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A B S T R A C T   

Cancer has become an increasingly important public health issue owing to its high morbidity and mortality rates. 
Although traditional treatment methods are relatively effective, they have limitations such as highly toxic side 
effects, easy drug resistance, and high individual variability. Meanwhile, emerging therapies remain limited, and 
their actual anti-tumor effects need to be improved. Nanotechnology has received considerable attention for its 
development and application. In particular, artificial nanocarriers have emerged as a crucial approach for tumor 
therapy. However, certain deficiencies persist, including immunogenicity, permeability, targeting, and 
biocompatibility. The application of erythrocyte-derived materials will help overcome the above problems and 
enhance therapeutic effects. Erythrocyte-derived materials can be acquired via the application of physical and 
chemical techniques from natural erythrocyte membranes, or through the integration of these membranes with 
synthetic inner core materials using cell membrane biomimetic technology. Their natural properties such as 
biocompatibility and long circulation time make them an ideal choice for drug delivery or nanoparticle bio
coating. Thus, red blood cell-derived materials are widely used in the field of biomedicine. However, further 
studies are required to evaluate their efficacy, in vivo metabolism, preparation, design, and clinical translation. 
Based on the latest research reports, this review summarizes the biology, synthesis, characteristics, and distri
bution of red blood cell-derived materials. Furthermore, we provide a reference for further research and clinical 
transformation by comprehensively discussing the applications and technical challenges faced by red blood cell- 
derived materials in the treatment of malignant tumors.   

1. Introduction 

Owing to its high morbidity and mortality rates, cancer is a leading 
cause of death worldwide, posing a significant threat to human health 
and socioeconomic development [1]. Advancements in scientific 
research and technology have led to major breakthroughs in cancer 
treatment strategies such as targeted therapy and immunotherapy [2]. 
Currently, surgery, chemotherapy, and radiotherapy (RT) are the most 
commonly used treatment methods [3]. However, due to the complex 
pathogenesis of tumors, traditional treatment methods have failed to 
achieve satisfactory results [4,5]. The growth of malignant tumors is 
commonly accompanied by invasion and metastasis to other tissues. 
Moreover, there is a high rate of local recurrence after tumor surgery due 

to the difficulty of removing the entire tumor tissue [6,7]. Despite the 
widespread use of chemotherapy, chemotherapeutic agents continue to 
encounter formidable obstacles, such as inadequate targeting capabil
ities and pronounced adverse effects. Moreover, a significant proportion 
of patients inevitably acquire drug resistance over time, leading to 
constrained therapeutic efficacy [8]. The clinical application of RT is 
limited by the sensitivity of various tissues and organs as well as the 
oxygenation function of tumor cells [9,10]. Moreover, immunothera
peutic medications exhibit apparent variation among individuals and 
are expensive. The rapid development of drug resistance is a major 
obstacle in the implementation of targeted therapies [11–14]. 

To overcome barriers to the application of traditional therapies, 
various emerging strategies for cancer treatment are being developed 
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and studied. However, each of these emerging technologies has limita
tions. For example, gene therapy has low transfection efficiency, low 
tumor targeting, and high technical difficulty, whereas anti-angiogenic 
therapy is limited in its effectiveness and requires long-term use, 
which is very challenging for patients [15,16]. Phototherapy also proves 
challenging for the accurate treatment of tumors owing to the distri
bution and localization of photosensitizers in the human body, as well as 
uneven laser exposure [17]. Therefore, further improvement in the ef
ficacy of the above treatments, reduction of adverse reactions during the 
treatment process, and optimization of the control over the treatment 
strategy have become urgent problems that need to be addressed. 

In light of these challenges, the targeted design and development of 
biomaterials emerged as a promising approach to explore. These bio
materials would be combined with anti-tumor treatments to meet 
diverse biomedical requirements. It is noteworthy that biomaterials 
derived from natural cells have emerged as a compelling avenue of 
exploration [18]. Due to their resemblance to human cells in terms of 
structure, these biomaterials exhibit favorable biological effects and 
possess targeting specificity, thereby aligning with the requirements of 
personalized medicine, as outlined subsequently (Table 1). Among 
them，red blood cells (RBC) and their derivatives have emerged as 
biomaterials with wide application prospects in the biomedical field 
owing to their high loading capacity, long circulation time, good 
biocompatibility, and low immunogenicity [19–21]. With these desir
able characteristics, RBCs can be used in various processes, including 
loading therapeutic agents, modifying cell membranes, expressing spe
cific antibodies, and carrying specific antigens while conserving their 
circulation and immune function [22]. Recently, various RBC-based 
delivery strategies have been developed, including whole cells, extra
cellular vesicles (EVs), and cell membrane-coated particles; these have 
been gradually applied to major chronic diseases including malignant 
tumors. This makes them ideal choices for drug delivery, photothermal 
imaging, RT sensitization, and immune regulation [22–26]. 

This review summarizes the fundamental principles and recent ad
vancements of different RBC-derived materials in the anti-tumor field 
and focuses on the four main aspects of overview and characteristics, 
construction and preparation, metabolism and distribution, and specific 
applications. Additionally, it discusses the key challenges associated 
with future oncology therapeutic applications and their clinical poten
tial. Especially, a systematic analysis of the unintended effects and safety 
associated with these materials, with the aim of assisting researchers in 
enhancing and refining RBC-derived materials to propel the discipline 

forward and enhance the practicality of clinical implementation. 

2. Overview and characteristics 

RBCs are the most common cell type in the blood with a biconcave 
discoid shape [17,26,49]. Unlike other blood cells, RBCs gradually lose 
their nuclei and organelles during maturation, leaving only the hemo
globin (Hb) solution encapsulated by the plasma membrane. As an in
tegral component of gas exchange between the lungs and tissues in the 
human body, Hb is responsible for transporting oxygen in the circulatory 
system [50,51]. Red blood cell membranes (RBCM or RBCm) have 
unique structures consisting of lipids (phospholipids and cholesterol), 
proteins, and sugars in different ratios [52]. Phospholipids are essential 
components of membranes and are involved in regulating membrane 
integrity, fluidity and dynamics [53]. The most abundant proteins on the 
surface of RBCs are band 3 protein and glycoprotein A [54]. Band 3, a 
protein that constitutes approximately 25 % of the erythrocyte mem
brane, serves as a prominent component and primary facilitator of anion 
transportation within the human RBCM. The glycoprotein A present on 
the membrane possesses a substantial negative charge attributed to its 
sialic acid content. This negative charge serves to impede the aggrega
tion of RBCs among themselves and their adhesion to blood vessels [55]. 
Additionally, RBCs also have a subplasma cytoskeleton formed by the 
cross-linking of many unique proteins such as actin, spectrin, ankyrin, 
and band 4.1 protein [56]. The cytoskeleton exhibits a planar network 
structure in its entirety. The formation of complexes resulting from the 
binding of spectrin to actin is of utmost importance in establishing the 
structural framework of the cytoskeleton, as these complexes confer 
both strength and elasticity, thereby guaranteeing the preservation of 
cellular morphology. Numerous binding proteins, such as band 4.1 
protein, tropomyosin and adducin, establish interconnections among 
individual shadow protein fibers in order to enhance the stability of the 
mesh structure and govern its functionality. Ankyrins simultaneously 
interact with both shadow proteins and transmembrane proteins, 
thereby creating a linkage between shadow proteins and the plasma 
membrane [57–59]. 

The circulating half-life of RBCs is 120 days, during which time RBCs 
circulate multiple times throughout the human body. The long circula
tion time can significantly improve the duration and bioavailability of 
associated drugs [60,61]. Aged or damaged RBCs are mostly removed 
and recycled by the reticuloendothelial system (RES) located in the liver, 
spleen, and bone marrow, and there is no harm to normal tissue from the 
degradation process or its products [62]. As natural, long-circulating 
carriers, RBCs are abundant and biocompatible. They can be obtained 
through autologous blood transfusion or blood donation, with fewer 
associated immune rejections and other adverse reactions [20,29]. 

An important property of RBCs is their high deformability which 
enables them to pass through capillaries and spleen in a bullet-like or 
parachute-like shape while maintaining a viable state [63,64]. However, 
when external forces exceed the resistance range of RBCs, they shrink, 
expand, or even rupture [65]. Furthermore, RBCs are osmotically frag
ile, which means that they can expand and rupture in hypotonic solu
tions, allowing Hb to escape, a process called hemolysis. After 
hemolysis, RBCs can maintain their normal form, which can isolate and 
help prevent their contents from being degraded under external condi
tions [30,66]. Hence, the shell of RBCM can be obtained and modified in 
vitro by disrupting the isotonic state within and outside RBCs, thereby 
coupling or inserting various peptides, proteins, antibodies, nucleic 
acids, or even nanoparticles (NPs) onto the RBCM, which prevents them 
from being cleared by the RES [31,67–69]. The concept of “carrier 
RBCs” was first proposed in 1979, and since then RBCs and their 
membranes have received increasing attention in the biomedical field as 
biologically inspired materials [70]. 

Based on different preparation methods and functional characteris
tics, RBC and their derivatives can be grouped roughly into three cate
gories: whole RBC (including RBC hitchhiking), RBC membrane- 

Table 1 
Comparison of different cell-derived materials.  

Biomaterial 
source 

Advantages Limits 

Red blood cell 
[20,27–32] 

Lack of nucleus, high safety, 
diversity of modifications and 
cargo-loading, rich sources, 
and easy access 

Lack of an intrinsic targeting 
component, difficulty of mass 
production 

Platelet [33–36] Lack of nucleus, natural 
tendency of damaged 
endothelial cells or tumor 
tissue, and easy access 

Low levels in the blood, 
difficulty of mass production 

White blood cell 
[35,37–42] 

High recognition of 
inflammatory and diseased 
areas, diversity of surface 
receptors, ease of self- 
clearance and activation of 
immune response 

Great variety, small number, 
high requirement of 
purification technology, and 
possible disease progression 
caused by phenotypic 
transformation 

Mesenchymal 
stem cell [43, 
44] 

Multipotent, self-renewing, 
wide range of organizational 
sources, and easy to access 

Limited homing ability of 
tumor targets, poor survival 
after implantation 

Cancer cell 
[45–48] 

Expression of neoantigens 
and induction of tumor 
immune response 

Difficulty of obtaining 
sufficient autologous patient- 
specific cells, potential or 
long-term cytotoxicity  
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camouflaged nanoparticles (RBCNPs), and RBC-derived extracellular 
vesicles (RBCEVs). Their preparation, characteristics, and applications 
are systematically summarized in the following section. 

Currently, many related scientific studies and clinical trials are un
derway; however, some limitations prevent their full application in 
clinical practice. First, given the increasing clinical demand for blood 
and blood products, it is difficult to obtain additional and stable blood 
from animals or humans for the innovative development and large-scale 
production of related materials [71]. Second, proper preservation and 
processing of extracted RBCs and their membranes in vitro are chal
lenging, and the related materials cannot be universally used at the 
current level of technological advancement [31]. Finally, the high costs 
of related research and development remain an unaddressed problem. 
Therefore, further studies are required to overcome these limitations. 

3. Construction and preparation 

3.1. RBCs 

In recent years, various cell types including immune cells, stem cells, 
and RBCs have received extensive attention as potential biomaterials. 
Among these, RBCs have become a research hotspot owing to their 
unique structure and function [18]. Currently, RBCs can be processed in 
a variety of ways, enabling the encapsulation of small-molecule drugs, 
proteins, and other substances within the cells or coupling to the sur
faces, mainly as follows (Table 2). 

3.1.1. Methods for encapsulation in the cell interior 

3.1.1.1. Osmosis-based method. The rationale for this approach is hy
potonic hemolysis. Under hypotonic conditions, RBCs absorb water from 
the solution and expand to 1.25-fold of their original size. At this time, 
pores within the RBCM, with sizes ranging from 10 to 500 nm, open to 
allow the exchange of macromolecular substances so that the required 
cargo could be passively diffused into the RBCs along the concentration 
gradient [70,72,73]. After this expansion, applying a hypertonic or 

isotonic solution to the RBCs can restore the volume, and the transiently 
opened reversible pores are closed, which preserves the cargo within the 
cytosol [74]. Notably, the tension of the RBC expansion during prepa
ration must be strictly controlled; otherwise, it may result in irreversible 
rupture of the RBCM. As a result of cell lysis, the contents of the cells are 
released and removed, leaving RBC ghosts behind [75,76]. 

By adopting the specific details of this method, researchers have 
developed similar methods based on the above principles, including 
hypotonic dilution, hypotonic dialysis, and hypotonic pre-swelling [18]. 
The majority of samples obtained by hypotonic dilution were RBC 
ghosts, which are easily swallowed by macrophages in the RES and can 
successfully deliver embedded substances to RES-rich organs [76,77]. 
However, the vector “ghost” has low embedding efficiency and a 
significantly shortened life span. The two methods of hypotonic dialysis 
and hypotonic pre-swelling have overcome the above limitations and led 
to industrial production. Constructed cells exhibited similar longevity to 
that of normal cells, but greater entrapment efficiency [70]. 

A suspension of RBCs can also be created in an isotonic solution 
containing substances that can freely flow through the RBCM, such as 
dimethyl sulfoxide (DMSO), and is balanced between the pressures in
side and outside the RBCs. By gradually adding an isotonic drug solution 
without DMSO, the suspension was diluted to produce a concentration 
gradient of intracellular hyperosmotic and extracellular hypoosmotic 
compounds. When water is being absorbed to balance osmotic pressure, 
temporary channels on the RBCs surface are opened, allowing drugs to 
pass through. Subsequently, substances such as DMSO diffused freely, 
and the isotonic state of the suspension was restored. Consequently, the 
channels of the RBCs are closed, and drugs are successfully entrapped 
within the RBCs. This method, known as osmotic pulse, is rarely used in 
practice [70]. 

