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Abstract

The cell membrane-coated nanoparticle is a biomimetic platform consisting of a nanoparticulate 

core coated with membrane derived from a cell, such as a red blood cell, platelet, or cancer cell. 

The cell membrane “disguise” allows the particles to be perceived by the body as the source cell 

by interacting with its surroundings using the translocated surface membrane components. The 

newly bestowed characteristics of the membrane-coated nanoparticle can be utilized for biological 

interfacing in the body, providing natural solutions to many biomedical issues. This Topical 

Review will cover the interactions of these cell membrane-coated nanoparticles and their 

applications within three biomedical areas of interest, including (i) drug delivery, (ii) 

detoxification, and (iii) immune modulation.
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INTRODUCTION

The recent use of nanotechnology has offered new ways to address old problems in the 

biomedical field due to the novel properties of nanoparticles, including high drug loading 

and controlled release,1 delivery of hydrophobic drugs,2 access to multiple endocytic 

routes,3 and passive accumulation in certain organs based on size, shape, or surface 

charge.4–5 These combined characteristics have been used for many impactful therapeutic 

applications, including drug delivery,6–7 vaccination,8–10 gene delivery,11 and 

antimicrobial.12 Another main benefit of nanoparticles is the ability to functionalize the 

surface with moieties such as targeting ligands,13 polymers,14 imaging dyes,15 enzymes,16 

and other biomolecules.17–18 The external decoration of nanoparticles can increase the 

bioavailability of the encapsulated drugs without directly modifying them, and the high 

surface area to volume ratio allows the nanoparticles to be more reactive to their 

environment. Surface functionalization is particularly taken advantage of for actively 

targeting particles to specific disease sites,19–20 tumor drug delivery,21–22 toxin 

removal,23–25 and vaccination.26–28

There has been increasing interest in creating biomimetic nanoparticles to facilitate the 

development of therapeutics for poorly-understood or biologically complex applications. 

Surface functionalization is commonly a bottom-up technique, where moieties are 

individually incorporated onto the particle surface via chemical conjugation or non-covalent 

binding.29 These strategies are often singular and only exploit known biological interactions. 

However, in reality, efficient biological interfacing is oftentimes multifactorial and involves 

mechanisms not yet fully elucidated. For challenging applications, including highly specific 

targeted drug delivery, antibiotic-resistant bacterial infections secreting unknown toxins, 

autoimmune diseases, and cancer immunotherapy, nanoparticle platforms that look beyond 

traditional paradigms and instead directly harness the carefully evolved, multivalent, and 

multi-specific interfaces found in nature are highly desirable.

A recent and exciting development in biomimetic nanoengineering is the cell membrane-

coated nanoparticle, which consists of a core material coated with membrane derived from a 

source cell. The first cell membrane-coated nanoparticle used red blood cells (RBCs) as the 

source cell, with the RBC membrane derived by hypotonic treatment and coated onto 

negatively charged polymeric nanoparticles by extrusion.30 Cell membrane coating 

technology has now expanded to include particles coated with the membrane of nucleated 

cells, which can be separated from nuclear and mitochondrial components through a sucrose 

gradient31 or differential centrifugation32 with very little contamination from those 

intracellular contents. Particles have also been coated using a sonication method33 or formed 

inside of cell vesicles using a cell membrane-templated gelation technique.34 These methods 

have each been found to fully coat the particles and retain cell surface proteins in a right-
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side-out manner.35–36 This is believed to be due to the asymmetric charge of the cell 

membranes, which causes them to coat around the particle cores in a manner that minimizes 

charge repulsion. With these coating techniques, it has been shown that nanoparticle cores 

ranging from 65 nm to 340 nm in diameter can be successfully coated. Depending on the 

application, the size of the cell membrane-coated nanoparticles can be tuned to have certain 

properties such as high cargo loading, long circulation, or deep tumor penetration. In 

addition, the coated nanoparticles remain stable under high shear stress conditions, making 

them a suitable platform for in vivo therapeutic use.37

Being a top-down method, cell membrane coating is able to retain the complex makeup of 

the entire cell surface on the nanoparticle, bypassing the need for complicated chemistry and 

the identification of individual membrane components. These particles have demonstrated 

the ability to function well within the body, appearing as the source cell and using the 

multiple interactions occurring between the cell membrane and its substrates. This Topical 

Review will examine the use of cell membrane-coated nanoparticles for (i) drug delivery, (ii) 

detoxification, and (iii) immune modulation (Figure 1).

