
Open Access

Annals of Hematology & Oncology

Citation: Choi JW. Red Blood Cells as Drug Delivery and Imaging Agents: An Update. Ann Hematol Oncol. 
2022; 9(6): 1412.

Ann Hematol Oncol - Volume 9 Issue 6 - 2022
ISSN : 2375-7965 | www.austinpublishinggroup.com 
Choi. © All rights are reserved

Abstract

Red blood cells are essential physiologic cellular components that are 
produced constantly at abundant levels throughout life, making them an easily 
obtainable vehicle for both targeted cellular delivery of exogenous drugs as well 
as non-invasive in vivo imaging of the vasculature. As red blood cells are readily 
acquired in sufficient quantities and minimally immunogenic by nature, red blood 
cell-based agents may allow delivery of pharmaceuticals into the body under 
conditions of both reduced toxicity and increased physiologic half-life, when 
compared to the non-carrier-based drug equivalent. Research efforts in this area 
have recently seen major advances that are likely to accelerate the translation of 
red blood cell-based carrier methods into the clinical setting in the near future. 
This includes the coupling of therapeutic agents to the external surface of red 
blood cells, as well as more refined methods for internal encapsulation of drugs 
within red blood cells or cell-based derivatives. Here we review some of the 
more recent advances in the field regarding the loading of various therapeutic 
agents onto red blood cells as well as the use of red blood cell based imaging 
agents for in vivo vascularity imaging.
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Abbreviations 
ALL: Acute Lymphocytic Leukemia; R: Arginine; ASO: Antisense 

Oligonucleotide; N: Asparagine; D: Aspartic Acid; COPD: Chronic 
Obstructive Pulmonary Disease; CD: Cluster Of Differentiation; 
CT: Computed Tomography; DNA: Deoxyribonucleic Acid; DSP: 
Dexamethasone Sodium Phosphate; G: Glycine; ICG: Indocyanine 
Green; IR: Infrared; MRI: Magnetic Resonance Imaging; miR: 
MicroRna; MNGIE: Mitochondrial Neurogastrointestinal 
Encephalomyopathy; nm: Nanometer; PEG: Polyethylene Glycol; 
PGLA: Poly(lactic-co-glycolic acid); PET: Positron Emission 
Tomography; PD-L1: Programmed Death Ligand 1; RNA: Ribonucleic 
Acid; SPIO: Superparamagnetic Iron Oxide; TPZ: Tirapazamine; 
FDG: [18F]-Fluorodeoxyglucose

Introduction
Over the years, considerable research efforts have been expended 

towards the development of drug delivery systems capable of 
overcoming significant toxicities and/or improving suboptimal 
clinical efficacies of otherwise promising pharmaceutical compounds. 
Many of these delivery approaches are based on so called “carrier” 
systems where the agent of interest is complexed with chemical 
and/or biologic entities that perform a number of in vivo functions, 
such as protection of drug from premature serum degradation and 
inactivation, avoidance of solicitation of undesirable immunologic 
reactions, and reduction of drug metabolism by off-target organs 
and other tissues. This includes the development of synthesized 
nanoparticle platforms where desired biophysical properties are 
engineered to enhance the delivery and uptake of the transported 
agent to the tissues of interest. These nanoparticle platforms have been 

largely organized into three classes of nanoparticles: lipid-derived 
nanoparticles, polymeric nanoparticles, and inorganic nanoparticles 
[1]. Although many of these nanoparticle platforms demonstrate 
promising potential, the development of many has also been severely 
hampered by either feared or poorly characterized toxicities, or 
significant nanoparticle accumulation in off-target tissues including 
the liver and reticulo-endothelial systems [2-4].

