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Abstract

Red blood cells (RBCs) are naturally capable of transporting diverse cargoes throughout the 

circulatory system, both loaded to their surface or within their inner volume. Starting largely from 

the 1970s, diverse approaches for encapsulation into, and surface coupling onto, RBCs have been 

investigated as potential drug delivery systems. In the last decade, these efforts have yielded 

diverse strategies to load drugs and nanocarriers to RBCs, and to optimize their pharmacokinetics, 

distribution, and effects in the body. Several formulations of donor RBCs encapsulated with 

enzymes and drugs are currently undergoing clinical trials for treatment of oncologic and 

neurologic conditions. Newer approaches include design of drugs with an affinity to circulating 

RBCs, encapsulation into RBCs using membrane permeating compounds, and design of hybrid 

drug delivery systems combining synthetic components with fragments of RBC membranes. 

Notwithstanding the growing enthusiasm and optimism in RBC drug delivery, in this article we 

discuss potentially problematic issues of this biomedical concept, especially impairment of 

biocompatibility of the carrier RBCs, and other adverse and unintended effects. Rigorous and 

systematic analysis of the cautionary aspects described in this article should be further developed 

and extended in order to soberly gauge the risk/benefit balance of any given RBC-based drug 

delivery application. While there is little doubt that RBC drug delivery will ultimately flourish, 

focusing research efforts on approaches that are unlikely to cause adverse effects in patients will 

help to sooner bring this day.
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1. Introduction

Blood and its cellular components, particularly red blood cells, are considered to be among 

the most useful natural carriers for drug delivery [1–6]. In fact, red blood cells (RBCs) have 

been explored in this context since the 1960s. More recently, leukocytes and platelets have 

also attracted attention as alternative carriers [7,8], offering theoretical opportunities to co-

opt their natural functions such as tropism to sites of action and ability to transform and 

release their contents in response to local mediators. Although RBCs lack these functions, 

they are not necessarily a bad choice as a carrier in view of their apparent functional 

simplicity and high availability, as well as possessing several inherent advantages as a drug 

carrier, particularly their abundance as long-circulating blood cells that can be “hitchhiked” 

for carriage of therapeutic agents.

However, despite the apparent simplicity and obviousness of this strategy, RBC drug 

delivery is a highly challenging task. Many aspects of production, storage, and regulatory 

affairs complicate industrial and clinical translation of natural biological carriers. 

Furthermore, the negative impact of transfusion-transmitted infectious diseases in the 

eighties almost decimated RBC drug delivery research. Nevertheless, in the last two decades 

we are witnessing exponential growth in this arena, and currently, RBCs are being explored 

for delivery of a variety of therapeutic, imaging, and other useful clinical modalities, 

including as super-carriers of nanoparticles and other novel nanomaterials. Moreover, 

several companies are currently pursuing clinical trials [9–12] and many labs are exploring 

pre-clinical studies of RBC drug delivery. Therefore, it seems timely to address potential 

unintended consequences and problematic issues of RBC carriage, to establish a rigorous 

roadmap for addressing safety, industrial translation, and clinical utility of this yet-

developing strategy. In this section we focus on the first item, keeping in mind the 

quintessential guiding medical principle: “First, do no harm”.

2. Drug delivery by modified RBCs (mRBC)

Optimization of the pharmacokinetics (PK), e.g., prolongation of drug circulation and 

boosting bioavailability, is generally viewed as the main pharmacological benefit of RBC 

carriage. However, RBC carriers may impede circulation of already relatively long-

circulating agents such as IgG. For example, RBCs may block immunoglobulin interaction 

with endothelial FcRn and therefore inhibit the FcRn-mediated IgG recycling mechanism 

[13]. Further, RBC coated by intact IgG are likely to undergo phagocytosis via multivalent 

engagement of FcR-gamma, opsonization and other clearance mechanisms that may be 

activated depending on the nature and degree of RBC modification.

In addition to changing PK, carrier RBCs may otherwise alter the functionality of appended 

or loaded cargoes. For example, coupling to RBC protects some cargoes from plasma 

inhibitors, in particular, via masking by RBC glycocalyx [14,15]. RBC carriage also changes 

drug biodistribution in many ways including: i) redistribution in blood from marginal plasma 

layer to the mainstream; ii) inhibition of renal glomerular filtration and extravasation via 

endothelial intracellular and intercellular pathways accessible only to objects smaller than 

RBC; and, iii) elevated uptake by the spleen [1,16]. Recent studies revealed that in some 
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cases, agents transfer from the carrier RBCs to endothelial cells [17]. Better understanding 

of this enigmatic finding may yield a new mechanism for vascular drug delivery.

