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There has been a recent increase in the development of delivery systems based on red blood cells (RBCs) for

light-mediated imaging and therapeutic applications. These constructs are able to take advantage of the immune

evasion properties of the RBC, while the addition of an optical cargo allows the particles to be activated by light for

a number of promising applications. 

delivery systems  red blood cells  photothermal therapy  photodynamic therapy  cancer

imaging

1. Introduction

In recent decades, numerous types of constructs have been developed for the delivery of therapeutic and imaging

payloads to target sites of interest. The overarching goals of engineered delivery systems are to protect the

payload from non-specific interactions with biomolecules and other molecular entities in the milieu of physiological

environments, and minimize clearance by the immune system so that sufficient amounts of the payload can reach

the target site to achieve the desired efficacy without inducing non-specific toxicity and reducing harmful off-target

side effects .

A contemporary approach in engineering of delivery systems is based on the use of cells or cell-derived constructs

to encapsulate the desired payload, or cell membranes to coat the payload. Examples include delivery systems

based on macrophages, lymphocytes, neutrophils, and stems cells . A fundamental principle underlying the use

of cell-based or cell-derived systems is that the built-in mosaic of the cell membrane can provide the camouflaging

machinery to protect the payload from recognition by immune cells and increase the bioavailability of the payload.

Red blood cells (RBCs) (erythrocytes) are a particularly promising delivery system due to the presence of

membrane proteins including CD47, which prevents phagocytic uptake by macrophages, as well as decay-

accelerating factor (DAF) (CD55) and CD59, which protect the RBCs from complement damage and cell lysis by

preventing the formation of membrane-attack complexes . The presence of these “self-markers” on RBCs has the

potential to increase the circulation of a desired payload embedded within an RBC-based construct as a result of

protecting the payload from recognition and subsequent removal or destruction by the immune system. One of the

earliest examples of RBCs being used as carriers dates back to 1973, when Ihler et al. demonstrated the

successful loading of RBCs with various enzymes . There has been a significant increase in RBC-derived
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constructs in recent years, especially in the field of nanomedicine, where RBCs have reportedly been used as

carriers for not only enzymes, but antibiotics, nanoparticles (NPs), and various drugs as well . More recently,

RBC-based payload delivery systems have been extensively reviewed , and new sub-fields, such

as systems designed for the delivery of cancer therapeutics  and vascular imaging , are emerging. A

particular use of RBC-derived constructs is in relation to loading of optical cargos such as quantum dots (QDs) 

, metallic materials , and organic molecules , in order to use the constructs for optical

imaging and sensing, and phototherapeutic applications. This review specifically covers the development of RBC-

derived constructs for light-based theranostics and summarizes some of the current potential clinical applications

for these constructs. We provide a listing of the acronyms used in this manuscript in Table 1.

Table 1. List of acronyms.
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Acronym Definition

AFM Atomic force microscopy

ALP Alkaline phosphatase

ALT Alanine aminotransferase

BSA Bovine serum albumin

CD Cluster of differentation

Ce6 Chlorin e6

Cy5 Cyanine 5

DACHPt 1,2-diaminocyclohexane-platinum (II)

DAF Decay-accelerating factor

DAPI 4′,6-diamidino-2-phenylindole

DiR 1, 1-dioctadecyl-3, 3, 3, 3-tetramethylindotricarbocyanine iodide

DOX Doxorubicin

DSPE 1,2-distearoly-sn-glycero-3-phosphoethanolamine

EDTA Ethylenediamine tetraacetic acid

EGs Erythrocyte ghosts

EPR Enhanced permeability and retention

FA Folic acid
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Acronym Definition