Advantages of Red Blood Cells as Drug Delivery Systems
A number of significant limitations that impede the development 

of exogenously-derived nanoparticle systems can be readily 
circumvented by the adoption of endogenous red blood cells as the 
underlying drug carrier system. Unlike exploratory nanoparticle 
systems, red blood cells have well characterized in vivo properties, 
with an average life span of 120 days, and ultimate clearance by the 
spleen, liver, and reticulo-endothelial system [5,6]. The inherent 
phospholipid and cytoskeletal structure of red blood cell membranes 
as well as the expression of immune-modulating surface markers 
such as CD47 mask the transported agent from otherwise rapid 
clearance by immunologic mechanisms (opsonization) or biliary or 
renal excretion, allowing for an improved pharmacokinetic profile 
otherwise not possible for some pharmaceuticals [6]. Other non 
cell based nanoparticles ultimately require surface coating with 
immune-evading polymers such as Polyethylene Glycol (PEG) in 
order to achieve a somewhat similar bioavailability profile [7]. The 
immune-evading properties of red blood cells have also inspired the 
use of cellular membrane derived particles to encapsulate a number 
of compounds, including iron oxide particles, gold nanorods, and 
chemotherapeutics [8-11]. The encapsulation of agents within 
red blood cells also allows for more gradual drug release into the 
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circulation, depending on the specific drug diffusion properties or 
cell membrane transport potential. Red blood cells are also routinely 
collected for transfusion purposes within a short time period 
under safe and unburdensome conditions and can be obtained 
in relatively large volumes. In addition, red blood cells possess a 
myriad of cytoplasmic enzymes and proteins that can potentially be 
appropriated for therapeutic outcomes. More recently, successful 
targeted agent release has been demonstrated in preclinical models by 
coupling of drug to the external membrane surface of red blood cells, 
representing an exciting novel application of a red blood cell based 
drug delivery system [12].  Some of the more promising red blood cell 
delivery approaches shall be discussed in greater depth below.

Methods of Drug Encapsulation into Red Blood Cells
Whole red blood cell based systems: Several approaches have 

been developed to facilitate drug entry into red blood cells or their 
derivatives (hemoglobin deficient erythrocyte ghosts and membrane 
derived vesicles) that have been described in the literature. Two 
major methods have been broadly adopted by many investigators 
due to relative efficient agent loading, straightforward and scalable 
methodology, and acceptable toxicities. One major method that has 
been successfully used is based on exposure of red blood cells to an 
electric field, resulting in the formation of multiple transient pores 
in the cell membrane, a technique known as electroporation. The 
electric field-induced transient pore formation allows intracellular 
uptake of the desired agent. In addition, fine tuning of electroporation 
conditions can modulate pore size, thus improving agent uptake 
efficiency and specificity [13-15]. Another commonly utilized 
approach to intracellular agent incorporation involves transient 
exposure of red blood cells to a hypotonic solution that leads to 
osmotic shock-induced pore formation. As with electroporation, 
pore formation results in intracellular agent influx. Intracellular 
agent entrapment is then achieved by subsequent cell immersion into 
a hypertonic solution resulting in rapid membrane resealing [16]. 
These methods have been successfully used to encapsulate proteins, 
RNA, DNA, imaging agents, and other small pharmaceuticals.

Red blood cell membrane-based nanosystems: Red blood cells 
can also be fragmented to generate smaller sized drug carriers on the 
scale of nanometers capable of encapsulating therapeutics or even 
other drug loaded nanoparticles, providing much of the same benefits 
that whole cell derived carriers possess. Two major methods for the 
creation of smaller red blood cell-based carriers use either sonication 
or mechanical extrusion [17]. Sonication involves physical membrane 
disruption and fragmentation of red blood cells using sound energy, 
creating spherical particles that are nanometers in size [18]. Extrusion 
is another process for creating smaller membrane-based carriers 
in which red blood cells are forced through a layer of nanoporous 
material resulting in membrane disruption and fragmentation with 
reformation of smaller sized vesicular structures [19].