Many administered drugs are excreted via the urine, while excretion via bile and exhalation 

plays a relatively secondary role. Loading to RBC carriers shifts the excretion of drug cargo 

to hepatobiliary and reticuloendothelial uptake. In terms of elimination, RBC are generally 

biodegradable, unless modified beyond the point of effective biological destruction (for 

example, fixation), but this degree of modification is usually incompatible with circulation. 

Yet, even modifications that do not impair RBC degradation do impede RBCs’ ability to 

circulate safely for a prolonged time. In this sense, “biodegradable” and “biocompatible” are 

different terms.

There are two main approaches for drug loading to carrier RBCs: encapsulation within the 

inner volume and surface coupling. Both emulate natural transporting functions of RBCs, 

yet have potentially problematic aspects. These include, but are not limited to destruction 

and elimination of the modified RBC (mRBC), systemic and local adverse effects caused by 

mRBC, formation of untoward mRBC/cargo complexes, or unfavorable alteration of the 

toxicity of the drug cargo itself due to changes in the PK. Some potential risks and 

challenges of RBC drug delivery are common for encapsulation and surface loading. Some 

are more typical of a given technique. Some aspects of these rubrics are well recognized, 

while others have not been substantially addressed in the literature.

3. Risk and challenges of drug loading into carrier RBC

Many within the general public and biomedical science, view RBCs as a sac de voyage for 

hemoglobin, and, therefore, use of their inner space for drug cargoes seems logical. 

Encapsulation helps isolate drugs from the body, but involves RBC isolation, loading, and 

infusion. Depending on the loading efficacy and damage to RBCs, the yield of the final 

formulation may represent a fraction of the initial donor blood, which will place 

manufacturing demands that may strain the ability to competitively price therapies and even 

potentially limit drug manufacturing and availability due to socioeconomic factors. Storage 

and quality control of drug-loaded RBC represent additional regulatory challenges. Given 

these limitations, the utility of encapsulated RBC-drug delivery in emergency settings, may 

be more limited than in elective procedures.

Perhaps, more importantly, from the biomedical perspective, encapsulation is also 

complicated by the very same aspects of RBC that make them an attractive carrier: their 

relative simplicity (compared to other blood elements). In contrast to other cells, RBCs do 

not have vesicular pathways for internalization of external compounds. This represents a 

challenge for encapsulation: with the exception of drugs that freely diffuse into RBCs 

(which also indicates that they will freely leak from RBCs in the bloodstream), one needs to 

smuggle drug cargoes across RBC membranes while avoiding damaging this delicate yet 

incredibly endurable structure.

This multimolecular partition includes the phospholipid bilayer with integral and non-

integral glycoproteins, an external layer of negatively charged glycocalyx, and the attached 
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internal layer of protein cytoskeleton [18–20]. This complex assembly enables RBC 

circulation for three months, through millions of cycles of squeezing through 

microvasculature and smashing into the cardiac valves and chambers. To encapsulate drugs 

in RBCs, one must violate, at least to some extent, this marvelous, elastic, biconcave vehicle, 

and this comes at the cost of reducing the biocompatibility of RBCs.

In essence, all techniques for drug encapsulation in RBCs that have been advanced to the 

clinical stage employ osmotic swelling of RBCs. This opens pores in the membrane, allows 

exchange of hemoglobin or drugs via a concentration gradient, and is followed by resealing 

of pores ultimately to return to an isotonic solution. Loss of RBCs due to hemolysis during 

encapsulation is a significant problem, yet impaired biocompatibility of the “surviving” 

resealed RBCs is, perhaps, an even more serious issue. Osmotic shock affects integrity, 

plasticity, and mechanical robustness of the RBC membrane and cytoskeleton. Exposure of 

phosphatidyl serine (PS) increases by orders of magnitude, from normal levels of <0.5% to 

>5%. These changes lead to fixation of complement and its activation, RBC deformation and 

increased sensitivity to stress: mechanical, oxidative, immunological. PS exposure on RBCs 

has also been implicated in activation of coagulation [21]. All these unintended 

consequences of RBC loading may lead to serious adverse effects.

Some drugs encapsulated in RBCs may diffuse out in plasma and encounter secondary 

interactions with other blood components, target molecules, and cells. In this scenario, 

mRBC serve as a systemic depot of therapeutics. This technology is best-developed for the 

delivery of dexamethasone [9,11,22,23]. Some therapeutics are capable of exerting their 

effects by acting on target molecules that diffuse into RBCs. For example, many enzymes 

encapsulated in RBCs can act upon diffusable substrates in blood, thereby providing a long-

circulating cellular reactors for detoxifying harmful compounds or eliminating molecules 

needed for tumor growth [24]. This is also among the most advanced applications of RBC 

drug delivery, having already entered clinical trials in neurological and oncologic diseases 

[10,12,25]. Some agents, including anti-inflammatory agents and antigens regulating 

immune response, are intended to work in phagocytes and other immune cells, which 

naturally take up mRBCs.

