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Abstract

Natural cells have been explored as drug carriers for a long period. They have received growing
interest as a promising drug delivery system (DDS) until recently along with the development of
biology and medical science. The synthetic materials, either organic or inorganic, are found to be
with more or less immunogenicity and/or toxicity. The cells and extracellular vesicles (EVs), are
endogenous and thought to be much safer and friendlier. Furthermore, in view of their host at-
tributes, they may achieve different biological effects and/or targeting specificity, which can meet
the needs of personalized medicine as the next generation of DDS. In this review, we summarized
the recent progress in cell or cell membrane—based DDS and their fabrication processes, unique
properties and applications, including the whole cells, EVs and cell membrane coated nanoparti-
cles. We expect the continuing development of this cell or cell membrane—based DDS will

promote their clinic applications.
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Introduction

How to design a drug carrier that can specifically
deliver drug to the site of disease is always the main
focus of current pharmaceutical research[1, 2]. Thanks
to recent advances in material science and nanotech-
nology, many nanoformulations, such as liposomes,
micelles and nanoparticles (NPs), have been devel-
oped and some of them have been used in the clinic or
approaching the clinical translation[3-6]. Among
them, liposomes are considered as an effective drug
delivery system (DDS) and more than ten types of
liposomal drugs have been already approved and
commercialized[7-9]. Liposomes possess many ad-
vantages in drug delivery applications, such as high
biocompatibility, biodegradability and capacity for
size and surface manipulations[7]. They have been
widely used to entrap hydrophilic and/or hydropho-
bic agents to increase their in vivo stability during the
circulation. More importantly, both the chemical
compositions (phospholipids) and the lipid bilayer

structures of liposomes are extremely close to the bi-
ological membranes, making them highly compatible
with the biological milieu. After being modified with
targeting groups, their drug delivery efficiency could
be further improved[10, 11].

As a kind of biomimetic products, liposome was
used as a model of biological membranes to investi-
gate the biologic functions of living cells[12-15].
However, due to the relatively simple structure, it is
hard for liposome to mimic the complexity of cell
membranes. Recent studies have been focusing on the
possibility of using natural cell or cell derived vesicles
as drug carriers, including the whole cell, extracellular
vesicles (EVs) and cell membrane coated particles[9,
16-21]. For artificial DDS, its “non-self” property may
lead to some adverse effects. In contrast, the autolo-
gous cells based carriers with the similar membrane
structure of body cells are considered as the “self” and
thus demonstrate much better biocompatibility and
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lower toxicity. This cell or cell membrane-based DDS
can be produced in a simple way with minimum
membrane protein loss. The retained membrane
structure consequently endows the carriers various
bio-functions and/or targeting specificities as their
parent cells without further modifications. For exam-
ple, carrier erythrocytes (red blood cells, RBCs) were
widely used to encapsulate or bind small-molecule
agents, nucleic acids, proteins, and NPs to treat sys-
temic disease owing to their long lifespan and high
biocompatibility[16, 22, 23]. Stem cells (SCs) could
transport therapeutic cargoes to tumor microenvi-
ronment via  their intrinsic  tumor-tropic
properties[24]. Cell membrane-derived microparti-
cles (MPs) from apoptotic tumor cells and the mes-
enchymal stem cell nanoghosts (MSC NGs), can
package and deliver therapeutic agents to tumor with
enhanced stability and anti-tumor efficiency[25, 26].
Recently, novel cell membrane-coated particles, were
developed to combine advantages of natural cells and
synthetic polymers with various applications such as
drug delivery, toxin absorption and cancer
vaccines[27-34].

Table 1. Cell or cell membrane-based drug delivery system

Herein, we reviewed recent progress made in
cell or cell membrane-based DDS and presented their
fabrication processes, unique properties and applica-
tions (Table 1). According to their structure, this re-
view mainly focused on three main kinds of these
systems: whole cells, EVs and cell membrane coated
particles. In addition, some future prospects were
prudentially addressed. We expect the continuing
development of this cell or cell membrane-based DDS
will promote the efficiency and safety in the treatment
of diseases.