Among these, hypotonic dialysis is the most used method. The re
action conditions are relatively mild, and the obtained RBCs maintain 
some activity and show a long natural life after reinjection. These 
characteristics make this method capable of achieving a higher capture 
efficiency (30–50 %) and cell recovery (70–80 %) [70]. Recently, using 
surface-modified RBCs as drug carriers, Wang et al. successfully 

Table 2 
Summary of engineering methods for vector RBCs.  

Location of 
cargo 

Engineering 
method 

Engineering principle Advantages Limits 

Interior Osmosis-based 
method 

Transient pore opening on the membrane occurs when 
the isotonic environment of the RBCs is disrupted, 
allowing cargo to enter the cells [70,78]. 

They can prolong the circulation time 
and evade immune clearance [116]. 

They may disrupt cell viability or 
membrane structure [117]. 

Electroporation Transient pore opening on the membrane occurs when 
electric field is applied to RBCM, allowing cargo to enter 
the cells [80,86,87]. 

Drug-endocytosis As a result of the drug’s action, the RBCM and 
cytoskeleton are permanently altered, the RBCs swell and 
form vesicles internally, allowing cargo to enter through 
endocytosis [88–90]. 

Lipid fusion As the cargo is wrapped in the outer shell of the liposome, 
the lipid bilayers are fused with the plasma membrane of 
the RBC, allowing cargo to enter the cells [88,91]. 

CCP mediation Through disulfide bonds, cargo such as proteins are 
covalently bound to CCP, allowing them to enter through 
endocytosis without altering the structure or function of 
RBCs [96,97]. 

Surface Chemical 
conjugation 

The cargo is coupled to the RBCM by the biotin-avidin 
reaction system or ester reaction [99,100]. 

They can modulate pharmacokinetic 
features and target cargo to non-RES 
regions [116]. 

Excessive surface modification may affect 
biocompatibility [116]. 

Affinity 
interactions 

The cargo is coupled to the RBCM by an antibody-protein 
interaction system [96,104,105]. 

Enzymatic 
ligation 

Covalent attachment of protein substrates to RBCM 
proteins is mediated by protein ligases such as OaAEP1 
and Sortase A [110–112]. 

Interior or 
surface 

Genetic 
engineering 

The genetic material of progenitor RBCs is directly 
modified to express specific proteins in the cytoplasm or 
membrane. Cells then expand and differentiate into 
mature RBCs [107,108]. 

They can introduce proteins with 
specific conformations and functions 
at specific locations [117]. 

The procedure is cumbersome and costly, 
and it is difficult to ensure the stable 
expression of target genes [117]. 

Abbreviations: RBCs, red blood cell; RBCM, red blood cell membrane; CCP, cell-penetrating peptide; RES, reticuloendothelial system. 
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encapsulated doxorubicin (DOX) into mouse RBCs via a modified hy
potonic dialysis method. Therefore, a novel RBC-based drug delivery 
system (DDS) was constructed [78]. 

3.1.1.2. Electroporation. A seminal study by Teissie et al. reported that a 
pulsed electric field (PEF) could reversibly break the cell membrane 
structure. When an electric field of 30 kV/cm is applied to the phos
pholipid bilayer, the vesicular structures exhibit a transient increase in 
electrical conductivity and permeability, and small molecules, such as 
sucrose, can pass through the formed transient pores. Damage to the 
vesicular structure was reversible during this procedure [79]. Subse
quently, research has focused on the application of reversible electro
poration in clinical settings. In 1998, Lizano et al. encapsulated alcohol 
dehydrogenase and acetaldehyde dehydrogenase in human RBCs by 
electroporation (3000V/1 m s) and resealing (37 ◦C). High encapsula
tion efficiency was achieved, and carrier RBCs were recovered [80]. 

The key to this method is transient pore opening. When RBCs are 
exposed to an external electric field exceeding a critical value or 
threshold, there is an imbalance in the osmotic pressure inside and 
outside the RBCs, as well as in the pores formed on its surface. Target 
agents can then diffuse into the cell via the pores [81,82]. Electropo
ration is currently used to encapsulate small-molecule drugs and en
zymes [83–85]. However, if the PEF created by electrical stimulation is 
sufficiently large, rupture of the RBC and cell death may occur. Owing to 
the irreversibility of this process, it is important to control the param
eters that affect the electric field during synthesis [86,87]. 

3.1.1.3. Other methods. Although less common, there are other 
methods of loading drugs into the cytosol, such as drug endocytosis 
(primaquine, chlorpromazine, etc.) and lipid fusion [88–91]. However, 
these methods exhibit several disadvantages. For most existing tech
niques, RBCM must be physically or chemically disrupted in order to 
create “channels” for cargo to enter the cell. On the one hand, important 
components such as Hb and cytoskeleton can leak outside through these 
“channels.” The loss of Hb not only affects the function of RBCs in 
storing and transporting oxygen but also reduces the resistance of RBCs 
to oxidative stress [92,93]. In contrast, loss of the cytoskeleton within 
RBCs can weaken their structural and functional integrity to varying 
degrees [94]. These changes may result in processed RBCs being 
recognized and eliminated by the body’s immune system as “foreign 
bodies” [95]. 

To overcome these difficulties, researchers have explored and 
developed new encapsulation techniques that do not change the struc
ture and function of RBCs, such as cell-penetrating peptide (CCP) 
mediation [96,97]. Notably, CCPs possess a universal and efficient 
membrane-penetrating activity that enables the internalization of CCP 
protein conjugates while maintaining RBCs integrity. 

Leukemic cells are incapable of producing asparagine (ASN), an 
amino acid essential for survival. ASN deficiency results in leukemic cell 
death. As a clinically approved protein drug, asparaginase (ASNase) can 
therefore be used for the treatment of acute lymphoblastic leukemia 
(ALL). Given the therapeutic efficacy of ASNase and the penetrating 
nature of CCP, He et al. developed an effective and nontoxic CCP-low 
molecular weight protamine (LMWP) and prepared a model of encap
sulating ASNase in RBCs using CCP as a mediator. Specifically, ASNase 
was coupled to LMWP by disulfide bonds, and the conjugate was 
delivered into the cell via the transmembrane ability of the LMWP. Due 
to the high glutathione (GSH) and GSH reductase activities in RBCs, 
disulfide bonds were oxidized, allowing ASNase to remain in the RBCs 
interior for a long period. Using ASNase-loaded RBCs as bioreactors, 
circulating ASN was continuously consumed and converted into aspartic 
acid, thus achieving therapeutic effects in ALL [97]. 

3.1.2. Methods for coupling to the cell surface 

3.1.2.1. Chemical conjugation. Chemical conjugation mainly refers to 
the surface modification of RBCs through biotin-avidin reactions or ester 
reaction systems. Among these, biotin-avidin coupling is the most 
commonly used method. Biotin has two distinct rings in its molecular 
structure. The first is the imidazolone ring, which is the main avidin- 
binding site. The second is the thiophene ring, and its terminal 
carboxyl group can bind to antibodies and other biological macromol
ecules. After chemical modification, a variety of active groups can attach 
to the biotin. Avidin, also known as streptavidin, is a basic glycoprotein 
composed of four identical subunits, each of which can bind to a single 
biotin molecule. The biotin-avidin system is highly sensitive, specific, 
and stable [98]. Avidin molecules can bind to biotinylated macromo
lecular derivatives in the multivalent form, and the affinity of the two is 
much higher than that of antigen-antibody reactions. In addition, it is 
not affected by acid–base reactions, or substances such as proteolytic 
enzymes and organic solvents [88–90]. 

The specific preparation process is as follows: the carboxyl group of 
biotin reacts with the amino group of RBCM to form biotin-modified 
RBCs. Bioactive substances, such as proteins and NPs, can be conju
gated with avidin and incubated with biotinylated RBCs, which can be 
coupled to the surface of RBCs using a biotin-avidin bridge [99]. Within 
24 h, RBCs obtained using this method can survive stably in blood cir
culation with a recovery rate of 90 % [100]. In this process, avidin can 
activate the complement system and induce the formation of a mem
brane attack complex (MAC), which leads to RBCs lysis [101,102]. 
Controlling the copy number of biotin or avidin molecules per cell has 
been demonstrated to be effective [103]. 

3.1.2.2. Affinity interaction. The nature of the affinity interaction is an 
antibody-protein reaction, including the fusion of two specific anti
bodies and the binding of Fab fragments on specific antibodies to spe
cific proteins on the RBCM [104,105]. Zaitsev et al. combined a 
tissue-type plasminogen activator (tPA) with the monoclonal antibody 
7G9 directed against the complement receptor 1 (CR1) expressed on 
human RBCs to form an anti-CR1/tPA conjugate. They tested the hy
pothesis that the injection of anti-CR1/tPA conjugates would produce 
RBCs with fibrinolytic activity in mice. Pulmonary embolisms in mice 
resolve rapidly without affecting RBC survival [106]. In addition to new 
ideas for the prophylactic use of CR1-directed immune targeting of tPA 
to circulating RBCs, this study provides insights into thrombosis, 
expansion, and recurrence treatment. The antibody-protein binding 
complex is much smaller than the biotin-avidin system, and it is easy to 
dissociate, thus reducing the cycling half-life and cargo loading. How
ever, its biocompatibility, safety, and encapsulation efficiency are su
perior [96,106–108]. Additionally, even in the complex environment of 
blood and vasculature, antibody-protein fusion maintains high levels of 
specificity [96]. 

3.1.2.3. Enzymatic ligation. Under the catalysis of protein ligases such 
as OaAEP1 and Sortase A, enzyme ligation refers to the covalent 
attachment of specially designed protein substrates to proteins on the 
RBCM to produce protein polymers [109–111]. Using OaAEP1, peptides 
or proteins can be covalently linked to form peptide bonds through the 
two ends within a short period. Catalysis mediated by OaAEP1 is rela
tively simple and productive, and no additional chemical modifications 
are required to achieve the coupling of monomeric proteins. Even under 
harsh conditions such as acidic and metal ion-rich solutions, it can 
maintain the stability of its function. As OaAEP1 is not responsible for 
cysteine catalysis, it cannot efficiently polymerize multiple mixed forms 
of proteins, such as metalloproteins. Therefore, additional purification is 
required to obtain monomeric proteins for conjugation. Furthermore, it 
is difficult to construct long protein oligomers or polymers using 
OaAEP1 [111]. In Staphylococcus aureus, Sortase A is responsible for the 
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attachment of cell surface proteins to the cell wall and is capable of 
achieving ligation between peptides or proteins [110,112]. However, 
Sortase A is mainly used to catalyze large peptide sequences. For peptide 
sequences shorter than 16 amino acids, the main products of the cata
lytic reaction are oligomers, which cannot achieve an effective linkage 
between proteins. Furthermore, this enzyme performs catalysis with low 
efficiency, so a large amount of catalyst and long reaction time are 
required [110]. 

Jayasinghe et al. demonstrated that protein ligases, including 
OaAEP1, can be useful in covalent ligation in engineering RBCs, espe
cially RBCEVs, which not only efficiently functionalize their surface but 
also show strong antigen-specific targeting abilities [113]. Pishesha 
et al. successfully achieved surface modification of engineered RBCs 
through the utilization of Sortase A-mediated catalytic reactions. This 
reaction exhibits mild characteristics, thereby preserving the biological 
attributes of RBCs to the minimum extent required for modification. 
Furthermore, the process is repeatable, controllable, and does not hasten 
the clearance of engineered RBCs [66]. 

3.1.3. Methods of loading in interior or on surface of cells 

3.1.3.1. Genetic engineering. Genetic engineering or DNA recombina
tion technology refers to the integration of complete genes or fragments 
with the host’s genetic material through in vitro biotechnology, which is 
then introduced into microorganisms or eukaryotic cells for amplifica
tion to induce the expression of recombinant genes [114]. As mature 
RBCs lack nuclei, they cannot be genetically modified. Therefore, ge
netic engineering of RBCs mainly involves the genetic modification of 
hematopoietic stem cells or progenitor RBCs. Thus, specific proteins or 
peptides can be expressed in the cytoplasm or membranes of mature 
RBCs [115]. Shi et al. engineered progenitor RBCs to express proteins, 
such as Kell and glycoprotein A, which can be modified by bacterial 
sortases on plasma membrane surfaces after maturation. After testing, 
they found that the engineered RBCs had unique advantages. First, the 
integrity of the RBC plasma membrane could be maintained during the 
preparation process, and damage to the RBCs was minimal. Second, 
RBCs of this type can survive in circulation for up to 28 days. Third, 
RBCs can be modified and labeled through the catalytic action of sor
tases with a variety of substituents, including those that cannot be 
genetically encoded. The results of these experiments confirm the 
feasibility of the precursor RBCs genetic engineering method and pro
vide a reference for its use in clinical practice [107]. Rubius Thera
peutics, an RBC-based commercial technology platform, has successfully 
constructed multiple drug-loaded RBCs for treating a wide range of 
diseases, including cancer. This provides further evidence for the po
tential clinical value of genetic engineering [108]. 

Modified RBCs do not develop into tumors because they have no 
nuclei after differentiation and maturation; therefore, this method is 
completely safe and controllable [115]. However, genetic engineering 
methods require not only complex procedures, expensive reagents, and 
long preparation times but also strict control of the expansion and dif
ferentiation of progenitor cells [108]. Compared to other RBC process
ing methods, this method is expensive and has limited practical 
applications. 