Fe O Iron oxide

FITC Fluorescein isothiocyanate

HCPT 10-hydroxycamptothecin

H O Hydrogen peroxide

ICG Indocyanine green

ICG-EGs Erythrocyte ghosts loaded with ICG

ICG-nEGs Nano-sized erythrocyte ghosts loaded with ICG

IG Immunoglobulin

IL Interleukin

IR Infrared

MB Methylene Blue

MgCl Magnesium choloride

MOF Metal–organic framework

MoSe Molybdenum diselenide

MRI Magnetic resonance imaging

NaGdF :Yb, Tm Ytterbium and thulium doped sodium gadolinium fluoride

NaYF :Yb/Er Ytterbium and erbium doped sodium yttrium fluoride

NHS N-hydroxysuccinimide

nEGs Nano-sized erythrocyte ghosts

NIR Near infrared

NPs Nanoparticles

PBS Phosphate buffer saline

PDT Photodynamic therapy

PEG Polyethylene glycol

PFC Perfluorocarbon

3 4

2 2
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2. Fabrication of RBC-Derived Constructs

2.1. Substrate Coating by RBC Membranes

A majority of light-based RBC-derived constructs involve using the RBC membrane as a coating for a cargo in

order to endow the cargo with the immune evasion properties of a native RBC. RBC coatings have been used for a

number of optical cargos such as various metals and semiconductors. For example, Ren et al. coated iron oxide

(Fe O ) magnetic nanoclusters with RBC membranes for photothermal therapy (PTT) . Gold NPs, such as gold

nanorods fabricated by Li et al., have also been coated with RBC membranes for use in PTT . Semiconducting

materials, such as the MoSe  nanosheets designed by He et al., were similarly coated with RBC membranes,

again for PTT . NPs made from organic molecules have also been coated with RBC membranes. For example,

Ye et al. coated spherical NPs comprised of chemodrug 10-hydroxycamptothecin (HCPT) and the near-infrared

(NIR) dye indocyanine green (ICG) with RBC membranes, and used them for combined chemotherapy and PTT

. Chen et al. prepared hollow mesoporous Prussian blue (PB) NPs loaded with the chemotherapeutic drug

doxorubicin (DOX), and coated them with RBC membranes for combined PTT and chemotherapy .

Another common optical cargo is upconversion nanoparticles (UCNPs). These NPs are usually made from rare-

earth elements and are capable of converting longer wavelengths of light, such as NIR wavelengths, into shorter

wavelengths, such as visible or UV light . For example, Ding et al. prepared NaYF :Yb/Er UCNPs coated with

RBC membranes and containing the photosensitizer merocyanine 540 (MC540) . Here, the UCNPs excited by

Acronym Definition

PS Phosphatidylserine

PTT Photothermal therapy

PWS Port wine stain

QPs Quantum dots

RB Rose bengal

RBCs Red blood cells

RGD Arginylglycylasparatic acid

ROS Reactive oxygen species

SDS-PAGE Sodium dodecyl sulphate–polyacrylamide gel electrophoresis

TEM Transmission electron microscope

TiO Titanium dioxide

TNF Tumor necrosis factor-alpha

tPA Tissue plasminogen activator

TPC 5,10,15,20-tetraphenylchlorin

UCST Upper critical solution temperature

UV Ultraviolet

UCNPs Upconversion nanoparticles

ZnF Pc Zinc hexadecafluorophthalocyanine
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980 nm laser light resulted in luminescence in the 530–550 nm range, which was able to excite the MC540 for

photodynamic therapy (PDT).

The examples mentioned thus far have involved coating a NP made from a material capable of interacting with

light. However, there are some instances where NPs themselves are loaded with an optical cargo before being

coated with an RBC membrane. For example, Yang et al. fabricated triblock copolymer nanoparticles loaded with

the dye IR780 for phototherapy and docetaxel (DTX) for chemotherapy . These particles were then coated with

RBC membranes for enhanced circulation. In addition, there are some constructs where the RBC membrane is

used to coat a non-optical cargo, and the optical cargo is incorporated into the construct using other methods. For

example, Su et al. loaded polymeric NPs with paclitaxel for chemotherapy, and then coated the particles with RBC

membranes that had the cyanine dye 1, 1-dioctadecyl-3, 3, 3, 3-tetramethylindotricarbocyanine iodide (DiR)

inserted into the lipid bilayer for PTT . Here, the optical cargo is not in the core of the construct, but is instead in

the membrane coating itself.

