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ABSTRACT OF THE DISSERTATION  
 
 

Proteomic Analysis and Engineering of Erythrocyte-Derived Optical Particles for 
Biomedical Application 

 
by 

 
 

Chi-Hua Lee 
 

Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology 
University of California, Riverside, December 2022 

Dr. Bahman Anvari, Chairperson 
 
 
 
 

Erythrocyte-derived platforms are garnering increasing attention as delivery vehicles due 

to their advantages in biocompatibility, low immunogenicity, tunable size and naturally 

long circulation. Erythrocyte carriers can be used to deliver various diagnostic and 

therapeutic cargos for clinical application such as tumor or vascular imaging. We have 

developed erythrocyte-derived optical particles loaded with the near-infrared (NIR) 

chromophore, such as FDA-approved indocyanine green (ICG). We refer to these 

constructs as NIR erythrocyte-derived transducers (NETs). They can generate heat, emit 

fluorescence, and mediate the production of reactive oxygen species(ROS) once being 

photoexcited by NIR light. 

We analyzed the proteomes of micro- and nano-sized erythrocyte-derived particles 

as compared to their native erythrocytes. Next, we demonstrated that enriching membrane 

cholesterol on NETs reduces phosphatidylserine (PS) exposure, which serves as a signal 
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for phagocytic removal once PS externalized to outer leaflet of plasma membrane, and thus 

prolong their longevity in vivo to up to 24hr post-injection. Further, we investigated the 

effectiveness of enriching the membrane cholesterol content and folate-functionalizing of 

nano-sized NETs (nNETs) on biodistribution of these particles in organs and tumors of 

immunodeficient mice implanted with intraperitoneal ovarian cancer cells. Our results 

suggest that cholesterol enrichment of nNETs in combination with folate functionalization 

can result in greater accumulation of particles in tumors, providing a potential approach for 

enhanced NIR imaging of tumors.  

We also evaluated the capability of micro-sized NETs (μNETs) in mediating 

photothermal destruction of cutaneous vasculature in the rabbit earlobe as a model system 

for port wine stain (PWS). We successfully demonstrated that pulsed 755 nm laser 

irradiation at reduced radiant exposure in conjunction with administration of these  μNETs 

results in a complete blood flow cessation in rabbit earlobe vasculature, indicating a 

potentially promising method to treat PWS. 

Finally, toward developing a novel carrier with dual-modality that can be used in 

both NIR and magnetic resonance (MR) imaging of tumors, we demonstrated the 

engineering and characterization of erythrocyte-derived particles that can be dually loaded 

with NIR brominated cyanine dye and gadobenate dimeglumine (Gd) agent. 
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Chapter 1: Introduction 

Erythrocytes (red blood cells; RBCs)-derived delivery platforms are gaining in popularity 

to shuttle various payloads such as imaging or therapeutic agent due to their advantages of 

biocompatibility, low immunogenicity and naturally long systemic circulation1-3. As such, 

they have been extensively utilized in a number of different biomedical applications 

including diagnosis4-5, treatment of disease5-6, or as vehicle of vaccine7-8. In particular, our 

lab has engineered erythrocyte-derived constructs that are doped with FDA-approved near-

infrared (NIR) chromophore, indocyanine green (ICG)9. We refer to these constructs as 

NIR erythrocyte-derived transducers (NETs) since they are capable of transducing the 

absorbed light to emit fluorescence or generate heat upon photoactivated by NIR excitation. 

 One key feature of NETs is their tunable size ranging from micro- to nano-scale 

(μNETs and nNETs, respectively) which can be useful in various applications. For instance, 

μNETs may be applied in photothermal therapy of vascular malformation such as port wine 

stain (PWS)10 while nNETs have potential in cancer treatment6, 11-12. While we have 

previously proven the presence of CD47, a self-protective marker on the surface of RBCs 

that inhibits phagocytosis13, on both μNETs and nNETs14 and studied the membrane 

mechanical properties of micro-sized erythrocyte ghosts(EGs) and μNETs15, we have not 

yet looked further into the protein compositions of these constructs. As some key 

transmembrane and cytoskeletal proteins, responsible for immune-modulatory effects and 

mechanical integrity of the particles, are relevance to the biodistribution and 

pharmacokinetics of these particles16. In chapter 2, we examined the proteomes of both 
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μEGs+ICG and nEGs+ICG and highlighted the importance of methods in fabricating 

erythrocyte-derived particles with appropriate proteomes. 

 In chapter 3, with an aim to develop an effective RBC-derived carriers with ideal 

longevity in circulation, we demonstrated that enriching the membrane cholesterol content 

of the particles can effectively decrease the outward display of phosphatidylserine(PS), one 

of the major membrane phospholipids which is normally confined to inner leaflet of RBC 

membrane. Externalization of PS occurs during the fabrication process which will then 

serve as a recognition signal for phagocytic removal of the particles with surface-exposed 

PS17. Our in vitro result first showed that cholesterol enriched μNETs(C+-μNETs) had 

significantly lower uptake by murine macrophages as compared to μNETs. We then 

verified via in vivo study that C+-μNETs had longer circulation to up to 24 hr post-injection 

as compared to μNETs. These results indicate the membrane cholesterol enrichment as an 

effective method to reduce PS exposure and can prolong their circulation in blood. Further, 

in fourth chapter, we demonstrated the successful functionalization of nNETs with folate 

and enrichment with membrane cholesterol (F-C+nNETs) which results in significantly 

greater accumulation of the particles in tumors than other particles. These findings imply 

that cholesterol enrichment of nNETs combined with folate targeting can improve the 

tumor accumulation of particles, offering a potentially promising capability for enhance 

NIR imaging of tumors. 

 Next, in chapter 5, we evaluated the capability of NETs in mediating photothermal 

destruction of cutaneous vasculature in the rabbit earlobe as a model system for PWS. 

Particularly, we used laser speckle contrast imaging to characterize the blood flow 
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dynamics immediately and up to 24 hrs following laser irradiation, and histological 

analysis to evaluate the thermal damages. We showed that laser irradiation in conjunction 

with NETs injection results in reduced blood perfusion immediately after irradiation and a 

complete halt in blood flow one day later. The histological analysis also showed the 

photothermal damages on blood vessel. This indicates a promising method for treatment 

of PWS. 

 Finally, we  expand the use of RBC-derived carriers in chapter 6. We investigated 

whether NIR and magnetic resonance imaging (MRI) dyes can be dually loaded into human 

RBC-derived nanoparticles so that they can be utilized in visualizing tumors via MR and 

NIR imaging. As the use of NIR lights provides relatively deeper penetration and high-

resolution in biomedical optical imaging than visible light18. MRI has be extensively used 

in clinical applications for its great soft tissue contrast between normal tissues and lesions19-

20. Combining the strengths of both, this dual-modal nanoparticles may achieve the purpose 

of developing an great tool in obtaining the non-invasive image with high-contrast intrinsic 

properties of tumor lesions in clinical applications. Thus, we demonstrated the successful 

fabrication of RBC-derived nanoparticles containing both NIR (BrCy) and MRI 

(Gadobenate dimeglumine; Gd) dyes and investigated the optical characteristics of the 

particles. While we suggest that this dual-modal nanoparticles may have potential, more 

studies are needed to further expand their use in clinical applications. 
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Chapter 2: Proteomes of Micro- and Nano-Sized Carriers Engineered from Red 

Blood Cells 

2.1 Abstract 

Erythrocyte-derived delivery systems offer a potential platform for delivery of various 

biomedical cargos. Although the importance of specific proteins in relation to 

biodistribution and pharmacokinetics of these particles has been recognized, it has yet 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, and quantitative 

Tandem Mass Tag mass spectrometry in conjunction with bioinformatics analysis, we have 

examined the proteomes of micro- and nano-sized erythrocyte ghosts doped with the near-

infrared agent, indocyanine green, and compared them with those of the native red blood 

cells (RBCs). We have identified a total of 884 proteins in each set of RBCs, micro-sized, 

and nano-sized particles, of which 8 and 45 proteins were found to be expressed at 

significantly different abundances when comparing the micro-sized particles vs RBCs, and 

nano-sized particles vs RBCs, respectively. Most of these proteins are involved in 

enzymatic activity. Some of the proteins with altered relative abundances in the nano-sized 

particles, such as equilibrative nucleoside transporter 1 and urea transporter 1, serve as 

transporters. Additionally, we found greater differences in the relative abundances of some 

of the mechano-modulatory proteins such as band 3 and protein 4.2, and immune-

modulatory proteins such as CD47, CD55, and CD44 in the nano-sized particles as 

compared to RBCs. Our results indicate that the mechanical extrusion process used in 
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fabrication of the nano-sized particles induces substantial effects on their proteomics. Our 

findings suggest the importance of the engineering methods in fabrication of erythrocyte-

based delivery systems with appropriate proteomics for ultimate clinical applications. 

2.2 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 non-toxicity, especially if 

derived from autologous blood21-25. 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.  

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 macrophages13, and the decay-accelerating factor 

(CD55) and CD59 prevent the complement system from activating and forming membrane-

attack complexes (MACs) against RBCs26. 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 
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endothelial slits of spleen (~ 200-400 nm)27, the filtration organ involved in sequestering 

and disassembly of senescent RBCs. In addition to the mechanical properties of 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 proteins28-30. 

Towards development of RBC-derived carriers for clinical use, it is important to 

gain a better understanding of their proteome, 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 investigated31-32, this is the first evaluation of the proteome of RBC-derived 

carriers for their use as delivery vehicles. In particular, we have used sodium dodecyl 

sulphate-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 nano-sized 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 

angiography33-34 to tumor imaging35-37 and laser therapy38-39. The nano-sized RBC-carriers 

have relevance to tumor optical imaging and laser-based therapeutics6, 11, 40-44, while the 

micro-sized RBC-derived carriers may be useful for laser treatment of cutaneous 

hypervascular lesions such as port wine stains10, 45.  

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 
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compared to RBCs. The proteomic profiles of nano-sized 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. 

2.3 Material and Methods 

2.3.1 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 buffy 

coat were 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 (TRANSFERRA 
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Nanosciences Inc., Burnaby, B.C.). µEGs were passed through each membrane size at least 

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

hour 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 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 suspensions were then centrifuged and washed twice with 1×PBS (20,000g for 20 min 

at 4°C, and 100,000g for 1 hour 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, USA). 

 

2.3.2 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 nm and 140.87±0.848 

nm for µEGs+ICG and nEGs+ICG, respectively. 
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We also used the Zetasizer to quantify the zeta potentials of the particles in 1×PBS. 

The mean±SD values of zeta potentials for µEGs+ICG and nEGs+ICG were -13.02 ± 0.85 mV 

and -14.4  ± 0.88 mV, respectively.  

2.3.3 SDS-PAGE 

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

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

0.03% Bromophenol blue) followed by heating at 95 °C for 5 minutes 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 

absorption of the Bradford reagent (Coomassie blue G-250) changes from 470 nm 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 100V for 2 hours. 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 de-staining 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 
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relative migration distance (Rf value) of the protein standard marker and the unknown 

protein:  

Rf = $%&'()%*+	-%.)(+/0	*1	)20	3(+-
$%&'()%*+	-%.)(+/0	*1	)20	-40	()	1'*+)

.                                           (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 

proteins46-47. The protein identity was predicted by comparing the estimated MWs to those 

of known proteins in  literature31, 48-49.  

2.3.4 TMT-MS Analysis 

Sample Preparation. Samples were prepared in triplicates. 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, 50mM triethylammonium bicarbonate (TEAB) (Millipore 

Sigma), 1mM phenylmethylsulfonyl fluoride) on ice for 1 hr, 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 was performed. The proteins derived from lysed cells of each sample were 

precipitated in equal volumes of trichloroacetic acid and incubated on ice for 1 hr. 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 
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Scientific). 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 hr. Each sample was 

then added to 3 µL of 500 mM iodoacetamide (Millipore Sigma) and incubated in the dark 

at room temperature for 1 hr. 

Next, the digestion of the proteins was performed per 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 hrs). 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 manufacturer’s instruction (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 hr, followed by quenching with 8 μL of 5% hydroxylamine for 

15 mins. The labelled 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 
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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, 100Å, 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 5.0x 103, 

charge states 2-7 were selected, and dynamic exclusion was set to 60 seconds 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 

2.1.  

Bioinformatics and Data Analysis. All data obtained 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 to 0.6 Da. Fixed modifications were carbamidomethyl 
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(Cys +57.021 Da), 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. 

Volcano plots50-51were 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 -log10p-value. We used Protein Analysis Through Evolutionary 

Relationships (PANTHER)52-53 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. 

 

 

Figure 2.1. Sequence of steps for TMT experiments. Proteins from each sample type was 
extracted, followed by reduction, alkylation, and digestion of the proteins prior to specific 
TMT isobaric tag labeling. Next, all 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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2.4 Results and Discussion 

2.4.1 SDS-PAGE 

SDS-PAGE analysis revealed that the membrane protein band 3, 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)54-56 were retained in µEGs and µEGs+ICG (Figure 2.2). Based on 

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

the known MW of each proteins reported in the published literature49, 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)49, 57.49, 57 These proteins were also 

retained in µEGs and µEGs+ICG (Figure 2.2). 

 

Figure 2.2. 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 concentration 
ranging between 10-25 μg for electrophoretic running. The nEGs+ICG were formed by 
sequential mechanical extrusion of µEGs through 800, 400, and 200 nm polyester porous 
membrane three times. M: Protein ladder. 
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The RBCs membrane is anchored to the underlying network of cytoskeletal proteins 

via ankyrin- and protein 4.1R (actin junctional complex)-based protein complexes58-59. 

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 a- and β-spectrin, 

actin protofilament, dematin, tropomyosin, and tropomodulin59-60. These proteins are part 

of the actin junctional complex and involved in maintaining the membrane mechanical 

stability of RBCs61-64. Other studies have indicated that dematin maintains the integrity of 

the membrane skeleton by reinforcing the lateral interaction between actin filament and 

spectrin tetramers65, and its depletion destabilizes the association of the cytoskeleton to 

plasma membrane60.  

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 2.2). 

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 particles15. Weakened vertical linkages 

between the membrane and cytoskeleton can lead to dissociation of the spectrin tetramers 

into dimers45, 66. Furthermore, hypotonic treatment is associated with clustering and re-

arrangement of band 367-68.  