Red blood cell “hitchhiking”: More recently, Brenner et al 
demonstrated that drug containing nanoparticles could be directly 
absorbed onto the surface of red blood cells. Such nanoparticles could 
then be transferred with high efficiency to the first organ downstream 
of the intravascular injection site; a process Brenner termed “red 
blood cell-hitchhiking” [20]. Using this approach, Brenner showed 
that this hitchhiking approach could increase liposomal nanoparticle 

uptake into the first downstream organ such as the lung by up to 
40-fold, when compared to free nanoparticles. Brenner showed 
that intra-carotid injection of hitchhiked red blood cells delivered 
greater than 10% of the injected nanoparticle dose to the brain, 
significantly higher than what could typically be accomplished with 
other targeted therapies, including antibody-based strategies. The 
putative mechanism of nanoparticle transfer to the target organ is 
believed to result from direct mechanical transfer of nanoparticles 
from the surface of red blood cells to the capillary wall, as the cells 
undergo spatial deformation while being squeezed through narrow 
capillary lumens during cell transit. In addition, the group also found 
nanoparticle uptake by leukocytes residing within the vessel wall. 
Both the nanoparticle affinity to red blood cells as well as nanoparticle 
transfer efficiency to the target organ is dependent on the physical 
composition of the nanoparticles, with some nanoparticle constructs 
showing higher target organ-to-liver and target organ-to-blood ratios 
than other constructs, thus leading to the possibility that nanoparticle 
composition design can be tailored for specific organ uptake [12].

Red Blood Cell Based Therapeutics
Incorporation of enzymes into red blood cells: The incorporation 

of enzymes into red blood cells has been investigated as a novel 
enzyme replacement technology in patients suffering from particular 
enzyme deficiencies. Intracellular enzymatic entrapment is postulated 
to help protect susceptible enzymes from premature degradation and 
metabolism and thus increase overall enzymatic half-life, prolonging 
drug efficacy over a longer temporal window. While multiple 
different enzyme targets have been studied in preclinical animal 
models, there have been a few instances where enzyme incorporation 
into red blood cells has entered clinical trials. For example, the 
incorporation of the enzyme L-asparaginase into red blood cells 
has been explored in clinical trials involving patients suffering from 
Acute Lymphocytic Leukemia (ALL) [21]. The proposed mechanism 
of action is based on the premise that certain malignancies such as 
ALL are relatively deficient in the amino acid asparagine and that 
further asparagine depletion in tumor cells stimulates tumor cell 
death. As L-asparaginase converts L-asparagine into aspartic acid 
and ammonia, the enzyme is postulated to accelerate asparagine 
depletion in tumor cells, whereas normal cells are somewhat resistant 
to the agent, due to intact intracellular asparagine biosynthesis [22]. 
Asparaginase encapsulated red blood cells are also being investigated 
in clinical trials in patients with pancreatic cancer and breast cancer 
as well (U.S. clinical trials NCT03665441 and NCT03674242).

In an exploratory therapy approach to drug addiction, Rossi et al 
encapsulated the recombinant bacterial enzyme cocaine esterase into 
red blood cells in vitro. Rossi found that enzyme stability could be 
maintained for at least 4 hours, and that the enzyme-loaded cells could 
efficiently degrade cocaine in a time-dependent and concentration-
dependent manner [23]. In addition, it was also shown that red blood 
cell encapsulation of cocaine esterase resulted in a longer in vivo half 
life compared to the unencapsulated enzyme, suggesting that cell-
encapsulated cocaine esterase may represent a novel approach to 
drug detoxification.

With regards to genetic diseases related to particular enzyme 
deficiencies, red blood cells loaded with the enzyme thymidine 
phosphorylase have been tested in patients suffering from the 
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autosomal recessive disorder Mitochondrial Neurogastrointestinal 
Encephalomyopathy (MNGIE). These patients suffer from a lack 
of thymidine phosphorylase, leading to excessive accumulation of 
deoxyribonucleosides thymidine and deoxyuridine, that ultimately 
results in mitochondrial dysfunction. Thymidine phosphorylase 
encapsulated red blood cells have been shown to decrease 
concentrations of these deoxyriboncleosides in MNGIE patients 
[24,25]. Similar enzyme replacement strategies have been pursued 
in preclinical models of several other metabolic disorders and 
malignancies, including red blood entrapment of methionine gamma-
lyase for cancer, glutamate dehydrogenase for hyperammonemia, 
and phenylalanine ammonia-lyase for Phenylketonuria [23, 26-28].