All of these examples show that there are a large number of constructs that can be coated with RBC membranes.

In order to coat a cargo with the RBC membrane, whole blood is first washed with an isotonic buffer such as

phosphate-buffered saline (PBS) to isolate the RBCs. The isolated RBCs are treated with a hypotonic buffer to

deplete hemoglobin from the RBCs, resulting in erythrocyte ghosts (EGs). The EGs can then be scaled from the

micro- to the nano-sized dimensions. Common methods for size reduction are mechanical extrusion, sonication, or

a combination of the two. During mechanical extrusion, EGs are pushed through membranes with pores of a

predetermined size, usually on the order of 200–800 nm. This leads to membrane lysis and reformation into

smaller vesicles . Sonication, or the application of sound waves with varying frequencies, is another cell

disruption method . Sonicating EGs also results in membrane rupture, and the subsequent reformation of nano-

sized membranes . A schematic illustrating the steps for formation of nano-sized EGs (nEGs) is shown in Figure

1.
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Figure 1. Schematic illustration of RBC membrane coating. RBCs are depleted of their hemoglobin using a

hypotonic treatment to form erythrocyte ghosts (EGs). For illustration purposes, CD47 is shown as one of the RBC

transmembrane proteins retained on EGs. The inset illustrates the sonication and extrusion size reduction

methods. During sonication, sound waves are applied to EGs, while during extrusion, the EGs are pushed through

filters with nano-sized pores, both of which result in formation of nEGs.

Since both sonication and extrusion result in membrane rupture, they can be used not only to reduce the change

EGs to nEGs, but also to facilitate coating of an optical cargo. Mixing nEGs with a NP and repeating the sonication

and/or extrusion facilitates the coating of the cargo with the RBC membrane, resulting in a construct with a core-

shell morphology where the NP is coated by a membrane layer. Transmission electron microscope (TEM) images

show that the RBC membrane conforms to the shape of the coated substrate. This has been shown in the work

done by Rao et al., where coating hexagonal UCNPs with RBC membranes resulted in a hexagonal construct for

cancer imaging . Wang et al. have also developed spherical bovine serum albumin (BSA) nanoconstructs that

encapsulate ICG and the chemodrug gambogic acid, and when coated in RBC membranes also result in a

spherical nanoconstruct for chemotherapy and PTT . These examples show a uniform membrane coating on a

NP core. In addition to confirming the membrane coating using imaging, RBC membrane coatings have been
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confirmed by SDS-PAGE , as well as Western blots demonstrating the presence of CD47 on the final

construct . Our proteomics analysis based on tandem mass spectrometry confirm that CD47, CD55, CD59

and other membrane and cytoskeletal proteins including α-spectrin are retained in EGs loaded with ICG (ICG-EGs)

(Figure 2).

Figure 2. Volcano plot associated with proteomics analysis of human RBCs, and ICG-EGs. Each dot represents a

particular protein. There are no statistically significant differences in the ratios of ICG-EGs proteins to RBCs

proteins located below the red dashed line.

Constructs that employ RBC membranes as a substrate coating have also been shown to be stable, with many

constructs showing minimal changes in size after storage of up to one week . We have demonstrated that

after 12 h of storage in the dark at 4 and 37 °C, fluorescence emission of nEGs loaded with ICG (ICG-nEGs) was

retained, whereas there was nearly a 40% reduction in the emission for free ICG . The zeta-potentials of ICG-

EGs and ICG-nEGs formed by extrusion were ~ −12.8 mV, and not significantly different from that for RBCs ,

indicating that the carboxyl groups of sialoglycoproteins, which are associated with much of the negative charge of

RBCs, were retained during the fabrication of the particles. We have also found that there is only approximately a
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5% reduction in ICG monomer absorbance of ICG after 8 days of storage in isotonic PBS at 4 °C in the dark .

We have determined that only approximately 5% of ICG leaks from ICG-nEGs over 48 h of storage at 37 °C .