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

and µEGs+ICG. These results are consistent with the absorption spectrum (Figure 2.3) 
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showing spectral peaks at 412, 542, and 575 nm, respectively corresponding to the Soret, 

fundamental (Q0) and its vibronic tone (Qv) associated with oxyhemoglobin69, as well as 

quantitative optical phase images demonstrating the presence of residual oxyhemoglobin 

in µEGs and µEGs+ICG.15  

 

Figure 2.3. Absorption spectra of μEGs+ICG and nEGs+ICG. Constructs were suspended in 
1xPBS for the recordings. Each displayed absorption spectra is an averaged measurement 
of triplicate samples. 
 

The nano-sized particles (nEGs and nEGs+ICG), fabricated by mechanical extrusion 

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

non-extruded micro-sized particles (µEGs and µEGs+ICG) and RBCs (Figure 2.2). During 

the extrusion process, the cells are passed through cylindrical pores with nano-sized 

diameters, resulting in cell lysis and re-assembly of membrane lipids to from nano-sized 

vesicles (e.g., nEGs)70. We attribute the loss or reductions in expression levels of specific 

proteins such as dematin and tropomyosin to the extrusion process.  
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To further observe the effects of the extrusion process, we performed the SDS-

PAGE analysis after the 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 nano-sized particles formed following the extrusion 

through each of the pore sizes and collected both the pellet and 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 band of RBCs 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 2.4A). The bands associated with these four proteins were detected in the 

supernatants (Figure 2.4B), 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 S2.1 in Supporting Information. These 

are cytoskeletal proteins such as keratin and part of the actin junctional complex, which 

mediates binding of protein 4.1R to spectrin58. 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 nano-sized particles formed 
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from RBCs. Changes in mechanical properties and deformability are thought to modulate 

the cellular uptake and biodistribution of nanoparticles71-73.  

 

Figure 2.4. 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 first, second, and third extrusion through each of the 
indicated pore diameters. The yellow numbers in (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. 
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The band associated with hemoglobin disappeared following the first extrusion 

through the 800 nm pore diameter (Figure 2.4A), concomitant with the emergence of a 

hemoglobin band in the supernatant (Figure 2.4B). 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 minimal presence of the Soret band (Figure 2.3). 

These results indicate that while the hypotonic treatment of RBCs did not result in complete 

depletion of hemoglobin from human RBCs (Figure 2.3), extruding the RBC ghosts 

through 800 nm diameter pore was sufficient to eliminate the residual hemoglobin. 

2.4.2 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 

replicates (Supporting Information, Table S2.1). 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 detectable threshold from all three TMT channels 

in the triplicate samples) to perform t-test analysis (see Table S2.2 in Supporting 

Information 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 2.5A), nEGs+ICG vs. RBCs (Figure 2.5B), and μEGs+ICG vs 

nEGs+ICG (Figure 2.5C). In these plots, the -log10 of p-value is plotted against the log2 ratio 
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of the relative protein abundance (fold changes)74. 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, non-secretory 

ribonuclease, monocarboxylate transporter 1, calpain-5) had significantly differentially 

relative abundance in μEGs+ICG (Table S2.3). 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 S2.3), 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, compared to 

µEGs and µEGs+ICG. 
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Figure 2.5. 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 abundance value of protein identified in a given sample divided by 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; a-sp: a-spectrin; b-sp: b-spectrin; GLUD1: 
Glutamate dehydrogenase 1; GSS: Glutathione synthetase; KEL: Kell blood group 
glycoprotein; Calu: Calumenin; REEP5: Receptor expression-enhancing protein 5; 
RNASE2: Non-secretory ribonuclease; MCT1: Monocarboxylate transporter 1; CAPN5: 
Calpain-5. 
 

The biodistribution and circulation time of RBC-based particles is 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 immune-modulatory 

proteins in Table 2.1. Through our proteomics analysis, we have estimated that the relative 
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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 rations provided in Table S2.1, Supporting Information). 

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 cytoskeleton15. 
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Consistent with our SDS-PAGE analysis (Figure 2.4), 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 nanoparticles that have higher Young’s moduli63-64, 75. These findings may be 

attributed to faster uptake rates of more rigid nanoparticles by the immune cells72, 76. 

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 of 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 MACs77. CD47 serves as a “self-marker” on RBCs 

that impedes phagocytosis through interaction with the inhibitory phagocytic receptor, 

SIRPα expressed on macrophages13, 78-79. 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 (Figures 2.5A,B and Table 2.1). These results are 
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consistent with our previous study where using fluorescence immunostaining we showed 

by that CD47 is retained on μEGs+ICG and nEGs+ICG14.  Nevertheless, we point out that the 

extrusion process may induce conformational changes to CD47, possibly switching its role 

to activate phagocytosis80. Such a switch would be consistent with our in vivo fluorescence 

imaging of C3H mice microvasculature where the half-life of in bloodstream was reduced 

from ~ 49 minutes for μEGs+ICG to ~ 15 minutes for nEGs+ICG. 45 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 complex81.  

Additionally, CD44, a multi-functional transmembrane glycoprotein expressed on 

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

of leukocytes, and triggering phagocytosis82-84. Increased relative abundance of CD44 on 

nEGs+ICG (Figure 2.5B, Table 2.1) may also play a role in activating their phagocytic 

removal, and reducing the circulation time of these nanoparticles. 

2.4.3 Categorization of Identified Proteins with Significantly Different Abundances 

To further understand the characteristic 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 

system52, 85. (Figure 2.6). The detailed list of all proteins with significantly different relative 

abundances is provided in Table S2.3 of Supplementary Information. 

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

largest fraction of proteins with significantly different relative abundances were those 

related to enzymatic activity (62.5% of the proteins, corresponding to 5 proteins) (Figure 
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2.6A). 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 (Figures 2.6B,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 2.6D). 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 developmental, protein folding, and transmembrane transport. Specifically, 

54.5% of the proteins (corresponding to 24 proteins) when comparing nEGs+ICG vs 

µEGs+ICG (Figure 2.6E), and 62.7% of the proteins (corresponding to 141 proteins) when 

comparing nEGs+ICG vs RBCs (Figure 2.6F) 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 total of 4 proteins) (Figure 2.6G). Metabolite conversion enzymes also comprised the 

largest fraction when comparing nEGs+ICG vs RBCs (9.1%, corresponding to 4 proteins) 

(Figure 2.6H), and µEGs+ICG vs RBCs (14.7%, corresponding to 33 proteins) (Figure 2.6I). 

When comparing µEGs+ICG vs RBCs, six classes of proteins accounted for the proteomic 

differences (Figure 2.6G); however, comparing nEGs+ICG vs RBCs (Figure 2.6H) and 
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nEGs+ICG vs µEGs+ICG (Figure 2.6I), the number of protein classes increased to 14 and 19, 

respectively. 

 

Figure 2.6. 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.  
 

2.5 Conclusion 

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 



 28 

45 proteins with significant differences in abundance in nEGs+ICG as compared to RBCs. 

Moreover, greater differences in the relative abundances of some of the mechano-

modulatory proteins such as band 3 and dematin, and immune-modulatory 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.  
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Chapter 3: Membrane Cholesterol Enrichment of Red Blood Cell-Derived 

Microparticles Results in Prolonged Circulation 

3.1 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 mitigates 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 take place at a lowered 

rate, resulting in their 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 

were ~ 1.5 and 1.8 times higher than the particles without cholesterol enrichment at 4 and 

24 hours, respectively. At 24 hours, ~ 43% ID/g of  theparticles without cholesterol 

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

particles was 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.  

3.2 Introduction 

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

variety of biomedical cargos86, including chemotherapeutic drugs87-89, photosensitizers6, 88-
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89, and imaging contrast agents2, 9, 89-91. 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 lysis92. 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)93-98. 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) leaflet99-101. Hypotonic treatment and electroporation can result in 

flipping of PS from the inner to the outer leaflet45, 102-106. 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 receptor107-108. 

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 RBCs109. In addition to flippases, transmembrane scramblases bidirectionally and 

non-selectively transport phospholipids in a Ca2+-dependent but ATP-independent manner, 
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with phospholipid scramblase 1 (PLSCR1) considered as a key scramblase in human 

RBCs101, 109-110. 

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

and PS localization to the inner leaflet of the membrane109.  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 flipping111. The exact mechanism for cholesterol-induced 

inhibition of PLSCR1 remains to be elucidated, but it is thought to involve a cholesterol-

binding motif in PLSCR1112. 

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 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 indications33, 113-114 and with 

extensive utility in clinical fluorescence imaging115-119 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 micro-sized 

NIR erythrocyte-derived transducers (μNETs) as they can transduce NIR light to emit 
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fluorescence, generate heat, or produce reactive oxygen species6, 45. 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 lesions45. ICG-doped RBCs have been used to characterize microvascular 

vasomotion in humans97-98. We have used nanosized RBC-derived particles containing 

ICG for NIR fluorescence imaging and photodestruction of tumors in animal models6, 120. 

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 cargos121-

122. 

3.3 Material and Methods 

3.3.1 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. 



 33 

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 3.1). 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 

μNETs 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 3.1). In this study, the 

cholesterol concentration 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 S3.1). 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 
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described above to form C+-μNETs. To account for slight differences in the loading 

efficiency123 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.  

 

Figure 3.1. 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. 
 
3.3.2 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 
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were obtained using a fluorometer (Fluorolog-3 spectrofluorometer, Edison). Normalized 

fluorescence emission χ(λ) spectra were quantified as 

𝜒(𝜆) = :	(;)
<=<>?@(ABC)

			                                                       (2) 

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 

publications124-125. Briefly, samples were illuminated by a 100W 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 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 
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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=< L
MNO
P
=MO

P
MO=MQ

	R.                                                      (3) 

We subsequently obtained the resulting phase maps as: 

𝜑	(𝑖, 𝑗) = tan=< S T .%+ ∆V
<WT	/*. ∆V

X                                                      (4) 

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

pixel location. 

We have previously carried out extensive characterizations of RBC derived optical 

microparticles doped with ICG69, 123, 126-127. 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. 

3.3.3 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 
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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
128. 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. 

3.3.4 Flow Cytometric Quantification of Externalized PS on Particles 

We used annexin V-Alexa Fluor 488 conjugate (AVAF488) (Thermo Fisher Scientific) as 

a detection reagent to assay for PS externalization in μNETs and C+-μNETs129-130. 

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 
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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. 

3.3.5 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+-μNETs131. 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). 
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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 (𝐼\̅]^^) after incubation with 

μNETs or C+-μNETs for durations of 30, 60, and 120 min, we summed the NIR intensity 

values for 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 

𝐼\̅]^^ =
1
4a

∑ ∑ 𝐼(𝑥, 𝑦)e<f
gh<
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𝑛\]^^k
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																																																												(4) 

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

and 𝑛\]^^k is the number of cells in the image, obtained by counting the number of the cell 

nuclei in the DAPI channel using ImageJ132. 

3.3.6 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. 
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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 quantification133. 

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. 
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3.3.7 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 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 two-tailed 

Student’s t-test with equal variances. 

3.4 Results and Discussion 

3.4.1 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 3.2A. Absorption at 280 nm is attributed 

to the amino acids (e.g., tyrosine, tryptophan, phenylalanine, and histidine) associated with 

aromatic rings134-135. We observed that the absorbance value at 280 nm was nearly the same 
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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 network136-137. 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 3.2B) and 

the spectrally integrated emission intensities (Figure 3.2C). 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 altered138.  
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Figure 3.2. 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). 
 
3.4.2 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 3.3A). A possible 

reason for this relatively small reduction is that the lower numbers of particles may have 

been assayed 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 3.3A), 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 S3.1). 
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Figure 3.3. 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) ∆MFI for RBCs, µNETs, and 
C+-μNETs conjugated with Alexa Fluor 488 -labeled Annexin V for PS detection. Each 
bar represents the average of three independent measurements. (C) Representative dot plots 
of SSC-A versus 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, and C+-μNETs associated with three 
measurements. Error bars in panels (A), (B), and (E) represent standard deviations. 
Asterisks *, **, and ***, respectively, correspond to statistically significant differences 
with p < 0.05, p < 0.01, and p < 0.001. 
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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 3.3B), 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 

3.3C), 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 3.2A), 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 treatment139, 

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 3.3C), 

suggesting that there was a nonuniformity in membrane cholesterol enrichment, which 
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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 3.3D). 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 3.3E). 

The cholesterol-enriched C+-μNETs had a significantly lower PS positivity fraction of 

∼40% (i.e., less than half as compared to μNETs). 

3.4.3 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 

3.4A). As expected, RBCs had the greatest FSC-A and SSC-A140-141 due to their relatively 

large size and presence of hemoglobin and other intracellular components. μNETs, 

however, had the lowest FSC-A values (Figure 3.4A), indicating their smallest size as 

compared to RBCs 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 3.4B−D). 

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

3.4B, red arrows). We also detected echinocytes (Figure 3.4B, blue arrows) and 

acanthocytes (Figure 3.4B, black arrows) among the RBC population. 
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Figure 3.4. 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) 
 

QPI of μNETs illustrated that these particles had a brighter rim (Figure 3.4C, 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 
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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 3.4D), 

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

3.4A). The subpopulation with lower FSC-A and SSC-A values was more similar to μNETs 

with corresponding phase shifts and morphology (Figure 3.4D, purple arrows). The other 

subpopulation appeared similar to RBCs (Figure 3.4D, 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 3.4D, red arrows). 

3.4.4 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 3.5A. 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 3.5B). 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 3.5B). There was not a statistically significant difference 

between the mean fluorescence intensity of cells at 30 or 60 min of incubation with C+-
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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. 

 

Figure 3.5. 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. 
 
3.4.5 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 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 
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foreign materials142. 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 particles143. 

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 3.6A). 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 3.6B). 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 3.6B). These results suggest that the prolonged circulation 
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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. 
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Figure 3.6. 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 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. 
 

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 3.6C). The mass-normalized fraction of 

the initial dose of C+-μNETs in the blood was significantly higher than that of μNETs at 4 
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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. 