Red blood cell coated nanoparticles have even been proposed 
as a method for detoxification from microbial infection. Ben-Akiva 
et al encapsulated biodegradable Poly(Lactic-Co-Glycolic Acid) 
(PGLA) nanoparticles with red blood cell membranes [29]. The 
PGLA particles had been engineered with anisotropic morphologies 
ranging from prolate ellipsoidal to oblate ellipsoidal shapes, allowing 
for increased surface area-to-volume particle ratios compared to 
spherical forms. Ben-Akiva hypothesized that particle anisotropy 
could synergize with red blood cell membrane coating, leading to 
improved pharmacokinetic and therapeutic nanoparticle properties. 
The group found that the prolate ellipsoidal-shaped nanoparticles 
coated with red blood cell membranes demonstrated a longer 
circulatory half-life (171 minutes) when compared to either the oblate 
ellipsoidal form (82 minutes) or the spherical form (64 minutes). 
These cellular membrane coated nanoparticles were then tested in a 
mouse model for their toxin absorbing capacities. Mice were injected 
with a lethal dose of the bacterial alpha toxin and the survival of mice 
was then tracked over time. While mice in the control group had a 
median survival time of 2.75 hours, 50% of mice injected with the 
prolate ellipsoidal nanoparticles and 33% of mice injected with oblate 
ellipsoidal nanoparticles remained alive one week after nanoparticle 
injection. Such findings support further investigation of these 
nanoparticles as novel treatment approaches to sepsis from known 
toxicities.

Non-Enzymatic Drug Incorporation into Red Blood Cells
Corticosteroid encapsulated red blood cells: Red blood cell 

incorporation of a number of non-enzymatic drugs has been 
characterized in preclinical and clinical studies. In 2018, Coker et al 
demonstrated in a clinical trial of healthy volunteers that encapsulation 
of Dexamethasone Sodium Phosphate (DSP) into red blood cells 
allowed for a sustained release of DSP that could be detected up until 
35 days after a single infusion of a loading dose of 16.9 mg of drug 
[30]. DSP-loaded red blood cells have been investigated in clinical 
trials for a number of inflammatory diseases. These include irritable 
bowel disease, inflammatory bowel disease, cystic fibrosis, and 
Chronic Obstructive Pulmonary Disease (COPD) [31-36].

Chemotherapeutic encapsulated red blood cells: Development 
of red blood cell carriers of chemotherapeutics has also been an 
area of active investigation [37]. Malhotra et al developed red 
blood cell membrane-derived vesicles containing complexes of a 
chemotherapeutic camptothecin with an amphiphilic fluorophore 
imaging agent. It was shown that the vesicle derived carriers were 
nonphagocytic with minimal stimulation of cytokine release from 

macrophages in vitro. The carriers could also be internalized by 
lung carcinoma cells. Intravenous injection of the camptothecin 
loaded carriers into mice showed no significant accumulation in the 
kidneys or heart or other vital organs [38]. Chen et al demonstrated 
that doxorubicin could be internalized into Prussian blue 
nanoparticles coated with red blood cell membranes with relatively 
high loading capacity (up to 130% by weight), and that red blood 
cell membrane coating of the nanoparticles resulted in significantly 
improved doxorubicin retention [11]. Zhang et al encapsulated 
the chemotherapeutic paclitaxel with an infrared dye IR780 into a 
hyaluronic acid-modified red blood cell membrane-based carrier, for 
the purposes of combined photochemotherapy. The presence of red 
blood cell membranes decreased macrophage mediated phagocytosis 
in vitro, when compared to nanoparticles not shielded by cellular 
membranes [39]. Shi et al developed a multilayered nanoparticle in 
which the chemotherapeutic doxorubicin and phototherapy agent 
Purpurin 18 were contained within a dextran-polymer derived 
matrix that was then further surrounded by red blood cell membrane 
components modified with the tripeptide NGR (asparagine-glycine-
arginine). Shi showed that the carriers were capable of significantly 
impeding growth of HepG2 hepatocellular carcinoma cells using 
the combination of sonodynamic therapy and chemotherapy with 
minimal side effects [40].