We have also investigated the optical and physical properties of ICG-nEGs stored at −20 °C for up to 8 weeks and

then thawed at room temperature . Our results showed that the hydrodynamic diameter, zeta-potential,

absorbance, and NIR fluorescence emission of ICG-nEGs were retained following the freeze–thaw cycle. The

ability of ICG-nEGs in NIR fluorescence imaging of ovarian cancer cells, as well as their biodistribution in

reticuloendothelial organs of healthy Swiss Webster mice after the freeze–thaw cycle were similar to those for

freshly prepared ICG-nEGs.

While most of the previous examples have involved constructs where the RBC membranes coat a single NP, there

are exceptions. For instance, Liu et al. encapsulated ICG in anionic BSA nanoclusters to form complexes with the

chemotherapeutic 1,2-diaminocyclohexane-platinum (II) (DACHPt) . These nanoclusters were coated with RBC

membranes, resulting in constructs with an outer membrane shell and containing multiple BSA-based nanoclusters

inside. In addition, researchers have shown that RBC membrane coatings are not limited to NPs. Gao et al.

designed microparticles comprised of RBC-shaped magnetic hemoglobin containing Fe O  NPs and ICG, as

magnetically-navigating PDT mediators .

2.2. Constructs That Use the RBC As a Carrier

While most light-based RBC-derived constructs use the RBC membrane as a substrate coating, there are a

growing number of constructs that use the RBC as a carrier. Constructs that use the RBC as a carrier can have a

variety of optical cargos, including organic molecules  and NPs made from various metals  or

semiconductors . While constructs that use the RBC membrane as a coating primarily use sonication and/or

extrusion to facilitate substrate coating, there are a number of different loading methods for constructs that use the

RBC as a carrier. Loading methods can be applied directly to RBCs, as well as EGs and nEGs. However, the vast

majority of RBC-derived carriers are fabricated from RBCs. These methods can be broadly divided into those that

load a cargo to the interior of the carrier, and those that load the cargo to the exterior of the construct.

2.2.1. Methods for Interior Loading of an Optical Cargo

Hypotonic Loading

The most common loading methods for RBC carrier constructs are those that involve hypotonic buffers. When

RBCs are placed in a hypotonic buffer they swell, causing the formation of pores for removal of intracellular

components, but also allowing the internal loading of the cargo . For example, Wu et al., using a hypotonic

treatment, were able to simultaneously load RBCs with DOX, magnetic NPs, and QDs capable of fluorescence

emission . We have used a similar method to load EGs with ICG using Sorenson’s buffer, resulting in micron-

sized light-responsive constructs . Our group has also applied this method to nEGs, where we first extruded

EGs to form nEGs before incubating them with Sorenson’s buffer and ICG, resulting in the loading of ICG into the

nEGs . Therefore, hypotonic loading methods can be applied to RBCs, EGs, and nEGs. RBCs can also be

loaded using hypotonic dialysis. Here, the RBCs are typically mixed with a cargo in a dialysis bag, which is then
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exposed to a hypotonic buffer, again leading to the formation of pores through which the cargo can enter the RBCs

. Figure 3 shows a schematic illustrating optical cargo loading of RBCs, EGs, and nEGs.

Figure 3. Schematic illustration of RBCs, EGs, and nEGs loaded with an optical cargo to serve as RBC-derived

carriers. For illustration purposes CD47 is shown as one of the RBC transmembrane proteins retained on EGs. A

representative spherical nanoparticle, to be coated with RBC membrane, is shown as the optical cargo for

constructs formed using sonication and/or extrusion. Indocyanine green (ICG) is shown in its dimeric and

monomeric forms as a representative optical cargo.