3.2. RBC hitchhiking 

NPs have been widely used in the biomedical field owing to their 
malleability, good bioavailability, and highly controlled and sustained- 
release properties [118–120]. In addition to the complexity and cost of 
preparation, limited loading capacity, low targeting ability and low 
stability of ordinary NPs make them unsuitable for anti-tumor applica
tions [121,122]. NPs are quickly recognized as a foreign body and 
cleared by the mononuclear phagocyte system (MPS) [123]. Addition
ally, NP size also affects its accumulation and penetration into tumor 

tissues. NPs with larger particle diameters are mostly distributed around 
the tumor blood vessels but have poor penetration ability. However, NPs 
with smaller particle diameters mostly penetrate tumor tissue but have 
poor retention ability [124]. Furthermore, the low targeting ability of 
NPs may result in the premature release of drugs making them ineffec
tive [117]. 

As a hybrid delivery strategy, RBC hitchhiking combines RBCs and 
NPs to fully leverage their advantages and overcome the aforementioned 
limitations (Fig. 1A) [125,126]. The RBC hitchhiking involves the 
adsorption of NPs onto the RBCs surface through noncovalent in
teractions, including electrostatic interactions, van der Waals in
teractions, and hydrophobic effects [61]. The specific procedure is as 
follows (Fig. 1B–C): NPs are mixed with washed RBCs and incubated for 
approximately 30 min, after which the unadsorbed NPs are removed by 
centrifugation [125]. Owing to the strong shear stress between RBCs and 
capillaries, it is difficult for NPs injected intravenously into the body to 
pass through the alveolar/capillary barrier and be removed from the 
RBC surfaces [127]. After desorption, NPs mainly accumulate in lung 
endothelial cells but can also accumulate in the heart, brain, and other 
organs (Fig. 1D–E) [61,125,128]. This improves the pharmacokinetics of 
NPs and increases their lifetime in blood circulation, especially for NPs 
with positive charges. It also significantly enhances the targeting of the 
lung for drug delivery while avoiding uptake and clearance by the liver 
and spleen, thus providing a new strategy for the treatment of lung tu
mors [126,129]. However, this combination may have adverse effects on 
RBCs, including hemolysis, agglutination, small vessel embolism, 
oxidative stress response [129]. RBC hitchhiking has been used to 
deliver a variety of drugs, including DOX, camptothecin (CPT), dexa
methasone, paclitaxel, and methylprednisolone [128–131]. RBC hitch
hiking in a mouse model of melanoma lung metastasis is effective [129, 
130]. Zelepukin et al. created a lung metastasis model of B16–F1 mel
anoma cells in which RBC hitchhiking was used to load DOX. According 
to their findings, the RBC-bound NPs group showed significantly slowed 
growth of lung metastases in melanoma mice compared to the negative 
control and free NPs group [129]. This is also the first demonstration of 
the therapeutic potential of RBC hitchhiking in lung tumors. Zhao et al. 
reported a highly efficient erythrocyte-leveraged chemotherapy (ELeCt) 
platform consisting of degradable drug NPs assembled on the surface of 
RBCs (Fig. 2). They confirmed that ELeCt loaded with DOX was able to 
slow the progression of lung metastases and improve survival in mice in 
both early and advanced melanoma lung metastasis models 
(B16F10-Luc) [130]. 

The abovementioned preclinical studies have fully demonstrated the 
anti-tumor potential of RBC hitchhiking. However, further research and 
evaluation are required to assess its efficacy in organs other than the 
lungs. Human studies also need to be conducted. 

3.3. RBCNPs 

Nanomaterials exhibit anticancer activity due to their antioxidant 
properties [132]. Nanomaterials can be roughly divided into three cat
egories: organic nanomaterials (including polymeric NPs, liposomes, 
dendrimers, and micelles), inorganic nanomaterials (including carbon, 
noble metals, metal oxides, and nonmetals), and nanozymes. Many of 
these nanomaterials have unique optical, electrical, and antibacterial 
properties that make them suitable for various applications [133]. In the 
field of drug delivery, many types of nanocarriers have been developed, 
each with its own pros and cons, which are discussed in part below 
(Table 3). However, the implementation of NPs in cancer therapy is 
limited by various factors, such as low mechanical strength, limited 
cellular internalization, and difficulty in selective localization [134, 
135]. With technological advancements, the size of the prepared NPs has 
decreased dramatically, increasing the number of highly reactive par
ticles and the effective surface areas [136]. As a result, the friction be
tween NPs, as well as between NPs and biomolecules, increases leading 
to the production of reactive oxygen species (ROS) and resulting in 
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Fig. 1. Schematic illustration of RBC hitchhiking for vascular delivery of nano-carriers. A) Schematic representation of the originally proposed mechanism of 
RBC hitchhiking. B) Schematic of the mechanism of loading small molecule drugs and therapeutic proteins inside RBCs by hypotonic dialysis method. C) Schematic of 
the design engineering and action mechanism of RBC hitchhiking. D) Uptake of NPs via RBC hitchhiking. E) The prepared RBC hitchhiking can be targeted to any 
organ by selecting the catheter injection site. In the circulatory system, it is mainly targeted to the lungs and brain. (Reproduced with permission from Ref. [125]. 
Copyright 2021, Annual Reviews). 
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Fig. 2. Schematic illustration of the ELeCt platform. A) Schematic representation of the preparation and mechanism of biodegradable drugs-loaded NPs 
assembling on RBCs platform (ELeCt) to treat lung metastases. B) Confocal laser scanning microscopy (CLSM) (left panel) and scanning electron microscope (SEM) 
(right panel) images of mouse (i) and human (ii) RBCs assembled with drug-loaded NPs. Scale bars (in left panel) = 20 μm. Scale bars (in right panel) = 2 μm. C) CLSM 
images showing the interaction of drug-loaded NPs with B16F10-Luc melanoma cells. Scale bars = 50 μm. D) Drug distribution in the diseased lungs 20 min after 
intravenous administration of DOX formulations. Dashed lines indicate the edge of metastasis nodules. Original scale bars not mentioned. E) Chemotherapeutic 
agent–loaded biodegradable NPs can efficiently bind to erythrocytes. Scale bars = 1 μm. (Reproduced with permission from Ref. [130]. Copyright 2019, American 
Association for the Advancement of Science). 
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adverse effects on cells or organisms, such as oxidative stress, inflam
mation, and DNA and protein damage [137,138]. Recently, drug 
encapsulation and cell membrane coating technologies have created 
new therapeutic modalities in the field of nanomedicine, including 
cancer [139,140]. In contrast to encapsulating the cargo in the cyto
plasm of RBCs or attaching it to the surface of RBCs, RBCM-camouflaged 
polymeric NPs are prepared by extracting RBCMs from blood and 
coating them on NPs, thereby combining the advantages of RBCs and 
NPs, such as strong circulation characteristics, low immunogenicity, 
biocompatibility and degradability, easy modification and other char
acteristics. This will also expand its scope of application [141,142]. 

The preparation process of RBCNPs includes three phases: prepara
tion of RBCM, preparation of NPs, and coating of NPs with RBCM. First, 
the two key steps in the preparation of RBCM are hypotonic treatment 
and sequential extrusion. Fresh whole blood is collected and stored at 
4 ◦C, repeatedly washed with phosphate-buffered saline, and subjected 
to centrifugal resting and hypotonic dialysis to obtain RBC “ghosts”. The 
collected residual cell pellets are subjected to centrifugation, sonication, 
and other dispositions to remove impurities. Finally, an extrusion pro
cess is carried out, i.e., an appropriately sized RBCM is prepared using 
polycarbonate membranes with different pore sizes [177]. Second, the 
preparation of NPs mainly follows the subsequent two routes [178]. The 
top-down approach involves breaking down bulk raw materials into 
nanoscale particles through wear, grinding, and etching. Hyperoxides 
and strong acids can be used to produce smaller particles. The bottom-up 
approach involves employing chemical and physical techniques to uti
lize atoms and molecules in a solid, liquid, or gas as starting materials 
that are aggregated to form nanoscale particles through non-covalent 
bonds [134,179–183]. In addition, natural biological systems can be 
applied to nanomaterials production. This synthetic method has the 
advantages of low cost, low toxicity, and safety due to the renewable raw 
materials; bacteria, fungi, yeast, algae, and other microorganisms and 
plants have been used as substrates for the green synthesis of NPs [182, 
184]. The selection of specific preparation routes and methods for NPs 
mainly depends on the physicochemical properties of cargo molecules, 
types of raw materials, and sizes and loading requirements of the NPs 
[185]. Third, the assembly of RBCM and NPs can be achieved by 
different methods, such as co-extrusion, sonication, in situ polymeriza
tion, and microfluidic electroporation. By mechanically disrupting the 
structure of RBCM, coextrusion allows RBCM to surround and cover the 
NP cores with minimal cell loss [117,186]. When using this method, it is 
important to maintain the integrity and stability of the phospholipid 
bilayer structure in the RBCM. In contrast, disruption by ultrasonic en
ergy causes less loss of NPs and enables production to be scaled up 
[117]. The latter two methods must be further explored because of their 
difficulty and high cost [31,187]. 

Through the above methods, the core, shell, and surface of RBCNPs 
are processed and designed to maximize the application range and 
functional state while realizing cargo loading. For example, Gha
semzadeh encapsulated sulfur hexafluoride 6 (SF6) in a hydrophilic core 
and packaged hydrophobic CPT in lipophilic bilayers. In addition, mucin 
1 (MUC1) aptamers were modified on the surface to obtain RBCM-based 
core-shell vesicular NPs. Studies have also confirmed that the nano
therapeutic system demonstrates not only safety and stability but also 
high targeting capacity, imaging ability, and treatment performance 
[188]. However, NPs can cross a variety of human barriers, including 
the blood–brain barrier (BBB); therefore, the potentially toxic and 
harmful effects of nanomaterials on humans should be further investi
gated before their application in clinical settings [189,190]. 

In recent years, a novel approach has been introduced for the design 
of biomimetic nanomaterials, involving the generation of nanovesicles 
composed of membrane proteins through the extraction and subsequent 
integration of these proteins into synthetic phospholipid bilayers. The 
methodology comprises of two primary stages. The initial step involves 
the extraction of the membrane protein from intricate cellular compo
nents through the utilization of detergent buffer and centrifugation 
procedures. Subsequently, the second step entails the integration of said 
membrane proteins into the cell. Phospholipids and cholesterol are 
dissolved in solutions such as chloroform or ethanol, resulting in the 
formation of lipid layers. These lipid layers are subsequently assembled 
into nanovesicles with the assistance of aqueous hydration, which con
tains the membrane proteins, or through the utilization of microfluid 
platforms [34,191,192]. Martinez et al. have successfully demonstrated 
the viability of the aforementioned methodology and developed nano
vesicles derived from phospholipids and cholesterol, referred to as white 
blood cell nanovesicles [191]. Additionally, there exist studies that 
provide additional evidence supporting the effective integration of 

Table 3 
Application, advantages, and disadvantages of various nanocarriers.  

Nanomaterials Advantages Limits Applications 

Micelle 
[143–147] 

Delivery of low- 
soluble drugs, and 
low cytotoxicity 

Uncontrolled drug 
leakage, and 
easily diluted by 
blood flow 

Antiviral therapy, 
tumor therapy 

Liposome 
[148–150] 

High structural 
flexibility, easy 
surface 
modification, good 
biocompatibility, 
and high 
permeability to 
deep skin 

Low stability, 
leakage of 
hydrophilic drugs, 
high production 
cost, and limited 
drug load 

Tumor therapy, 
gene delivery, signal 
enhancers, 
treatment of 
neurodegenerative 
diseases 

Polymeric 
nanoparticle 
[151–155] 

High encapsulation 
efficiency, wide 
variety, strong 
designability, and 
enhanced 
circulation 
characteristics 

Complex 
synthesis process, 
poor structural 
stability, and 
rapid degradation 

Tumor therapy, 
gene delivery, tissue 
engineering 

Dendrimer 
[156–159] 

Controllable 
molecular size, 
large number of 
functional groups, 
and simplicity of 
functionalization 

High molecular 
weight, and low 
solubility 

Antitumor therapy, 
antiviral therapy, 
anti-inflammatory 
therapy, 
cardiovascular 
disease treatment, 
imaging diagnosis 

Carbon-based 
nanoparticle 
[160–162] 

High light 
absorption and 
utilization 
efficiency, high 
surface area to 
volume ratio 

Cytotoxic and 
inflammatory 
reactions, difficult 
to biodegrade 

Optical imaging, 
phototherapy, drug 
delivery 

Metal-based 
nanoparticle 
[163–167] 

High 
biocompatibility 
and stability, 
adjustable size, 
good optical 
properties, easy 
surface 
functionalization, 
and long activity 
cycle 

Difficult to 
biodegrade and 
potentially toxic 

Phototherapy and 
biosensor 

Metal oxide- 
based 
nanoparticle 
[168–170] 

High light stability, 
large emission 
quantum yield, and 
easy surface 
modification 

Poor 
biocompatibility 
and potential 
adverse reactions 

Fluorescent 
labeling, and drug 
delivery 

Silica 
nanoparticle 
[171–173] 

Mesoporous 
structure, high 
surface area, 
biocompatibility, 
and degradability 

Poor biological 
distribution 

Photoacoustic 
imaging, drug 
delivery and release 

Nanozyme 
[174–176] 

Catalytic stability, 
low production 
costs, high 
tolerance to 
environmental 
changes, and 
adjustable 
biological function 

Low 
reproducibility, 
less specificity 
toward substrate, 
and plausible 
catalytic 
mechanism 

Biosensing, 
immunoassays, 
disease diagnosis, 
and drug delivery  
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albumen membrane protein onto the surface of these particles [193]. 
This methodology is applicable to a wide range of cell types and facili
tates rapid and scalable production of biomimetic nanoformulations. It 
not only streamlines the preparation of nanocarriers while maintaining 
the function of cell membranes, but also enhances the consistency of 
product quality [34,192]. However, additional investigation is required 
to further explore the implementation of this method in RBCs. 