Hepatic removal of RBCs has been shown to positively correlate with the amount 

of externalized PS144. 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 3.6C). 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 3.6C), 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 

cells145-146 and splenic macrophages. At 24 h, the hepatic fraction of μNETs significantly 

decreased to ∼2.6% ID/g (Figure 3.6C and Table S3.1), indicating clearance via the 

hepatobiliary mechanism. At this time point, the hepatic fraction of C+-μNETs increased 

to ∼4.5% ID/g (Figure 3.6C and Table S3.1), 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 S3.2). 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. 
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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. 

3.5 Conclusion 

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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3.6 Supporting Information 

3.6.1 Supporting Figure 

We adjusted the concentration of cholesterol used to enrich the membranes of µEGs 

by treating them with various concentrations of cholesterol (between 0-30 mM) while 

keeping the MβCD concentration fixed at 10 mM (Figure S3.1). The µEGs were treated 

with cholesterol-MβCD for one hour at 37°C, and then separated by centrifugation and 

analyzed for cholesterol content as described in the main text. 

 

Figure S3.1. Quantification of cholesterol content in the membrane of RBCs and µEGs. 
Values are normalized to the cholesterol content of untreated normal RBCs and presented 
as averaged values with error bars representing standard deviations associated with three 
measurements. Asterisks *, **, and ***, respectively, correspond to statistically significant 
differences with p < 0.05, p < 0.01, and p < 0.001. 

3.6.2 Supporting Tables 

The in-vivo results presented in the main text (Figure 3.6C) are tabulated as Tables 

S3.1 and S3.2 for direct comparison here. Table S3.1 presents the percentage of initial dose 

per gram of tissue (%ID/g) in each organ as a comparison between 4- and 24-hours post-
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administration of µNETs or C+-µNETs. Table S3.2 presents the %ID/g found in each organ 

as a comparison between each organ. The comparison in Table S3.2 provides insight into 

the relative biodistribution of µNETs and C⁺-μNETs across the different organs at 4- and 

24-hours. 

Table S3.1. Recovered percentage of the initial dose (ID) of ICG normalized to the mass 
of the extracted organs and blood at 4- and 24-hours post-injection of μNETs and C⁺-
μNETs. 

 

Asterisks denote significant differences between two time points with *, **, and *** 
corresponding to p < 0.05, p < 0.01, and p < 0.001, respectively.  

 

 

 

 

 

 

 

 



 57 

Table S3.2. Recovered percentage of the initial dose (ID) of ICG normalized to the mass 
of the extracted organs and blood at 4- or 24-hours post-injection of μNETs and C⁺-μNETs. 

 

Statistically significant differences are indicated by the various colors. Red color: p < 0.05, 
orange color: p < 0.01, yellow color: p < 0.001. 
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Chapter 4: Cholesterol-Enriched and Folate-Functionalized Erythrocyte-Derived 

Optical Nanoparticles for NIR Fluorescence Imaging of Intraperitoneal Ovarian 

Tumors in Mice 

4.1 Abstract 

We have engineered nanoparticles derived from erythrocytes that contain the near-infrared 

(NIR) dye, indocyanine green. These particles can be functionalized with various 

biomolecules such as folate for targeted imaging of tumor cells. However, externalization 

of phosphatidylserine from the inner to the outer leaflet of erythrocyte-derived particles is 

a common problem occurred during the fabrication process, serving as a signal for 

phagocytic removal of the particles and reducing tumor targeting. Toward developing a 

new approach, we have engineered erythrocyte-derived nanoparticles enriched with 

membrane cholesterol and functionalized their surface with folate to target the folate 

receptor-alpha on ovarian tumor cells to further enhance the tumor accumulating ability. 

Our in vivo results indicate that cholesterol enriched nanoparticles showed prolonged 

circulation in blood and organs. Folate functionalized nanoparticles showed higher 

accumulation in intraperitoneal ovarian tumor in mice at 24 hr post-injection as compared 

to free ICG and non-modified nanoparticles. We further demonstrate that injection of dual 

cholesterol-enriched and folate-functionalized nanoparticles present significantly highest 

NIR fluorescence intensity from tumor than that of all other particle types. This results 

indicate that dual membrane cholesterol enrichment with folate functionalization is an 

effective approach to increase the efficacy of these particles for NIR fluorescence imaging 

of ovarian tumors.  
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4.2 Introduction 

Nanoparticles (NPs) are widely employed for various purposes in tumor therapy including 

drug delivery, diagnosis or imaging147. NPs can be useful carriers due to their specific 

advantages such as smaller size, enhanced permeability and retention effect (EPR), and 

precise targeting ability148. Recently, erythrocyte-derived platforms are garnering 

increasing attention as delivery carrier for various therapeutic or imaging cargos2, 6, 11, 45, 86, 

89, 149.  A particular feature of using erythrocyte as carrier is their naturally long circulation 

time (~ 90-120 days) attributed to the presence of “self-marker” protein on membrane 

surface such as CD47, which signals with phagocyte receptor SIRPα to evade elimination 

by immune system13, 92. 

 Common method to encapsulate various cargos into erythrocyte-based carrier 

constructs or to facilitate substrate coating on erythrocyte membrane is via hypotonic 

loading and extrusion, respectively. However, such methods can cause externalization of 

phosphatidylserine (PS), one of the major phospholipids which is confined to the inner 

leaflet in the membrane bilayer of red blood cells (RBC)17, to the outer leaflet45, 106, 150. Under 

physiological circumstances, PS exposure occurs for RBC senescence or eryptosis, where 

it serves as a recognition signal for phagocytic removal by splenic macrophages151-153. As 

such, RBC-based carriers with surface-exposed PS are susceptible to be cleared, resulting 

in poor therapeutic efficacy. 

 Previously, we have reported the membrane cholesterol enrichment on RBC-

derived microparticles that contain NIR dye, indocyanine green (ICG), as an effective 

method to reduce PS exposure on the surface of the particles as well as prolong their 
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longevity in vivo150. NIR fluorophore has been extensively explored for cancer imaging 

and therapy154-156. Of all, ICG remains the only FDA-approved NIR dye for clinical 

applications ranging from hepatic function monitoring, ophthalmic angiography, sentinel 

lymph node mapping to cardiac output determination33, 114, 157-158. We have engineered the 

erythrocyte-derived nanoparticles doped with ICG, which we refer to these constructs as 

NIR erythrocyte-derived transducer (NETs)9. Once photoexcited by NIR light, ICG can 

transduce the absorbed light energy to emit fluorescence, generate heat, or mediate the 

production of reactive oxygen species6. We have previously used these nano-sized NETs 

(nNETs) for NIR fluorescence imaging and photodestruction of tumors in animal models6, 

11, 120. Since NPs functionalizing with appropriate biomolecules on surface can further 

facilitate the selective targeting of tumor cells159-161. We have also reported the effectiveness 

of antibody-functionalized NETs in targeted imaging of ovarian cancer cells14 and tissue 

plasminogen activator conjugated NETs for NIR fluorescence imaging and thrombolysis 

of blood clots in vitro162. In this study, one potential targeting option is folate receptor-α 

(FRα), which is overexpressed on the tumors in majority of patients with ovarian cancers 

and deficient on normal cells163-165.  

Toward developing an approach to improve the therapeutic efficacy of nNETs, we 

demonstrated here the engineering of nNETs with membrane cholesterol enrichment, 

folate-functionalization, or dual membrane cholesterol enrichment and folate-

functionalization. Further, we evaluated the effectiveness of such membrane cholesterol 

enriched nNETs (C+nNETs), folate-functionalized nNETs (F-nNETs), and membrane 

cholesterol enriched with folate-functionalized nNETs (F-C+nNETs) on biodistribution of 
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these nanoparticles in organs and tumors of immunodeficient mice implanted with 

intraperitoneal ovarian cancer cells. 

4.3 Material and Methods 

4.3.1 Fabrication of Nanoparticles 

A schematic of nNETs variants fabrication process is presented in figure 4.1. RBCs were 

isolated from whole human blood (Biological Specialty Corp., Colmar, PA, USA) by 

centrifugation twice in cold (4°C) isotonic phosphate-buffered saline (defined as 1× PBS; 

~310 mOsm). Isolated RBCs were subjected to hypotonic 0.25× PBS (~ 80 mOsm) 

treatment to remove hemoglobin content of the cell, followed by centrifugation (20,000 ×g, 

20 min, 4°C) with the supernatant discarded after each wash. The supernatant containing 

hemoglobin was discarded, and the hypotonic treatment was repeated until the opaque 

white pellet was obtained, indicating the formation of micron-sized erythrocyte ghosts 

(μEGs) with completely or partially removed hemoglobin. 

To form the nano-sized EGs (nEGs), μEGs were mechanically extruded 

sequentially through 800-, 400-, and 200-nm polycarbonate porous membranes (Sterlitech 

Corp., Kent, WA, USA) using a 10mL LIPEX® extruder (TRANSFERRA Nanosciences 

Inc., Burnaby, B.C., Canada) with at least three times passing through each membrane until 

the nEGs were <200 nm in diameter. These nEGs were then incubated in a loading solution 

containing equal volume ratio of nEGs in 1× PBS, 0.1 M Sørenson’s buffer 

( Na2HPO4/NaH2PO4, ~140 mOsm, pH~7.4), and ICG solution. The final concentration of 

ICG in the loading buffer was 15μM. The solution was then centrifuged (100,000×g, 1 hr, 

4°C) and washed twice in 1× PBS to remove any excess ICG. The resulting pellets were 
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suspended in 1× PBS and referred as nNETs.  To form nNETs enriched with membrane 

cholesterol (referred to as Cholesterol-enriched nNETs; abbr. C+nNETs), μEGs were 

incubated in a solution containing cholesterol-Methyl-β-cyclodextrin(MβCD) complex 

with a final concentration of 15mM cholesterol (Sigma-Aldrich) at 37°C for 1hr before and 

after the extrusion process. Particles were then washed twice to remove any excess 

cholesterol and then incubated in the loading buffer containing 15μM ICG (as mentioned 

above). To functionalize the nanoparticles with folate, we proceeded as follow. Specifically, 

we mixed 1 mg/mL of DSPE-PEG (2000Da)-folate (Nanosoft Polymers, Winston-Salem, 

NC, USA) with μEGs (as prepared above) prior to extrusion process. After the extrusion, 

the nanoparticles were then incubated with ICG solution (final concentration of 15μM) to 

from folate-functionalized nNETs (F-nNETs). To fabricate the folate-functionalized 

cholesterol-enriched nNETs (F-C+nNETs), μEGs were incubated with both DSPE-PEG 

(2000Da)-folate(1mg/mL) and cholesterol-MβCD complex (final concentration of 

cholesterol as 15mM) at 37°C for 1hr before extrusion process. After the extrusion, the 

particles were incubated with cholesterol-MβCD complex again, followed by washed twice 

in 1×PBS and centrifuged (100,000×g, 1hr, 4°C). Lastly, particles were loaded with ICG 

using the same process above to from F-C+nNETs.  
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Figure 4.1. Schematic of the methodology to fabricate nNETs variants. First, μEGs were 
formed by treated with hypotonic solution to deplete hemoglobin. nNETs variants were 
formed by 4 different methods. (1) μEGs were extruded to nano-size (< 200 nm) followed 
by hypotonic ICG loading to form nNETs. (2) μEGs were functionalized with DSPE-PEG-
Folate prior to extrusion process. (3) Cholesterol enrichment was performed both before 
and after extrusion process to form C+nNETs. (4) μEGs were functionalized with DSPE-
PEG-Folate and enriched with membrane cholesterol prior to extrusion process. After 
extrusion process, nanoparticles were then incubated with cholesterol-MβCD complex 
again, followed by hypotonic ICG loading to form F-C+nNETs. 
 

4.3.2 Physical and Optical Characterization of Nanoparticles 

The zeta potentials and hydrodynamic diameters of the nanoparticles suspended in 1×PBS 

were measured by dynamic light scattering (DLS) (Zetasizer Nanoseries, NanoZS90, 

Malvern Instruments). Absorption spectra were recorded using a UV-Vis 

spectrophotometer (Jasco-V670 UV-Vis spectrometer, JASCO) with optical path length of 

1cm. Fluorescence emission spectra of the nanoparticles in response to photoexcitation at 

720 ± 2.5 nm with a 450-W xenon lamp were acquired using a fluorometer (Fluorolog-3 
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spectrofluorometer, Edison). Fluorescence emission from folate in response to 

photoexcitation at 350 ± 2.5 nm was recorded in the spectral range of 365 – 900 nm. We 

normalized the fluorescence emission χ(λ) spectra using the same equation in our published 

literatures9, 123. 

4.3.3 Cell Culture 

SKOV3 ovarian cancer cells (ATCC, Manassas, VA, USA) were used for tumor 

implantation in Nu/J female nude mice. Cells were cultured in Roswell Park Memorial 

Institute (RPMI) 1640 medium (Mediatech Inc., Manassass, VA, USA) containing 10% 

fetal bovine serum (FBS) and 1% penicillin/streptomycin (Corning Inc., Corning, NY, 

USA) at 37°C in 5% humidified CO2 incubator. 

4.3.4 Animal Studies 

Healthy female Nu/J mice (20-25 g, 6-8 weeks) were purchased from Jackson Laboratory 

(Bar Harbor, Maine, USA). 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 in 

oxygen. Each mouse was injected with ~2×107 SKOV3 cancer cells intraperitoneally. Mice 

were monitored until the tumor grows as expected (~18 days). 

Tumor-bearing mice were randomly divided into five groups with three animals in 

each group. Each group was tail-vein injected with 100μL volume of either free ICG (15 

μM) or various types of nNETs particles while the animal was anesthetized. The injected 

dosage of ICG in our studies were estimated to be ~58 and 22.6 – 28.5 μg/kg weight of the 

mouse (~20 g) for free ICG and nNETs variants, respectively. We noted that these dosages 
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are much lower than the LD50 values of ~62 mg/kg in mice166and 2 mg/kg in humans 

recommended by FDA. Mice were euthanized by inhalation of compressed CO2 gas at 24 

hr post-injection of the agents. Following the euthanasia, we collected ~500 μL of blood 

by cardiac puncture and extracted the liver, spleen, kidney, lung, heart, intestine, and 

tumors for fluorescent images and ICG content quantification133. 