Whole Cell as Drug Carrier

The human body contains various cells with
different physiological functions, including long cir-
culation in blood, site-specific migration, physi-
cal barriers crossing, and so on. It's worth choosing
some types of cells to deliver drugs with retained cell
structure and function. Recently, the whole cell-based
drug carriers have been emerging as a hot topic, such
as RBCs, SCs and immunological cells [23, 24, 35-37].

Platform Source Payload Remark Ref
Carrier RBC RBCs antiretroviral agents, cardiovascular biocompatibility, biodegradation, long blood 61-66
drugs, antiparasitics, antibiotics, thera- circulation, sustained drug release, RES target-
peutic enzymes ing
PS NPs lung accumulation 50
Au NPs, 5(6)-CF, Rh-dextran near-IR laser triggered release 73
DOX, IONP-Ce6-PEG Magnetic targeting; synergistic effect of pho- 48
todynamic & chemotherapy
TAT, OVA antigen delivery 58,59, 75
MSC, NSC SCs DOX-loaded silica nanorattle, tumor homing efficiency 83-89
DTX-loaded NPs, photodynamic
agents-loaded NPs, Au NPs or AuNRs
Whole blood cells mRNA liver and spleen accumulation 41
RBC MVs RBCs USPIO NPs label and trace 118
ICG, Fasudil long circulation time, increased cell phagocyto- | 112,113
sis efficiency
Tumor cell-derived Tumor cells (H22, MTX, DOX, PTX, cisplatin “domino-like” tumor killing behavior 25
MPs A2780)
MSC NG, MSC MV MSC sTRAIL, PTX hypoimmunogenicity, specific tumor targeting | 26,119
HUVEC EVs HUVEC IONPs, QDs, Au NPs natural fabrication, easy purification 120
OMVs Gram-negative bacte- | siRNA low endotoxicity, tumor targeting, bioengi- 123
ria neered
Exosomes DCs OVA, pcDNAgp120, tumor-derived high antigen presenting efficiency, minimum 108, 114,
antigen side effects 129-131
Curcumin, JSI124, siRNA, miRNA, DOX | passive targeting via the EPR effect 109, 110,
specific tissue/cell homing 132,134, 135
Exosome-mimetic embryonic SCs, hu- DOX, 5-Fluorouracil, gemcitabine, high yield 137-139
vesicles man U937 monocytic carboplatin
cells
RBCm coated NPs RBC PLGA NPs, DOX-loaded PLA NPs, Au increased stability, long blood circulation, 27-30, 140,
NPs or Au nanocages sustained drug release 142
toxin absorbed toxins locking, high safety, strong 31,32
antibody response
Cancer cell mem- B16-F10, PLGA NPs specific anti-tumor immune response, homo- 34
brane-coated NPs MDA-MB-435 cancer typic binding capability
cells
Eukaryocyte mem- Eukaryocyte Si particle preventing the internalization/uptake by 145
branes-coated NPs macrophages, phagocytic cells or vein endo-
thelial cells, binding to and transporting
through inflamed endothelium
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RBC as Drug Carrier
Fabrication of Carrier RBC

RBCs are the most frequently used whole cells as
drug carrier for a variety of bioactive agents, which
are known as ‘carrier erythrocytes or ‘carrier RBCs'.
They have gained remarkable interest during the past
decades and some of them have undergone clinical
tests[23, 37]. Compared with artificial DDS, the ‘car-
rier RBC’ shows many advantages. They are intrinsi-
cally biocompatible, biodegradable and
non-immunogenic. The natural surface can protect
encapsulated cargos from inactivation with a re-
markably prolonged and controllable lifespan in
comparison to the synthetic carriers. These make them
a valuable systemic drug release platform[38]. Several
approaches have been developed to load agents in
RBCs or attach them onto the outer surfaces by either
chemical or physical methods (Figure 1).

Electroporation: Exposing the RBCs to a strong
external electrical field will induce pores in the RBC
membrane[39]. The agents can then diffuse into the
cells. This method has been used in the encapsulation
of enzymes, nucleic acid and anionic drugs (such as
diclofenac sodium)[40-42]. However, this method
may disrupt the cell membrane and result in a partial
and irreversible deterioration of the structural integ-
rity[43]. Phosphatidylserine (PS), a signal to mononu-
clear-phagocyte system for uptake, was found to be
externalized after electroporation treatment[41]. This
would result in the reticuloendothelial system (RES)
phagocytosis and greatly shorten the blood circula-
tion time.