It is interesting to note that in some cases, loading the RBCs with an optical cargo in a hypotonic buffer has been

reported to preserve the biconcave disk shape and size of native RBCs. For example, Jiang et al. were able to load

mouse RBCs with fluorescent silicon NPs hypotonically, resulting in constructs with the biconcave disk morphology

~6 μm in diameter . Here, the hypotonic buffer was 0.5× PBS containing 2 mM ATP and 3 mM glutathione, and

the mixture was incubated for 45 min at 4 °C. Jiang et al. showed that after the RBCs were resealed, the silicon

NPs were visible inside the RBCs . However, hypotonically loading the optical cargo does not always preserve

the biconcave morphology of native RBCs, as can be seen by the constructs fabricated by Bustamante López and

Meissner . After using a hypotonic lysis buffer to load bovine erythrocytes with fluorescein isothiocyanate (FITC)

glycylglycine conjugates, the resulting constructs were significantly smaller and had less hemoglobin compared to

native erythrocytes. When analyzed using atomic force microscopy (AFM), the authors also found that the loaded

constructs were more rounded and had a rougher surface compared to native erythrocytes. Here, the lysis buffer

contained MgCl , EDTA, phosphate buffer, and urea .

As demonstrated by the two previous examples, the buffer choice for hypotonic loading can vary, which may be

why hypotonic loading does not always produce constructs that preserve native RBC morphology. A number of
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different buffers have been used for hypotonic dialysis , but there are no clear trends for hypotonic buffer choice

when it comes to loading optical cargos. Another factor potentially affecting the morphology of the construct is the

species source of blood. For instance, Jiang et al. used mouse blood for their constructs , while Bustamante

López and Meissner used bovine blood . Many constructs are fabricated using mouse blood. This includes the

constructs engineered by Marvin et al., with RBC morphology preserved after using dialysis to load RBCs in a

hypotonic PBS buffer with 6 mM glucose . It is possible that differences between the RBCs, such as membrane

composition, age, and size, could have an effect on how the cells react to hypotonic loading methods. It is

important to note that for clinical translation, the constructs will ultimately need to be fabricated using human RBCs.

It is known that there are a number of structural differences between mouse and human RBCs, such as size and

membrane protein composition . Further research is needed to determine whether hypotonic loading methods

used on human RBCs will still preserve the native RBC morphology. More research is also needed on the effects of

using different hypotonic buffers for the loading procedure, as well as the effect of the type of optical cargo being

loaded.

Another important factor to consider with hypotonic treatment is the potential for phosphatidylserine (PS) exposure.

PS is generally confined to the inner leaflet of erythrocytes , and its exposure leads to macrophage recognition

and subsequent clearance of erythrocytes from circulation . Wang et al. have shown that EGs prepared by

incubating mouse RBCs in 5 mM NaH PO /Na HPO  for 5 min at 4 °C have significantly more PS exposure

compared to native mouse RBCs . Sun et al. showed similar PS exposure results for murine RBC-derived EGs,

but showed that RBCs loaded with DOX via hypotonic dialysis did not show elevated PS exposure levels . We

have also shown elevated expression levels of PS on μEGs and nEGs following hypotonic treatment of bovine

RBCs . Therefore, the effect of hypotonic loading on PS exposure needs to be more thoroughly understood,

particularly for carriers derived from human RBCs.

Other Methods for Interior Optical Cargo Loading

Electroporation is another method for cargo loading that involves the application of an electric field to the

membranes, which results in the formation of pores through which materials can cross the membrane .

Bustamante Lopéz and Meissner were able to use electroporation to load bovine RBC membranes with

glycylglycine-conjugated FITC . Compared to loading using a hypotonic buffer, however, RBCs loaded via

electroporation had a significantly lower loading efficiency .

Another loading method involves extrusion to load small organic molecules. In this case, the RBC membrane does

not coat the cargo and is instead used as a nano-sized carrier. For example, we mixed EGs derived from bovine

RBCs with ICG-BSA and extruded the solution, resulting in nano-sized constructs capable of being used for cancer

cell imaging applications . It is important to note that using extrusion to load organic molecules will result in a

nano-sized construct. While these two examples demonstrate that there are potentially RBC interior loading

methods that do not use a hypotonic buffer, hypotonic loading mechanisms are more common for loading optical

cargos. More research is needed to determine whether these alternative loading methods offer a significant

advantage over hypotonic loading methods. In addition, both of these examples were conducted with bovine RBCs.
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Mouse and human RBCs may respond differently to these loading techniques, indicating another area for further

research.

