the actin junctional complex showed increased expression levels in μEGs+ICG as compared 

to RBCs. These proteins included actin with increased expression of 10%, tropomodulin 

(36.8%), α-/β-adducin (96.8 and 56.6%, respectively), tropomyosin (76.8%), and dematin 

(112.4%). Combined with reductions in ankyrin, band 3, and protein 4.2, these changes 

may be sufficient to alter the membrane mechanical properties of μEGs+ICG and weaken the 

adhesion between the membrane and the cytoskeleton.51

Consistent with our SDS-PAGE analysis (Figure 4), the proteomic profiles obtained from 

TMT-MS showed relatively lower abundance levels of dematin (69.2%), tropomodulin 

(43.5%), and tropomyosin (33.1–64.8%) in nEGs+ICG as compared to normal RBCs. In 

addition, the actin junctional complex-related proteins α- and β-adducin in nEGs+ICG also 

showed lower relative abundance levels of about 44.8 and 60.5%, respectively, as compared 

to RBCs.

Other studies have indicated that the rigidity of the nanoparticles plays a part in their 

effectiveness as drug delivery vehicles where shorter circulation times are associated with 
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nanoparticles that have higher Young’s moduli.48,49,61 These findings may be attributed 

to faster uptake rates of more rigid nanoparticles by the immune cells.58,62 Therefore, 

changes in the expression levels of the aforementioned structural proteins in nEGs+ICG 

may influence the mechanical characteristics of these nanoparticles and, ultimately their 

circulation pharmacokinetics.

Another contributing factor to the circulation time of RBC-based carriers relates to 

specific membrane proteins involved in regulating the interaction with the immune system. 

Specifically, the decay-accelerating factor (CD55) and MAC-inhibitory protein (CD59) 

provide protection against complement activation by binding to C3b and C4b proteins to 

prevent the formation of MACs.63 CD47 serves as a “self-marker” on RBCs that impedes 

phagocytosis through interaction with the inhibitory phagocytic receptor, SIRPα expressed 

on macrophages.6,64,65 Our proteomic analysis indicates that the relative abundance of the 

aforementioned immune markers on both μEGs+ICG and nEGs+ICG were not significantly 

different from RBCs (Figure 5A,B and Table 1). These results are consistent with our 

previous study, where using fluorescence immunostaining, we showed that CD47 is retained 

on μEGs+ICG and nEGs+ICG.66 Nevertheless, we point out that the extrusion process 

may induce conformational changes to CD47, possibly switching its role to activate 

phagocytosis.67 Such a switch would be consistent with our in vivo fluorescence imaging of 

C3H mice microvasculature, where the half-life in the bloodstream was reduced from ~49 

min for μEGs+ICG to ~15 min for nEGs+ICG.29 Since CD47 resides within the ankyrin-based 

complex, it is possible that conformational changes to CD47 in μEGs+ICG may occur as a 

result of disruptions in the vertical linkages in the complex.68

Additionally, CD44, a multifunctional transmembrane glycoprotein expressed on RBCs 

and leukocytes, is involved in the regulation of hyaluronic acid, mediating the adhesion 

of leukocytes, and triggering phagocytosis.69–71 Increased relative abundance of CD44 on 

nEGs+ICG (Figure 5B and Table 1) may also play a role in activating their phagocytic 

removal and reducing the circulation time of these nanoparticles.

We evaluated the reproducibility of each sample type by calculating the coefficient of 

variation (CV) of protein abundances in RBCs, μEGs+ICG, and nEGs+ICG. The mean CV 

values were ~52.53, 25.81, and 17.39% for RBCs, μEGs+ICG, and nEGs+ICG, respectively. 

The greater CV value for RBCs may be attributable to the mixture of the young and 

senescent RBCs in the sample. For example, aging of RBCs is associated with changes in 

band 3 and the protein composition of the membrane.72–74 The lower values of CV for 

μEGs+ICG and nEGs+ICG as compared to RBCs is suggestive of the lower dispersion in 

protein abundances for these samples and their fabrication reproducibility. Since increased 

binding of modified hemoglobin to band 3 is thought to be associated with the aging of 

RBCs,72 the reduced hemoglobin content in μEGs+ICG and nEGs+ICG may be a contributing 

factor to the lower CV values in these constructs.

Categorization of Identified Proteins with Significantly Different Abundances

To further understand the characteristics of the identified proteins with significantly different 

abundances, we categorized those proteins according to gene ontology (molecular functions, 

biological processes, and protein class) based on the PANTHER classification system.37,75 
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(Figure 6). A detailed list of all proteins with significantly different relative abundances is 

provided in Table S3.

When categorized by molecular function, comparing μEGs+ICG with RBCs, the largest 

fraction of proteins with significantly different relative abundances were those related to 

the enzymatic activity (62.5% of the proteins, corresponding to 5 proteins) (Figure 6A). In 

this category, when comparing nEGs+ICG vs RBCs, and μEGs+ICG vs nEGs+ICG, the largest 

fractions were those associated with binding with approximate values of 38.6% (17 proteins) 

and 40% (90 proteins), respectively (Figure 6B,C).

When comparing μEGs+ICG vs RBCs by biological function, the greatest fraction of proteins 

(37.5% of the proteins, corresponding to 3 proteins) were those involved in metabolic 

processes, including catabolism and macromolecular processes, such as protein synthesis 

and degradation (Figure 6D). When comparing nEGs+ICG vs RBCs, and nEGs+ICG vs 

μEGs+ICG, the majority of proteins with significantly different abundances were related 

with cellular processes, defined as any process that occurs at the cellular level such as 

cellular development, protein folding, and transmembrane transport. Specifically, 54.5% of 

the proteins (corresponding to 24 proteins) when comparing nEGs+ICG vs μEGs+ICG (Figure 

6E), and 62.7% of the proteins (corresponding to 141 proteins) when comparing nEGs+ICG 

vs RBCs (Figure 6F) were involved in such processes.