These scenarios provide examples of applications of mRBC that do not require controlled 

release of the encapsulated cargo. Although controlled drug release from mRBC is a very 

challenging and fascinating goal, these scenarios are more complicated. The concept was 

introduced decades ago wherein anchoring of affinity-directed carrier RBCs on the target 

surface caused deformation of the carrier RBCs and enhanced susceptibility to lysis (and 

resultant release on mRBC content) via activation of the alternative pathway of complement 

[26]).

4. New trends in drug encapsulation in RBCs: membrane permeating 

peptides (MPPs)

Recently, several labs have embarked upon the use of membrane permeating peptides (MPP) 

to traverse RBC membranes without producing pores or other damage [27]. This is an 
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intriguing area of research, intertwined with paradigms utilizing MPPs for intracellular 

delivery of cargoes ranging from small peptides to nanocarriers [28].

In the spirit of the intent of this article, we must note that MPPs destabilize membranes – 

both artificial, like liposomes, and natural, i.e., cellular. RBCs, in particular, lack cellular 

organelles and other facilities including enzymatic systems for repairing the membrane. As 

such, RBCs are vulnerable to lysis: one pore is enough to destroy a RBC. Some MPPs 

(especially derived from hemolytic venoms) agglomerate in membranes, forming a pore, 

similar to that formed by complement. The minimal concentration at which an MPP causes 

hemolysis is a key characteristic of the MPP’s activity and variably correlates with 

transduction activity. The safest MPPs have at least one log of concentration between 

minimal hemolytic and transduction activities. However, overt hemolysis is somewhat of the 

tip of a proverbial iceberg. Insertion of MPP into RBC membranes inevitably alters the 

membrane, making it less resistant to physiological and pathological stresses that every RBC 

encounters in circulation. Systematic animal studies of the behavior of MPP-modified RBCs 

have yet to be performed, and it seems advisable to measure expectations (a universal piece 

of advice, indeed).

Little is known about how conjugated cargoes alter MPP activity and their mechanism of 

binding to, insertion into, and transport across membranes. Understanding of these processes 

is limited even for unconjugated MPPs. Further, many MPPs are cationic and their 

interaction with, and influence on, the RBC glycocalyx may have diverse, and perhaps 

undesirable, consequences. For example, MPP-treated carrier RBCs may become adhesive 

or pro-inflammatory to endothelium. Finally, MPPs are promiscuous: they bind to any cell 

and membrane, and therefore may swap from RBCs to other cells in the body. A glass-half-

full perspective may envision an additional drug delivery modality, but viewed from the 

empty half, one must acknowledge the complexity and lack of control of this approach and 

recognize the limits this may place on clinical utility at the present time.

5. Surface loading

The RBC surface has important physiological and pathophysiological transport functions. 

For example, some types of immune complexes are captured and transported to immune 

cells via binding to circulating RBCs. Taking into account that the collective surface area of 

RBC membranes represents by far the most extended, dynamic interface in the body, one 

can safely posit that the transport (and immune regulatory) functions of RBCs have yet to be 

appreciated.

Several labs are exploring the coupling of drugs, probes, and nanocarriers to RBCs using 

chemical conjugation, affinity binding, and non-specific absorption of these cargoes to the 

RBC plasmalemma. Methods have been developed for RBC surface loading both ex vivo 
(e.g., using donor or autologous blood) and in vivo, without need for extracorporeal 

manipulations with RBCs. In comparison with chemical or non-specific mechanisms of 

coupling to RBCs, using affinity binding (targeting) is advantageous, because it allows either 

ex vivo or in vivo loading and effects of specific coupling epitopes may be discerned.
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Preclinical animal studies using double-label isotope tracing showed that surface loading of 

diverse drugs and nanocarriers does not alter RBC circulation, biodistribution, and 

degradation. Various RBC-coupled drugs and therapeutic fusion proteins, including those 

loaded to circulating RBCs in vivo, have been shown to improve efficacy in a spectrum of 

conditions, including thrombosis, inflammation, ischemia, and stroke [29–32].