Osmosis-based method: It's a common strategy
used to load therapeutic agents into RBCs. According

to the fabrication procedures, the methods are divided
into hypotonic dilution, hypotonic pre-swelling, os-
motic pulse, hypotonic hemolysis and the most often
used hypotonic dialysis[22, 23]. Although the details
of the methods may vary, they are all based on the
principle that RBCs swell in hypotonic solution fol-
lowed by the formation of pores with diameter range
from 10 to 500 nm. The increase in membrane per-
meability allows soluble agents to diffuse into cells
driven by the concentration gradient. Then the pores
are resealed under an isotonic condition to form
drug-loaded RBCs. Small molecular drugs, peptides,
protein/enzymes, even NPs, such as Au and magnetic
NPs, can be encapsulated in this way[44-48]. Hemo-
globin-free red blood cells can also be prepared by
this method[49]. Incubation time, pH value, temper-
ature and cargo concentration could all affect the en-
capsulation efficiency (EE) in RBCs[22]. For Au NPs,
the EE was found to be more closely related to the
surface modification[45]. Compared with negatively
charged groups (citrate, thioglycolic acid and
4-mercaptobenzoic acid), amine groups
(6-thioguanine), 2-mercaptoethanol or 1-propanthiol
surface modifications are more effective to induce the
incorporation of Au NPs into the RBCs. Similar to
electroporation, osmosis-based methods may also
cause the disruption of cell membrane with some un-
recoverable structure damage in different degrees.
The loss of important cellular constituents (such as
hemoglobin and cytoskeleton) via the pore is another
fact that cannot be ignored as the physiological func-
tions and the structural integrity of RBCs may have
been impaired. This may increase the opportunity of
being recognized and cleared by the human body[43].

+H++++H+E A+

CPP mediated uptake
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e Drug-loaded
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CPP-8-S-Protein '

Redox-responsive release

Figure 1. Schematic illustration of drug loading methods for RBC. (a) electroporation, (b) osmosis—based methods, (c) co—incubation, (d) bio—bridge methods and

(e) CPP—mediation method.
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Co-incubation: Some membrane active drugs,
such as primaquine, hydrocortisone, vinblastine and
chlorpromazine, can be encapsulated in RBCs by in-
cubation directly[22]. For NPs, they can attach to the
surface of RBCs via electrostatic interaction, van der
Waals and/or hydrophobic interactions. This cellular
hitchhiking strategy significantly improved the blood
pharmacokinetics of the NPs and opened a new
horizon for applications[50-53]. Recently, a simple
membrane painting method was used to load target-

ing or therapeutic ligands onto the RBC surface[54-58].

As a model, immunoglobulin (IgG) was first chemi-
cally conjugated with DSPE-PEG and then incubated
with RBC suspensions. DSPE-PEG-IgG would insert
into the RBC membrane through lipid transfer. As a
result, IgG was retained in RBCs with maximum
membrane retention and long-circulation property in
vivo. The method may be further used to bind other
smaller ligands, such as Fab fragment, single-chain
antibody or small peptide, for in vivo applications.

Bio-bridge method: In general, this method con-
tains a series of strategies to load cargoes by physical
or chemical approaches. Avidin-biotin bridge is a
common way to conjugate bioactive agents on the
surface of RBCs[16, 23, 48, 59]. For example, biotin
N-hydrosuccinimide ester (NHS-biotin) was first
reacted with the amino groups on RBC membrane.
Subsequently, the bioactive agents were conjugated
with avidin following by incubation with biotin mod-
ified RBCs. Biopharmaceuticals, like fibrinolytic
agents, HIV-1 TAT protein, bovine serum albumin,
even organic/inorganic hybrid NPs could all be con-
jugated to RBC surfaces via the biotin-avidin bridge.
This procedure could attach approximately 1000 bio-
tin molecules per cell (mouse RBCs) with up to 90%
cell recovery but did not affect the cell’s 24 h survival
in circulation[56].