Nucleic acid encapsulated red blood cells: Red blood cell carriers 
have also been utilized to deliver nucleic acids to target tissues. For 
example, Usman et al created extracellular vesicles from type O red 
blood cells that were then loaded with antisense oligonucleotides 
(ASOs) [13]. These antisense oligonucleotides antagonize miR-125b, 
an oncogenic mRNA found in leukemia, prostate cancer, and breast 
cancer. miR-125b loaded vesicles were then injected directly into 
mice bearing CA1a breast cancer tumors. In comparison to tumors 
injected with vesicle carriers lacking ASOs or with unencapsulated 
ASOs, tumors injected with miR-125b vesicles underwent overall 
tumor shrinkage. Using a leukemia MOLM13 cell line modified to 
express the imaging markers luciferase and green fluorescent protein, 
Usman created a leukemic xenograft mouse model that was then 
systemically injected with miR-125b vesicles. Usman showed that 
injection of miR-125b vesicles resulted in a suppression of tumor cell 
proliferation, as measured by total tumor derived bioluminescence 
expression.

Site-directed red blood cell therapeutics: Site directed therapies 
have also been explored with red blood cell based carrier systems. 
Jiang et al encapsulated natural melanin derived from cuttlefish 
into red blood cells to create melanin-loaded nanoparticles. Natural 
melanin has potent photothermal properties under near infrared 
light exposure. Jiang found that melanin loaded red blood cells 
could accumulate in A549 tumor bearing mice and demonstrated 
high photothermal efficacy against the tumor upon excitation with 
an 808 nm laser [41].  Other groups have modified red blood cell 
membranes to directly target tissues of interest with cargo drugs. 
For example, Wen et al modified red blood cell membranes to 
contain the tumor targeting tripeptide arginylglycylaspartic acid 
(RGD) and then encapsulated albumin nanoparticles containing 
the chemotherapeutic gefitinib. This construct was shown to target 
A549 tumor cells in a mouse model resulting in a decrease in tumor 
size and a prolonged mouse survival time [42]. Targeted delivery 
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of tumor antigens to the spleen by engineered red blood cell-based 
nanoparticles for immunotherapy purposes was demonstrated by 
Han et al in 2019 [43]. Han fused red blood cells with tumor cells 
to create so called “Nano-Ag@erythrosomes.” Han’s group subjected 
red blood cells and tumor cells to both sonication and extrusion to 
create nanoparticles containing fused membrane components from 
both cell types. They found that these nanoparticles were quickly 
cleared from the blood by the spleen in mice. Splenic dendritic 
cells and macrophages exposed to the nanoparticles upregulated 
expression of multiple cytokines, including pro-inflammatory type I 
interferons. Han tested these nanoparticles in mouse models bearing 
tumors derived from B16F10 and 4T1 tumor cell lines and showed 
tumor growth inhibition in these mice after combining nanoparticle 
injection with Programmed Death Ligand 1 (PD-L1) blockade 
mediated by an anti-PD-L1 antibody. Using a similar tactic, Chen 
et al created red blood cell-based vesicles by fusion of membrane 
fragments of both red blood cells and cells from the head and neck 
squamous carcinoma cell line WSU-HN6 [44]. The red blood cell 
membrane components of the nanoparticles had been modified by 
membrane attachment of oligopeptides composed of eight aspartic 
acids which preferentially bind bone resorption sites. These vesicle 
constructs were used to encapsulate branched polymer nanoparticles 
containing the photosensitizer agent IR780 and the hypoxia-
activated prodrug tirapazamine (TPZ). Exposure of IR780 to laser 
irradiation generated significant thermal energy as well as singlet 
oxygen species, exacerbating tumor hypoxia. The subsequent hypoxia 
then stimulated conversion of TPZ into cytotoxic radicals in the 
tumor microenvironment. After intravenous injection of the vesicle 
constructs into mice bearing WSU-HN6 mandibular tumors, Chen 
found significant preferential vesicle accumulation at the sites of 
mandibular bone invasion by tumor. Photothermal ablation of tumor 
sites after vesicle accumulation resulted in a relatively significant 
inhibition in tumor growth.