Surface loading is generally less damaging than encapsulation in RBCs as it does not 

necessitate formation of pores. However, excessive modification of RBCs by conjugation 

chemistry impedes RBC biocompatibility. Further, even non-covalent attachment of cargoes 

to RBCs using affinity ligands may have this undesirable effect. For example, RBC-coupled 

ligands may interfere with functions of a target anchor molecule, block and inhibit CD47 (a 

glycoprotein expressed on the surface of diverse cells in the body that inhibits their uptake 

by phagocytes), and impair other protective proteins including inhibitors of complement. 

Extracellular ligands, even monovalent, can alter deformability of RBC membranes, trigger 

intracytoplasmic changes in the cytoskeleton, and induce reactive oxygen species generation 

[33–36]. These changes are likely to be target and epitope dependent.

Effects of RBC modification on the immune system are even more complex, somewhat 

enigmatic, and, to the present, insufficiently understood. There are reports of reduction of 

immune reactions, and even induction of tolerance, by loading on or within RBCs [10,37–

41]. However, as is evident in allo-immunization after transfusion, the opposite reaction also 

may occur [42], and is likely to be interdependent on the loading approach and underlying 

status of the patient.

6. Devising RBC derivatives for drug delivery

Size is an important factor defining the drug delivery properties of RBCs (human RBCs have 

maximal dimension on ~7 micron). Their large size helps to retain the drugs in bloodstream, 

yet limits accessibility to extravascular targets, including tumors. In the last two decades, 

several groups attempted to devise micro- and nanoparticles derived from RBCs. For 

example, sub-micron vesicles termed “erythrosomes” have been produced from RBC 

membranes and loaded with cargoes. However, these early in vitro studies in vitro have yet 

to translate into pre-clinical animal studies.

Recently, an intriguing approach has been designed to coat synthetic nanocarriers with 

fragments of RBC membranes (“RBC-cloaked nanocarriers”) [43]. This elegant strategy 

involves fairly sophisticated methods that help control orientation of the RBC membrane 

leaflets covering nanoparticles. This precaution is necessary to minimize exposure of 

constitutively hidden RBC components from blood, and alleviate inevitable impairment of 

biocompatibility. RBC-cloaked nanoparticles hold promise to evolve into a multifunctional 

platform for drug delivery and for toxin elimination from the bloodstream, and initial animal 

studies support for this approach. It is tempting to expect that ongoing studies quantitatively 

tracing these hybrid vehicles in vivo will provide unequivocal proof that the longevity of 

circulation and safety of RBC-derived particles approaches that of RBCs.
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Strategies aimed at re-formulation of RBCs into small membrane vesicles or other semi-

natural nanocarriers, may ultimately include membrane vesicles naturally shed, or otherwise 

formed from cells. In the age of ascendance of cellular therapies employing natural, 

modified, and reprogrammed cells – lymphocytes and stem cells as exemplary players –it is 

tempting to posit that “exosomes” and/or “membrane vesicles” might offer new unique 

delivery options due to their size, tropism, and functionalities. In this context, natural RBC 

membrane vesicles again represent an attractive, and relatively controllable carrier. Although 

vesicles derived from pRBC units have not been characterized in depth, they have been used 

for delivering drugs in cancer patients. In this setting, they serve as immunocompatible, 

biomimetic nanocarriers that avoid the host immune system while delivering their cargo 

safely to the site of action and with extended blood circulatory time [44]. However, their 

behavior and effects in the body must be characterized more systematically.

7. Potentially problematic aspects of RBC-based drug delivery systems

Challenges common to every approach to RBC delivery include loss of plasticity and 

durability of RBCs, fixation of immunoglobulins and complement, inhibition of the 

protective functions of CD47, and changes in surface charge (for example, by unintentional 

removal of sialic acid termini from the glycocalyx). All these alterations lead to elimination 

of modified RBCs. Such RBCs become adhesive to endothelium and other cell types, get 

entrapped in the microvasculature (especially in the lungs), and can be lysed by complement 

and cleared by the RES. Furthermore, unintended or unanticipated generation of erythrocyte 

microparticles or extracellular vesicles (EVs), may produce adverse inflammatory stimuli, 

and the important contribution of these EVs to both normal physiology and stored blood 

components is increasingly recognized [45,46].

These undesirable consequences of RBC loading compromise their transport function, 

thereby defeating their central purpose, and may precipitate harmful side effects in the 

patient – local and systemic inflammation, vascular occlusion, endothelial activation, and 

renal damage by release of free hemoglobin. Furthermore, overload of phagocytes by 

modified RBCs may impede important host defense functions of these cells including 

bactericidal and antigen-presenting functions. Even “big eaters” may get indigestion.

In addition to impairment of RBC biocompatibility, drug cargoes loaded to carrier RBCs 

may cause other problems. Carriage by RBCs produces dramatic changes in drug 

pharmacokinetics, distribution, and ability to interact with intended and unintended targets. 