Some antibodies and peptides were also used as
the bridge to accomplish the attachment of targeting
antigens or immune antigens to RBC surface[57, 58].
The bispecific antibodies, which were composed of
targeting antigens (human IgG or dinitrophenylated
bovine gamma globulin) and human RBC comple-
ment receptor, were used to rapidly and stably mod-
ify RBC for removing pathogenic antigens associated
with infectious disease[58]. ERY1 peptide (specifically
bind to mouse glycophorin-A) conjugated ovalbumin
(OVA) could directly and specifically bind with
mouse RBC in vivo after iv injection. The captured
OVA amount was up to 1.174 +0.005 ng of OVA per
10° RBCs with dissociation constant (Kd) of 6.2 £1.3
nM][58]. This approach provided an effective bio-
molecular modification to RBCs with minimum
damage from any chemical reaction or organic sol-
vent. Shi et al developed another efficient method to

engineer RBC with functional probes through sort-
ase-catalyzed reaction under native conditions[60].
The modified RBCs remain detectable in the blood-
stream for more than 28 days and could be applied to
precisely deliver cargoes to an organ, tissue or some
special location in the body.

CPP-mediation method: In the case of loading
agents into RBCs, most of the methods discussed
above showed limitations due to the possibility of
disruption to membrane structure. A new encapsu-
lating method to load proteins into RBCs was pre-
sented by Yang’ group without altering the structure
and/or function[43]. L-asparaginase was conjugated
with a low molecular weight protamine based cell
penetrating peptide (CPP) via disulfide bond. The
CPP-protein conjugation can be easily uptaken by the
cells and then release the protein by redox-responsive
cleavage of disulfide bond. This method could be also
applied to load liposomes, NPs, or micelles into intact
RBC:s for the treatment of various systemic diseases.

Carrier RBC for Drug Delivery

The most attractive property of RBC-based DDS
is its long life-span. Due to the semipermeable mem-
brane nature, carrier RBC allows the exchange of
small molecules between intracellular environment
and circulation by passive diffusion. Many cargos,
such as antiparasitics, antiretroviral agents, antibiotics
and cardiovascular drugs, were loaded into the RBCs
to avoid their rapid clearance and achieve the sus-
tained release and improved biodistribution[16, 22,
23, 61-65]. Protein-loaded RBCs, known as ‘bioreac-
tors’, were also developed by taking advantage of the
semipermeability[66]. The RBC membrane could
avoid unfavorable immune activation or rapid clear-
ance of therapeutic enzymes, but not block the access
of enzymatic substrates. This may provide a new
strategy for the clinical application of enzymes which
cannot be injected directly. RBC was also applied as
the carrier of contrast agent or indicator for diagnosis,
such as indocyanine green (ICG), fluorescein isothio-
cyanate (FITC), Au NPs, superparamagnetic iron ox-
ides NPs (SPIONs) or other paramagnetic
complexes[45-47, 49, 53, 67]. Compared with free
agents, these systems demonstrated enhanced effi-
ciency with reduced adverse effect.

The ultimate fate of carrier RBC is thought to be
captured by the RES system, typically, the liver and
spleen, just as physiologically processing the “old”
RBCs. Compared with natural ones, the carrier RBCs
were more likely to be trapped in RES after injection
due to the loss of natural integrity during the
drug-loading process[43, 68, 69]. In this context, we
can treat some RES-related diseases via this strategy,
such as hepatoma and RES parasitic diseases[16].
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Some more destructive approaches on cell membrane,
including cross-link, thermal shock and oxidation,
have been reported to achieve a more rapid and effi-
cient RES localization[66, 70, 71]. After coated by
some antibodies, the targeting organ or cell for carrier
RBC could be further adjusted, such as anti-Rh for
RES macrophages, IgG for spleen accumulation and
IgM for liver targeting[72].