3.4. RBCEVs 

EVs are bilayer membrane structures that are released from the cell 
into the extracellular environment either by direct outward budding or 
via the endosome-lysosome pathway [18,128,194,195]. EVs are pri
marily released into blood circulation during the activation, injury, or 
apoptosis of endothelial cells and a variety of blood cells [196,197]. In 
addition to being diagnostic and prognostic biomarkers, EVs have been 
confirmed to play a role in a variety of biological activities, such as 
inflammation, extracellular matrix (ECM) degradation, vascular 
remodeling and generation, and coagulation processes [195,198–201]. 
Unlike RBCs, which are limited by vascular space and have weak barrier 
penetration and low extravasation capacity, EVs, especially small-sized 
EVs, demonstrate considerable potential in traversing anatomical bar
riers. Hence, EVs theoretically have the ability to disseminate to remote 
sites via the bloodstream. Nevertheless, this capability may be impeded 
by factors such as the ECM. This characteristic endows EVs with the 
capacity to facilitate communication between effector cells and target 
cells [54,201,202]. Therefore, EVs can serve as drug carriers or bio
reactors in clinical settings [69,203]. Among them, RBCEVs have 
attracted widespread attention owing to their strong ductility and low 
risk of tumorigenesis [204]. In addition, RBCEVs can maintain relative 
stability, and their structure and function will not be adversely affected 
even after repeated freeze-thaw cycles [109]. 

Before preparing RBCEVs, it is often necessary to add antibodies, 
antigen-binding fragments, or ligands to the RBCs to enhance their 
targeting [108]. The preparation of the RBCEVs involves three steps. 
First, the collected blood is processed under hypo-osmolar conditions by 
high-speed centrifugation, sonication, and other methods to remove the 
contents of blood cells and obtain a mixture of blood cell membranes 
[177]. Second, the residual cell pellet mixture is isolated and purified. 
Pure RBCEVs can be obtained by ultracentrifugation, filtration, 
size-exclusion chromatography, polymer-based precipitation, and 
immunological separation techniques, among which ultracentrifugation 
gives EVs with the highest purity [109,205]. Third, RBCEVs of target 
sizes are fabricated using a microextruder by repeated extrusion of 
polycarbonate membranes with different pore sizes [177]. Finally, the 
cargo is loaded inside or coupled to the surface of the RBCEVs by 
physical or chemical means, as discussed before [203]. Based on the 
above steps, Jayasinghe et al. designed a drug delivery platform based 
on RBCEVs and successfully functionalized the surface of RBCEVs by a 
biotin-streptavidin reaction and the enzyme OaAEP1. After evaluation, 
the number of targeted molecules after copying the engineered EVs was 
far higher than that of other surface modification methods, reflecting a 
high targeting ability [113]. 

In addition to EVs, blood contains substances such as lipoproteins 
(LPP) and a variety of proteins. A certain overlap exists between EVs 
from different sources, and between EVs and LPPs in terms of size and 
density [206]. This makes it challenging to isolate and purify RBCEVs 
from blood due to complicated operations and high costs. Furthermore, 
it is impossible to remove all the impurities from an isolate [207]. 

4. Metabolism and distribution 

With the advent of various cargo-loading methods and biofilm- 
coating technologies, RBC-based biomaterials have been rapidly devel
oped as carriers of drugs and other active ingredients. The most prom
inent advantage of RBC/RBC-derived materials over other technologies 

is that they are recognized as “self” in the biological environment, which 
can reduce the host immune response and prolong drug circulation half- 
life. Multiple studies on the circulation characteristics of RBCs and their 
biomimetic coatings have been conducted, and the following conclu
sions have been drawn. A variety of surface proteins expressed on the 
RBCM, such as CD47, CR1, and decay accelerating factor (DAF), are the 
main reasons why the RBCM can evade the uptake and clearance by the 
immune system [31]. The long circulation time of RBCs and their de
rivatives significantly improves the pharmacokinetic and pharmacody
namic characteristics in vivo [208]. Although RBC-related materials 
have been successful in clinical studies, several factors have limited their 
effectiveness, including the obstruction of biological barriers, rate of 
degradation in circulation, ability to target specific cells and tissues, 
route of internalization to target cells, and efficiency of escape from 
endocytic organelles [209]. In addition, RBCs and their derivatives lack 
sufficient targeting activity [210]. 

Therefore, current important research directions are to adjust and 
improve the pharmacokinetics and to deliver RBC-derived materials and 
their loaded cargo efficiently and safely to the cytoplasm of target cells 
to exert their therapeutic potential. 

4.1. Biological barrier 

Solid tumors, particularly desmoplastic tumors, have a complex 
tumor microenvironment (TME). The TME includes but is not limited to, 
components such as the ECM, multiple cell types (immune cells, endo
thelial cells, and supporting stromal cells, such as cancer-associated fi
broblasts), multiple signaling molecules, blood vessels, and lymphatic 
vessels. The TME forms a natural biological barrier around solid tumors, 
limiting the application of RBC-derived materials in tumor therapy 
(Fig. 3A) [211–214]. Effective targeting of solid tumors requires 
RBC-derived materials to pass through the rich blood vessel walls, dense 
tissue matrices, and tumor cell membranes. 

4.1.1. Blood barrier 
Unlike other RBC-derived materials, NPs have unique blood barriers. 

Once NPs are exposed to blood circulation, they rapidly form a protein 
corona (PC) composed of various biomolecules, such as the serum pro
teins around them [216]. The formation of a PC tends to shield or cover 
the functional groups on the NP surface. This endows NPs with new 
biological characteristics and further affects the interactions between 
NPs and their surrounding environment, such as their targeting ability, 
cell receptor type, and internalization pathway [217,218]. Notably, 
after the formation of the PC, functional molecules on the surface of the 
NPs may fail, leading to the reduction or even elimination of its targeting 
ability. Macrophages rapidly take up and clear NPs, thereby significantly 
reducing their circulation time. 

To overcome these obstacles, PC barrier layers, such as polymers, 
proteins, and cell-derived biomimetic coatings, can be applied to block 
the adhesion to serum proteins and improve the cycling state of NPs 
[218,219]. One of the most common surface modification methods is the 
addition of polyethylene glycol (PEG) polymers and the use of the RBCM 
as a biologically invisible coating. In a study by Hu CM, a comparative 
analysis was conducted to examine the circulation half-life and blood 
retention rate of NPs coated with PEG invisible and RBCM biomimetic 
coatings. The findings provided additional evidence that the utilization 
of both PEG and RBCM coatings resulted in a significant reduction in the 
uptake and clearance of NPs by macrophages. Furthermore, the RBCM 
coating exhibited superior effectiveness [220]. It is also possible to 
incorporate a pH-sensitive material with switchable surface charges in 
order to disrupt the positive charge environment formed by PC, thus 
alleviating its adverse effects [209]. 

Additionally, after entering the blood circulation, RBCs and their 
derivatives need to escape filtration and clearance by the kidney, as well 
as the uptake and degradation by RES, especially Kupffer cells in the 
liver and macrophages in the spleen [221]. 
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Fig. 3. Metabolic and distributional characteristics of RBC and its derived materials. A) An overview of the TME. (Reproduced with permission from 
Ref. [214]. Copyright 2019, MDPI, Basel, Switzerland). B) Normalization of disorganized tumor blood vessels for anticancer therapy. C) Comparison of normal 
vascular structure (i) and tumor vascular structure (ii). (Reproduced with permission from Ref. [215]. Copyright 2012, Springer Nature). 
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4.1.2. Vascular/matrix barrier 
After entering the blood circulation via various routes of adminis

tration, RBC-derived materials first reach the vicinity of the tumor tissue 
through the blood supply and penetrate the microvascular wall to leak 
into extravascular tissues. They then pass through the desmoplastic 
stroma of solid tumors to reach target cells [211,222]. 

There are several specific pore sizes and distributions in micro
vessels, and the pore parameters differ among different tissues. For 
example, the intercept sizes of the pores in the brain and breast tissues 
are 1 nm and 5 nm, respectively. The size of these pores determines the 
diameter and permeation rate of molecules entering the tissue from 
blood. The vascular system of tumor tissue is derived from normal 
microvessels, and its related parameters are affected by tissue origin and 
tumor location, among other factors. For example, the permeation size 
of brain tumors is 7 nm, whereas that of pancreatic tumors can reach 
50–60 nm. Therefore, if the cutoff size of the pore is small or the particle 
diameter of the molecule is large, it may result in a slow, small number, 
and uneven distribution of particles that penetrate the microvascular 
wall and tumor vascular tissue [222]. In contrast, smaller particles have 
a stronger ability to penetrate the vessel wall; however, particles smaller 
than 10 nm in diameter are rapidly removed by the kidneys, liver, and 
gallbladder. Larger particles can be targeted to tumor blood vessels 
under the action of MPS, but it is difficult for them to enter the tumor 
tissue [124]. 

Therefore, for different tumor models, it is necessary to design and 
select an appropriate particle size to maximize vascular permeability 
and reduce the clearance in blood circulation [223]. Anti-angiogenic 
and vascular normalization therapies can also be used to repair 
abnormal tumor vessels, reduce interstitial fluid pressure, and increase 
blood circulation perfusion (Fig. 3B) [215]. Currently, anti-vascular 
endothelial growth factor receptor (VEGFR) 2 antibody, transforming 
growth factor-β inhibitor, and drugs such as captopril have been proven 
to improve the delivery of nanomedicine for cancer therapy [224,225]. 
To investigate the effect of vascular normalization on nano-drug de
livery in vivo, Chauhan et al. used DC101, a VEGFR blocker, to reduce 
the diameter of blood vessels in breast tumors in situ and repair 
abnormal blood vessels. They selected two orthotopic breast tumor 
models, E0711 and 4T1, and infused them with DC101 at doses of 5 
mg/kg and 10 mg/kg, respectively, to calculate the permeability of NPs 
in the tumor tissue of the two groups. Results from the two groups led to 
the conclusion that the vascular permeability of 12 nm-sized NPs was 
significantly increased (approximately 2.7- or 3.1-fold) after the appli
cation of DC101, whereas the penetration of 60 or 125 nm-sized NPs did 
not improve. Thus, the above results confirm that vascular-related 
therapy can reduce the dependence of tumor therapeutic drug delivery 
on material size and enhance the effective penetration of smaller par
ticles [224]. Jiang et al. further found that NPs of medium size (20–40 
nm) can also benefit from tumor vascular remodeling; however, once 
they enter the tumor matrix, their diffusion is limited to a greater extent 
[226]. Considering this prior research, it was proposed that NPs with 
“size variability” could take full advantage of “enhanced permeability 
and retention” (EPR) in solid tumors. One specific strategy involves 
loading goods into a large NP. After passing through the vascular lumen 
and reaching the tumor stroma, it can be degraded by tumor-specific 
enzymes (proteases, hyaluronidase, etc.) into smaller particles, allow
ing it to penetrate deeply, distribute evenly in the tumor area, and 
release therapeutic drugs. Liu et al. demonstrated the feasibility of this 
strategy. They prepared thermosensitive NPs that reduce in size and 
release drugs under the induction of tumor-specific hyaluronidase. By 
applying this to photothermal therapy (PTT) for breast cancer, they 
found that their NPs possess a significant anti-tumor effect [227]. 

The ECM is composed of multiple interacting protein complexes, 
including structural proteins (collagen and elastin), specialized proteins 
(fibronectin and laminin), and proteoglycans [228]. During the dynamic 
process of protein formation and degradation, the ECM can maintain a 
highly balanced state through enzymatic degradation (including matrix 

metalloproteinase (MMP), collagenase, and hyaluronidas) and cellular 
secretion (such as fibroblasts and myofibroblasts), providing mechanical 
support and signal regulation for cellular components [229,230]. In 
malignant tumors, ECM is produced and consumed in unbalanced pro
portions, and its dynamic state is disrupted. Excessive ECM degradation 
is one of the hallmarks of tumor invasion and metastasis, whereas 
excessive ECM accumulation leads to fibrosis and hinders the effective 
penetration and uniform distribution of molecules [211,231]. The dense 
ECM acts as a barrier to drug delivery through several mechanisms. 
First, it leads to an increase in interstitial fluid pressure and mechanical 
stress in the tumor, compressing the tumor blood vessels and impairing 
tumor perfusion. This can affect the delivery and penetration of thera
peutic agents [232]. Second, its complex network structure acts as a 
physical barrier to the further diffusion of therapeutic agents. Third, the 
charges carried by ECM components may affect the delivery of thera
peutic agents to the mesenchyme [211]. 