Dosing, timing, and regimens of administration of RBC-loaded or targeted agents need to be 

evaluated independently and adjusted for these new parameters of their behavior and effects 

in the body.

RBC drug delivery, as any drug delivery approach, is likely to be intended for use in 

patients, not healthy individuals. Even prophylactic interventions are often applied to prevent 

worsening or already underlying pathophysiology. Pathological factors typical of the disease 

of interest may change both the behavior and effects of RBC-based drug delivery systems. 

For example, local and systemic levels of cytokines and other mediators of inflammation 

may result in enhanced opsonization and activation of complement leading to lysis of carrier 
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RBCs and their uptake by RES, as well as enhanced RBC agglutination and adhesion. 

Enhanced permeability of barriers – for example, endothelial and blood–brain – can result in 

extravasation of drug-loaded RBCs into sites of occult diapedesis and/or hemorrhage, 

resulting in off-target effects in these unintended areas. Thrombi and other vascular 

occlusions may affect perfusion and RBC access to intended sites of therapeutic 

interventions.

8. Pre-clinical appraisal of risks of RBC drug delivery

Animal studies are costly and relatively low throughput. To screen formulations of RBC 

derivatives and carriers across multiple formulations and conditions, one can start with in 
vitro testing of their sensitivity to hemolysis in buffers of varying ionic strength, as osmotic 

resistance/fragility represents one of the well-known sequelae of altered RBC membrane 

physiology. If sensitivity of modified RBC formulation to reduced osmolality is similar to 

that of naïve RBCs, additional challenges can be investigated including, but not limited to, 

mechanical resistance, deformability, complement resistance, pH, and oxidative stress. 

These stresses represent some of the several that carrier RBCs are likely to encounter in 

circulation [47].

RBC formulations or RBC-targeted agents that pass these preliminary exams can then be 

tested in vivo in homologous species. In this vital phase of the testing the methodological 

aspects of tracing RBCs in vivo are paramount. The arsenal of methods includes detection of 

biotinylated RBCs, RBCs labeled with fluorescent and other optical dyes, detection of 

biochemical markers of clinical relevance, combined proteomic and mass-spec signatures, or 

captured immunological detection of RBC antigens [48].

However, these methods yield data convoluted by differences of readouts and their 

background in various tissues. In most cases, it is difficult, if not impossible, to normalize 

recovered signal to the injected dose of modified RBC (mRBC). Therefore, these methods 

do not quantitatively characterize blood clearance, let alone the biodistribution of mRBC.

To circumvent this problem, many labs normalize the signal from mRBC recovered from 

blood specimen to a reference level that has been detected in the first blood sample taken 

from an animal, usually 10–30 minutes post injection of mRBC. However, this approach is 

prone to overestimation of mRBC in the circulation, because damaged, aggregated, or 

otherwise predisposed mRBC get eliminated before the first blood sample is drawn (alas, 

this methodological issue is typical for many drug-delivery studies).

This issue can be resolved by injecting of mRBC labeled with appropriate isotopes, e.g., 125I 

for membrane components or RBC-loaded cargo and 51Cr for intracellular content. This 

method provides direct, accurate, and quantitative measurement of mRBC in blood and 

tissues.

Of note, studies in naive animals represent just the first step; they must be reproduced in 

appropriate models of the human pathology of interest. As discussed above, pathological 

factors may alter behavior and effects of carrier mRBCs and their cargoes in unpredictable 

ways, and this parameter of safety should be carefully characterized. Having this 
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information in place, one can characterize effects of RBC-delivered agents in animal models 

at safe, and therapeutically relevant, doses.

9. Conclusion & future perspective

The authors of this admittedly opinionated article, representing three generations of 

biomedical researchers, are unquestionable enthusiasts of RBC drug delivery. We do believe 

that RBC drug delivery systems represent viable (and, in some cases, preferable) alternatives 

to synthetic counterparts. For this reason, we also believe that this exciting area of 

biomedical research is coming to the point when it is necessary to apply the highest 

standards of scientific rigor and scrutiny to the characterization, mechanistic understanding, 

and appraisal of benefit/risk balance of RBC drug delivery. In particular, a brutally sober 

prospective analysis of potentially problematic issues of this drug delivery approach is vital.

Impairment of biocompatibility of the carrier RBCs and other adverse and unintended 

effects should become the top priority for each translational RBC drug delivery approach. 