Besides the sustained release in circulation and
RES targeting, recent advances of carrier RBC focused
on the non-RES targeting. Anselmo et al attached
carboxylated polystyrene (PS) NPs to RBCs through
non-covalent interaction[50]. This cellular hitchhiking
strategy prolonged the circulation time of the NPs in
blood and increased the accumulation in lung with
diminished uptake by liver and spleen. The
lung/liver and lung/spleen NPs accumulation were
improved by over 15-fold and 10-fold, respectively.
The shear stress derived from RBC-endothelial con-
tact, as well as the large endothelial surface and car-
diac blood output in lung vasculature were supposed
to be the reason for this special accumulation. How-
ever, limited by the large size, it's not easy for carrier
RBC to deliver drugs to the desired site. To solve this
problem, a thoughtful work has been reported by
Delcea et al (Figure 2)[73]. Two model drugs with
different molecular weight, 5(6)-carboxyfluorescein
(5(6)-CF, 376 Da) and rhodaminelabeled dextran
(Rh-dextran, 7500 Da), were co-encapsulated into
RBCs by hypotonic-osmotic method. Then the carrier
RBC was incubated with highly concentrated Au NPs
to achieve the NPs adsorption and aggregation onto
the surface of RBC. When the carrier RBC with Au
NPs was exposed in a near-IR laser, the local heat
from Au NPs would raise the permeability of the
membrane and induce the formation of some hydro-
philic pores, which led to the fast release of encapsu-
lated model drugs. This light-triggered release strat-
egy could realize site-specific release of encapsulated
agents with controlled dose, which may greatly

broaden the application of RBC-based DDS. Magnetic
targeting is another way to fulfill the designed release
of carrier RBC[16]. With the help of external magnetic
field (MF), the RBC accumulated in desired or-
gan/tissue and sustainably released the loaded drugs.
Recently, another interesting work with remarkable
improvement was reported by means of this principle.
PEG-chlorine e6 (Ce6) coated iron oxide NPs (IONPs)
(IONP-Ce6-PEG) were conjugated onto the surface of
doxorubicin (DOX)-loaded RBC[48]. The high tumor
tissue accumulation of this novel carrier RBC was
observed with the help of MF after iv injection and
resulted in a site-specific and continuous DOX and
Ce6 delivery. Furthermore, due to the synergistic ef-
fect of photodynamic & chemotherapy, a high tumor
treating efficiency could be achieved with relatively
low therapeutic dosages.

Carrier RBC for Immunotherapy

Aged and damaged RBCs are removed daily
from the blood primarily by phagocytes such as
macrophages and DCs. MHC-associated antigens will
be then processed and presented to the T cells[37, 74].
This property of RBCs makes them a useful antigen
delivery system. In a pioneer work, HIV regulatory
protein, TAT was coated on the RBC membrane
through avidin-biotin method[59]. Compared with
soluble TAT, RBC-TAT was much more effective in
delivering antigen to DC and inducing specific CD4*
and CD8* T-cell responses in vitro. The dose of
RBC-TAT was 1250-fold less to induce a similar
T-cell response. Another RBC-based antigen delivery
system, OVA loaded RBCs were reported to induce
specific immune tolerance after being treated with
calcium ionophore or BS3[75]. Compared with un-
treated RBC-OVA, which only induced humoral re-
sponse, these treated RBCs were capable of delivering
a competent amount of antigen to the immune system
and then inducing strong and long lasting inhibition
of antigen-specific humoral and cellular immune.

’ Laser
1) Encapsulation | 3) Release | Figure 2. Schematic of the fabrication and controlled release of
i carrier RBCs: (1) encapsulation: two molecules (Rh—dextran (in red)
Rh-Dextran | and 5(6)—CF (in green)) are simultaneously encapsulated. Red, green,
‘,:,.. i T T and overlay fluorescence channels are shown in the schematics; (2)
--"-\li!.'- Gold NP aggregate adsorption of nanoparticle aggregates onto the surface of loaded
*L ; RBCs (cuvettes demonstrating the behavior of Au NPs in water
y (right) and after transfer in PBS (left)); and (3) release of both mol-
7 ecules by a near—IR laser. Reproduced with permission[73]. Copy-
right 2014, ACS.
CJ K—A ‘-" 2) Adsor 3!?'
Gold NP
o" - 3'—-'—‘ ——————————— PBS ®
5(6)-CF — OO l
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mission[58]. Copyright 2014, ACS.