Therefore, certain measures can be taken to weaken the barrier effect 
of ECM. The first measure is the reduction in ECM production. The main 
targets of this method are collagen, hyaluronic acid (HA), and cancer- 
associated fibroblasts, and an inhibitory effect can be achieved by 
restricting the formation and impairing the function of these compo
nents. For example, collagen prolyl 4-hydroxylase inhibitors can block 
the hydroxylation of collagen prolyl and reduce the production of 
collagen, thereby inhibiting tumor proliferation, invasion, and metas
tasis and enhancing the delivery of anti-tumor drugs to tumor cells. 
Similarly, 4-methylumbelliferone inhibits HA synthesis by depleting HA 
components and decreasing HA synthetases. The second measure is the 
induction of ECM remodeling. Strategies such as ultrasound therapy, 
sonodynamic therapy, and phototherapy can reduce the density of the 
ECM and induce ECM remodeling, thereby regulating the permeability 
of therapeutic agents in the mesenchyme [211,219]. Lysine oxidase 
(LOX) is secreted by cells to mediate the covalent cross-linking of 
collagen with other ECM components, such as elastin. It is also a key 
factor for the deposition of matrix-insoluble components and the in
crease in ECM stiffness; it also plays an important role in ECM remod
eling [233]. Therefore, chemical methods or LOX antibodies can inhibit 
LOX’s action to reduce ECM cross-linking, prevent collagen remodeling, 
and increase vascularization, thereby achieving anticancer effects 
[234]. The third measure is the promotion of ECM degradation. The 
aforementioned degrading enzymes can be directly injected into the 
organism or combined with NPs (modified on their surface or embedded 
in their interior) to reduce ECM density through indirect effects [211, 
219]. They can also disrupt the network structure of the ECM by pro
moting the expression of degrading enzymes. MMP expression is regu
lated by relaxins (RLX). It has been confirmed that RLX enhances the 
expression of MMPs and efficiently degrades dense ECM. Mardhian et al. 
chemically coupled RLX with superparamagnetic iron oxide nano
particles (SPION) to prepare RLX-SPIONs. They found that the carrier 
reduced the density of the ECM and inhibited tumor growth and that the 
effect of this NP was better than that of free RLX [235]. 

4.1.3. Blood–brain/blood–brain tumor barrier 
Unlike tumors of other tissue origins, central nervous system (CNS) 

tumors have unique resident cell types and vasculature. In addition to 
universal TME components, specialized cell types such as neurons, 
microglia, and astrocytes are included in the TME of brain tumors to 
ensure the normal functional status of all regions of the brain [236]. 
Moreover, there is a special physiological blood-brain interface between 
systemic blood circulation and the CNS, which is used to separate other 
organs from the brain and maintain stability and functional properties 
within the brain. Depending on their positional distribution and struc
tural composition, these physiological interfaces can be classified into 
the following categories: the BBB, blood–cerebrospinal fluid barrier, 
arachnoid barrier, brain–retinal barrier, and spinal cord barrier [237]. 
The BBB is considered the most important barrier for exogenous sub
stances to penetrate the brain [224]. It is a physical and functional 
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barrier comprising a high density of microvascular endothelial cells 
[238]. The BBB, as a physiologic anatomical barrier, limits the passage 
of substances from the circulatory system into the brain parenchymal 
tissue and protects the brain from toxins, infection, inflammation, and 
injury. Studies show that more than 98 % of small-molecule drugs and 
almost all large-molecule drugs cannot cross the BBB [239]. The BBB, as 
an active tissue, also expresses a variety of proteins such as receptors and 
enzymes, and participates in various biological processes, such as the 
clearance of toxic substances and exchange of substances between the 
blood and brain [236,237]. Hence, the utilization of an effective 
brain-targeted carrier system is imperative for facilitating substance 
delivery. 

In order to overcome the barriers mentioned above and enhance the 
effectiveness of CNS tumor treatment, the RBCNPs can be modified in 
the following ways: incorporating therapeutic agents and implementing 
targeted modifications. The sensitivity of NPs to specific stimulus re
sponses (including pH, ROS, enzymes, light, and heat) can also be 
exploited to achieve high targeting and penetration as well as maximum 
accumulation of NPs and loaded cargo in the delivery process [239]. Fu 
et al. designed new RBC biomimetic nano-carriers modified with T7 and 
NGR peptides and loaded them with vincristine (VCR). They demon
strated that RBCNP could cross the BBB and target the tumor site not 
only by increasing the concentration of VCR in glioma but also by 
further reducing the toxic side effects of VCR [240]. This discovery 
provides substantial evidence for the extensive utilization of membrane 
coating technology and nanotechnology in the treatment of CNS tumors. 

4.2. Targeting effect 

Cell targeting can achieve precise treatment of affected cells, avoid 
collateral damage in non-targeted areas, and prevent the development of 
a variety of drug resistance mechanisms [241]. It is mainly divided into 
two categories: passive and active targeting [242]. 

4.2.1. Passive targeting 
Passive targeting mainly depends on the physiological characteristics 

of the tumors. Compared to normal vascular endothelial architecture, 
the tumor vasculature (blood and lymphatic vessels) is inherently highly 
leaky (Fig. 3C) [215,243]. In most solid tumors, unique features of the 
vasculature are observed, such as discontinuous epithelium, impaired 
lymphatic drainage, slow venous return rate, and elevated interstitial 
fluid pressure. Based on the high permeability of tumor blood vessels 
and the low functionality of lymphatic drainage, macromolecules, and 
NPs ranging from 100 to 200 nm in diameter can penetrate tumor tissues 
and play different roles in vivo. This phenomenon is referred to as the 
EPR effect [221,244,245]. 

The EPR effect, as a passive targeting strategy, is widely used to 
control the differential accumulation of drugs in the tumor region [246]. 
However, the effectiveness of the EPR is limited by several factors. First, 
the EPR phenomenon is highly specific, with distinct differences in EPR 
sensitivity among patients, tumors, and delivery agents with different 
physical and chemical properties [247]. The size, shape, surface char
acteristics, and other physicochemical properties of the delivered sub
stance may affect the passive targeting efficiency. For example, 
compounds with high molecular weights (above 50 kD) and small NPs 
(below 200 nm) are more likely to accumulate at specific target sites, 
mediated by the EPR effect [242]. Second, not all tumor environments 
exhibit the EPR effect. Limited by the hypoxic microenvironment, only a 
small amount of drug accumulates in the central area of metastatic tu
mors and some tumors with low permeability (pancreatic cancer) [248]. 
The third limitation is the difficulty of achieving efficient drug transport 
through the EPR effect alone. Infected or inflamed sites have been re
ported to exhibit the EPR effect by producing large amounts of brady
kinin, inducing an increase in vascular permeability [249]. Therefore, 
passive targeting via the EPR effect can result in small, inadequate, and 
uneven accumulation of anticancer drugs in the target cancer tissues 

[246]. It is difficult to fully achieve the therapeutic goal if drug targeting 
is insufficient, and residual cancer cells may lead to treatment failure or 
drug resistance [250]. To overcome the limitations of passive targeting, 
active targeting strategies based on biological ligands have been 
developed and are discussed in detail in the following paragraphs. 

4.2.2. Active targeting 
Active targeting involves the systematic delivery of cargo to the 

tumor area using specific homing ligands. The specific mechanism is as 
follows: Target-specific functionalization of RBC and their derivatives 
can be achieved by attaching targeting ligands to the surface. These li
gands can bind to the corresponding receptors overexpressed on tumor 
cells to achieve the retention and accumulation of cargo at tumor sites 
through receptor-mediated endocytosis [246,251]. Typically, active 
targeting also depends on the EPR effect, but the delivery efficiency is 
significantly higher than that of passive targeting mediated by the EPR 
effect alone [252]. Various tumor-targeting agents have been used and 
validated in previous studies, including monoclonal antibodies, aptam
ers, nucleic acids, and functional ligands based on small molecules, 
peptides, proteins, and even carbohydrates [246]. 

Fang et al. successfully prepared a functionalized RBCNP by inserting 
targeting ligands such as folate and nucleolin targeting aptamer AS1411 
into the RBCM in the form of a lipid insertion form of “ligand-linker-lipid 
conjugate” (Fig. 4). This process did not destroy the original surface 
proteins. These RBC biomimetic NPs have been shown to target tumor 
cells overexpressing the corresponding receptors with greatly improved 
targeting ability [253]. Similarly, Zhang et al. used folate as an active 
targeting agent and observed a significant enhancement in the prepared 
NPs during cell internalization [244]. In addition, the efficacy of sub
stances such as arginine-glycine-aspartic acid (RGD) and epidermal 
growth factor (EGFR) antibody in enhancing cellular uptake has also 
been well validated [254,255]. 

4.2.3. Stimulation of responsive targeting 
Several factors limit the practical efficacy of the EPR effect, and 

active targeting strategies depend on overexpressing receptors on tumor 
cells, without which receptor-ligand interactions are difficult to achieve. 
Considering these limitations, recent research focused on investigating 
and applying targeting strategies that utilize irritant-sensitive NPs 
[256]. 

The stimulus-responsive targeting strategy consists of two phases. In 
the first phase, the NPs and their cargo are passively delivered to the 
tumor tissue via the EPR effect. In the second phase, when NPs reach the 
target sites, the precise release of cargo in the target tissue is achieved 
through changes in the endogenous (including pH, temperature, and 
redox state) or exogenous (including light, electric field, and ultrasound) 
stimulation conditions [246,256,257]. For example, changes in pH, 
especially under acidic conditions, can destroy covalent crosslinks and 
biological coatings in NP carriers, enabling the rapid release of the 
payload [257]. In addition, the pH can be used as an external stimulus to 
regulate surface charge conversion and initiate biological reactions 
[258]. Changes in the magnetic field can stimulate NPs transfer to tu
mors, and the heat induced by near-infrared light can stimulate ther
mosensitive elements to change the leakage characteristics of tumor 
blood vessels, such as the pore size, to achieve efficient accumulation of 
NPs [258,259]. 

Although still in the early stages of concept research and design, 
specific targeting strategies based on stimulus responses can improve 
targeting efficiency. Liu et al. developed a novel bionic nanotherapy 
platform by incorporating 1, 2-diaminocyclohexane-platinum and 
indocyanine green (ICG) into targeted peptide-modified RBCM. This 
platform demonstrated tumor targeting capability, facilitating enhanced 
tumor internalization, and enabled the simultaneous application of 
chemotherapy and phototherapy. Upon exposure to light, the nano
therapeutic system disassembled, leading to efficient drug release and 
resulting in substantial tumor ablation and suppression of lung 
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metastasis through the synergistic effects of photothermal and chemo
therapy [260]. 

4.3. Endocytosis and endosomal escape 

Upon reaching the tumor tissue, RBC-derived materials must be 
effectively internalized by the tumor cells to exert their effects. 
Currently, the internalization of extracellular delivery agents is mainly 
achieved through the endocytic pathway without cell destruction [242, 
261]. Endocytosis is composed of various pathways, including phago
cytosis (uptake of large particles) and pinocytosis (uptake of fluids and 
solutes) [262]. The mechanisms of pinocytosis are classified as macro
pinocytosis, receptor-dependent (also known as clathrin-dependent) 
endocytosis, caveolin-dependent endocytosis, as well as clathrin- 
and/or caveolin-independent endocytosis [263]. However, the specific 
mode of endocytic uptake depends on factors such as the modification of 
RBC-derived materials and the type of recipient cells [264]. 

In general, various types of cargos enter the cell and are transported 
to early endosomes, which are sorting sites located at the cell periphery. 
Materials to be degraded are transported through late endosomes to 
lysosomes for degradation, whereas materials to be recycled are trans
ported back through recycling endosomes to the plasma membrane or 
further transported to the Golgi for reuse [265,266]. Pham et al. have 
demonstrated that RBCEVs and their cargo enter recipient cells via 
various endocytic pathways. They used specific markers to label and 
localize the various stages of transportation after the internalization of 
RBCEVs, further verifying that endocytosed RBCEVs and their cargo 
eventually accumulate in late endosomes and lysosomes [264]. 

However, materials delivered to endocytic organelles (endosomes or 
lysosomes) are mostly stored inside or quickly destroyed without being 
released into the cytoplasm, thus limiting their biological effect [267]. It 
has been reported that anti-tumor drugs loaded by NPs are limited by 
internal barriers in endocytic vesicles, affecting their release efficiency 
and therapeutic effect [264]. For macromolecules to penetrate effec
tively, they must be transferred from endocytic vesicles to the cytosolic 
space. Usually, the escape of materials from endosomes to the cytoplasm 
is promoted by four mechanisms: rupture of the endosomal membrane 
and formation of pores, fusion of liposomes with endosomal membranes, 
pH buffering (or proton sponge effect), and photochemical decomposi
tion of endosomes. However, these mechanisms lack optimal efficiency 
[268,269]. Therefore, enhancing endosomal escape could effectively 
solve the problem of endosomal interception and improve the efficiency 
of cargo delivery [270]. Several strategies were confirmed to improve 
endosomal escape efficiency, such as surface functionalization, use of 
membrane osmotic agents, and utilization of CCP [264]. CCP is a short 
peptide rich in positive charges, usually composed of natural amino acid 
(lysine and arginine) residues, which can mediate the process of active 
or passive shuttling to the plasma membrane [209]. 

4.4. Degradation process 

In aging or abnormal RBCs, metabolic pathways are inactivated, and 
surface viscosity is increased, resulting in the destruction of cell mem
brane integrity and function. Finally, RBC constructs with reduced 
deformability cannot pass through the splenic venous sinuses and are 
thus removed by macrophages. However, most of the remaining RBCs 
that pass through the spleen are recognized and recovered by the RES 
located in the bone marrow [70]. 

5. Application 

5.1. Drug delivery system 

Despite their wide use in clinical practice, conventional drugs have 
many disadvantages and limitations, such as low water solubility, rapid 
metabolism, high clearance rates, off-target side effects, and the need for 
large or repeated doses to achieve therapeutic effect [271,272]. 
Compared with traditional drugs, DDSs offer significant benefits in 
terms of optimizing pharmacokinetics and spatiotemporal specificity. 
These advantages encompass the extension of circulation lifespan, lim
itation of premature clearance, enhancement of targeting ability, 
augmentation of biological utilization and drug load, and mitigation of 
adverse effects [208,273,274]. In addition, it can overcome biological 
barriers and deliver poorly soluble and toxic drugs, among others [275, 
276]. There has been significant progress in the role of DDSs in cancer 
treatment recently; however, there are still many challenges to over
come in terms of selectivity, efficacy, and safety. The design and 
development of DDS based on the biological, physical, and chemical 
properties of cancer cells can enhance cellular uptake and achieve effi
cient delivery, thus providing promising advancements to solve impor
tant problems in drug research [277]. Research has shown that DDSs 
derived from RBCs and their derivatives have great potential for pro
longing circulation time, reducing immune responses, and achieving 
sustained release [31,277]. 