4.3.5 Fluorescence Imaging of Extracted Organs 

All the extracted organs were imaged in a luminescence dark box as our published 

literature127. Briefly, NIR fluorescence emission from the organs in response to  700 ± 30 

nm excitation light from  the two light emitting diodes (LEDs) was captured by a charge-

coupled device (CCD) camera (Pixis 1024B, Roper Scientific, Trenton, NJ, USA) with a 

long pass filter transmitting wavelength greater than 810 nm. The camera exposure time 

was set as 90 s. We analyzed the acquired images using Image J and present the mean 

intensity values (	Ī )	 from the selected regions of interest (ROIs) for each organ using the 

equation as follows: 

Ī =
∑opq
r ( q

so
)∑tpq

u vt
u

m
                                                           (5) 

Where Ij is the pixel intensity at the jth pixel of a given image, 	n	is	the	number	of	a	given	

organ,	m	is	the	mass	of	a	given	organ,	and	p	is	the	total	number	of	pixels	in	the	ROI.	

4.3.6 Analysis of ICG Content in Blood and Organs 

To measure the ICG in the blood samples, the blood was first weighed and then mixed with 

700 μL of 5% sodium dodecyl sulfate (SDS) (Sigma Aldrich, St. Louis, MO, USA) to lyse 

all cells and nanoparticles, thus releasing the ICG. The samples were incubated at 4°C for 
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30 min, followed by centrifugation (15,000×g, 1hr, 4°C). The supernatant was then 

collected for fluorescence measurements. For organ analysis, each extracted organ was 

weighed and incubated in 1 mL of 5% SDS at room temperature (RT) for 30 min in the 

dark. The organs were then grinded using a tissue homogenizer (Omni TH115, Omni 

International Inc., Kennesaw, GA, USA). We  added another 3 mL of 5% SDS to the 

homogenate and incubated them at RT for 30 min in the dark. After the incubation, the 

crude homogenate was centrifuged at 14,000×g for 45 min at 10 °C. Then we collected 1 

mL of the supernatant containing ICG from each tube for fluorescence measurement. For 

both blood and homogenized organs, the fluorescence emission in the range of 735-900 

nm in response to 720 ± nm photoexcitation wavelength was recorded using a Fluorolog-

3 spectrofluorometer.  

4.4 Results and Discussion 

4.4.1 Characterizations 

As determined by fitting the lognormal functions to the DLS-based measurements, the 

averaged hydrodynamic diameters ± SD of nNETs, F-nNETs, C+nNETs, and F-C+nNETs 

were 129.51 ± 0.76, 131.64 ± 0.18, 118.54 ± 0.59, and 219.2 ± 0.79 nm, respectively 

(Figure 4.2A). Values of mean zeta potentials ± SD for the particles were as follows: -12.8 

± 0.1 mV for nNETs, -10.27 ± 1.2 mV for F-nNETs, -10.77 ± 0.38 mV for C+nNETs, and 

-10.16 ± 0.32 mV for F-C+nNETs (Figure 4.2B). We suggest that the negative values of 

nanoparticles are attributed to the sialoglycoproteins, the primary negative charge-bearing 

components of the RBC membrane. nNETs had a significantly lower zeta potential than all 

the other particles, suggesting that folate functionalization and cholesterol enrichment of 
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the particles may result in a slight but statistical differences in their zeta potential as 

compared to nNETs. 

 The illustrative absorption spectra of nNETs, F-nNETs, C+nNETs, and F-C+nNETs 

suspensions in 1×PBS that were injected into mice are shown in figure 4.2C. All the 

nanoparticles present the spectral peak at ~802 nm which corresponds to the monomeric 

form of ICG9, 123, indicating successful encapsulation of ICG in these constructs. Further, 

the fluorescence emission spectra of the nanoparticles in response to 720 ± 2.5 nm (figure 

4.2D) and  350 ± 2.5 nm (figure 4.2E) demonstrate the successful encapsulation of ICG 

and functionalization of folate, respectively. We noticed the reduced NIR emission 

intensity of C+nNETs, followed by F-nNETs and F-C+nNETs as compared to nNETs. 

Additionally, in response to 350 ± 2.5 nm, there was a reduction in emission intensity of 

F-C+nNETs as compared to F-nNETs, which may be due to folate and cholesterol being in 

a competitive relationship during the simultaneous functionalization and enrichment 

process to insert into lipid bilayer.  

 Further, we validated the cholesterol levels of each particles as shown in figure 4. 

2F. There is a statistically significant reduction in the membrane cholesterol content of 

nNETs as compared to native RBCs. F-nNETs results in significant reduction in membrane 

cholesterol content as compared to RBCs or nNETs, which may be due to insertion of folate 

into plasma membrane causing the instability of the membrane structure. There was nearly 

1.5- and 2.6-fold increase in membrane cholesterol content of  C+nNETs, and F-C+nNETs 

as compared to nNETs, respectively (p < 0.001), indicating the successful enrichment of 

the membrane with cholesterol. 
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Figure 4.2. Characteristics of nNETs variants. (A) Hydrodynamic diameters and (B) zeta 
potentials of nNETs, F-nNETs, C+nNETs and F-C+nNETs suspensions. Three independent 
measurements were used to obtain the averaged value. (C) Absorption and (D) Normalized 
fluorescence emission spectra in response to 720 ± 2.5 nm. (E) Folate fluorescence spectra 
in response to 350 ± 2.5 nm of F-nNETs, and F-C+nNETs. (F) Relative average membrane 
cholesterol level of nNETs variant. Each bar is an average of four independent 
measurements. 

4.4.2 Quantitative Fluorescence Imaging of Extracted Organs 

We preformed the in vivo experiment to evaluate the tumor accumulating ability of each 

particle types and their biodistribution on the SKOV3 ovarian xenograft tumors implanted 

in Nu/J nude mice. Representative fluorescence images and quantitative NIR fluorescence 

emissions from organs extracted from mice 24 hr post-injection of various particle types 
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are shown in figure 4.3. Our quantitative analysis of images suggested that NIR 

fluorescence emission intensity in tumors associated with administration of F-nNETs and 

C+nNETs, was higher than that of free ICG (p < 0.05) and nNETs (p < 0.05 and p = 0.09, 

respectively), indicating that higher amount of F-nNETs and C+nNETs had accumulated in 

tumors at 24 hr post-injection of particles while most of free ICG and nNETs had been 

accumulated in spleen and lung (figure 4.3C). Previously, we have reported the 

effectiveness of enriching membrane cholesterol on RBC-based particles which potentially 

prolongs the circulation times of the particles150. Here, we observed that NIR emission 

intensity of C+nNETs from tumor was greater than that of nNETs at 24 hr time point (54.1% 

greater). In addition, the NIR emission intensity associated with administration of F-

C+nNETs was significantly higher than that of only cholesterol enriched or folate 

functionalized nNETs (179.4% and 139.8% increased, respectively), suggesting that when 

functionalizing the C+nNETs with folate, it further increases the accumulation of the 

particles in tumors on top of prolonging the circulation of particles by enriching them with 

membrane cholesterol. 
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Figure 4.3. (A) Representative NIR fluorescence images of organs extracted at 24 hours 
post tail-vein injection of free ICG, nNETs, F-nNETs, C+nNETs, and F-C+nNETs from 
immunodeficient mice. Excitation wavelength = 700 ± 3 nm. Emission >800 nm was 
collected. Scale bar on the right represents the fluorescence emission intensity. Scale bar 
on the image equals 5 mm and applied to all images. Mean ± standard deviation in 
fluorescence intensity of (B) tumors and (C) extracted organs. n=3 per agent. Asterisks * 
and ** correspond to statistically significant differences with p < 0.05 and p < 0.01, 
respectively. 

The liver, spleen and lungs, primary components of reticuloendothelial system 

(RES), act as immune defense to phagocytize foreign materials146. We observed that 

decreased levels of NIR emission signals associated with administration of free ICG from 

the liver and lung with increased signals from intestine at 24 hr post-injection suggest the 

elimination of most free ICG from the body at this time point. Lung is one of the sites 

acting as a natural filtration-pulmonary capillaries and with abundant alveolar 

macrophages located on the luminal surface of Alveolus167 where particles are likely to be 

entrapped and cleared from the body. Administration of nNETs showed highest NIR 

signals from extracted lung and lower fluorescence from tumors at 24 hr post-injection as 
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compared to F-nNETs, C+nNETs, and F-C+nNETs (figure 4.3C), suggesting that majority 

of the nNETs has been trapped in lung while other particles mostly still circulate or 

accumulate in tumors. NIR fluorescence signals associated with F-C+nNETs were lowest 

in lung, spleen, and heart at 24 hr post-injection, suggesting that most of F-C+nNETs had 

accumulated in tumors at this time point as evidenced by highest NIR fluorescence signals 

detected in tumor (figure 4.3B&C). 

4.4.3 Quantification of ICG Content in Blood and Homogenized Organs 

To evaluate the efficacy of cholesterol enrichment and folate functionalization on 

enhancing the tumor accumulation ability and circulation of the particles, we analyzed and 

recorded fluorescence emission spectra (735-900 nm emission in response to 720 nm 

excitation) of blood and organs from mice at 24 hr post-tail vein injection of various 

particle types. The Gaussian fits to the fluorescence emission intensity spectrum of blood 

from mice injected with free ICG were the lowest among all other particles at 24 hr post-

injection. C+nNETs showed the highest fluorescence emission intensity as compared to all 

other particles (figure 4.4A), indicating that C+nNETs remained in the blood circulation 

longer than all other particles at 24 hr following tail-vein injection of particles. 

To quantify NIR fluorescence in the blood at 24 hr post-injection of each particle 

type, we used the value of the integrated NIR fluorescence emission across 735-900 nm 

normalized by the mass of the blood collected from mice (figure 4.4B). We observed that 

the integrated fluorescence per gram of extracted blood for C+nNETs was significantly 

greater than that of other particle types at 24 hr time point (~902% greater than free ICG, 

~101% greater than nNETs, ~136% greater than F-nNETs, and ~109% greater than F-
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C+nNETs). We also suggest that lower fluorescence signals associated with administration 

of F-nNETs and F-C+nNETs  as compared to nNETs can be attributed to most of those 

particles accumulated at higher quantities within tumor sites at this time point due to folate 

functionalization. These result indicates that cholesterol enrichment was effective in 

prolonging blood circulation of C+nNETs as compared to free ICG and nNETs. 

 

Figure 4.4. (A) Fluorescence emission spectra of blood collected from mice at 24 hours 
following tail-vein injection of free ICG or nNETs variants in response to 720 ± 2.5 nm 
photoexcitation. Solid traces are Gaussian fits to the data points. (B) Spectrally integrated 
emission intensity of blood normalized to the mass of the blood collected. Asterisks denote 
statistically significant differences between the indicated pairs (*, p < 0.05; **, p < 0.01; 
***, p < 0.001). 

 

Analysis of homogenized tumors revealed that the mass-normalized integrated 

fluorescence of C+nNETs was significantly higher in tumors as compared to that of free 

ICG and nNETs ( ~75% and 72% higher, respectively) at 24 hr time point (figure 4.5A). 

Further, F-nNETs showed significantly higher mass-normalized integrated fluorescence 

than that of free ICG, nNETs ,and C+nNETs due to folate functionalization. In addition, 

we observed that the mass-normalized integrated fluorescence in conjunction with 

administration of F-C+nNETs was significantly increased by at least ~35 and ~103% as 

compared to F-nNETs and C+nNETs, respectively. When comparing to free ICG and 
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nNETs, F-C+nNETs further enhanced the mass-normalized integrated fluorescence in 

tumors by ~254 and ~250%, respectively. These results suggest that while only folate 

functionalization or cholesterol enrichment on nNETs showed increased fluorescence from 

tumors, combining both methods further significantly enhance in their quantities 

accumulated in tumor sites. 

We also quantified the fluorescence of each particle types from the homogenized 

organs as shown in figure 4.5B. We observed that the mass-normalized integrated 

fluorescence of free ICG was significantly lowest in all organs as compared to that of all 

other particle types. This suggests that the low accumulation of ICG in RES organs, 

kidneys, heart, and intestine can be due to elimination of most free ICG via alveolar, hepatic, 

and splenic phagocytic clearance from the body within 24 hr post-injection. nNETs showed 

lower integrated fluorescence in most of organs than F-nNETs, C+nNETs, and F-C+nNETs 

except for lung and intestine. The mass-normalized integrated fluorescence associated with 

administration of  C+nNETs was higher in liver, spleen, kidney, and heart as compared to 

all other particle types. Consistent with our previous study, we found that cholesterol 

enrichment on nNETs increased the circulation time of the particles in those organs for up 

to 24 hr post-injection time point. Moreover, the lower accumulation of F-nNETs and F-

C+nNETs in liver, lung, spleen, and kidney as compared to C+nNETs can be attributed to 

their relatively higher fluorescence signals in tumor site at 24 hr post-injection due to folate 

functionalization-induced active targeting ability of particles. These results suggest that 

cholesterol enrichment of nNETs prolongs the circulation times of particles which also 

showed higher accumulations in tumors than nNETs. However, when further combining 
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with functionalizing their membrane with folate, it significantly enhances their tumor 

accumulating ability in vivo. 

 
Figure 4.5. Spectrally integrated emission intensity of (A) tumors and (B) homogenized 
organs normalized to the mass of the tumor/blood collected. Asterisks denote statistically 
significant differences between the indicated pairs (*, p < 0.05; **, p < 0.01; ***, p < 
0.001). 
 