Optical Cargo Embedding in the Lipid Bilayer

Some organic molecules are capable of directly interacting with RBC membranes, allowing them to be embedded

into the lipid membrane of the RBC. For example, chlorin e6 (Ce6) is a lipophilic molecule capable of interacting

with lipid membranes . Gao et al. and Sun et al. have demonstrated that Ce6 can be embedded in RBC

membranes by mixing . Sun et al. used the Ce6-embedded RBC membrane as a coating for PB NPs ,

suggesting that embedding optical cargos can be combined with using RBC membranes as a substrate coating.

Gao et al. demonstrated that they were able to combine the hypotonic dialysis loading of DOX into RBCs with Ce6

embedding in the RBC lipid bilayer . In addition, Gao et al. were able to show that while DOX was loaded to the

interior of the RBCs, Ce6 was localized to the membrane of the RBCs. Not only do these two studies demonstrate

that optical cargos have the potential to be loaded into RBCs through simple mixing, but they also demonstrate that

multiple loading methods can be used to fabricate a single construct. Another lipophilic dye, DiR, has been used for

cell membrane labeling , and is another potential optical cargo that can be directly embedded in RBC

membranes. Su et al. have demonstrated that DiR is capable of being embedded into the lipid membranes of

nEGs, which are then used to coat paclitaxel-load polymeric NPs . While this example of an optical cargo being

embedded in the lipid bilayer was also ultimately used for substrate coating, it also suggests that lipophilic dyes

can be embedded into the lipid membranes of EGs and nEGs. However, organic molecules are the only optical

cargos that have been embedded into the lipid bilayer of RBC-derived constructs, so this loading method may have

limited applications for other optical cargos, such as metallic NPs.

2.2.2. Methods for Exterior Loading of an Optical Cargo

While RBC-derived constructs employed as carriers usually involve loading an optical cargo to the interior, or in

some cases into the lipid membrane bilayer of the construct, there are some examples of the optical cargo being

incorporated onto the surface. For example, some optical cargos are able to adsorb directly to the surface of

RBCs. Delcea et al. were able to incorporate gold NPs into their constructs using adsorption. They suggest that the

adsorption is possible due to interactions between the positively charged NPs and the negatively charged

glycocalyx on the RBC membrane .

It has also been suggested that organic molecules are capable of adsorbing to RBCs; however, the results have

not been as promising. Sun et al. report that they were able to adsorb ICG to the surface of RBCs, but that the ICG

was easily washed away in serum-supplemented media . Flower and Kling similarly showed that while ICG is

capable of adsorbing to RBCs, the amount of ICG that could be loaded was almost half the amount that could be

loaded into RBCs hypotonically . While there is potential for optical cargos to adsorb directly to RBCs, more

research needs to be done to determine the types of optical cargos it is appropriate for, as well as determining how

the adsorption is accomplished for those appropriate optical cargos.
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Another method for attaching an optical cargo to the surface of RBC-derived constructs is functionalization. Here, a

lipid linker is used to attach the optical cargo to the surface of the construct. A common lipid linker is 1,2-distearoly-

sn-glycero-3-phosphoethanolamine-N-[χ(polyethylene glycol)] (DSPE-PEG-χ) where χ can be a number of

functional groups. DSPE is able to insert itself into the lipid bilayer of the RBC membranes, similar to the lipid-

insertion methods outlined by Fang et al. , resulting in the desired molecule being attached to the surface of the

RBC membrane. Wang et al. incubated RBCs with DSPE-PEG-biotin, which enabled them to attach various avidin-

functionalized UCNPs to the RBCs . This method takes advantage of the strong and highly specific

interaction between biotin and avidin , resulting in constructs that preserve the biconcave morphology of native

RBCs . Other groups have used other lipid linkers to biotinylate RBCs. For example, Tang et al. used biotin-

X-NHS, which was able to attach to neutravidin, and in turn able to bind to their biotinylated ferritin nano-capsules

loaded with the optical cargo ZnF Pc . Wang et al. used sulfo-NHS-LC-biotin to biotinylate RBCs, which could

then bind to Ce6-coated iron oxide NPs that were conjugated to avidin .
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