The apoptosis-like programmed cell death of
RBCs was also used to induce antigen-specific T-cell
deletion[58]. Antigens (such as OVA and peptide islet
B-cell autoantigen) were anchored onto the RBCs
surface via binding peptide or fusion antibody frag-
ment (against RBC-specific cell surface marker gly-
cophorin A). Compared with mismatch scrambled
peptide, OVA coated RBCs were phagocytosed more
efficiently by splenic MHC II* CD11b- CD11c* DCs,
hepatocytes (CD45-MHC II'v CD1d~) and hepatic
stellate cells (CD45- MHC II* CD1d*), which triggered
CD8* T-cell deletional tolerance, but not by the liver
DCs (CD45* CD11c*) or Kupffer cells (CD45* MHC II*
F4/80%) (Figure 3). This would induce PD-1 signal
related deletional proliferation of CD4* and CD8* T
cells. Furthermore, this technology was exploited to
treat autoimmune type 1 diabetes in a transgenic islet
B cell-reactive CD4*+ T-cell adoptive transfer model.
The activated pathogenic islet-specific CD4* T cells
were successfully deleted with zero morbidity of di-
abetes for 62 days following adoptive transfer.

Stem Cells-based Drug Carrier

Many types of SCs, including MSCs and neural
stem cells (NSCs), have been proved with the ability
of migrating towards tumor microenvironment so
they are applied widely in tumor-specific drug deliv-

ery[24]. For example, SCs with genetic modification
could secret therapeutic agents in tumor tissue, such
as tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL)[76, 77], interferon-B (IFN-P)[78, 79],
1L12/18[80-82], to inhibit the growth of the tumor.
Recently, a new development was to use SCs as the
NPs carriers[83-89]. The NPs-loaded SCs would mi-
grate towards to tumor tissue and thus caused the
accumulation of NPs. This “Trojan horse” method
seemed to be effective and had been implemented in
various cases. Two approaches were reported to
achieve the tumor treatment. One is attaching the NPs
on the surface of SCs. DOX loaded anti-CD73 or an-
ti-CD90 conjugated silica nanorattle was anchored to
MSCs through specific antibody-antigen interaction.
These modified MSCs can target the U251 glioma
tumor tissue, induce enhanced cell apoptosis and in-
hibit the tumor metastasis[83]. In another work,
docetaxel (DTX)-loaded pH sensitive NPs were cou-
pled onto the surface of NSCs via acid cleavage sialic
acid moieties-hydrazone-biotin-avidin  linker[84].
These NSC-NP conjugates could overcome the high
interstitial pressure in tumor and improve the distri-
bution and retention of the NPs. The other one is en-
capsulating NPs into SCs. Therapeutic nanoparticle,
meso-tetrakis (4-sulfonatophenyl) porphyrin loaded
polymeric NPs or purpurin-18 loaded porous hollow
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silica NPs, could be entrapped in MSCs, which ac-
cumulated in tumor and delayed the tumor growth by
photodynamic therapy[85]. Au NPs or Au nanorods
(AuNRs) were phagocytosed by NSCs with more
wide tumor distribution compared to free Au
NPs/NRs thus achieving a better photothermal ther-
apy efficiency (Figure 4)[86, 87]. The MSCs containing
multifunctional silica NPs were applied in the tumor
multimodality imaging, including optical, PET and
MR imaging[88]. Despite these progresses, some
concerns pointed out that SCs may promote the tumor
growth or even differentiate into tumor[24, 90-92]. It's
necessary to carefully choose SC type in designing the
SC-based delivery system.

Other Cell-based Drug Carrier

Tumor tissue is some kind of inflammatory site
so that immune cells, such as macrophages, neutro-
phils, lymphocytes, can be recruited and accumulated
into tumor[19, 93-95]. The unique property of these
cells was used as ‘“Trojan horse’” delivery systems to
tumor tissue[96]. Considering macrophages usually
capture foreign materials, it's easily loading thera-
peutic agents via ex vivo way. RNA loaded liposomes,
magnetic NPs, Au nanoshell, imaging agents loaded
NPs (zirconium-89 or quantum dot) and drug loaded
NPs were able to be phagocytosed by macrophages
and accumulate in tumor tissue or even migrate
through the blood-brain barrier (BBB) into brain tu-
mors[97-103].