DRUG DELIVERY

Stealth Coating and Non-Specific Drug Delivery

A major hurdle for many in vivo applications of nanoparticles is rapid immune system 

clearance. The immune system is trained to capture and excrete foreign substances 

introduced into the body and further train the body for quick clearance of the foreign 

material upon reintroduction. This phenomenon can necessitate high dosages to compensate 

for the large amounts cleared from the body, leading to an increased risk of side effects. One 

widely accepted solution is the functionalization of nanoparticles with polyethylene glycol 

(PEG), often termed PEGylation. PEG works to form a flexible polymer brush layer on the 

surface of the nanoparticle, which prevents opsonization due to steric hindrance. Without the 

adsorption of opsonins on the surface, the PEGylated nanoparticles are able to escape uptake 

by phagocytic cells, increasing the circulation time within the body dramatically.38–39 

However, there have been recent concerns regarding the immunocompatibility of PEG; some 

patients can have preexisting anti-PEG titers, or develop immune responses after repeated 

injections.40

RBC membrane-coated nanoparticles have emerged as a novel strategy to improve the 

circulation half-life of nanoparticles. RBCs naturally have a long circulation life in the body, 

with a lifetime of 100–120 days before immune clearance. This is in part due to the 

interaction between CD47, the “marker-of-self” protein found on the RBC surface, and 

signal-regulatory protein alpha, SIRPα, expressed by phagocytic cells. The SIRPα 
glycoprotein recognizes CD47 as a “don’t eat me” signal and then inhibits phagocytosis of 

RBCs by immune cells.41 RBC membrane coating onto nanoparticles preserves the CD47 

marker, taking advantage of the CD47-SIRPα interaction to allow for long circulation of the 

particles. Hu et al. have shown that, by coating poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles with RBC membrane, surface CD47 is retained at a density similar to native 

RBCs with the correct orientation, which lends a 64% reduction in macrophage engulfment 

in vitro (Figure 2).42 Further, these RBC membrane-coated nanoparticles have been shown 
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to have an elimination half-life of 39.6 hours, compared to 15.8 hours for comparable 

PEGylated nanoparticles.30 Other works have corroborated these results and utilized RBC 

membrane coating to extend the circulation of various nanostructures.43–44 Rao et al. in 

particular have also shown that RBC membrane-coated nanoparticles have reduced 

reticuloendothelial system uptake and no obvious in vivo toxicity.45–46 Further, upon 

repeated administration the particles elicited no cellular or humoral immune response.46

Cell membrane coating for immune evasion has been expanded by using other cell types for 

coating materials. Leukocyte membrane-coated porous silica particles have been developed 

by Parodi et al., with the leukocyte membrane retention of sialic acid and N-

acetylglucosamine glycans important in cellular self-recognition, serving to reduce binding 

to similar immune cells. For particles coated with J774 macrophage-like cells, there was a 

75% decrease in uptake by J774 cells, and for particles coated with THP-1 cells, there was a 

50% decrease in THP-1 uptake.47 Macrophage cells have also been used to coat particles to 

extend circulation time for improved photothermal therapy.48 Platelets, which circulate 

through the body to survey for damage, can also impart nanoparticles with immune evasion 

through mechanisms such as CD47-dependent reduction of macrophage uptake and 

prevention of complement activation via CD55 and CD59.49–50

These stealth properties have been particularly useful for non-specific cancer drug delivery 

by taking advantage of the enhanced retention and permeation (EPR) effect. Tumor growth 

is characterized by angiogenesis, which is the rapid growth of new blood vessels to provide 

adequate oxygen and nutrients to the growing cancer cells. The new vessels are often 

abnormally formed and leaky, so nanoparticles can preferentially be taken up into the tumor 

site via extravasion, and stay at the tumor site for an extended period of time.51 Stealth 

coating improves the circulation time and therefore increases the chance of the particulate 

drug getting into the tumor via the EPR effect. For this reason, RBC membrane-coated 

nanoparticles can accumulate in tumors and enhance delivery of chemotherapeutics such as 

docetaxel, doxorubicin (DOX), and paclitaxel either alone or in combinations.52 Once inside 

the cell, cargo can be slowly released by natural diffusion through the membrane as the 

polymer matrix degrades53 or rapidly released through external manipulations such as 

ultraviolet triggered membrane degradation.54 These biomimetic nanocarriers are also 

immunocompatible and can improve treatment safety. Luk et al. found that RBC membrane-

coated nanoparticles delivering DOX to established lymphoma tumors could double survival 

time of mice compared to control mice, with no systemic release of inflammatory cytokines 

and no myelosuppressing indications like low white blood cells count that is typical of free 