4.5 Conclusion 

We have engineered erythrocyte-derived nanoparticles containing ICG with their 

membrane enriched with cholesterol, functionalized with folate, and both. Our in vivo 

study showed that cholesterol-enriched nNETs (C+nNETs) and folate-functionalized 

nNETs (F-nNETs) results in significant increased accumulation of the particles in tumors 

of immunodeficient mice at 24 hr post-tail vein injection as compared to nNETs. Moreover, 

injection of F-C+nNETs results in significantly greater integrated NIR fluorescence as 
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compared to other particles. These results indicates that cholesterol enrichment of nNETs 

in conjunction with folate targeting can results in a greater accumulation of particles in 

tumors which provides a potentially promising capability for enhanced NIR imaging of 

tumors. 
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Chapter 5: Erythrocyte-Derived Optical Microparticles for NIR Photocoagulation 

of Cutaneous Vasculature 

5.1 Abstract 

Pulsed dye laser (PDL) irradiation using visible wavelength range of 585-600nm remains 

as the golden standard treatment for port wine stains (PWSs). Unfortunately, complete and 

efficient clearance of PWS remains a major challenge due to insufficient penetration of 

light in skin and high epidermal melanin absorption at PDL wavelengths. Towards 

developing a more effective approach, we have engineered optical micro-particles, 

fabricated from red blood cells (RBCs) and doped with FDA-approved indocyanine green 

(ICG), as targets for pulsed near infrared (NIR) laser treatment at 755 nm. Herein, we 

evaluated the capability of these particles in mediating photothermal destruction of 

cutaneous vasculature in the rabbit earlobe as a model system for PWSs. We used laser 

speckle contrast (LSC) imaging to characterize the blood flow dynamics immediately and 

up to 24 hrs following laser irradiation. Our results indicate that NIR laser irradiation in 

conjunction with intravenous administration of the particles present immediate reduction 

in blood perfusion with complete cessation one day later. Histological evaluations 

confirmed that RBC-derived optical microparticles are effective in mediating 

photocoagulation of blood vessels when used in conjunction with pulsed 755 nm laser 

irradiation, and may ultimately provide a viable approach to treat PWSs. 

5.2 Introduction 

Port wine stains (PWSs) are congenital and progressive malformations of the dermal 

capillaries which is caused by differentiation-impaired endothelial cells in human skin168. 
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These vascular birthmarks occur in an estimated three to five infants per 1000 live births 

with no gender or racial predilection169-171. Most of the lesions do not involute 

spontaneously, rather, they progressively inflated in size as the patient ages resulting in 

asymmetry, distortion, and hypertrophy of underlying bone and soft tissues which occurs 

in 65% of PWS patients172-174.  

The current golden standard treatment for PWSs is the pulsed dye laser (PDL) 

irradiation using visible wavelengths in the range of 585-600 nm to target the endogenous 

hemoglobin of the PWS vessels175-176. However, PDL treatment fails to achieve complete 

and efficient clearance of PWSs which also requires multiple therapeutic sessions. It is 

reported that ten PDL treatment sessions are required to achieve a clinical improvement of 

60% in facial PWS177 and less than 20% of PWS patients experience complete stain 

lightening176, 178 with only 21% achieved  >75% clearance179. 

 This limited therapeutic efficacy is due to insufficient penetration of laser light in 

skin and high epidermal melanin absorption at PDL wavelengths. For example, with the 

various depth of PWS (100-1000μm), PDL treatment using therapeutic radiant exposure 

(fluences; Do) on the order of 8-16 J/cm2 and cryogen spray cooling still do not provide 

clinically desirable photo-thermolysis of the blood vessels located to at least greater than 

500μm below skin surface180-181. Further, the current PDL treatment is particularly 

inefficient to patients with moderate to heavy skin pigmentation (Fitzpatrick skin type III-

VI)182. Patients with darker skin types possess large numbers of widely distributed 

melanosome organelles where the melanin pigment is synthesized and stored within 

melanocytes, resided in the basal layer of epidermis and over the abnormal plexus of 
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dermal blood vessels183. Melanin pigment has a relatively high molar extinction coefficient 

in current PDL treatment wavelengths (Figure 5.1). As such, light intended to reach the 

dermal vasculature would be partially absorbed by melanin resulting in inefficient photo-

destruction of the blood vessels and the frequent non-specific thermal injury to the 

epidermis. 

To develop a more effective treatment for PWS, an alternative approach is to use 

an exogenous chromophore as the target that can be photo-activated to generate heat in 

response to pulsed near-infrared (NIR) laser irradiation. Key advantage of changing the 

PDL wavelength from 585 nm to NIR wavelength of 755 nm is the nearly threefold 

reduction in the absorption coefficient of a single melanosome at this NIR wavelength184-

187 (Figure 5.1). One potential candidate chromophore is indocyanine green (ICG), the 

FDA-approved NIR dye which is one of the least toxic agents administered in human for 

specific imaging applications33, 37, 188-191. Additionally, ICG as a photothermal agent for 

treating PWS has also been explored39, 192.  

Despite its wide applications, ICG still has limitations such as its short half-life in 

plasma (3-4 min) and non-specific binding to various plasma proteins188, 193. In recent years, 

much attention has been drawn to cell-mediated carriers such as erythrocytes to protect 

encapsulated cargos as therapeutic or imaging platforms2, 9, 162, 194-195 due to their advantages 

of biodegradability, non-immunogenicity, and naturally long circulation time (~90-120 

days)121, 196-197. As such, we have engineered erythrocyte-derived optical micro-particles 

doped with ICG9 to overcome these limitations of ICG and to serve as the exogenous targets 
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for pulsed near infrared (NIR) laser treatment. We refer to these constructs as NIR 

Erythrocyte-derived Transducers (NETs).  

Previously, we have demonstrated the efficiency of these NETs in mediating 

photothermal injury to cells in vitro9 and theoretically10. Further, we have also reported the 

potential of NETs functionalized with the ligand binding domain of the EphB1 receptor in 

targeting endothelial cells (ECs) which could be useful to target ephrin-B2 ligand on PWS 

ECs198. This work aims to evaluate the capability of NETs in mediating photothermal 

destruction of cutaneous vasculature in the rabbit earlobe as a model system for port wine 

stains. We chose the rabbit earlobe as a result of its handful of dermal vasculature, 

containing capillaries as small as 10 μm to blood vessels as large as 250 μm, which reflects 

the heterogeneity in size distribution shown in PWS. Herein, we used laser speckle contrast 

(LSC) imaging to characterize the blood flow dynamics following NIR laser irradiation at 

755 nm in conjunction with intravenous administration of NETs into the rabbit earlobe 

vasculature. We also demonstrate the effectiveness of NETs in mediating photocoagulation 

of blood vessels by histological evaluation. 
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Figure 5.1. Molar extinction coefficients spectra for non-encapsulated ICG (2.58mM in 
water; our own recording), eumelanin monomers (scaled for 100 monomers), oxy- and 
deoxy-hemoglobin. Dashed vertical lines represent visible wavelengths used by current 
PDL treatment (585nm) and the NIR wavelength for NIR laser treatment (755nm). Spectra 
of eumelanin, oxy- and deoxy-hemoglobin were obtained from literature data185-186. 
 
5.3 Material and Methods 

5.3.1 NETs Fabrication and Characterization 

Erythrocytes were isolated from bovine whole blood (Rockland Immunochemicals Inc.) 

via centrifugation (1300g, 10 min, 4°C) twice in cold isotonic (~310 mOsm) phosphate-

buffered saline (PBS) (defined as 1× PBS).  Isolated erythrocytes were then washed in 

hypotonic 0.25×PBS (~80 mOsm) and centrifuged (20,000g, 20 min, 4°C) with supernatant 

discarded after each wash to remove inner hemoglobin. This step was performed repeatedly 

until an opaque pellet was obtained and the resulting micro-sized erythrocyte ghosts (μEGs) 

were suspended in 1X PBS and then loaded with ICG (MP Biochemicals) by incubating 

them in a hypotonic buffer containing equal volumes of 1X PBS, 0.1M Sørenson’s buffer 

(Na2HPO4/NaH2PO4, ~140 mOsm, pH~8), and ICG solution (final concentration equals 

~1.1mM). The solution was then centrifuged (20,000g, 20 min, 4°C) and washed in 1X 
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PBS twice. The resulting pellets, referred to as μNETs, were resuspended in cold 1X PBS 

and stored at 4°C for no longer than 24 hr before experiments. 

 To ensure the quality of the μNETs, absorption and fluorescence spectra were 

obtained. Briefly, absorption spectra of free ICG (2.58mM) and NETs suspended in 1X 

PBS were recorded in the spectral range of 280 to 950 nm using a UV-visible 

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

length of 1cm. Suspensions of free ICG and μNETs were diluted to have the same 

absorbance values of ~1.4 at 755 nm. Fluorescence spectra of free ICG and μNETs 

suspended in 1X PBS in response to photoexcitation at 780 ± 2.5 nm filtered from a 450-

W xenon lamp were acquired using a fluorometer (Fluorolog-3 spectrofluorometer, 

Edison). Normalized fluorescence emission χ(λ) were quantified as follows: 

𝜒(𝜆) = :(;)
<=<>?@(ABC)

                                                          (1) 

Where F is the fluorescence emission intensity in response to photoexcitation wavelength 

(λex), and A(λex) is the absorbance of the sample at the excitation wavelength. 

To validate the morphology of the μNETs, , epifluorescence image and the 

quantitative phase images (QPI) were obtained. For epifluorescence images , a NIR filter 

set consisting of 740 ± 18 nm for photoexcitation and a long-pass-filter (>780nm) (41037-

Li-Cor IR800, Chroma Technology Corp.) and an electron multiplier gained CCD camera 

(Quant EM-CCD, C9100-14 Hamamatsu) were used to capture the emitted fluorescence 

light. Images were then generated using ImageJ where the emission of ICG in the NIR 

channel was falsely colored in red. For QPI system, the detail protocols are described in 
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our previous publications15, 124-125. The obtained images were used to estimate mean Feret 

diameters of the μNETs. 

5.3.2 Animals 

All experiments were performed under a protocol approved by the Institutional Animal 

Care and Use Committee, University of California, Irvine.  Adult New Zealand white 

rabbits with a bodyweight of 3-5 kg were used in this experiment. 

5.3.3 Preparation of Animals 

Rabbits were observed for 3 to 5 days after delivery to allow the animals to settle down 

and to determine the animals' health. Thereafter, anesthesia of the rabbits was induced with 

a cocktail of ketamine HCL (37.5mg/kg) and xylazine (5 mg/kg) subcutaneously. After the 

animal demonstrated loss of consciousness (no voluntary head, limb or eye movement), 

the rabbit was placed in a supine position on a stage. Legs of the rabbit were supported 

with four posts, lightly wrapped with Velcro fasteners. Thereafter, isoflurane (3.0% with 

1.5 L/min O2) was given via facemask to maintain anesthesia. Depth of anesthesia was 

evaluated every 10 minutes and the hind limb pedal reflex (withdrawal of foot in response 

to external stimulus) must remain absent throughout the procedure. The rabbit was placed 

on a temperature-controlled circulating-water blanket and wrapped with a blanket to 

prevent hypothermia. During the procedure, the rabbit’s body temperature, respiratory rate, 

heart rate, and the oxygen saturation levels were recorded every 10 minutes. Both ears of 

the rabbits were shaved, epilated and placed flatly on a Plexiglas plate for subsequent 

imaging. The dorsal surface of the ear was cleaned with three alternating scrubs of 70% 
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alcohol and betadine and an intravenous (IV) catheter was placed in the marginal vein of 

one ear for the administration of experimental agents and euthanasia drug. 

5.3.4 Color and Laser Speckle Imaging 

Digital color photos and laser speckle images of the ear were acquired prior to, shortly and 

each day after laser irradiation. Color images documented the irradiation site for any blister 

or burn induced by laser irradiation. Laser speckle imaging (LSI) was used to determine 

blood flow changes induced by laser irradiation in the blood vessels. During LSI, the ear 

was transilluminated with a diode laser with a wavelength of 809 nm to produce a speckle 

pattern. When blood flow is present, the speckle pattern varies with time; otherwise, the 

pattern is static.  The speckle patterns were integrated over 10 ms with a CCD camera and 

processed with a sliding-window-based algorithm to visualize blood flow in the ear. 

5.3.5 Fluorescence Imaging 

Immediately following administration of the experimental agents, the rabbit ear was 

illuminated with a diode laser with a wavelength of 785 nm and a maximum intensity of 

100 mW/cm2. Resulting fluorescence emission from the vascular area was recorded with a 

high-sensitivity camera (QuantEM:512SC, Photometrics, Tucson AZ). Fluorescence 

images were collected at an interval of 1 s in the initial 5 minutes after NETs administration, 

1 minute interval in the next 10 minutes and 5 minutes interval till the end of the experiment. 

Illumination light was blocked between image collection when the interval was 1 or 5 

minutes. 
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5.3.6 Laser Irradiation 

A laser with a wavelength of 755 nm (GentleLASE, Candela, Wayland MA) was used to 

irradiate the rabbit ear. Our choice of 755 nm is based on the relatively high absorbance of 

NETs at this wavelength, availability of biomedical lasers for dermatological applications 

at this wavelength, and prior use of this wavelength on PWS patients. Laser irradiation 

pulse duration was 3 ms and only one single pulse was delivered on each irradiated site. 

Our purpose is to determine the threshold radiant dosage that will result in photo-

destruction to blood vessels by using experimental values of 38, 60, and 106 J/cm2.  

5.3.7 Animal Monitoring, Euthanasia and Tissue Collection 

Rabbits were examined every 12 hours for two days. No discomfort, pain or allergic 

reaction was observed. The animals were euthanized two days after irradiation with an 

intravenous injection of 150 mg/kg of pentobarbital sodium and phenytoin sodium 

(Euthasol, Virbac, Westlake TX). Full-thickness ear in the irradiated area and normal 

control areas were collected immediately after euthanasia and fixed in freshly-prepared 

10% neutral buffered formalin for at least 24 hours at room temperature. 

5.3.8 Vascular Damage Assessment 

Excised biopsies were fixed in 10% neutral buffered formalin, processed for histological 

sectioning, and then stained with hematoxylin and eosin (H&E; EMD Millipore Corp. and 

Sigma Aldrich Inc.). These H&E stained histological sections were then used to evaluate 

the photothermal injury to the blood vessels. 
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5.4 Results 

5.4.1 Characterization of μNETs 

Absorption spectra of free ICG and μNETs suspensions in 1X PBS are shown in figure 

5.2A. Free ICG at 2 mg/ml in 1X PBS has a dominant H-like aggregate peak (~697 nm) 

whereas μNETs have a dominant monomer peak (~801 nm), which are consistent with our 

previous studies9, 123, 126. In response to 780 nm photoexcitation, the normalized 

fluorescence emission intensity values were somewhat higher for μNETs than for free ICG 

(Figure 5.2B), which can be attributed to the encapsulation of ICG into μEGs prevents the 

mobility of ICG molecules and thus hinders the fluorescence quenching9. An illustrative 

epifluorescence and QPI of μNETs suspended in 1X PBS and obtained immediately after 

the fabrication shows that particles are rounded and not aggregated (Figures 5.2C&D). 