Raising these difficult questions is not intended to disrupt the momentum of the field, 

dissuade young talents, sour the translational outlook for developers and investors, or put off 

medical practitioners who will eventually apply RBC drug delivery. Rather, we feel that 

focusing research efforts on approaches that are unlikely to produce adverse effects in 

patients will help to bring this day sooner, and ultimately allow RBC drug delivery to truly 

flourish.

Acknowledgments

This work is supported by National Institutes of Health R01 HL121134 and R01 HL116916-01.

References

1. Villa CH, Anselmo AC, Mitragotri S, Muzykantov V. Red blood cells: supercarriers for drugs, 
biologicals, and nanoparticles and inspiration for advanced delivery systems. Adv Drug Deliv Rev. 
2016; 106(Pt A):88–103. Online ahead of print. [PubMed: 26941164] 

2. Sprandel, U., Way, JL. Erythrocytes as drug carriers in medicine. USA: Springer Science & 
Business Media; 2013. 

3. Rossi L, Serafini S, Rossi L, Serafini S, Pierigé F, Pierigé F, et al. Erythrocyte-based drug delivery. 
Expert Opin Drug Deliv. 2005; 2:311–22. [PubMed: 16296756] 

4. Tajerzadeh H, Hamidi M. Carrier erythrocytes: an overview. Drug Deliv. 2003:10.

5. Villa CH, Cines DB, Siegel DL, Muzykantov V. Erythrocytes as carriers for drug delivery in blood 
transfusion and beyond. Transfus Med Rev. 2016; Online ahead of print. doi: 10.1016/j.tmrv.
2016.08.004

6. Bourgeaux V, Lanao JM, Bax BE, Godfrin Y. Drug-loaded erythrocytes: on the road toward 
marketing approval. Drug Des Devel Ther. 2016; 10:665–76.

7. Huang B, Abraham WD, Zheng Y, López SCB, Luo SS, Irvine DJ. Active targeting of 
chemotherapy to disseminated tumors using nanoparticle-carrying T cells. Sci Transl Med. 2015; 
7:291ra294.

8. Pickens B, Mao Y, Li D, Siegel DL, Poncz M, Cines DB, et al. Platelet-delivered ADAMTS13 
inhibits arterial thrombosis and prevents thrombotic thrombocytopenic purpura in murine models. 
Blood. 2015; 125:3326–34. [PubMed: 25800050] 

Villa et al. Page 9

Transfus Apher Sci. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Chessa L, Leuzzi V, Plebani A, Soresina A, Micheli R, Agnano DD, et al. Intra-erythrocyte infusion 
of dexamethasone reduces neurological symptoms in ataxia teleangiectasia patients: results of a 
phase 2 trial. Orphanet J Rare Dis. 2014; 9:5. [PubMed: 24405665] 

10. Mechinaud F, Dombret H, Huguet F, Galambrun C, Corm S, Liens D, et al. l-asparaginase loaded 
red blood cells in refractory or relapsing acute lymphoblastic leukaemia in children and adults: 
results of the GRASPALL 2005-01 randomized trial. Br J Haematol. 2011:153.

11. Leuzzi V, Micheli R, D’Agnano D, Molinaro A, Venturi T, Plebani A, et al. Positive effect of 
erythrocyte-delivered dexamethasone in ataxia-telangiectasia. Neurol Neuroimmunol 
Neuroinflamm. 2015; 2:e98. [PubMed: 25884015] 

12. Hunault-Berger M, Leguay T, Huguet F, Lepretre S, Deconinck E, Ojeda-Uribe M, et al. A Phase 2 
study of L-asparaginase encapsulated in erythrocytes in elderly patients with Philadelphia 
chromosome negative acute lymphoblastic leukemia: the GRASPALL/GRAALL-SA2-2008 study. 
Am J Hematol. 2015; 90:811–8. [PubMed: 26094614] 

13. Sockolosky JT, Szoka FC. The neonatal Fc receptor, FcRn, as a target for drug delivery and 
therapy. Adv Drug Deliv Rev. 2015; 91:109–24. [PubMed: 25703189] 

14. Ganguly K, Murciano JC, Westrick R, Leferovich J, Cines DB, Muzykantov VR. The glycocalyx 
protects erythrocyte-bound tissue-type plasminogen activator from enzymatic inhibition. J 
Pharmacol Exp Ther. 2007; 321:158–64. [PubMed: 17215448] 

15. Atukorale PU, Yang YS, Bekdemir A, Carney RP, Silva PJ, Watson N, et al. Influence of the 
glycocalyx and plasma membrane composition on amphiphilic gold nanoparticle association with 
erythrocytes. Nanoscale. 2015; 7:11420–32. [PubMed: 26077112] 

16. Villa CH, Muzykantov VR, Cines DB. The emerging role for red blood cells in haemostasis: 
opportunity for intervention. ISBT Sci Ser. 2016; 11:158.