DOX administration.55

Targeted Drug Delivery to Tumors

Besides angiogenesis, tumor growth is also dependent on interactions between individual 

cancer cells. Homotypic binding occurs when cancer cells adhere to one another, allowing 

for the growth of tumor masses. Fang et al. took advantage of these cancer cell surface 

adhesion domains by coating polymeric nanoparticles with membrane derived from MDA-

MB-435 breast cancer cells. The cancer cell membrane-coated nanoparticles (CCNPs) had a 

20-fold increase in uptake by source cells as compared to RBC membrane-coated 
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nanoparticles.56 Nanoparticles coated with the membrane of 4T1 breast cancer cells have 

been found to retain other adhesion molecules such as Thomsen-Friedenreich antigen, E-

cadherin, CD44, and CD326, and facilitate the delivery of paclitaxel to primary as well as 

metastatic tumors.57 Similar results were found with cancer cell membrane-coated, DOX-

loaded magnetic nanoparticles. In mice burdened with two tumors of different cell line 

sources, particles were taken up into their autologous tumor 3-fold higher than into the 

competitive tumor of a different cancer source. DOX delivery by these particle clusters also 

allowed for reduced growth of autologous tumors.58

Solid tumors require an increased recruitment of various cell types to promote rapid cell 

growth. Stem cells are often recruited to the tumor site due to the increased demand for 

connective stromal cells in the area. This demand is met by engraftment of mesenchymal 

stem cells in tumors, mediated by integrin-ICAM and integrin-VCAM interactions.59–60 

Taking advantage of this recruitment, DOX-loaded gelatin nanoparticles coated with 

mesenchymal stem cell membrane preferentially accumulate in tumor sites and can enhance 

tumor destruction with the release of DOX.61 Macrophages and their monocyte precursors 

are also drawn to tumor sites, partially due to surface expression of CD49d, a heterodimeric 

integrin that binds to VCAM1 on target cells. DOX-loaded nanoparticles coated with 

membrane derived from these cells have been shown to increase drug uptake into MCF-7 

breast cancer cells and also reduce 4T1 tumor growth.62–63

Platelets serve a special function for circulating cancer cells. Circulating tumor cells can 

induce thrombus formation, which attracts local platelets to form a “shield” around the 

cancer cells to aid immune evasion and enable extravasation.64 This binding is likely due to 

the formation GPIIb-IIIa-fibrinogen bridges between the two cells, as well as interactions 

between P-selectin, expressed on platelets, and CD44, which is overexpressed in many 

cancer cells.65–66 Taking advantage of this relationship, platelet membrane-coated 

nanovehicles functionalized with tumor necrosis factor-related apoptosis-inducing ligand 

(TRAIL) cytokine and loaded with DOX cargo have been used to treat primary tumors and 

were shown to kill circulating tumor cells. After intravenous administration, the particles 

accumulate at tumor sites, significantly inhibiting primary tumor growth nodules in an 

established breast cancer model. Treatment with the particles also decreased the number of 

lung metastases in a circulating tumor cell model (Figure 3).50 Similarly, silica particles 

coated with platelet membrane and functionalized with TRAIL showed significant efficacy 

in reducing lung metastases formation when administered after an intravenous injection of 

luciferase-expressing MDA-MB-231 cells.67

Targeted Drug Delivery to Bacteria

There has been an increased interest in targeted drug delivery to bacteria due to the growing 

concern of antibiotic-resistant bacteria, such as methicillin-resistant staphylococcus aureus 
(MRSA). Similar to targeting of circulating tumor cells, platelet membrane-coated 

nanoparticles can also target to opportunistic bacteria, as bacteria also exploit platelets as a 

way to shield themselves from the immune system and localize to certain vulnerable 

tissues.68 Binding between platelets and bacteria is varied and complex, occurring through 

either direct adhesion via bacterial surface proteins or involving plasma bridging molecules. 
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Hu et al. fabricated platelet membrane-coated nanoparticles (PNPs) capable of multiple 

biological interactions (Figure 4A), and they have shown that coating vancomycin-loaded 