Further, the mean diameter of μNETs based on QPI was 4.72 ± 0.43 μm (Figure 5.2D). 
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Figure 5.2. μNETs Characterization. (A) Absorption, and (B) normalized fluorescence 
emission spectra for NETs and free ICG in isotonic PBS in response to 780 ± 2.5 nm 
excitation. (C) Epifluorescence image of NETs. Scale bar = 10 μm. (D) Falsely colored 
image of NETs obtained by quantitative phase images (QPI). Scale bar = 10 μm. 
 
5.4.2 Assessment of Laser-Induced Thermal Injury 

We performed the in vivo experiments to evaluate the efficacy of NIR laser irradiation in 

conjunction with μNETs in mediating the photothermal destruction of blood vessels in 

rabbit earlobe. For comparison, the histological section of an intact dermal blood vessel 

from non-irradiated control site in a rabbit is shown in figure 5.3. Pulsed (3 ms) NIR laser 

irradiation at 755nm without administration of any agent (Figure 5.4), in conjunction with 

administration of free ICG (Figure 5.5), or μNETs  (Figure 5.6) was done at Do = 38-106 

J/cm2. We quantitatively characterized the blood flow dynamics by integrating a laser 
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speckle contrast (LSC) imaging platform (632.8 nm He Ne laser, 30 mW) with laser 

irradiation system199-200. 

 

Figure 5.3. Non-irradiated dermal blood vessel in a rabbit ear. Scale bar = 50μm. 
 

Our result showed that laser irradiation alone at the highest Do (106 J/cm2) only 

resulted in increased blood perfusion (Figures 5.4A-C), indicative of insufficient energy to 

induce the photothermolysis and the hindrance of coagulation in blood vessels as evidenced 

by histological analysis (Figure 5.4D).  Laser irradiation in conjunction with free ICG 

injection resulted in reduced blood perfusion immediately after irradiation (Figure 5.5A-

C), but with restored blood perfusion one day (24hr) later (Figures 5.5A-D), indicating that 

the photocoagulation was ultimately not achieved. We also examined the histological 

section which also showed no signs of coagulation in vasculature (Figure 5.5E). These 

results suggest that laser irradiation alone or with injection of free ICG performing at the 

highest radiant exposure (Do=108 J/cm2) still could not induce the photothermal destruction 

of blood vessels in rabbit ear, which could be associated with fast elimination of free ICG 

from the circulation. 
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Figure 5.4. Color and LSC images of a rabbit earlobe before (A&B), and immediately after 
(C) 755 nm pulsed (3 ms) laser irradiation without injection of any agent. The first number 
on each circle in (A) represent the value of Do in J/cm2 and the second number is the 
sequence of irradiation. (D) H&E stained section of rabbit earlobe at the highest Do (106 
J/cm2, site 3). Scale bar = 50 μm. 
 

 

Figure 5.5. Color and LSC images of a rabbit earlobe before (A&B), immediately after 
(C), and one day (24hr) after (D) 755 nm pulsed (3 ms) laser irradiation in conjunction with 
2 mg/mL free ICG. The first number on each circles in (A) represent the value of Do in J 
/cm2 and the second number is the sequence of irradiation. Site 1-3 were irradiated at the 
time of maximum fluorescence emission intensity (~30s after ICG injection) and site 4-6 
were irradiated 30 mins later. (E) representative H&E stained section of rabbit earlobe at 
the highest Do (106 J /cm2, site 3). Scale bar = 50 μm.  
 

Further, laser irradiation at lower Do =80 J/cm2 in conjunction with μNETs was 

accompanied by reduced blood perfusion immediately after irradiation (Figure 5.6A-D), 

and a complete cessation in blood flow on most of the irradiated sites one day later (Figures 

5.6A-F). Evaluation of thermal injury is based on previous publications201-202. Our histology 

shows agglutination of individual RBCs (Figure 5.6G-I, yellow arrows) and breakage of 

basement membrane (Figure 5.6H-I, green arrows) upon laser irradiation in conjunction 
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with μNETs injection. As the complete photocoagulation of blood vessels, for example, 

the cessation of blood flow by formation of an occlusive coagulum is an indication of good 

clinical outcomes (i.e., lesional blanching)203-204. The formation of coagulum from our 

histological analysis and the complete halt in blood flow demonstrates a successful 

photothermal injuries induced by NIR laser irradiation at reduced radiant exposure (Do =80 

J/cm2) in conjunction with μNETs administration. 

Figure 5.6. Color and LSC images of a rabbit earlobe before (A&B), immediately after 
(C&D), and one day (24hr) after (E&F) 755 nm pulsed (3 ms) laser irradiation with 
injection of μNETs. Site 1 was irradiated at the time of maximum fluorescence emission 
intensity (~30 s after injection of μNETs) and subsequent sites were irradiated every 5 mins. 
Do = 80 J /cm2 for all sites. (G, F, I) representative H&E-stained sections of rabbit earlobe 
from site 1 and 2, respectively. Scale bar = 50 μm. Yellow arrow indicates agglutination 
of RBCs forming a coagulum and green arrow indicate the breakage of basement 
membrane. 
 
5.5 Discussion 

In this study, we have successfully demonstrated the effectiveness of erythrocyte-derived 

micro-particles contained with FDA-approved ICG as the photo-activated target to induce 

the photothermal destruction of blood vessels in rabbit earlobe upon pulsed 755 nm NIR 

laser irradiation at low radiant exposure (Do = 80 J/cm2). Additionally, the result is 

consistent with our previous study that administration of μNETs in combination with  laser 
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irradiation (755nm) at lower fluence (Do = 20 and 30 J/cm2) was sufficient to induce 

complete blood flow cessation and photocoagulation of mice microvasculature in the 

window chamber45. However, for the purpose of eventual translation from animal models 

to approved clinical applications205, our study using rabbits as a larger animal model with 

vascular circulation dynamics more similar to humans than mice offers a more creditable 

evaluation of this approach. 

 Previously, Yaseen et al have demonstrated the effectiveness of photodynamic 

therapy (PDT) combining with photothermal therapy (PT) with ICG as a photosensitizer 

which yields greater amount of thermal damages to the blood vessels in rabbit earlobe than 

treated with either therapy alone202. As when without the pre-treatment of PDT, 

photothermal irradiation at 10 min post-injection of ICG did not produce sufficient heat to 

induce the thermal damages regardless of fluence due to ICG having fast clearance kinetics 

of ICG in rabbit. Not to mention that it has been reported that ICG has a disappearance rate 

of ~17.7-25.3 % per min from the bloodstream in humans206-207, thus making it more 

challenging in clinical application of ICG with NIR laser irradiation as an effective PWS 

approach. 

 Nevertheless, in clinical settings, use of ICG with pulsed 808- and 810 nm NIR 

light for treating PWS patients has actually been reported39, 192. Despite the good clinical 

outcomes reported in these studies, introducing ICG-encapsulated erythrocyte-derived 

particles is advantageous than free ICG as it prolongs the circulation times of ICG which 

potentially extend the therapeutic window time during which laser irradiation is given. For 

example, red blood cell-membrane coated poly(lactic-co-glycolic acid) (PLGA) 
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nanoparticles  showed elimination half-life to be 39.6 hr as compared to 15.8 hr for the 

PEG-coated particles208. Di et al have demonstrated the red blood cell camouflaged sodium 

microsensors present in the mice bloodstream for up to 2 weeks209. We previously reported 

that the emission half-life of the μNETs within the mice microvasculature to be ~49 min45 

and that μNETs were still detectable in mice blood 48 hr post-injection127. This long 

circulation time of erythrocyte-camouflaged particles can be ascribed to the natural 

protecting membrane proteins such as CD47, a glycoprotein that interacts with SIRPα on 

macrophages to suppress phagocytosis210-211, thus preventing the elimination by immune 

cells212 as we have also reported to be well-preserved on μNETs14. 

Additionally, our theoretical result also demonstrate the benefit of using μNETs 

with NIR laser irradiation including increased penetration of the light reaching to deeper 

blood vessels ( ~0.8-1mm below skin surface) and reduced risk of epidermal injury10. In 

conclusion, we have successfully demonstrated that pulsed 755 nm laser irradiation in 

conjunction with μNETs administration can induce photocoagulation of blood vessels 

accompanied with a complete blood flow cessation in rabbit earlobe vasculature at reduced 

fluence, which represents a potentially promising method for treatment of PWS. We are 

convinced that this potential approach is of great advantages such as longer circulation 

times of encapsulated ICG in bloodstream, deeper skin penetration and low melanin 

absorption at utilized NIR wavelength. 
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Chapter 6: Optical Characteristics of Dual MRI and NIR dyes loaded Erythrocyte-

derived Nanoparticles 

6.1 Abstract 

Near-infrared (NIR) fluorescence image has gained increased popularity in biomedical 

applications. Indocyanine green (ICG) is presently the only FDA-approved NIR agent, 

however, studies on developing alternatives are still ongoing. For example, halogenated 

cyanine dyes, such as BrCy dyes, cyanine dyes with bromine incorporated into the aromatic 

component. Herein, we investigate the absorption and fluorescence characteristics of ICG 

and three brominated cyanine dyes including BrCy106-acid, BrCy111, and BrCy112 in 

free forms and evaluate the key optical properties once encapsulated into erythrocyte-

derived nano-sized ghosts (nEGs). Our results indicate that when used at lower 

concentration of the dyes for encapsulation (100 μM), the spectrally integrated 

fluorescence emission for BrCy112-doped nEGs is ~3.6-4.7 times and ~40.8 times higher 

than that of BrCy106/111-nEGs and ICG-nEGs, respectively. Additionally, our results 

support efforts toward developing a novel carrier with dual-modality that can be used in 

NIR and magnetic resonance (MR) imaging. Thus, we further demonstrated the fabrication 

of erythrocyte-derived nanoparticles that were successfully doped with BrCy112 and 

gadolinium-based contrast dye (Gd) which showed stable NIR and MR signals up to 7 days. 

These findings provide a roadmap for the development of optical nanoparticles with 

enhanced NIR emission and that dual-BrCy112-Gd-nEGs may potentially be serve as 

effective material for dual-mode imaging applications.  
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6.2 Introduction 

Fluorescence imaging using exogenous fluorescent materials has become a popular and 

fundamental tool to visualize cell or tissues for image-guided surgery and other biomedical 

applications213-216. In particular, when activated by near-infrared (NIR) light (~700-2500 

nm), these materials provides relatively deeper optical penetration on the order of ~1-3 cm 

and higher resolution with the improved image contrast than visible light188, 217-218. These 

advantages are attributed to the diminished light absorption and scatterings by endogenous 

biomolecules as well as reduced autofluorescence within the NIR spectral bands18, 188, 219. 

One potential NIR fluorophore is indocyanine green (ICG), which remains as the only FDA 

approved NIR dye for utilization in humans in specific clinical applications such as 

ophthalmic angiography220 and liver function assessment221. 

 Despite ICG’s usage in both clinical applications and investigative research222-223, 

ICG still has down sides including its non-specificity, short half-life within plasma (~2-4 

min) resulting in its elimination by hepatocytes, and relatively weak fluorescence emission 

as quantified by a low fluorescence quantum yield224. It is reported that the free form of 

ICG in water has relatively low fluorescence emission in response to 780 nm 

photoexcitation as quantified by a low fluorescence quantum yield (~2.58 ± 0.04% using 

6.45μM of the dye)225. Hence, researchers are exploring into alternate or improved 

fluorophores for biological imaging18, 226-228. One such NIR chromophore is called 

brominated cyanine dyes, that were developed by introducing the halogen atoms such as 

Cl, Br, or I into the structure of the dye229. Previously, our lab has investigated the use of 

the BrCy106-NHS and reported the higher peak emission intensity values of free BrCy106-
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NHS than that of free ICG (~27 times higher at the same concentration of 8 μg/mL)230 due 

to the reduction in non-radiative relaxation pathways involving C-H vibrational modes 

which is caused by the presence of Br in place of aromatic structure. In this study, we 

further investigated characteristics of the three different brominated cyanine dyes, 

BrCy106 in acid form (referred to as BrCy106-acid), BrCy111, and BrCy112 (developed 

and manufactured by NanoQuantum Science) (structures of each dye are shown in figure 

6.1). 

Magnetic resonance imaging (MRI), another imaging modality, is widely utilized 

clinically for its great soft tissue contrast between normal tissues and lesions19. Particularly, 

gadobenate dimeglumine (Gd), a novel gadolinium-based contrast agent with greater 

relaxivity than other conventional gadolinium chelates231, has been applied in evaluation of 

hepatic lesions232, brain tumors233-234, and central nervous system235. As such, combining the 

strengths of MRI and NIR imaging could potentially achieve the purpose of developing a 

great tool in obtaining the non-invasive image with high-contrast intrinsic properties of 

tumor lesions in clinical applications.  

Besides, to address the issue related to non-specificity of free dyes, encapsulation 

into nanoparticles is an ideal solution as a protective shield to these dyes. We previously 

demonstrated the encapsulation of BrCy106-NHS or ICG into genome-depleted virus-

mimicking nanoparticles, the tumor imaging capabilities of these particles230 as well as 

functionalizing with human epidermal growth factor receptor 2 (HER2) for enhanced 

targeting to ovarian tumor236. Nevertheless, mammalian cells, particularly erythrocytes, are 

an emerging type of platforms with naturally long circulation capacity for the delivery of 
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therapeutic or imaging agents1, 237-238. Our lab has previously reported the first successful 

engineering of nano-sized particles derived from erythrocytes doped with ICG for 

fluorescence imaging and photothermal destruction of cells9. Hence, we applied the idea 

of encapsulating these dyes into erythrocyte-derived nanoparticles here.  