Red blood cell based imaging agents: Multiple investigators 
have explored the use of red blood cell-derived constructs as in 
vivo imaging markers of the vasculature or other target organs. For 
example, red blood cell based carriers of Super Paramagnetic Iron 
Oxide (SPIO) nanoparticles have been used to image the vasculature 
with  Magnetic Resonance Imaging (MRI) [45-49]. While SPIOs have 
historically been used as extracellular MRI contrast agents in the 
clinic, the encapsulation of SPIOs into red blood cells significantly 
extends their half-life in vivo. Using hypotonic shock to load SPIOs 
into mouse red blood cells, Antonelli et al injected SPIO-loaded red 
blood cells into mice, showing that the red blood cell coating of SPIOs 
prolonged SPIO half-life in the bloodstream up to 12 days [47]. 

Aryal et al used a membrane fusion technique to complex 
gold nanoparticles to the surface of red blood cells [50]. These 
gold complexed red blood cell constructs demonstrated a blood 
pool circulation time of about 100 days before undergoing splenic 
sequestration, allowing their potential use as a long-lived blood pool 
imaging agent with Computed Tomographic (CT) imaging.

Burns et al created near infrared imaging nanoparticle probes 
by encapsulating the dye Indocyanine Green (ICG) into red blood 
cell nanoparticles created by sequential membrane extrusion. The 
nanoparticles were subsequently injected into a mouse model 
of intraperitoneal ovarian cancer. Using a spatially-modulated 

illumination system for fluorescence imaging, Burns showed 
preferential nanoparticle accumulation in vivo and ex vivo within 
intraperitoneal tumors relative to major organs [51].

Red blood cells have also been studied as cell-based vehicles for 
imaging of the vasculature using Positron Emission Tomography 
(PET). As red blood cells demonstrate inherently high surface 
expression of the glucose transporter GLUT1 [52], a number 
of investigators have shown that red blood cells are capable of 
significant intracellular incorporation of the PET imaging agent, 
[18F]-Fluorodeoxyglucose (FDG). After FDG-labeled red blood cells 
were injected intravenously in small animal models, the total body 
vasculature could be imaged with PET imaging [53-55]. Matsusaka et 
al showed that heat-damaged red blood cells labeled with FDG could 
be used to image the splenic tissue in a rat model with PET [56]. 
Wang et al showed that FDG labeled red blood cells could be used to 
indirectly detect changes in myocardial and cerebrovascular perfusion 
in normal rats with PET imaging after exposure to pharmacologic 
vasodilators [57]. In addition, Wang showed that changes in 
myocardial perfusion in rat models of myocardial infarction and 
diabetic cardiomyopathy could also be detected by PET imaging with 
FDG-labeled red blood cells.

Conclusions
Advances in cellular engineering have led to the development of 

multiple promising red blood cell based drug delivery systems that 
offer distinct advantages over both unmodified therapeutics or other 
non-cellular nanoparticle carrier platforms. These red blood cell 
based vehicles are either currently being investigated in patients or 
demonstrate significant promise in preclinical animal models. At least 
some of these technologies are likely to be pursued into the clinic as 
novel alternative treatments for diverse disorders, including genetic 
disorders, metabolic abnormalities, and cancer. In addition, red blood 
cells have recently been shown to function as in vivo imaging agents 
with multiple imaging modalities in animal models, some of which 
have high potential for direct translation into the clinical realm. 
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