5.1.1. Chemotherapy 
Yao et al. designed a novel platinum-based anticancer prodrug 

(ERY1-Pt IV) that hitchhikes to RBCs. In their design, the RBC-binding 
peptide ERY1 enabled platinum complexes to attach to RBCs to 
improve circulation time and tumor accumulation. Subsequently, the 
conjugate was proven to be effective in inhibiting tumor growth in vivo 
compared to the original platinum drug, and its circulating half-life and 
tumor accumulation were also proven to increase [278]. Ghasemzadeh 
et al. successfully developed novel RBCM-based vesicular nanobubbles 
(NBs) (Fig. 5). The specific preparation process was as follows: SF6 gas 
was added to the core as an ultrasound contrast agent, CPT was pack
aged into the shell as a chemotherapeutic drug, and the MUC1 aptamer 
(referred to as Apt) was covalently modified onto the surface of the NBs. 
The MUC1 aptamer was modified to enhance the cellular uptake and 
cytotoxicity of CPT in MUC1-positive tumor cells. The higher echoge
nicity was verified using in vitro and in vivo ultrasound imaging. Pre
clinical evaluation in the C26 intestinal adenocarcinoma model of 
BALB/c mice showed that NBs exhibited higher tumor suppression and 
mouse survival than free CPT treatment [188]. 

In addition to targeting limitations, poor drug penetration also de
creases the effectiveness of drug delivery [279]. The BBB and 
blood-brain tumor barrier (BBTB) are particularly problematic for the 
CNS because they vastly hinder the effective accumulation of thera
peutic drugs in the tumor area [280]. To solve this problem, Fu et al. 
prepared a novel bionic nano-carrier (T7/NGR-RBCSLNs) with dual 
targeting and barrier-crossing abilities (Fig. 6). Specifically, using lipid 
insertion technology, an active-targeting RBCNP with T7 and NGR 
peptides was developed, and VCR was encapsulated within it as a 
therapeutic agent. With the capability of T7 to bypass the BBB and target 
gliomas and the ability of NGR to target gliomas, the two 
peptide-combination can be synergistically effective in targeting brain 
tumors, so that the nano-carrier can cross the BBB and BBTB to 

Fig. 4. Lipid-insertion enables targeting functionalization of RBCNPs. A) Schematic representation of the preparation of targeted RBCNPs by the form of 
“ligand-linker-lipid conjugate”. B) As verified by fluorescein isothiocyanate (FITC), the lipid insertion method could achieve ligand binding to RBCM. i) Fluorescence 
microscopy visualization of RBC ghosts modified with FITC. Scale bar = 8 μm. ii) SEM images of FITC-modified and unmodified RBCNPs. Scale bars = 500 nm. iii) 
Colocalization of the polymeric core (red) and the FITC-modified RBCM shell (green) upon intracellular uptake by tumor cells. Scale bars = 8 μm. C) Folate/AS1411- 
targeted functionalization of RBCNPs. Schematic representation of folate (i)/AS1411 (iii)–linker–lipid. Fluorescence microscopy images of tumor cells incubated with 
different RBCNP preparations and free folate (ii)/AS1411 (iv). Scale bars = 25 μm. (Reproduced with permission from Ref. [253]. Copyright 2013, Royal Society of 
Chemistry). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5. Schematic illustration of the biomimetic NBs for treatment of colon adenocarcinoma. A) Ex vivo fluorescence imaging of tumor tissues and major 
organs in mice after 6 h (i) and 24 h (ii) of intravenous injection of different NBs. B) Field emission scanning electron microscopy images of prepared targeted 
(designated Apt-SF6-NB-CPT) (i) and non-targeted (designated SF6-NB-CPT) (ii) nanovesicles. Scale bars = 500 nm. C) Fluorescence microscopy images of the uptake 
situation of different NB preparations by colon cancer cells (i) and normal cells (ii). Scale bars = 200 μm. D) Assessment of echogenicity of SF6-filled biological NB 
using ex vivo ultrasound imaging. E) Assessment of echogenicity of SF6-filled biological NB using in vivo ultrasound imaging. (Reproduced with permission from 
Ref. [188]. Copyright 2023, Informa UK Limited). 
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accumulate at the tumor site. Through in vivo and in vitro experiments 
in the C6 glioma mouse model, not only was NP found to have high 
targeting potential, but it also significantly inhibited tumor growth and 
reduced the systemic toxicity of VCR [240]. This will provide a new 
research direction for the treatment of CNS tumors such as glioma. 

5.1.2. Immunotherapy 
Generally, immunotherapy generates or enhances an immune 

response against tumor cells to achieve anti-tumor goals [14,281]. 
Various mechanisms have been developed to enhance the ability of the 
immune system to detect and eliminate malignant cells, including 

Fig. 6. Schematic of the RBC-based biomimetic nano-carriers with T7 and NGR peptide (T7/NGR-RBCSLN) for glioma treatment. A) Schematic of prepa
ration of T7/NGR-RBCSLN. B) Preparation principle of DSPE-PEG2000-T7/NGR. C) Morphological appearance of VCR-loaded T7/NGR-RBCSLNs based on trans
mission electron microscope (TEM). Scale bar = 100 nm. D) In vivo targeting ability of different RBCSLN preparations. E) Magnetic resonance imaging images of 
normal brain and the brain of cases 16 days after inoculation with different RBCSLN preparations in the C6 glioma mouse model. F) Hematoxylin and eosin staining 
analysis of brain tumors with various formulations. Scale bars = 200 μm. (Reproduced with permission from Ref. [240]. Copyright 2018, American Chemi
cal Society). 
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immune cell-targeted monoclonal antibody therapy, adoptive cell 
therapy, and the use of nonspecific cytokines [282]. In recent years, the 
emergence of immune checkpoint blockade therapies and cancer vac
cines has established an important role for immunotherapy in cancer 
treatment. However, owing to the low immune response rate and 
development of drug resistance, the number of patients who benefit 
from this treatment remains small [283,284]. Therefore, further devel
opment of more effective immunotherapeutic strategies is necessary. 

Some specific chemotherapeutic drugs, such as DOX and oxaliplatin 
(OXA), have been shown to initiate anti-tumor immune responses by 
inducing immunogenic cell death (ICD), causing the release of tumor- 
associated antigens (TAAs) and damage-associated molecular patterns 
(DAMPs) and synergistically improving the efficacy of immunotherapy. 
Su et al. have reported a novel therapeutic RBC vaccine that improved 
the response rate to cancer immunotherapy. CT-26 cells were treated 
with irinotecan in vitro to induce the production of tumor antigens 
(cAgs), which were then anchored to the RBC surface by covalent 
modification. In this study, subcutaneously injected RBC vaccines were 
primarily phagocytosed by dendritic cells, thereby establishing a long- 
term anti-tumor immune response by promoting T-cell infiltration and 
expansion inside the tumor. As observed in the CT-26 syngeneic mouse 
model, conjugating cAgs to RBCs produced satisfactory tumor suppres
sion and significantly prolonged mouse survival. Furthermore, 
compared to the direct combination of chemotherapy and immuno
therapy, RBC vaccines may encompass less chemotherapy-induced 
cytotoxicity and adverse effects [285]. 

Immune response against cancer can be activated by 5′-phosphory
lated RNA via the RIG-I pathway. However, these molecules are usually 
degraded before reaching tumor cells in vivo. Peng et al. used EVs from 
RBC for RIG-I agonist delivery, such as microRNA (miRNA) or 3p-125 b- 
antisense oligonucleotide (ASO). Subsequently, they observed that 
tumor cell growth was significantly inhibited, and immune cell infil
tration mediated by RIG-I cascade activation increased in the breast 
cancer model after multiple injections of RBCEVs. They also added an 
EGFR antibody to RBCM to enhance intrapulmonary targeted delivery, 
promoting the accumulation of RBCEVs in the metastatic tumor region 
of the lung, which would help inhibit tumor migration and invasion to 
the lung [254]. 

5.1.3. Gene therapy 
As genetics is closely related to tumorigenesis, therapies based on 

genetic modifications such as gene knockdown and gene silencing (RNA 
interference, or called RNAi) have been investigated as emerging op
tions for cancer treatment [286]. Gene knockout refers to the disruption 
of the expression of a specific gene by the introduction of exogenous 
DNA fragments. However, this method is technically difficult and 
expensive, and its success rate is not ideal. RNAi is a post-transcriptional 
regulatory process that inhibits gene expression by blocking the trans
lation of a specific messenger RNA by non-coding double-stranded RNA 
of endogenous (miRNA) or exogenous (small interfering RNA or called 
siRNA) origin. RNAi is easy to perform and requires a short cycle time. 
However, owing to the existence of intracellular and extracellular bar
riers, endosomal escape and cellular uptake of oligonucleotides are 
suboptimal, making it difficult to effectively deliver siRNA and other 
molecules to tumor cells [287,288]. Further exploration and develop
ment of safe and effective siRNA vectors are required to overcome these 
obstacles. 

Wu et al. constructed a new fluorinated coordination polymer 
(FEGCG/Zn) delivery system and verified a high drug loading, release 
efficiency, and stability of the platform with chemotherapeutic drugs 
such as sorafenib, gemcitabine, and DOX, as well as other substances 
such as peptides and proteins. They also integrated the platform with the 
construction of hitchhiking in live cells. In the case of RBCs, Cy5-tagged 
siPD-L1 was loaded to alleviate T-cell exhaustion by modulating the 
expression of programmed death ligand 1 (PD-L1) in tumor cells, 
enabling enhanced anti-PD-L1 immunotherapy based on gene therapy 

[289]. In recent years, nanotechnology has shown great application 
prospects for overcoming the limitations of traditional gene therapy and 
providing better therapeutic effects; this includes meeting the stringent 
requirements in the delivery stage of CNS tumor therapy. To improve 
RNAi-based glioblastoma (GBM) treatment, Liu et al. synthesized a 
charge-converted biomimetic nanoplatform with a three-layer core-shell 
structure (Ang-RBCm-CA/siRNA) (Fig. 7). Upon stimulation of charge 
conversion, this nanocomposite rapidly disintegrated and fully exposed 
its siPLK1 core which quickly downregulated the expression of the GBM 
oncogene PLK1, thereby inhibiting tumor survival and proliferation. 
After several in vitro tests, the RBCM biomimetic nanocomposites were 
found to have excellent and unique properties such as a long plasma 
half-life and excellent BBB penetration. During subsequent testing of the 
GBM mouse model, significant early and late apoptoses of tumor cells 
were observed, and the mice showed few systemic adverse reactions. 
This confirms that this biomimetic nanobody has high safety, gene 
transfection efficiency, and gene silencing ability [290]. This study 
provides an effective reference for the delivery and release of other 
biological agents. 

Multiple drug resistance (MDR) is the main cause of chemotherapy 
failure and disease progression in malignant tumors [291]. An important 
mechanism involves the P-glycoprotein (P-gp) gene-mediated anti-
cancer drug outflow [292]. To solve this problem, Xu et al. designed a 
novel gene/chemotherapeutic drug nanodelivery system to deliver siR
NA/chemotherapeutic drugs as follows: chemotherapeutic drugs with 
positive charges and anti-P-gp siRNA (siPgp) with negative charges were 
selected, and self-assembled into spherical NPs with uniform particle 
size through electrostatic interactions. Then, the RBCM were coated 
onto the surface of the NPs to enhance their physiological stability and 
prolong their life cycle. Taking DOX as an example, after in vitro and in 
vivo evaluations, this NP model can specifically downregulate the 
expression of the P-gp gene and restore the sensitivity of tumor cells to 
DOX, effectively reversing tumor drug resistance [293]. This strategy 
provides a safe and effective method for combining functional oligo
nucleotides/chemotherapeutic drugs in patients with MDR tumors. 

Previous studies have confirmed that anti-apoptotic protein BCL2 
can regulate apoptosis through a variety of stimuli and that its over
expression is related to the progression of tumors. Pham et al. developed 
a platform for RBCEVs loaded with a fragment consisting of anti- 
apoptotic protein gene (BCL2) and ASOs. The authors further vali
dated the in vivo therapeutic efficacy of this fragment in a mouse 
xenograft model of acute myeloid leukemia. After the application of this 
platform, the accumulation and growth of leukemia cells in the bone 
marrow, liver, and spleen were significantly inhibited without weight 
loss or toxicity being noticed in the mouse model. These results indi
cated that ASOs loaded inside RBCEVs can escape the restriction of 
endosomes and lysosomes, enter the cytoplasm, and down-regulate the 
expression of gene BCL2, thereby effectively inhibiting the progression 
of leukemia [264]. 

5.1.4. Other therapies 
Albertsen et al. studied patients with ALL who had hypersensitivity 

to PEGylated ASNase and designed a preparation of eryaspase, a syn
thetic ASNase, encapsulated in RBCs. The results showed that most pa
tients had a good tolerance to eryaspase, which reached therapeutic 
levels of ASNase after the first infusion. Although the validity of this 
study has been questioned, it provides a feasible strategy for continuing 
enzyme therapy despite hypersensitivity reactions [294]. 