Antigen-encoding  mRNA shows many ad-
vantages as a source of antigen but its applications are
limited by the instability in vivo[104-106]. To prevent
the antigen-encoding mRNA from nuclease degrada-
tion, the whole blood cells were chosen to load the
mRNA (300 ng RNA in 5 x 107 blood cells). This
mRNA loaded system could induce anti-tumor im-
mune responses via activated B- and T-cells[41]. This
system can not only deliver mRNA but also present

Neural Stem Cell (NSC)

the antigen. The blood cells could reach and accumu-
late in the liver and spleen within 2 h, induce immune
responses rapidly and finally achieve a comparable
therapeutic efficacy of mRNA-loaded DCs in the B16
melanoma model.

Extracellular Vesicle-Based DDS

EVs are small vesicles secreted by virtually all
types of eukaryotic cells for intercellular communica-
tion[13, 17, 18, 20, 21, 107, 108]. EVs can deliver bio-
logicals, including lipids, proteins and RNA, so as to
affect the function of the receiving cells. Moreover,
EVs released from different types of cells may show a
high targeting specificity. For example, EVs released
from T cells were preferentially taken up by
CD11bGr1 cells from inflammatory tissues[109, 110].
MPs from tumor cells exhibited the tumor tropic
property[25]. Therefore, EVs have received more at-
tention recently and showed great potential as a novel
strategy for drug delivery.

According to the structural, biochemical proper-
ties and intracellular site of origin, EVs can be divided
into various types: microvesicles (MVs), membrane
particles, exosome-like particles, apoptotic vesicles
and exosomes[13, 107]. In fact, it is still a challenge to
tell apart one EV from another because of their over-
lapping biophysical characteristics although some
discriminating markers have been reported[107, 111].
In this part, we discussed the EVs in two parts, shed-
ding vesicles (or ectosomes) and exosomes, by simply
considering the intracellular origin: shedding vesicles
are directly derived from the plasma membrane while
exosomes are originated from late endosomes and
secreted endogenously from multivesicular bodies
(Figure 5a)[18, 20]. Except for the two, there is another
kind of nano-sized cell membrane vesicles which are
prepared artificially[26, 112, 113]. They were also
discussed here along with the EVs.

Figure 4. Neural stem cell-mediated intratumoral delivery of AuNRs. (a) Schematic depicting AuNR uptake by NSCs. (b-g) Comparison of free AuNR and
NSC.AuNR distribution after intratumoral injection. Three days after AuNR injection, tumors were sectioned. Every 150 um, sections were imaged using dark-field
microscopy. (b, ) Tiled, flattened, dark-field micrographs of entire cross sections of tumors injected with free AuNRs (d) or NSC.AuNRs (e). AuNRs are visible as
dense, bright gold signals. (c, d) Mapped cross sections of tumors injected with free AuNRs (d) or NSC.AuNRs (e). (f, g) 3D projection of all mapped AuNR (red) and
tumor (blue) traces generated using Reconstruct software in tumors that received free AuNR (f) or NSC.AuNR (g). Scale bar = 1 mm and applies to all images.

Reproduced with permission[87]. Copyright 2014, ACS.
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Shedding Vesicles

RBC—derived Microvesicles

It has been established that nano-sized vesicles
with denatured hemoglobin, membrane proteins
and/or toxicant would be generated in RBC aging
processes or by factitious factors such as in vitro os-
motic and oxidative stress[116-118]. The RBC aging is
a form of apoptosis so the resultant RBC MVs are
likely to be phagocytosed by RES. The advantage of
RBC MVs is their nano-size, making them able to
penetrate certain tissue and achieve the intracellular
drug delivery. In one work, ultrasmall superpara-
magnetic iron oxide (USPIO) particles were loaded
into the RBC MVs via incubation method[118]. The
USPIO-loaded RBC MVs can be efficiently uptaken
by MSCs and hence used to label and trace MSCs by
MRI both in vitro and in vivo with minimum adverse
effect.