17. Anselmo AC, Gupta V, Zern BJ, Pan D, Zakrewsky M, Muzykantov V, et al. Delivering 
nanoparticles to lungs while avoiding liver and spleen through adsorption on red blood cells. ACS 
Nano. 2013; 7:11129–37. [PubMed: 24182189] 

18. Svetina S. Red blood cell shape and deformability in the context of the functional evolution of its 
membrane structure. Cell Mol Biol Lett. 2012:17.

19. Burton NM, Bruce LJ. Modelling the structure of the red cell membrane. Biochem Cell Biol. 2011; 
89:200–15. [PubMed: 21455271] 

20. Gallagher PG. Red cell membrane: past, present, and future. Blood. 2008:112. [PubMed: 
17890457] 

21. Whelihan MF, Zachary V, Orfeo T, Mann KG. Prothrombin activation in blood coagulation: the 
erythrocyte contribution to thrombin generation. Blood. 2012; 120:3837–45. [PubMed: 22968460] 

22. De Santo E, Valvano MR, Andriulli A, Serafini S, Annese V, Bossa F, et al. Erythrocytes-mediated 
delivery of dexamethasone 21-phosphate in steroid-dependent ulcerative colitis: a randomized, 
double-blind Sham-controlled study. Inflamm Bowel Dis. 2013:19.

23. Rossi L, Serafini S, Cenerini L, Picardi F, Bigi L, Panzani I, et al. Erythrocyte-mediated delivery of 
dexamethasone in patients with chronic obstructive pulmonary disease. Biotechnol Appl Biochem. 
2001; 33:85–9. [PubMed: 11277860] 

24. Mangani F, Mancini U, Rossi L, Fazi A, Magnani M. Methanol detoxification by enzyme-loaded 
erythrocytes. Biotechnol Appl Biochem. 1993; 18:Pt 3.

25. Bax BE, Bain MD, Scarpelli M, Filosto M, Tonin P, Moran N. Clinical and biochemical 
improvements in a patient with MNGIE following enzyme replacement. Neurology. 2013; 
81:1269–71. [PubMed: 23966250] 

26. Muzykantov VR, Zaltsman AB, Smirnov MD, Samokhin GP, Morgan BP. Target-sensitive 
immunoerythrocytes: interaction of biotinylated red blood cells with immobilized avidin induces 
their lysis by complement. Biochim Biophys Acta. 1996; 1279:137–43. [PubMed: 8603079] 

27. He H, Ye J, Wang Y, Liu Q, Chung HS, Kwon YM, et al. Cell-penetrating peptides meditated 
encapsulation of protein therapeutics into intact red blood cells and its application. J Control 
Release. 2014; 176:123–32. [PubMed: 24374002] 

28. Komin A, Russell LM, Hristova KA, Searson PC. Peptide-based strategies for enhanced cell 
uptake, transcellular transport, and circulation: mechanisms and challenges. Adv Drug Deliv Rev. 
2016; doi: 10.1016/j.addr.2016.06.002.

Villa et al. Page 10

Transfus Apher Sci. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



29. Kasner SE, Ganguly K, Huang PL, Atochin D, Danielyan K, Ding B-S. Cerebrovascular 
thromboprophylaxis in mice by erythrocyte-coupled tissue-type plasminogen activator. 
Circulation. 2008:118.

30. Zaitsev S, Kowalska MA, Neyman M, Carnemolla R, Tliba S, Ding B-S, et al. Targeting 
recombinant thrombomodulin fusion protein to red blood cells provides multifaceted 
thromboprophylaxis. Blood. 2012; 119:4779–85. [PubMed: 22493296] 

31. Gersh KC, Zaitsev S, Cines DB, Muzykantov V, Weisel JW. Flow-dependent channel formation in 
clots by an erythrocyte-bound fibrinolytic agent. Blood. 2011; 117:4964–7. [PubMed: 21389322] 

32. Murciano JC, Medinilla S, Eslin D, Atochina E, Cines DB, Muzykantov VR. Prophylactic 
fibrinolysis through selective dissolution of nascent clots by tPA-carrying erythrocytes. Nat 
Biotechnol. 2003; 21:891–6. [PubMed: 12845330] 

33. Paulitschke M, Nash GB, Anstee DJ, Tanner MJ, Gratzer WB. Perturbation of red blood cell 
membrane rigidity by extracellular ligands. Blood. 1995; 86:342–8. [PubMed: 7795243] 