Taken together, we aim to achieve three objectives in this study. First, we compare 

the optical characteristics of three BrCy dyes and ICG in non-encapsulated form for 

baseline information. Second, we extend these characterizations to BrCy or ICG 

encapsulated erythrocyte-derived nanoparticles. In particular, we investigated the effect of 

various dye concentrations used in fabrication of the dye encapsulated nanoparticles and 

the resulting absorption and fluorescence characteristics. Results of such characterizations 

provided the basis for selecting the candidate dye and an optimized concentration of the 

dye which equips with relative high fluorescence emission. Lastly, we demonstrated that 

both Gd and BrCy112 can be dually loaded into erythrocyte-derived nanoparticles which 

present both the NIR and MRI characteristics stably up to 7 days. To the best of our 

knowledge, we report for the first time the comparisons in optical properties of BrCy106-

acid, BrCy111, and BrCy112 to ICG in their free and encapsulated forms and the 

demonstration of successfully fabricating the erythrocytes-derived nanoparticles 

incorporating both MR and NIR agents. Our findings in this study offer useful guidance 

toward developing erythrocyte-derived particles containing both MR and NIR agents 

which can be potentially utilized for dual mode imaging capability of tumors including 

ovarian intraperitoneal tumors in future. 
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Figure 6.1. Molecular Structure of (A) BrCy106-Acid, (B) BrCy111, and (C) BrCy112 
 

6.3 Material and Methods 

6.3.1 Fabrication of Variant Brominated Cyanine Dyes-nEGs and ICG-nEGs 

Erythrocytes were isolated from whole human blood (BioIVT, Westbury, NY) and washed 

three times in isotonic (~320 mOsm) phosphate-buffered saline (PBS; referred to as the 1X 

PBS solution, Fisher Scientific, Hampton, NH) at 1000g for 10 mins at 4°C. Isolated 

erythrocytes were incubated with hypotonic PBS (~80 mOsm, 0.25X PBS) at 4°C for 1 

hour, followed by centrifugation at 20,000g for 20 mins at 4°C. The resulting micro-sized 
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erythrocyte ghosts (μEGs) were resuspended in 1X PBS. To obtain the nano-sized EGs 

(nEGs), μEGs were then diluted 1:10 in 1X PBS prior to extrusion process. The diluted 

μEGs were extruded three times individually through 800nm, 400nm and 200nm 

polycarbonate porous filters (Sterlitech Corp., Kent, WA) using a 10 mL automatic 

LIPEX® extruder (TRANSFERRA Nanosciences Inc., Burnaby, B.C., Canada). The 

resulting nEGs were then centrifuged at 100,000g for 1 hour at 4°C and resuspended in 1X 

PBS. 

 Three brominated cyanine dyes (BrCy106-Acid, BrCy111, BrCy112; 

NanoQuantum Sciences, Bellevue, WA) and a near-infrared dye (ICG; MP Biochemicals, 

Santa Ana, CA) were used to load into nEGs individually. Triplicate samples were prepared 

for each dye. We followed a 1:1:1 volume ratio of mixing nEGs, Sørensen’s phosphate 

buffer (Na2HPO4/NaH2PO4, ∼140 mOsm, pH ∼ 8), and a known concentration of the 

chromophore. We applied three different final concentrations of each dye in the loading 

buffer (100, 750 1000 μM) and incubated nEGs with indicated loading buffer at 4°C for 30 

mins to form BrCy106-nEGs, BrCy111-nEGs, BrCy112-nEG or ICG-nEGs. The resulting 

pellets were then washed twice in 1X PBS and centrifuged at 100,000g for 1 hour at 4°C 

to remove excess unencapsulated dyes. 

6.3.2 Fabrication of Gd-BrCy112-nEGs 

To dually load gadobenate dimeglumine (Gd; Bracco Diagnostics Inc., Princeton, NJ) and 

BrCy112 into the nEGs, we incubated the nEGs in hypotonic solution containing both 

agents using 1:1:1:1 volume ratio of nEGs, Sorensen’s phosphate buffer, Gd (final 

concentration of 125mM) and BrCy112 (final concentration of 100μM). The solution was 
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then incubated for 30 min at 4°C, followed by washing in 1X PBS twice. The resulting 

pellets were resuspended in 1X PBS and defined as Gd-BrCy112-nEGs. 

6.3.3 Characterization of Particles 

The hydrodynamic diameters of all particles suspended in 1X PBS were measured by 

dynamic light scattering (DLS) (Zetasizer nanoseries, NanoZS90, Malvern, UK). Three 

individual measurements were collected for each sample and averaged to estimate the mean 

diameter and standard deviation (SD) by LogNormal fitting. The zeta potentials (Zetasizer 

nanoseries, NanoZS90, Malvern, UK) of all particles in 1X PBS were measured using 

folded capillary cells. Five measurements were collected for each sample and averaged to 

determine the mean zeta potential for each sample population. 

 Absorption spectra of all particles and free dyes in 1X PBS were recorded in the 

spectral range of 280-1000nm using a visible spectrophotometer (Jaco V-670 UV-vis 

spectrophotometer, JASCO) with an optical path length of 1 cm. Fluorescence emission 

spectra of all particles suspended in 1X PBS in response to photoexcitation at 750 ± 2.5 

nm (for BrCy-loaded nEGs) and 780 ± 2.5 nm (for ICG-loaded nEGs) filtered from a 450 

W xenon lamp were acquired using a fluorometer (Fluorolog-3 spectrofluorometer, 

Edison). Normalized fluorescence emission spectra χ(λ) were defined as follows 

𝜒(𝜆) = 	 w(;)
<=<>?@(ABC)

                                                        (6) 

Where F is the fluorescence emission intensity in response to the excitation wavelength 

(𝜆]i) and A (𝜆]i) is the absorbance of the sample at the excitation wavelength. To 

estimate the total fluorescence emission for each sample, we integrated the fluorescence 
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emission over a desired spectral bands in the range of 765-900 nm (for BrCy-loaded 

nEGs) and 795-900 nm (for ICG-nEGs). 

6.3.4 Quantification of Gd and BrCy Dyes Loading Efficiency of nEGs 

To quantify the loading efficiency of Gd, we obtained the MRI images of the particles and 

the supernatant collected upon completing the fabrication of Gd-BrCy112-nEGs. We 

created a phantom containing vials with different concentrations of the Gd and measured 

the T1 relaxation rate (R1) as a function of concentration. The slope of the T1 value vs 

concentration curve was used to estimate the concentration of the Gd in MRI images. For 

BrCy or ICG loading efficiency, we used a similar methodology as in our previously 

reported study123 and are not repeating here. 

6.3.5 Assessment of Dye Leakage From Gd-BrCy112-nEGs 

Upon completion of fabricating the Gd-BrCy112-nEGs, the suspension containing the 

particles were stored at 4°C. At specific times (0, 2, 7 days), approximately 1.3 mL of 

particle suspension was centrifuged, and the pellet was resuspended in the original volume 

of 1X PBS. We recorded the absorption and fluorescence emission spectra of the 

resuspended pellet and supernatant to determine BrCy112 leakage. We measured the T1-

values of samples to determine Gd leakage. Three measurements were obtained for each 

time point and averaged to determine the mean R1 value. 

6.3.6 Magnetic Resonance Imaging 

MRI imaging was performed on a 3T Siemens Prisma. The T1-values of the contrast 

agent were measured with a spin echo based inversion recovery experiment (repetition time 

= 5000 ms; echo time = 15 ms, field of view=210 mm x 72 mm, matrix size = 256 x 88). 
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Inversion times (TI) of 30 ms, 100 ms, 400 ms, 1000 ms, 2000 ms, 3000 ms, 4000 ms, and 

4900 ms. T1 values were calculated voxelwise by fitting the resulting signal curve with the 

following function 

𝑆(𝑡) = 𝐴 − 𝐵𝑒𝑥𝑝(−𝑇� ∕ 𝑇<)                                             (7) 

6.4 Results and Discussion 

6.4.1 Absorption and Fluorescence Characteristics of Free Dyes 

Absorption spectra of free BrCy dyes and ICG using three different concentrations (100, 

750, and 1000 μM) dissolved in 1XPBS are shown in Figure 6.2. Absorption spectra of 

free BrCy106-Acid dissolved in 1XPBS showed a narrow distinct spectral peak at ~750 

nm (Figure 6.2A) similar to that found in absorption spectra of free BrCy112 (Figure 6.2C) 

which could be associated with the monomeric form of the dye230. However, free BrCy111 

dissolved in 1XPSB showed a broadened absorption range in addition to two distinct peaks 

at ~643 nm and 850 nm with increased concentrations from 100 to 1000 μM (Figure 6.2B), 

which suggests that this dye may be more prone to aggregation than BrCy106 and BrCy112. 

Absorption spectra of free ICG dissolved in 1XPBS showed bimodal spectral peaks at ~706 

nm and 780 nm corresponding to the H-like aggregate and the monomeric forms of ICG, 

respectively9, 123. Particularly, the tendency of ICG molecules to aggregate at high 

concentrations is suggested by the increasing absorbance at 706 nm with greater ICG 

concentrations (Figure 6.2D)239-240. Overall, We observed that whereas BrCy106-Acid's 

absorption spectra are similar to those of BrCy112, BrCy106-Acid displayed higher 

absorbance at 750 nm than BrCy112 and BrCy111. All of the BrCy dyes exhibited spectral 
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peaks in the NIR range similar to ICG, but had increased absorbance at their spectral peak 

wavelengths. 

 

Figure 6.2. Concentration-dependent absorption spectra of (A) BrCy106-Acid, (B) 
BrCy111, (C) BrCy112, and (D) ICG in 1X PBS. 
 

In response to photoexcitation of free BrCy dyes at 750 ± 2.5 nm and ICG at 780 ± 

2.5 nm, free BrCy106-Acid and BrCy112 exhibited similar fluorescence emission 

characteristics as quantified by the normalized fluorescence intensities (Figure 6.3A&E) 

and produced greatest spectrally integrated emission when used at a concentration of 750 

μM (Figure 6.3B&F). The fluorescence spectral analysis of free BrCy111 dissolved in 

1XPBS showed that the greatest emissive energy (spectrally-integrated emission) is 

achieved when used at low concentrations of 100 μM (Figure 6.3C&D). The spectrally 

integrated emission of free ICG over 795-900 nm bands was also maximal at low 
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concentrations of 100 μM (Figure 6.3G&H). Particularly, we observed that both free 

BrCy111 and ICG displayed gradually decreased integrated emission as the concentration 

of free dye increased, suggesting the quenching of emission induced by aggregation of the 

free dyes at higher concentrations224, 241-242.  

In addition, at a low concentration of 100 μM, both free BrCy106 and BrCy1112 

showed the highest integrated NIR emission than BrCy111 and ICG. The integrated 

emission of free BrCy106 at 100 μM was ~42 times and ~14 times higher than that of 

BrCy111 and ICG at the same concentrations, respectively, while the integrated emission 

of free BrCy112 at 100 μM was ~33 times and ~11 times higher. We observed that the free 

BrCy106 and BrCy112 have only 1.2-fold differences in their integrated NIR emission at 

low concentrations (Figure 6.3B&F). Therefore, we suggest that both dyes showed similar 

NIR emission characteristics at low concentrations and higher emissive energy than 

BrCy111 and ICG. The enhanced fluorescence emission of the BrCy106 and BrCy112 can 

be attributed to the presence of the bromine in the aromatic ring, which reduces non-

radiative decay pathways involving C-H vibrational modes as described in previously 

published literature230. However, the lower fluorescence emission of free BrCy111 might 

be associated with aggregation-induced fluorescent quenching or the extra two bromine 

atoms induced a heavy atom effect that enhances the intersystem crossing in comparison 

to BrCy106 and BrCy112243. 
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Figure 6.3. (A-D) Normalized fluorescence emission spectra of free BrCy106-Acid (A), 
BrCy111(B), BrCy112(C), and ICG(D) in 1X PBS in response to photoexcitation 
wavelengths of 750 ± 2.5 nm and 780 ± 2.5 nm. (E-H) Emission intensities integrated over 
the 765-900 spectral band for BrCy-variants (excited at 750 nm) and 795-900 spectral band 
for ICG (excited at 780 nm). 
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6.4.2 Optical Characteristics of BrCy or ICG-encapsulated Nanosized EGs 

We used the same three concentrations (100, 750, 1000 μM) of each dyes to load into the 

nEGs. The physical characteristics of each construct were illustrated in the supplemental 

table. As determined by fitting lognormal distribution to DLS-based measurement, the 

averaged hydrodynamic diameter of the various constructs were in the range of 

approximately 85-137 nm. However, BrCy111-nEGs fabricated using 1000 μM showed 

increased mean diameters of 731 ± 15.1 nm, indicating that the dye is more likely to form 

aggregates at high concentrations. Zeta potentials of BrCy106-, BrCy112-, and ICG-loaded 

nEGs using three concentrations were in the range of -12.79 to -14.43 mV which were 

similar to that of non-encapsulated nEGs (-13.68 ± 0.28 mV) or untreated RBCs (-13.7 ± 

0.93 mV). Except for BrCy111-nEGs fabricated using 100 μM of the dye, the respective 

zeta potentials of BrCy111-nEGs fabricated using 750 and 1000 μM of the dye were -22.34 

± 0.05 and -25.25 ± 0.89 mV which were significantly lower than those from other 

constructs, nEGs, and untreated RBCs. These results suggest that BrCy111 when used at 

higher concentrations, particularly over 750 μM, are not fully encapsulated within the nEGs 

and the negative regions contributing from the sulfur group of the dye may be protruding 

out of the membrane of the nEGs and exposed to the aqueous environment. 

We also estimated the loading efficiency of each dye into nEGs using the same 

method as in previously published literature123. For BrCy111-, BrCy112-, and ICG-nEGs, 

there was an increase in loading efficiency as the concentration of the dye increased (Table 

S6.1). The averaged loading efficiency for BrCy106-, BrCy112-, and ICG-nEGs were 

ranged between ~47 to 70%. However, the highest loading efficiency of these three 
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constructs is still lower than that of BrCy111-nEGs even when a high concentration at 1000 

μM was used. The loading efficiency of BrCy111 is in the range of ~79 to 95% which is 

higher than the other constructs when used in concentrations of 100-1000 μM. We suggest 

that it could be attributed to its being more hydrophobic than BrCy106 or BrCy112 while 

supposedly having similar optical performance. With our finding of much lower negative 

zeta potentials of this construct, our results here also imply that this dye might be densely 

packed and overcrowds the membrane of the nEGs, presumably leading to conformations 

where the negative sections are exposed. 