PNPs can improve binding to MRSA 12-fold compared to bare nanoparticles. This efficient 

binding greatly improves bacteria killing efficacy, decreasing overall bacterial load in the 

organs of mice better than free vancomycin at just one-sixth the clinical dose in a systemic 

MRSA challenge mouse model (Figure 4B).49

Targeted Drug Delivery to Inflamed Injuries

Delivery of drugs to sites of inflammation is important for proper wound healing and 

prevention of post-injury complications. Platelets and leukocytes home to sites of injury and 

inflammation in order to clot bleeding and facilitate formation of extracellular matrices, 

making these cells a natural choice for membrane coating. Leukocytes are able to traverse 

the endothelium, and leukocyte-coated nanoparticles have been found to also possess this 

function, enabling nanoparticles like porous silica to traffic through inflamed endothelium 

due to the retention of CD45, CD3z, LFA-1 and CD11a, showing potential for trans-

endothelium drug delivery.47 Platelets, on the other hand, bind to collagen in the 

subendothelium, which is exposed when the upper endothelium layer is damaged. This 

property has been used for the treatment of coronary restenosis, which occurs when the 

intima overgrows in response to injury, narrowing the artery and restricting blood flow. The 

retention of glycoprotein IV allows PNPs to also bind to exposed collagen, such as that in a 

damaged artery that could be susceptible to coronary restenosis. When loaded with 

docetaxel, the PNPs have been shown to bind to the exposed collagen in denuded rat artery 

and almost completely prevent overgrowth of the intima (Figure 4C).49

DETOXIFICATION

Pore Forming Toxins

Pore forming toxins (PFTs) are virulence factors secreted by bacteria that can cause 

considerable damage to the host cells and can facilitate pathogenesis by disrupting the 

membranes of target cells. For example, α-hemolysin (Hla) released from Staphylococcus 
aureus targets to RBCs and a number of nucleated cells, oligomerizes into a transmembrane 

structure on the cell surface, and lyses the cell. Without treatment, intoxication with PFTs 

like Hla, streptolysin-O, or melittin can cause skin necrosis and, in severe cases, death.69 As 

PFTs all use this general mechanism of membrane insertion, RBC-coated nanoparticles, 

which mimic the entire surface of an RBC, can serve as a valuable therapeutic for broad-

spectrum toxin neutralization. Termed “nanosponges”, these particles act as decoys, 

retaining toxins that insert into the RBC membrane and preventing them from lysing healthy 

RBCs. Hu et al. have shown that RBC nanosponges prevent skin lesions when premixed 

with Hla prior to subcutaneous injection. Further, during lethal intravenous Hla challenges, 

nanosponge administration can improve survival rate to 44% in a therapeutic setting, and 

89% in a prophylactic setting.70

The nanosponge technology can be further improved via integration with other biomedical 

platforms. Coating RBC membrane on Janus microparticles or synthetic motors incorporates 

dynamic mixing for improved interaction between decoy membrane and PFTs, which is 
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especially useful for blood or water supply detoxification.71–72 Conversely, hydrogel 

encapsulation of RBC-coated nanoparticles can localize the detoxifying particles to the area 

where bacteria are colonizing and releasing the most toxins, for example near a MRSA-

induced skin lesion. The improved localization and slow release of the nanosponges can 

synergistically provide impressive antivirulence efficacy.73 The exotoxin absorption property 

of RBC membranes can prove valuable in multi-step antibiotics systems as well. RBC-

coated gelatin particles have been used to absorb various different toxins released by six 

different bacteria species, drastically reducing hemolysis in all cases. After protecting the 