Anti-tumor compounds in herbal preparations have received 
increasing attention because of their efficacy, affordability, and low 
toxicity [295]. One of these traditional drugs is ursolic acid (UA), which 
regulates multiple signaling pathways to induce apoptosis and auto
phagy in tumor cells. Its potential anti-tumor activity and mechanism of 
action have been studied and verified in malignant tumors such as 
colorectal and breast cancers. To overcome obstacles such as poor water 
solubility, low bioavailability, and systemic toxicity of UA in practical 
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Fig. 7. The charge-conversion biomimetic nanocomposite (Ang-RBCm-CA/siRNA) can facilitate RNAi therapy for GBM in situ. A) Schematic of the prep
aration process and mechanism of action of Ang-RBCm-CA/siRNA. B) TEM images of Ang-RBCm-CA/siRNA incubated at pH 7.4 or 5.0 for 1, 2, or 3 h. Scale bars =
200 nm. C) Illustration of Ang-RBCm-CA/siRNA membrane disruption triggered by low pH. D) Bioluminescence and Cy5-siRNA fluorescence images of major organs 
from nude mice bearing human GBM tumor after intravenous injection of different siRNA-loaded nanoformulations or free siRNA. E) CLSM images of orthotopic 
U87MG human GBM cells following transfection with Ang-RBCm-CA/siRNA for 4 h. Scale bars = 200 μm. The scale bars of FAM-labeled siRNA concentration were 
200 nm. (Reproduced with permission from Ref. [290]. Copyright 2020, American Chemical Society). 

J. Ding et al.                                                                                                                                                                                                                                     



Materials Today Bio 24 (2024) 100913

19

applications, Wu et al. designed a UA-loaded RBCM-coated biomimetic 
nanoplatform (UMNPs). The platform exhibited improved water solu
bility, stability, biosafety, immune escape, and tumor accumulation 
ability. Primarily, results from in vitro and in vivo models showed that 
UMNPs significantly inhibited the migration and invasion of non-small 
cell lung cancer (NSCLC) cells and promoted their apoptosis and auto
phagy through the caspase cascade pathway and intracellular ROS 
activation, among other pathways, with superior anti-tumor activity to 
UA [296]. Ji et al. prepared a novel icariin (ICA) biomimetic targeting 
nanoformulation and reported similar findings, showing enhanced 
anticancer efficacy against NSCLC and reduced ICA side effects [297]. 
These studies indicate that bionic nano-carriers can overcome the lim
itations of traditional Chinese medicine preparations in cancer precision 
treatment and provide a promising platform for their applications. In 
addition, other natural compounds with anti-tumor activity have been 
similarly studied and reported by Juglone et al. [298]. A plethora of 
traditional Chinese medicine constituents possessing anti-cancer attri
butes have been largely overlooked, such as ginsenoside. Numerous 
studies have substantiated the capacity of ginsenosides and their me
tabolites to elicit anti-tumor effects via intricate mechanisms, encom
passing the inhibition of tumor proliferation, invasion, and metastasis, 
facilitation of tumor apoptosis, induction of tumor autophagy, and 
augmentation of immune regulation [299,300]. Although pertinent bi
onic NP immune evasion tactics have been devised and implemented to 
stimulate anti-tumor immunity, their implementation in the realm of 
RBCs necessitates additional experimentation [300]. 

PD-L1 is mainly located in the plasma membrane and binds to pro
grammed death 1 (PD-1) to regulate immune responses. However, the 
role of non-plasma membrane (NPM)-localized PD-L1, which is highly 
expressed in osteosarcoma, is not limited to immune regulation. Wu 
et al. previously demonstrated that NPM PD-L1 interacts with insulin- 
like growth factor-binding protein-3 (IGFBP3) to promote osteosar
coma growth by activating the mammalian target of rapamycin (mTOR) 
signaling. This interaction is enhanced by the phosphorylation of PD-L1 
terminal, mediated by phosphoglycerate kinase 1. Based on these find
ings, they designed and synthesized a PD-L1 phosphomimetic peptide 
embedded in RBCM-coated cyclic RGD (cRGD)-modified nanocapsules. 
These data suggest that this mimetic peptide can significantly inhibit 
osteosarcoma tumor growth after intratumoral injection by disrupting 
the formation of the PD-L1/IGFBP3 complex [301]. This approach not 
only combines RBCM and peptide therapies but also facilitates the use of 
RBCM for drug delivery. 

5.2. Phototherapeutic media 

5.2.1. Background 
ROS, including oxygen radicals and their derivatives, are inevitable 

byproducts of oxidative metabolism in all aerobic organisms [302]. ROS 
are particularly unstable and react rapidly with almost all biomolecules 
including proteins, lipids, and nucleic acids [303]. ROS play both 
pro-tumor and anti-tumor roles in tissue damage. Moderate levels of 
ROS can induce DNA damage, leading to mutations in oncogenes or 
tumor suppressor genes. If these injuries are not properly repaired, they 
might affect cell cycle genes, leading to abnormal proliferation, that is 
carcinogenesis [304]. In contrast, high levels of ROS are cytotoxic and 
can damage the integrity of the cell membrane and cause lipid peroxi
dation [305]. Moreover, excessive ROS can enhance the permeability of 
mitochondria, leading to the release of cytochrome c and other apoptosis 
inducers that activate the intrinsic apoptotic pathway [306]. These 
processes ultimately lead to cell senescence, death and apoptosis. Hence, 
numerous anticancer therapies elicit their therapeutic outcomes through 
the generation of ROS and the induction of apoptosis [307]. 

Given the role of ROS in cancer progression, non-surgical ROS- 
mediated therapies, including chemodynamic therapy (CDT), photo
therapy, and RT, have become new options for cancer treatment due to 
their noninvasive, intrinsic tumor selectivity [308]. CDT refers to 

altering the TME by weak acidity, H2O2, hypoxia, or high GSH levels to 
produce abundant ROS at the tumor site through Fenton- or Fenton-like 
reactions to kill cancer cells [272,309]. However, the amount of ROS 
produced during this process is limited by the concentration of endog
enous H2O2 in tumor cells, which may reduce its anticancer efficacy 
[310]. Phototherapy effectively eliminates tumor cells via a 
photosensitizer-mediated photothermal effect. It has been widely used 
as a minimally invasive adjuvant treatment for superficial tumors, 
mainly in photodynamic therapy (PDT) and PTT [311]. PDT converts 
the absorbed light into ROS in different ways, leading to oxidative stress 
and cell death. However, PTT converts absorbed light into thermal en
ergy through a non-radiative transition, which causes the temperature of 
tumor cells to rise, inducing cell death [312,313]. Phototherapy has the 
advantages of being noninvasive, precise, safe, and effective. However, 
its effectiveness, as opposed to CDT, is largely limited by the penetration 
of external laser irradiation and the hypoxic nature of the tumor envi
ronment [314–316]. 

Several studies have been conducted to enhance the supply of ROS to 
achieve profound anti-tumor effects. Some nanomaterials can be used as 
catalysts for CDT or photosensitizers in phototherapy to enhance ROS 
production [186,317]. Wang et al. incorporated in situ lactate oxidase 
and the anti-glycolytic drug Mito-LND into CaCO3-coated Fe3O4/g-C3N4 
NPs. They successfully developed a multifunctional nanomaterial plat
form (FGLMC) based on an increase in ROS generation at multiple levels. 
They also verified that the nanoplatform has excellent ROS generation 
ability and can exert powerful anticancer effect in combination with 
CDT, PDT, and other treatments [318]. 

5.2.2. Application 
Wang et al. constructed an innovative RBC-derived DDS by surface 

modification and internal loading of RBCs extracted from the whole 
blood of mice. Specifically, cRGD and ICG were conjugated to the RBC 
surface via biotin-avidin interactions. DOX was loaded into RBCs via 
hypotonic dialysis. The physicochemical properties, drug release, 
cellular uptake, targeting ability, and therapeutic effects of the RBC 
constructs were tested. The morphology and physical and chemical 
states of the cells remained stable before and after drug loading as well 
as within 7 days of storage, and cells showed higher DOX release effi
ciency, targeting ability, and cellular uptake [78]. This study found that 
a combination of chemotherapy and PTT could better control tumor 
growth and provide a new niche for the clinical treatment of cancer. In 
addition to targeted peptide modification, folate, HA, and low-density 
lipoprotein antibodies can be added to the RBCM to enhance the tar
geting performance and improve therapeutic efficacy [319–321]. 

Iron-porphyrin-based metal-organic frameworks (MOFs) exhibit 
excellent performance in PDT owing to their porosity and highly specific 
surface area, which lead to good adsorption and catalytic effects. Zhao 
et al. successfully designed and constructed a novel MOF-based iron 
oxide (FeTCPP/Fe2O3) nanocrystal carrier using liquid diffusion (Fig. 8). 
This was then chemically modified by RBCM coating and an AS1411 
aptamer, in which TCPP was used as an organic ligand to coordinate 
with ferric chloride. After coating with RBCM, the nano-bulk structure 
maintained integrity, and the residence time in circulation and in tissues 
increased. Both cellular assays and animal models showed that the 
nanocapsules catalyzed the decomposition of H2O2 via Fenton or 
Fenton-like reactions, thereby exerting significant synergistic effects on 
CDT and PDT in tumor inhibition [322]. This study provides a reference 
for the use of MOF materials in combined anti-tumor therapy of CDT and 
PDT. Similarly, Li et al. prepared an RBC-mimetic nanocatalyst con
structed using a mixture of iron-porphyrin-based MOFs and RBCM and 
confirmed that this catalyst could induce systemic immune responses 
and ICD by promoting the release of TAAs and DAMPs [323]. This 
suggests that the free radical “storm” induced by nanocatalysts has a 
synergistic effect with immunotherapy. 

Moreover, other types of nanomaterials have been applied to pho
totherapy and demonstrated improved photothermal conversion 
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efficiency. These include mesoporous silica NPs, Prussian blue (PB) NPs, 
graphene oxide quantum dots, zeolite imidazole salt frameworks, and 
polydopamine NPs [244,255,324–326]. Chen et al. combined PB NPs 
with high catalase activity and MnO2 NPs with a GSH-depleting function 
to prepare MnO2-coated PB nanocomposites which were subjected to 
photosensitizer loading, tumor-targeting peptide (RGD) modification 
and RBCM vesicle camouflage (Fig. 9). The in vitro data showed that the 
NPs effectively alleviated tumor hypoxia by converting endogenous 
H2O2 to O2 and depleting GSH. In a mouse model, the tumor inhibition 
rate of the PDT/PTT group using these NPs was 92.9 %. An in vivo study 
demonstrated their excellent photothermal properties and anti-tumor 
effects. At the same time, tumor-targeting peptide modification and 
RBCM coating significantly improved the active targeting and immune 
evasion capabilities of nanobodies [255]. 

5.3. Radiotherapeutic sensibilization 

Because of its ability to deliver a sufficient radiation dose that kills 
tumor cells but falls within healthy tissue tolerance limits, RT has 
become the primary treatment for patients with local malignant tumors. 
However, RT therapeutic efficacy is decreased by a hypoxic environ
ment. Various strategies aiming at improving oxygen supply in the 
hypoxic regions of tumors to enhance the efficacy of RT have been 

investigated. These include RBCs and NPs with oxygen-carrying char
acteristics [246,327]. 

For example, Zhou et al. found in a previous study that internalized 
RGD (iRGD) can enhance radiation efficacy by remodeling the pene
tration of tumor tissues while free iRGD was rapidly consumed by 
metabolism in the body (Fig. 10). Accordingly, their group designed and 
manufactured an RBC-iRGD to target the tumors and enhance RT. They 
subsequently evaluated its safety and efficacy in a mouse model of 
subcutaneous gastric tumors and found that mice treated with RBC- 
iRGD and RT had a significantly increased reduction in tumor volume 
compared with the control group, without showing adverse effects on 
body weight or major organs during the preparation and treatment 
procedures [327]. 

6. Ongoing clinical trials 

Rubius Therapeutics has successfully engineered RBCs to serve as 
cellular drugs capable of eliciting an anti-tumor immune response 
through the activation of pathways such as 4-1BB and IL-12/15, exem
plified by RTX-224/240. Initial clinical trials have demonstrated tumor 
response in select patients; nevertheless, both investigations were pre
maturely terminated. 

In addition, there are also multiple ongoing clinical trials to evaluate 

Fig. 8. Schematic of the ferric oxide loaded metal-organic frameworks (FeTCPP/Fe2O3 MOFs) nanopore for PDT. A) Formation mechanism of FeTCPP and 
FeTCPP/Fe2O3 nanopores based on MOFs. B) Schematic diagram of MOFs@RBCs@AS1411 nanopore for tumor targeted PDT. C) SEM images of FeTCPP and FeTCPP/ 
Fe2O3 nanopores based on MOFs. Scale bars = 500 nm. D) Fluorescence images of cancer cells after co-incubation of different concentrations of FeTCPP/Fe2O3 
nanoparticles based on MOFs with dyes (green/red, live/dead). Scale bars = 100 μm. (Reproduced with permission from Ref. [322]. Copyright 2020, American 
Chemical Society). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 9. Based on MnO2-coated Prussian blue (PM) NPs, TME-reprogrammed multifunctional nanocomposites containing the PB NPs core, MnO2 shell and 
Ce6-embedded erythrocyte membrane (designated PMRCR NPs) can enhance the anti-tumor effect of PDT/PTT. A) Schematic illustration of the preparation 
of PMRCR NPs and the mechanism against cancer cells through enhanced PDT/PTT. B) TEM images of PB NPs, PM NPs and PMRCR NPs. Scale bars = 50 nm. C) 
Fluorescence images of intracellular hypoxia levels with different treatments under hypoxic conditions. D) ROS imaging. (Reproduced with permission from 
Ref. [255]. Copyright 2023, Royal Society of Chemistry). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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the effectiveness of engineered RBCs in the treatment of malignant tu
mors and an even larger number are under development. Several clinical 
trials (including NCT06026605 and NCT06106152) are underway to 
investigate the safety, tolerability, and efficacy of the erythrocyte-anti- 
PD-1 antibody conjugate (WTX212) in patients with advanced malig
nant tumors. Among them, a single-arm, open-label, dose-escalation/ 
expansion phase I trial (NCT05707325) is currently being conducted 
at multiple centers. The study is expected to address PD-1 treatment 
failure by engineering RBCs to specifically target the PD-1 inhibitor 
pembrolizumab to spleen tissue and activate T cells. Also, a single-arm, 
multicenter, open-label, phase I trial (NCT04292743) is evaluating the 
effects of eryaspase encapsulated in donor RBCs (an engineered L- 
ASNase) in combination with FOLFRINOX regimens (5-fluorouracil, 
leucovorin, irinotecan, and OXA) on efficacy and prognosis in patients 
with advanced and metastatic pancreatic cancer. The results of these 
ongoing clinical trials are highly awaited. 