When comparing μEGs+ICG vs RBCs by protein class, metabolite interconversion enzymes 

such as transferases, ligases, and lyases, and protein modifying enzymes such as proteases 

and protein phosphatases each accounted for 25% of the proteins (corresponding to a total of 

4 proteins) (Figure 6G). Metabolite conversion enzymes also comprised the largest fraction 

when comparing nEGs+ICG vs RBCs (9.1%, corresponding to 4 proteins) (Figure 6H), and 

μEGs+ICG vs RBCs (14.7%, corresponding to 33 proteins) (Figure 6I). When comparing 

μEGs+ICG vs RBCs, six classes of proteins accounted for the proteomic differences (Figure 

6G); however, comparing nEGs+ICG vs RBCs (Figure 6H) and nEGs+ICG vs μEGs+ICG 

(Figure 6I), the number of protein classes increased to 14 and 19, respectively.

Finally, we point out that while the present study indicates that the physical and biochemical 

treatments of RBCs are the primary determinants of the proteomes of the particles, it has 

been reported that the protein composition of the membrane of RBCs and RBC ghosts 

changes with storage time.72,73 For example, changes to the band 3 complex, including its 

association with flotillin-2, have been reported.74 Therefore, the effects of storage time on 

the proteomes of RBC-based carrier systems should be considered in future studies.

CONCLUSIONS

We have studied the proteomic profiles of μEGs+ICG, nEGs+ICG, and RBCs by SDS-PAGE 

analysis and quantitative TMT-MS. While the protein composition was generally retained 

in μEGs+ICG, nEGs+ICG, fabricated by mechanical extrusion of μEGs, showed greater 

differences in their protein composition as compared to RBCs and μEGs+ICG. Specifically, 

only 8 proteins had significantly different relative abundance in μEGs+ICG, while there 

were 45 proteins with significant differences in abundance in nEGs+ICG as compared to 
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RBCs. Moreover, greater differences in the relative abundances of some of the mechano-

modulatory proteins, such as band 3 and dematin, and immunomodulatory proteins such as 

CD47, CD55, and CD44 were found in nEGs+ICG as compared to RBCs. The differences in 

the proteomes of nEGs+ICG vs RBCs may provide a mechanism for altered biodistribution 

dynamics and circulation times of nEGs+ICG as compared to μEGs+ICG and RBCs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Sequence of steps for TMT experiments. Proteins from each sample type were extracted, 

followed by reduction, alkylation, and digestion of the proteins prior to specific TMT 

isobaric tag labeling. Next, all of the samples were combined and fractionated prior to 

LC-MS analysis. Data analysis and quantification were achieved by Proteome Discover 2.2 

against the UniProt FASTA database.
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Figure 2. 
SDS-PAGE analysis of protein expressions in RBCs, μEGs, nEGs, μEGs+ICG, and 

nEGs+ICG. Each sample was loaded into the gel at different protein concentrations ranging 

between 10 and 25 μg for electrophoretic running. The nEGs+ICG were formed by sequential 

mechanical extrusion of μEGs through 800, 400, and 200 nm polyester porous membranes 

three times. M: protein ladder.
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Figure 3. 
Absorption spectra of μEGs+ICG and nEGs+ICG. Constructs were suspended in 1× PBS for 

the recordings. Each displayed absorption spectrum is an averaged measurement of triplicate 

samples.
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Figure 4. 
Representative SDS-PAGE analysis of protein expressions following sequential extrusion 

of μEGs through 800, 400, and 200 nm pore diameters. Particles and supernatants were 

collected after each extrusion step for analysis. (A) Pellets and (B) supernatants. Numbers 

1, 2, and 3, respectively, refer to the first, second, and third extrusion through each of 

the indicated pore diameters. The yellow numbers in panel (A) correspond to the relative 

expressions of the bands to that of RBCs as determined from the intensity analysis of the 

bands using ImageJ. M: protein ladder. Three independent SDS-PAGE experiments were 

performed.
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Figure 5. 
Volcano plots associated with proteomics analysis of (A) μEGs+ICG vs RBCs, (B) nEGs+ICG 

vs RBCs, and (C) μEGs+ICG vs nEGs+ICG. Horizontal dotted lines correspond to p = 0.05, 

0.01, or 0.001. Each dot represents a particular protein. The fold change is calculated by 

the abundance value of the protein identified in a given sample divided by the abundance 

value of the same protein quantified in another sample. Three independent fabrications were 

used to generate triplicate experiments for each sample. C4b: complement component 4b; 

TPM: tropomyosin; α-sp: α-spectrin; β-sp: β-spectrin; GLUD1: glutamate dehydrogenase 
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1; GSS: glutathione synthetase; KEL: Kell blood group glycoprotein; Calu: calumenin; 

REEP5: receptor expression-enhancing protein 5; RNASE2: nonsecretory ribonuclease; 

MCT1: monocarboxylate transporter 1; CAPN5: calpain-5.
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Figure 6. 
Categorization of identified proteins with significantly different relative abundances among 

RBCs, μEGs+ICG, and nEGs+ICG according to gene ontology by PANTHER classification 

system. Categorization by (A–C) molecular function, (D–F) biological process, and (G–I) 

protein class.
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