RBCs, the particles then degrade in the presence of gelatinase-positive bacteria, releasing 

loaded vancomycin and killing the bacteria (Figure 5).74

Organophosphates

Organophosphate poisoning occurs when the molecule irreversibly phosphorylates 

acetylcholinesterase, inactivating the enzyme and preventing breakdown of the 

neurotransmitter acetylcholine. The subsequent accumulation of acetylcholine can cause 

acute neuromuscular disorders and can be fatal.75 Organophosphate exposure is generally 

due to pesticide and insecticide use, but has also been implicated as a warfare agent. RBC 

nanosponges can be used to spare synaptic acetylcholinesterases and prevent symptoms by 

presenting decoy acetylcholinesterase on the membrane coating for the organophosphates to 

target. In the event of acute exposure to organophosphates, RBC nanosponges can circulate 

in the body for a long time, binding to the organophosphates until they can be safely 

metabolized in the liver. Pang et al. showed that in a lethal challenge with an intravenous 

injection of dichlorvos, an insecticide and organophosphate, untreated mice died in seven 

minutes, while impressively all RBC nanosponge-treated mice survived. To mimic a real-

world organophosphate exposure, mice were orally administered with a lethal dose of 

dichlorvos and then treated with RBC nanosponges. All treated mice survived the challenge, 

while 90% of untreated mice did not survive.33

IMMUNE MODULATION

Therapy for Autoimmune Disease

Autoimmune diseases manifest when the body attacks its own normal cells and is often 

characterized by the opsonization of target cells by pathological autoantibodies produced by 

B cells.76 Current treatments for such autoimmune disease include immune suppression via 
cytotoxic drugs, administration of other types of antibodies, and systemic glucocorticoids.77 

There are side effects to such broad immune suppression therapies, but the treatments are 

still clinically used as the underlying cause of many autoimmune diseases remains unknown. 

One such disease, autoimmune hemolytic anemia (AIHA) is characterized by the production 

of antibodies against the body’s own RBCs.78 RBC nanosponges have been used to act as an 

absorbent for autoantibodies against RBCs. These nanoparticles can sequester antibodies 

and protect the healthy RBCs from self-destruction by the body. In a mouse model of 

antibody-induced anemia, mice treated with RBC nanosponges were able to preserve their 

baseline RBC counts and saw no elevation in autoimmune antibodies.79
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Similar to AIHA, immune thrombocytopenia purpura (ITP) is characterized by the 

production of anti-platelet antibodies and a reduction of platelet counts in the blood. In the 

case of injury, the lack of sufficient platelets can lead to uncontrolled bleeding, which may 

be fatal. To treat ITP, PNPs have been used to neutralize the pathological anti-platelet 

antibodies. The platelet cell membrane coating serves as an alternate target for the 

autoimmune antibodies, sparing platelets from destruction. In an established mouse model of 

ITP, treatment with PNPs significantly preserved platelet counts, which resulted in much 

shorter bleeding times after tail tip excision when compared to no treatment or treatment 

with control PEGylated nanoparticles.37

Antibacterial Vaccination

Current vaccinations against bacteria utilize denatured toxins or bacteria as vaccines to 

generate a humoral response against these pathogens. However, a balance must be struck 

between safety and efficacy, as denaturing the pathogenic material eliminates virulence but 

can also alter the native structure of the antigen, training the body against non-authentic 

representations of the bacteria or toxins that it will need to identify and destroy. RBC 

membrane-coated nanoparticles have been shown to retain toxins in the membrane after 

absorption.70 Toxin-bearing RBC nanoparticles, or “nanotoxoids” safely neutralize the 

toxins while keeping them structurally intact, providing an ideal means for antitoxin and 

antibacterial vaccination without compromising safety. Nanotoxoids have been shown to 

detain Hla indefinitely and cause a significant increase in anti-Hla titers after a prime and 

two boost injections of the formulation (nanotoxoid(Hla)), over 15-fold higher than the titers 

induced by equivalent treatment with heat-treated Hla. In addition, the anti-Hla titers were 

sustained at similar levels for at least 150 days. After a lethal bolus dose of Hla toxin, 100% 

of the nanotoxoid-immunized mice survived (Figure 6).80 Wang et al. went further to show 

that the nanotoxoid(Hla) induced a large production of B cells with a germinal center 

phenotype, and when used to vaccinate against live, toxin-producing bacteria, could cause a 

14.7-fold decrease in overall bacterial burden.81

Alternatively, bacteria outer membrane vesicles (OMVs), which contain many of the same 

surface antigens as their source bacteria, can be directly coated onto gold nanoparticles to 

serve as an antibacterial vaccine. For example, E. coli OMV-coated nanoparticles can recruit 

dendritic cells to lymph nodes, and cause maturation as indicated by overexpression of 

CD40, CD80, and CD86 surface markers. After administration with the bacteria membrane-

coated nanoparticles, significantly higher E. coli-specific antibody titers were induced in 

mice and sustained for about 150 days; it was also determined that both cellular and humoral 

immune responses were activated in the process.82

Anticancer Vaccination

Cancer immunotherapy has garnered significant interest in the cancer research world. 