7. Challenges and limitations 

These successful preclinical trials have provided evidence that RBC- 
derived biomaterials can address the many challenges faced by tradi
tional delivery systems in cancer therapy. However, studies on RBC- 
derived materials are mostly in the conceptual design stage and have 
only been validated through cellular or animal experiments. There 
remain many obstacles and challenges to overcome before the transition 
from preclinical research in laboratories to clinical trials. 

7.1. Unintended effects and safety 

It is worth noting that RBC-derived materials may cause potential 
toxicity and harmful effects in humans, which need to be further 
explored and evaluated. 

7.1.1. Possible storage lesion 
RBC storage lesions might occur. RBCs are readily available in the 

blood and can be stored for long periods after processing [29]. However, 
with the extended storage time, loss of endogenous antioxidants inevi
tably occurs. Therefore, RBCs may undergo changes in their physical 
and chemical properties, as well as in cell morphology, and potentially 
toxic bioactive substances may be released [328,329]. 

7.1.2. Possible immune response 
Although RBCs, their membranes, and EVs exhibit good biocom

patibility, a comprehensive understanding of their intricate character
istics remains incomplete. Different blood groups may lead to immune 
rejection, such as hemolytic reactions triggered by mismatched blood 
groups [330]. Therefore, when extracting the RBCM, it is necessary to 
determine whether the blood group is compatible with that of the 
recipient and whether cellular components of the blood and other 
components of erythrocytes are completely removed. Furthermore, 
empirical evidence has substantiated that the alteration of PEG polymers 
on the exterior of RBCMs can effectively impede alloimmunity within 
the framework of the RBC transfusion [331]. 

7.1.3. Harmful over-embellishment 
During the processing of RBCs and their associated membrane 

structures (RBCM and RBCEVs), excessive modification has the potential 
to disturb the asymmetry of the cell membrane and cytoskeleton, 

thereby exerting detrimental impacts on biocompatibility, as discussed 
below. This is also one of the potential risks of RBC-based DDSs in 
clinical application [42,94]. 

First, when RBCs undergo mechanical damage, their deformability 
and plasticity are reduced, leading to hemolysis and the subsequent 
release of a significant amount of cell-free Hb and heme into the 
bloodstream. The pro-oxidative characteristics of cell-free Hb, along 
with the active interaction between heme and peroxides, can induce the 
liberation of cholesterol, the synthesis of lipid peroxidation, and the 
conglomeration of protein and iron, which results in the release of ROS 
and inflammatory mediators in substantial quantities. This exacerbates 
the manifestation of oxidative stress, inflammatory reaction, and a 
cytokine storm. Ultimately, the integrity of vascular endothelial cells 
becomes compromised, leading to the subsequent deterioration and 
destruction of tissues and organs [332–335]. 

Secondly, the deformability of RBCs results in abnormal shape, 
hindering their regular circulation within the bloodstream and elevating 
blood viscosity [336,337]. This phenomenon can result in the impeded 
passage of RBCs within constricted areas of circulation, consequently 
diminishing the velocity of blood flow. Subsequent to vascular impair
ment, lipids and other compounds may accumulate on the intimal layer 
of blood vessels, culminating in plaque formation and ultimately 
contributing to the occlusion of small arteries and disruption of micro
circulation. Moreover, this process significantly augments the preva
lence of atherosclerosis and thrombotic microangiopathy [338,339]. 

Thirdly, the destruction of the RBC structure leads to the exposure of 
its internal phosphatidylserine (PS) on the outer surface of the plasma 
membrane. The exposed PS will serve as the primary location for pro
thrombin assembly and activation of the clotting cascade, thereby 
initiating blood clotting and facilitating thrombosis [335,340–343]. 
Furthermore, the ROS and powerful oxidants produced by the above 
processes have the potential to trigger platelet activation, and subse
quently form platelet-white blood cell aggregates. These aggregates can 
further intensify the clotting mechanism, and potentially culminate in 
thrombosis [42,105,334,344]. 

Lastly, the abnormal activation of complement cannot be dis
regarded due to its crucial role in defense against infection and main
tenance of immune homeostasis. The initiation of the protease cascade 
of complement can occur through three distinct pathways, namely the 
classical, alternative, and lectin pathways. Each of these pathways ul
timately results in the activation of a shared terminal pathway, known as 
C3 and C5 invertase, which subsequently catalyzes the cleavage of C3 
and C5 molecules. This cleavage result serves to activate downstream 
inflammatory responses and amplify the complement cascade. The 
culmination of these processes results in the generation of MAC and the 
chemotactic response of allergenic toxins towards leukocytes. Hence, 
dysregulation of the complement system can engender deleterious re
sponses within the host, potentially giving rise to pathological condi
tions, including autoimmune disorders and transfusion reaction- 
mediated diseases [345,346]. 

Within the context of homeostasis, a diverse array of complement 
regulatory proteins can be found in both plasma and erythrocyte 
membrane. These proteins can be categorized as either soluble proteins 
or membrane binding proteins, with the purpose of preventing aberrant 
complement activation and subsequent self-lysis of cells [347]. Unlike 
nucleated cells, RBCs do not express CD46, also known as membrane 
cofactor protein. Their membrane binding components primarily consist 
of CD55 (also referred to as DAF) and CD59. CD55 functions to expedite 

Fig. 10. Schematic representation of the iRGD-modified RBCs for tumor targeting and RT enhancement. A) Illustration of the preparation of RBC-iRGD and its 
therapeutic application in a mouse model. B) Evaluation of fluorescence intensity of increased tumors from mice injected with different RBC preparations. C) 
Subcutaneous tumor-bearing nude mice were established, followed by injection of different RBC preparations and tumor tracking. The red dashed line indicates the 
subcutaneous tumor. D) Evaluation of organ fluorescence intensity for safety purpose. E) Schematic representation of the generation of a mouse model of gastric 
subcutaneous tumors, RT (5 Gy, 3 fractions), and injection of RBC preparations to monitor tumor growth. F) HE-stained sections of major organs from mice different 
treatments. Scale bars = 200 μm. (Reproduced with permission from Ref. [327]. Copyright 2022, Journal of Gastrointestinal Oncology). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

J. Ding et al.                                                                                                                                                                                                                                     



Materials Today Bio 24 (2024) 100913

24

the degradation of C3 and C5 invertase, whereas CD59 disrupts the 
formation of MAC, thereby impeding complement activation [345,348]. 
CR1 (also referred to as CD35) can be anchored in the plasma mem
brane, while is also present in soluble form in plasma [349]. CR1 plays a 
crucial role in regulating the activation of complement by accelerating 
the decay of C3 convertases in the aforementioned three pathways. 
Additionally, it actively contributes to the elimination of immune 
complexes and pathogens [345]. Among soluble regulatory proteins, C1 
esterase inhibitor and C4B-binding protein are responsible for regulating 
the classical pathway, while H factor (FH) and factor H-like protein 1 
serve as the primary regulators of the alternative pathway [350]. It is 
worth mentioning that FH has the ability to regulate complement acti
vation through its interaction with sialic acid present on the surface of 
host cells, thereby exerting a protective influence on host cells and tis
sues [351,352]. 

In view of this, the interaction between complement and RBC car
riers needs further study and discussion. During the biotin-avidin 
modification process on RBC surfaces, Muzykantov et al. discovered 
that the binding of avidin triggers the activation of the complement 
alternative pathway, leading to the lysis of the modified RBCs. Addi
tionally, the clearance of RBCs is intricately linked to the density of 
biotin present on the membrane surface and the manner in which biotin 
binds to these RBCs [103,353,354]. Zaltzman et al. demonstrated that 
RBCs subjected to biotin-avidin treatment exhibit a heightened suscep
tibility to complement activation, potentially attributed to the presence 
of CD59 and DAF [355]. Further investigation is warranted to explore 
the potential adverse effects of alternative methods of modifying RBCs in 
conjunction with the involvement of the complement system. 

7.1.4. Unclear toxicological reaction 
In addition, the magnitude of the risk of human exposure to NPs 

cannot be determined because of the lack of toxicological data on NPs 
[137]. NPs exhibit distinct behaviors within the human body compared 
to their behavior in external environments, and typically undergo 
complex biodegradation, metabolism, and excretion processes [335, 
356]. For example, it has been proven that NPs such as precious metals 
and metal oxides can penetrate important biological barriers, including 
the BBB, intestinal barrier, and placental barrier, enriching the circu
latory, digestive, respiratory, urinary, and other systems and causing 
damage to target organs. The involved mechanisms are complex and 
include the production of ROS and induction of oxidative stress, causing 
DNA damage and altering protein structure and function [54,178,301]. 

Conducting experimental assessments using appropriate animal 
models is imperative in order to effectively address the aforementioned 
concerns and ascertain the equilibrium between the advantages and 
potential hazards associated with the proposed intervention. 

7.2. Difficulties in preparation and production 

Primarily, the optimal RBC source is the use of autologous blood to 
prepare RBC-derived materials. However, because of the high clinical 
demand for blood and blood products, ensuring a stable source of blood 
is difficult [71]. In addition, the collected blood requires additional 
processing, which might involve mechanical changes and biochemical 
fluctuations, and carry a risk of contamination. All of these factors may 
affect the regular supply of blood products [357]. 

Additionally, it is difficult to achieve large-scale and efficient pro
duction of RBC-derived materials. On the one hand, the preparation 
methods for different types of RBC-derived materials are complex and 
diverse, and there is a lack of precise production standards and oper
ating guidelines for these constructs. This reduces the reproducibility of 
the process and makes it challenging to achieve mass production on an 
industrial scale [358]. On the other hand, specialized technologies such 
as the extraction and purification of RBCs and RBCM and the modifi
cation of NP materials need further optimization and control. If neces
sary, RBC characteristics, NP characteristics, and conventional 

parameters such as loading efficiency, cargo content, and cargo release 
behavior should be monitored [359]. It is also noteworthy that the 
variances in RBCEV size and population heterogeneity resulting from 
diverse separation methods are nearly unavoidable. Research has 
demonstrated that the fusion and aggregation of EVs can potentially 
hinder their yield and purity in plasma. Consequently, the imple
mentation of supplementary quality control measures is imperative to 
mitigate the limitations arising from the inherent variability within EVs, 
especially RBCEVs [109,360,361]. In addition, most of the existing 
material-related data come from cellular assays or animal models such 
as mice, but the complexity of the actual clinical environment may 
hinder clinical translation. Further experiments with larger animals and 
human trials are required [362,363]. 

Finally, storage and stability issues must be addressed after suc
cessful preparation. RBC-derived materials contain a variety of bioactive 
compounds such as proteins, lipids, and sugars. During long-term stor
age, their structure and function can be damaged by changes in the 
external environment [364]. Therefore, it is necessary to further develop 
and use cryoprotectants to ensure the integrity of the structure and 
function of RBC-derived materials and to extend their storage life. 

In conclusion, the utilization of RBC-based biomaterials encounters 
intricate regulatory obstacles. In contrast to entirely synthetic and 
clinically sanctioned nanomaterials such as liposomes and protein-based 
NPs, the incorporation of RBC components introduces supplementary 
management protocols primarily related to the equipment, technology, 
and processes for blood and cell collection, processing, and return [54]. 
Furthermore, the exorbitant expenses associated with engineering 
design utilizing RBCs as carriers pose a significant challenge in achieving 
immediate economic impact. Consequently, the clinical application of 
drug delivery vectors derived from RBCs for targeted tumor therapy 
remains elusive. 

8. Conclusions and prospects 

Both traditional and emerging cancer treatments have limitations, 
and their efficacy needs to be further improved. RBCs and their derived 
materials have a variety of excellent properties such as long circulation 
half-life and strong immune evasion ability. Research has proven their 
safety and efficacy as carriers for cancer treatment, in addition to their 
potential for a wide range of applications. This article systematically 
discusses the engineering design, pharmacokinetics, specific applica
tions, and obstacles to the application of RBCs and their derivatives in 
clinical settings, with the aim of contributing to the progress of this field 
in clinical trials. 

As a new “hot spot” in the field of biomedicine, RBCs and their de
rivatives have a large potential for progress in research and technology. 
As membrane modification technology develops based on a single RBCM 
coating, it can be further hybridized or fused with other biofilms and 
liposomes to obtain different desired characteristics and expand its 
application range. Future studies should focus on different types of 
biofilms and sources of NPs to expand the field and solve urgent medical 
problems. 
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