34. Chasis JA, Mohandas N, Shohet SB. Erythrocyte membrane rigidity induced by glycophorin A-
ligand interaction. Evidence for a ligand-induced association between glycophorin A and skeletal 
proteins. J Clin Invest. 1985; 75:1919–26. [PubMed: 4008645] 

35. Khoory J, Estanislau J, Elkhal A, Lazaar A, Melhorn MI, Brodsky A, et al. Ligation of glycophorin 
a generates reactive oxygen species leading to decreased red blood cell function. PLoS ONE. 
2016; 11:e0141206. [PubMed: 26784696] 

36. Glodek AM, Mirchev R, Golan DE, Khoory JA, Burns JM, Shevkoplyas SS, et al. Ligation of 
complement receptor 1 increases erythrocyte membrane deformability. Blood. 2010; 116:6063–71. 
[PubMed: 20861458] 

37. Lorentz KM, Kontos S, Diaceri G, Henry H, Hubbell JA, Hubbell JA, et al. Engineered binding to 
erythrocytes induces immunological tolerance to E. coli asparaginase. Sci Adv. 2015; 1:e1500112. 
[PubMed: 26601215] 

38. Grimm AJ, Kontos S, Diaceri G, Quaglia-Thermes X, Hubbell JA. Memory of tolerance and 
induction of regulatory T cells by erythrocyte-targeted antigens. Sci Rep. 2015; 5:15907. 
[PubMed: 26511151] 

39. Kontos S, Kourtis IC, Dane KY, Hubbell JA, Dane KY, Hubbell JA, et al. Engineering antigens for 
in situ erythrocyte binding induces T-cell deletion. Proc Natl Acad Sci USA. 2012; 110:E60–8. 
[PubMed: 23248266] 

40. Kravtzoff R, Colombat PH, Desbois I, Linassier C, Muh JP, Philip T, et al. Tolerance evaluation of 
L-asparaginase loaded in red blood cells. Eur J Clin Pharmacol. 1996; 51:221–5. [PubMed: 
9010688] 

41. Hudson KE, Hendrickson JE, Cadwell CM, Iwakoshi NN, Zimring JC. Partial tolerance of 
autoreactive B and T cells to erythrocyte-specific self-antigens in mice. Haematologica. 2012; 
97:1836–44. [PubMed: 22733018] 

42. Ryder AB, Zimring JC, Hendrickson JE. Factors influencing RBC alloimmunization: lessons 
learned from murine models. Transfus Med Hemother. 2014; 41:406–19. [PubMed: 25670928] 

43. Zhang L, Zhang L, Fang RH, Cheung C, Hu CMJ, Aryal S. Erythrocyte membrane-camouflaged 
polymeric nanoparticles as a biomimetic delivery platform. Proc Natl Acad Sci USA. 2011:108.

44. Wu YW, Goubran H, Seghatchian J, Burnouf T. Smart blood cell and microvesicle-based Trojan 
horse drug delivery: merging expertise in blood transfusion and biomedical engineering in the field 
of nanomedicine. Transfus Apher Sci. 2016; 54:309–18. [PubMed: 27179926] 

45. Antonelou MH, Seghatchian J. Update on extracellular vesicles inside red blood cell storage units: 
adjust the sails closer to the new wind. Transfus Apher Sci. 2016; 55:92–104. [PubMed: 
27452642] 

46. Burnouf T, Chou ML, Goubran H, Cognasse F, Garraud O, Seghatchian J. An overview of the role 
of microparticles/microvesicles in blood components: are they clinically beneficial or harmful? 
Transfus Apher Sci. 2015; 53:137–45. [PubMed: 26596959] 

47. Pan D, Vargas-Morales O, Zern B, Anselmo AC, Gupta V, Zakrewsky M, et al. The effect of 
polymeric nanoparticles on biocompatibility of carrier red blood cells. PLoS ONE. 2016; 
11:e0152074. [PubMed: 27003833] 

Villa et al. Page 11

Transfus Apher Sci. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



48. Mock DM, Widness JA, Veng-Pedersen P, Strauss RG, Cancelas JA, Cohen RM, et al. 
Measurement of post-transfusion red cell survival with the biotin label. Transfus Med Rev. 2014; 
28:114–25. [PubMed: 24969019] 

Villa et al. Page 12

Transfus Apher Sci. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Drug delivery by modified RBCs (mRBC)
	3. Risk and challenges of drug loading into carrier RBC
	4. New trends in drug encapsulation in RBCs: membrane permeating peptides (MPPs)
	5. Surface loading
	6. Devising RBC derivatives for drug delivery
	7. Potentially problematic aspects of RBC-based drug delivery systems
	8. Pre-clinical appraisal of risks of RBC drug delivery
	9. Conclusion & future perspective
	References