Although there have been some clinically approved cancer vaccines such as the short-lived 

Provenge, anticancer vaccination has not had a major breakthrough in terms of long lasting 

clinical success.83 The challenge of selecting the best source of cancer antigens to be 

included in the vaccine and managing the co-delivery of immune-stimulating adjuvants 

alongside the antigens can often hamper cancer vaccine development.84 Current vaccinations 

Kroll et al. Page 8

Bioconjug Chem. Author manuscript; available in PMC 2018 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



focus on either whole cell antigen sources, where lysed cancer cells are used as the target, or 

single antigen formulations, where individual cancer-specific peptides or proteins are used 

as the target. Whole cell vaccines present many antigens to the immune system, which is 

good for destroying a heterogeneous population of cells, but often results in weak immune 

responses due to the inclusion of a large amount of housekeeping protein.85 Single antigen 

formulations, on the other hand, can elicit a strong and focused immune response, but are 

limited by the identification of specific tumor-associated antigens, and even then the 

heterogeneity of tumors can still result in eventual immune escape.86 Cancer cell membrane-

coated nanoparticles hold promise as a cancer vaccine platform. Cancer cell membrane 

coatings can serve as an ideal source of antigen, providing a complete repertoire of the 

tumor surface antigens while minimizing inclusion of extraneous proteins that can dilute 

immune responses. Fang et al. explored a B16-F10 cancer cell membrane-coated 

nanoparticle, which retained multiple antigens on the particle surface. When the adjuvant 

monophosphoryl lipid A (MPLA) was inserted into the membrane coating, incubation of the 

particles with dendritic cells induced maturation. These particle-pulsed dendritic cells were 

shown to physically interact with and stimulate antigen-specific T-lymphocytes, indicating 

potential for generating strong and specific antitumor immune responses (Figure 7).56 The 

long-term immunomodulatory effect of administering these particles in vivo is the subject of 

current investigation.

CONCLUSIONS

Nanoparticles coated with the membrane of a cell can take on the functions and properties 

inherent to the source cell due to the faithful translocation of many membrane proteins, 

glycans, and lipids to the surface of the nanoparticles. These cell membrane-coated 

nanoparticles can interact with other cells and pathogenic materials using their cell surface 

coating, which can be leveraged for a wide variety of therapeutic purposes. The multivalency 

of interactions that can occur simultaneously allows these particles to interface with diseases 

at more than one stage, exhibit stronger binding to sites of interest, or train the immune 

system against many antigens for a strong and broad response. For other applications, like 

detoxification, the multi-specificity can be advantageous as a broad spectrum therapeutic.

So far, this nascent technology has been used mainly for applications involving RBCs, 

platelets, cancer cells, and bacteria. However, due to the expansive options of core materials 

and cell types that can be used for this platform, it can be envisioned that there will be rapid 

development of new cell membrane-coated nanoparticles for other novel biomedical 

applications, like disease detection, combination therapies, or organotropic cargo delivery 

using exosomes as a potential membrane source.87–88 Looking forward, cell membrane-

coated nanoparticles can also be endowed with additional properties not native to the cell 

membrane through additional surface functionalization, adding another degree of freedom to 

this already modular biomimetic platform.89–90
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Figure 1. 
Illustration showing three applications of cell membrane-coated nanoparticles. The particles 

can be used for targeted drug delivery to tumors, sites of inflammation, or pathogens via 

translocated surface markers (top right). They can also act as a decoy for toxins that damage 

cells through membrane interactions, safely detaining them and sparing their intended 

targets (top left). Finally, cell membrane-coated nanoparticles faithfully present antigens 

from their source cells and can be used for improved anticancer or antibacterial vaccination 