Absorption spectra of nEGs doped with various dyes suspended in 1XPBS are 

shown in figure 6.4. Value of absorbance at 280 nm for all the constructs originated from 

the aromatic amino acids of the protein such as tyrosine and tryptophan135, 244-245. We 

observed that the absorbance at 280 nm was almost the same at ~1 for all constructs, 

indicating that each construct contained approximately the same number of particles for 

comparison. We noticed that all constructs exhibited the same trends in their absorption 

spectra as the non-encapsulated dyes (Figure 6.2). The absorption spectra of BrCy106-

nEGs began to visibly show spectral peaks at 750 nm when used at a high concentration of 

1000 μM (Figure 6.4A). However, BrCy112-nEGs showed a noticeable spectral peak at 

~750 nm with gradually increased absorbance as the concentration of the dye used in 

fabrication increased. In addition, we found that the BrCy111-nEGs utilized with 100–

1000 μM of the dye have a broadened absorption range with two distinct spectral peaks as 

found in that of free dye (Figure 6.4B), which indicates that a significant fraction of the 

dye may have been in aggregated form when encapsulated. As for ICG-nEGs, we observed 
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the red-shift of the peaks from 780 to 804 nm which is consistent with our previous studies9, 

14, 123, 126, indicative of the monomeric form of ICG. 

 

Figure 6.4. Absorption spectra of BrCy-variants and ICG loaded nEGs. Absorption spectra 
of: (A) BrCy106-nEGs, (B) BrCy111-nEGs, (C) BrCy112-nEGs, and (D) ICG-nEGs 
suspended in 1X PBS. Particles were encapsulated using various loading concentrations of 
the agent ranging from 100~1000 μM. 
 

In response to photoexcitation at 750 ± 2.5 nm for BrCy-nEGs and 780 ± 2.5 nm 

for ICG-nEGs, we observed identical trends among BrCy111-nEGs, BrCy112-nEGs, and 

ICG-nEGs in their fluorescence emission (Figure 6.5A-D). For example, particles 

fabricated using the lowest concentration (100 μM) showed the highest normalized 

fluorescence and spectrally integrated emission. However, the emissive energy of 

BrCy111-nEGs and ICG-nEGs, which were fabricated using the lowest concentration of 

the dye (100 μM), was still ~1.3- and 11.2-fold lower than that of BrCy106-nEGs and ~4.7- 
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and 40.8-fold lower than that of BrCy112-nEGs, respectively (Figure 6.5E). Among the 

three dye concentrations applied in encapsulation, BrCy106-nEGs fabricated using 1000 

μM of the dye produced the most emissive fluorescence, whereas BrCy112-nEGs 

fabricated using 100 μM of the dye exhibited the highest emissive fluorescence. However, 

there is only ~1.2-fold difference in their emissive fluorescence. These results suggest that 

high concentrations of BrCy106 (1000 μM) are needed to obtain high emissive energy, but 

low concentrations of BrCy112 (100 μM) can reach a similar emissive energy. Therefore, 

we decided to use BrCy112 with 100 μM to dually load with Gd. 

 

Figure 6.5. Normalized fluorescence emission spectra of BrCy-variant or ICG-loaded 
nEGs. (A-C) Normalized fluorescence emission spectra of BrCy106-nEGs, BrCy111-
nEGs, and BrCy112-nEGs in response to photoexcitation at 750 ± 2.5 nm. (D) Normalized 
fluorescence emission spectra of ICG-nEGs in response of photoexcitation at 780 ± 2.5 nm. 
(E) Spectrally integrated fluorescence values in the range of 795-900 nm for BrCy-variant 
nEGs and 795-900 nm for ICG-nEGs. Each bar is an average of three independent 
measurements with SD values (error bar). 
 
6.4.3 Dual-Encapsulation of NIR and MRI Agent 

To combine the strengths of NIR and MRI, we demonstrated here the dually loaded human-

derived nEGs with both the BrCy112 and Gd. The hydrodynamic diameters of non-
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encapsulated nEGs and Gd-BrCy112-nEGs were ~129 ± 0.68 and 131.42 ± 1.05 nm as 

determined by the DLS technique, respectively (Figure S6.1A). Zeta potential of Gd-

BrCy112-nEGs was -16.03 ± 0.93 mV which is indistinguishable from the untreated nEGs 

(-14.53 ± 0.21mV) and RBCs (-15.17 ± 0.38mV) (Figure S6.1B). These results suggest 

that sialoglycoproteins, the primary components of the negative charge of the RBC 

membrane, are still preserved after encapsulating BrCy112 and Gd dyes into nEGs.  

 Illustrative optical characteristics of Gd-BrCy112-nEGs are shown in figure 6.6. 

We estimated the loading efficiency of each dye into nEGs as 95.15% for BrCy112 and 

33.59% for Gd. We notice that the BrCy112 somehow had higher loading efficiency into 

nEGs when co-loaded with Gd than solely loaded into nEGs. In figure 6.6A, we present 

the absorption spectra of Gd-BrCy112-nEGs collected upon completion of fabrication 

(sample name shown as day 0). The NIR spectral peak at 750 nm was presented, suggesting 

the successful encapsulation of BrCy112. We also validated the NIR fluorescence in 

response to photoexcitation at 750 ± 2.5 nm (Figure 6.6B&C). Interestingly, we noticed 

that the absorbance at 750 nm and the spectrally integrated emission for Gd-BrCy112-

nEGs is higher than those of BrCy112-nEGs fabricated using the same concentration of 

the dye (100 μM). We attribute it to the higher loading efficiency of the BrCy112 into nEGs 

when co-loaded with Gd in this case. 

 In figure 6.6D&E, we present the T1 relaxation rate (R1) and the contrast intensities 

of phantom images of Gd-BrCy112-nEGs obtained at three different time points with 

various dilution ratios. We estimated that ~42 mM of Gd was successfully loaded into 

nEGs. 
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6.4.4 Stability of Gd-BrCy112-nEGs 

There is no agglomeration with no significant changes in size distribution (Figure S6.1A) 

and alteration of zeta potential of the particles over a week period (Figure S6.1B), 

suggesting that the particles are physically stable up to a week. After 2 days of storage at 

4°C, an initial leak of BrCy112 was only 2.3% as compared to samples collected upon 

completion of fabrication (day 0), indicating that the leak from particles is nearly 

undetectable. Samples of Gd-BrCy112-nEGs collected at different time points also 

exhibited similar and not significantly different  fluorescence emission characteristics as 

quantified by the normalized fluorescence intensities (Figure 6.6B) and the spectrally 

integrated emission intensities (Figure 6.6C), further indicating that no leak of BrCy112 

was seen. As for Gd, T1 relaxation rates of the particles after 7 days of storage at 4°C were 

similar to that of particles at day 0, indicating that there is no leak of Gd (< 1%) up to a 

week (Figure 6.6D). The MR signals were consistent from day 0 to day 7, as evidenced by 

the contrast phantom pictures in figure 6.6E. These results suggest that the particles are 

stable for at least 7 days when stored at 4°C. This is consistent with our previous study that 

the RBC-derived nEGs doped with ICG showed fluorescently stable after 12 hours of 

storage at 4°C123 and up to 8 days for micron-sized EGs doped with ICG14. However,  

further study of leakage at physiological temperature is needed to determine its in-vivo 

stability. 
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Figure 6.6. Characteristic and stability study of Gd-BrCy112-nEGs. (A) Time-dependent 
absorption spectra of Gd-BrCy112-nEGs and their corresponding supernatants. (B) 
Normalized fluorescence emission spectra and (C) Spectrally integrated fluorescence 
values over the 765-900 nm band in response to photoexcitation at 750 ± 2.5 nm. (D) T1 
relaxation rate (R1) of Gd-BrCy112-nEGs. Dilutions of samples from three different days 
were measured by MR imaging. Each data is an average of three independent 
measurements with SD values (error bars). (E) Representative phantom images of Gd-
BrCy112-nEGs collected at day0, day2, and day7. 
 
6.5 Conclusion 

To the best of our knowledge, we have demonstrated for the first time the fabrication of 

erythrocyte-derived nanoparticles containing BrCy dyes, and dual encapsulation with MRI 

agent (Gadobenate dimeglumine) for future utilization in visualizing tumors via MR and 

NIR imaging. We have characterized the absorption and fluorescence properties of three 

BrCy dyes and ICG in free forms and after encapsulated in erythrocyte-derived 

nanoparticles. In free form and at the same concentration levels, BrCy dyes have overall 

greater emissive energy than ICG. After encapsulation, our results indicate that the 

spectrally integrated emission for BrCy106-nEGs and BrCy112-nEGs are greater than 
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those of BrCy111-nEGs or ICG-nEGs. We conclude that high concentration of BrCy106 

is needed for encapsulation to obtain high emissive energy while BrCy112 only requires a 

low concentration to achieve efficient emissive energy. We also show that Gd and BrCy112 

can be dually loaded into human RBC-derived nanoparticles successfully and that their 

NIR and MR characteristics remain stable at 4°C up to a week. 

6.6 Supporting Information 

6.6.1 Supporting Table 

Table S6.1. Physical characteristics of various BrCy dye loaded nEGs collected upon 
completion of fabrication. 

 

Asterisks denote significant differences between sample and the untreated normal RBCs 
with *** corresponding to p < 0.001. 
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6.6.2 Supporting Figure 

 

Figure S6.1. Physical characterization of RBCs, nEGs, and Gd-BrCy112-nEGs at 4°C (A) 
Hydrodynamic diameters and (B) Zeta potential of each particles. Suspensions were in 
1XPBS and measurements were made by DLS. We present the average of three individual 
measurements on each of the samples with SD values (error bars). We fitted Lognormal 
function to the measured diameter distribution. 
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Chapter 7: Conclusions 

The primary goal of this study aimed at optimizing the erythrocyte-derived carrier 

platforms and evaluating the capability of these carriers in biomedical applications. To 

design suitable RBC-derived carriers for clinical application, it is vital to comprehend their 

proteome, particularly the proteins involved in mediating the immune response and the 

mechanical properties of the carriers as they are relevant to the longevity of the particles. 

As such, we first analyzed the proteomes of μEGs+ICG, nEGs+ICG, and their native RBCs in 

chapter 2. We suggest that the protein compositions of 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 proteomes of nEGs+ICG, however, showed lower 

abundance levels of some structural proteins and additional differences in their protein 

compositions such as CD47, CD55, and CD44 as compared to μEGs+ICG and RBCs. Our 

findings highlight the importance of methods in engineering RBC-derived carrier systems 

with appropriate proteomes for clinical translation.  

 As we emphasized the importance of fabrication methods for these RBC-derived 

carriers from a proteomic standpoint, a common method for encapsulating different 

cargoes into RBC-derived platforms, such as hypotonic treatment of RBCs, results in PS 

exposure on the outer leaflet of the particles. This PS exposure serves as a signal for 

phagocytic removal of the particles from the circulation.  In chapter 3,  we demonstrated 

the effectiveness of enriching membrane cholesterol of RBC-derived microparticles in 

reducing the PS externalization and thus, phagocytic uptake by murine macrophages of 

these particles in vitro. When injected into healthy mice, we observed that ~94% ID/g of 
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C+-μNETs were remained in the body while ~43% ID/g of μNETs were eliminated or 

metabolized at 24 hr post-injection. These results suggest that membrane cholesterol 

enrichment can be an effective method in prolonging the longevity of the particles in 

circulation. 

 In addition, we investigated the effectiveness of enriching the membrane 

cholesterol content of nano-sized NETs, and further functionalized with folate on 

biodistribution of these particles in organs and tumors of immunodeficient mice implanted 

with intraperitoneal SKOV3 ovarian cancer cells. At 24hr post-injection of particles, there 

was a greater NIR fluorescence emission intensity in tumors associated with administration 

of F-C+nNETs as compared to other particles. This clearly illustrate that cholesterol 

enrichment of nNETs in combination with folate functionalization can result in greater 

accumulation in tumors, providing a potential capability for enhanced NIR imaging of 

tumors. While our attention has been on improving nNETs by enriching membrane 

cholesterol and functionalizing with folate to lower their risk of phagocytic clearance and 

to provide them with targeting abilities in vivo for fluorescent imaging of tumors, assessing 

the capability of nNETs in other application is needed to fully explore their potentials. 

 Hence, we evaluate the capability of NETs in mediating photothermal destruction 

of cutaneous vasculature in the rabbit earlobe as a model system for port wine stains(PWS) 

in chapter 5. Based on the LSC images, we observed that laser irradiation at reduced 

fluence (Do = 80 J/cm2) in conjunction with μNETs injection results in the reduced blood 

perfusion immediately after irradiation and a complete halt of blood flow on most of 

irradiate sites one day later. Further, our histological analysis also demonstrated the 
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photothermal damages including agglutination of RBCs and breakage of basement 

membranes upon laser irradiation with μNETs injection. Our results successfully 

demonstrated that pulsed 755 nm laser irradiation at reduced radiant exposure combining 

μNETs administration results in a complete blood flow cessation in rabbit earlobe 

vasculature, indicating a potentially promising method for treatment of PWS.  

 Finally, in the sixth chapter, we continue to explore the potential of RBC-derived 

platforms. We demonstrated the engineering and characterization of dual NIR (BrCy) and 

MRI (Gd) dyes loaded RBC-derived nanoparticles. Our optical measurements of various 

BrCy dyes and ICG in free form suggest that BrCy dyes has overall greater emissive energy 

than ICG. BrCy106-nEGs and BrCy112-nEGs have the greatest spectrally integrated 

emission than other particles. However, high concentration of BrCy106 is needed for 

encapsulation while BrCy112 only requires low concentration to achieve such efficient 

emissive energy. Furthermore, we also showed the successful dual loading of Gd and 

BrCy112 into RBC-derived nanoparticles as well as the stability of their NIR and MR 

characteristics at 4°C for up to a week. 

 Taken together, these findings underline the promise of improving and assessing 

the capabilities of RBC-derived carriers in imaging and therapeutic applications. Future 

studies on top of this work is essential to further optimize and greatly expand the potential 

of RBC-derived platforms in clinical applications. 
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