(bottom).
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Figure 2. 
Stealth properties of RBC membrane-coated nanoparticles (RBC-NPs). (A) Schematic 

demonstrating transfer of CD47 onto RBC-NPs. (B) Transmission electron microscopy 

image of an RBC-NP and a bare NP stained with uranyl acetate (top) or immunostained for 

the extracellular domain of CD47 (bottom). (C) Quantitative flow cytometry of particle 

uptake into murine macrophage cells after a ten-minute incubation period. (D) CD47 density 

on RBC-NPs with different RBC membrane to polymer ratios. Adapted with permission 

from reference 42. Copyright 2013, Royal Society of Chemistry.
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Figure 3. 
Platelet-mimicking nanovehicles (PM-NVs) for targeted cancer drug delivery. (A) Schematic 

of PM-NV targeting mechanisms to both circulating and primary tumor cells. (B) In vivo 
fluorescence imaging of PM-NV biodistribution in MDA-MB-231 tumor-bearing nude mice 

for (i) Cy5.5-labeled TRAIL-DOX-NVs (ii) and Cy5.5-labeled TRAIL-DOX-PM-NVs. (C) 

MDA-MB-231 tumor growth curves after intravenous injection of different TRAIL/DOX 

formulations. Error bars indicate s.d. (n = 5). Adapted with permission from reference 50. 

Copyright 2015, Wiley.
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Figure 4. 
Platelet membrane-coated nanoparticles (PNPs) for biointerfacing. (A) Illustration 

demonstrating how PNPs are capable of multiple interactions in the body. (B) In vivo 
bacterial load in selected organs after treatment with free vancomycin at 10 mg/kg 

(Vanc-10), RBC-NP Vanc-10, PNP-Vanc-10, or free vancomycin at 60 mg/kg times the 

dosing (Vanc-60) in a systemic MRSA challenge model. (C) Histological cross-sections of 

rat arteries from a coronary restenosis model after different treatments (top; scale bar = 200 

μm). Zoomed in images of arterial sections to highlight intima (I) to media (M) ratio 

(bottom; scale bar = 100 μm). Dtxl, docetaxel. Adapted with permission from reference 49. 

Copyright 2015, Macmillan Publishers Limited.
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Figure 5. 
RBC membrane-coated supramolecular gelatin nanoparticles (SGNPs@RBC) for three-step 

antibiotic treatment. (A) Schematic showing nanoparticle formulation and antibiotic 

treatment steps. (B) Hemolysis activity by toxins from six different bacteria before (top) and 

after (bottom) treatment with SGNPs@RBC. (C) 2D (top) and 3D (bottom) confocal 

microscopy images of bacteria killing by vancomycin-loaded SGNPs@RBC when exposed 

to gelatinase-positive bacteria (S. aureus). Adapted with permission from reference 74. 

Copyright 2014, American Chemical Society.
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Figure 6. 
Nanoparticle-detained toxins (nanotoxoid) for antivirulence vaccination. (A) Illustration of 

the nanotoxoid platform. (B) TUNEL assay on mouse skin 24 hours after injection with free 

α-hemolysin (Hla), heat-treated Hla (30 minutes), heat-treated Hla (60 minutes), or 

nanotoxoid(Hla). Scale bar = 400 μm. (C) Anti-Hla IgG titers over time for unvaccinated 

mice (black triangles) and mice immunized by nanotoxoid(Hla) with a single prime dose 

(blue circles) or a prime + boost (red circles). (D) Mouse survival rate over 15 days after 

bolus intravenous injection of Hla on day 21 after vaccination. Groups included no 

vaccination (black triangles), a single prime dose of heat-treated Hla (blue squares), a single 

prime dose of nanotoxoid(Hla) (blue circles), a prime + boost of heat-treated Hla (red 

squares), and a prime + boost of nanotoxoid(Hla) (red circles). Adapted with permission 

from reference 80. Copyright 2013, Macmillan Publishers Limited.
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Figure 7. 
Cancer cell membrane-coated nanoparticles (CCNPs) for anticancer vaccination. (A) 

Depiction of CCNPs for antigen delivery to dendritic cells. (B) Quantitative flow cytometry 

data of dendritic cell maturation when incubated for 48 hours with CCNPs coated with 

membrane from B16-F10 mouse melanoma cancer cells (B16-F10 CCNPs), with or without 

the adjuvant MPLA. (C) Phase contrast microscopy images of splenocytes derived from 

pmel-1 transgenic mice when incubated with dendritic cells pulsed with B16-F10 CCNPs, 

with or without MPLA. Scale bar = 25 μm. (D) IFNγ ELISA of supernatant collected from 

co-culture at 24, 48, and 72 hours. UD, undetectable by ELISA. Adapted with permission 

from reference 56. Copyright 2014, American Chemical Society.
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