The RBC MVs can also be obtained as the fol-
lowing steps[112, 113]. The RBC membrane was first
collected via hypotonic treatment as discussed above,
followed by series of membrane extrusion. Two ap-
proaches were developed to load cargoes into the RBC
MVs. One was co-incubating the payloads with the
final MVs directly. The other was loading the drug
into RBC during the hypotonic treatment. The latter
was thought to be with a higher loading efficiency
because the pores on cell membrane allowed the drug
to enter the cells more easily. The maximum loading

efficiency of these two approaches was 7% and 48%,
respectively, when using fasudil as the model
drug[113]. ICG, an FDA-approved NIR-transducing
molecule, could be also loaded into the RBC MVs via
co-incubation to integrate optical imaging and pho-
tothermal destruction of tumors[112]. Compared with
free ICG, the circulation time and cell phagocytosis
efficiency of ICG-loaded RBC MVs had been in-
creased. Accordingly, the photothermal destruction
ability was improved by three times, indicating the
great potential in further theranostic application.

Tumor Cell-derived Microparticles

Tumor cell-derived MPs were recently devel-
oped to deliver chemotherapeutic drugs[25]. Typi-
cally, mouse hepatocarcinoma tumor cell line H22
(5%10%) was incubated with methotrexate (MTX, 10
mg/mL) and then exposed to ultraviolet irradiation
(UBV, 300 J/m?) for 1 h to induce the apoptosis. After
12 h, the drug-loaded MPs (3%10%) with the diameter
of 100-1000 nm were collected by multistep centrifu-
gation. The cell line A2780 and the drug cisplatin,
paclitaxel (PTX) or DOX can be used to generate MPs
in the similar way (Figure 6). The resultant MPs con-
tained a lot of natural biologicals, such as cytochrome
¢, caspases 3/9, histones and DNA pieces. They also
exhibited higher tumor treatment efficacy and much
lower side effects than free chemotherapeutic drugs.
The mechanism might be that the MPs could be effi-
ciently uptaken by tumor cells and thus directly de-
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liver drugs into the cells with a relatively high con-
centration. An interesting phenomenon was that the
tumor cells killed by MPs can produce a new genera-
tion of drug-loaded MPs. These second-generation of
MPs were also toxic to tumor cell and then induced
the third-generation of MPs. This “domino-like” tu-
mor killing behavior of MPs could improve the an-
ti-tumor efficiency. This study may propose a new
way for chemotherapeutic drug delivery.

MSC-based Microvesicles

MSCs containing therapeutic cargos could treat
the diseases efficiently, but the missing cells might
cause some adverse effects and even genetic risks. To
overcome these shortcomings, a recent work at-
tempted to remove the nucleic matter and homoge-
nize the cells to form MSC NGs (Figure 7)[26].

To prepare the NGs, the cells were homogenized
after being harvested and re-suspended in cold
Tris-Magnesium buffer (TM-buffer, pH 7.4), followed
by series of steps of hypotonic treatment, centrifuga-
tion and washing. The pellet was then re-suspended,
extruded 11 times through 0.4 pm polycarbonate
membranes, ultra-centrifuged and re-suspended in
TM-buffer (pH 8.6). The final NGs was ~180 nm and
retained all the MSC surface markers (>50%), such as
CD29, CD44, CD90, CD105. The sTRAIL was loaded
into the NGs during the extrusion step with EE of
30%. Blank MSC NGs were non-cytotoxic against
human prostate cancer cell-line PC3 cells while ex-
hibiting time-dependent cytotoxicity after sTRAIL
loading. In vivo test revealed a remarkable NGs ac-
cumulation in tumors after ip or iv administration for
24 h and the targeting effect lasted for more than a

week in ip-treated mice. Accordingly, the
sTRAIL-loaded NGs caused significant tumor cell
apoptosis with a percentage of 89% and inhibited
tumor growth by more than 70% after single ip ad-
ministration compared with free sTRAIL. More im-
portantly, the treatment was tumor-specific, but not
species-specific. The NGs derived from either human
or rats were found to be with similar treatment effi-
ciency. Recently, Pascucci et al reported PTX loaded
MSC MVs by directly incubating MSCs with PTX
which exhibited a strong anti-tumor activity on
CFPAC-1 cell line[119]. Considering the MSC-based
vesicle platform was hypoimmunogenic and specific
tumor targeting, it's worth continuing these studies
and investigating the precise targeting mechanism to
fulfill medical application in future.

Other Extracellular Vesicles

Besides the aforementioned EVs, vesicles gener-
ated from other cells, such as vascular endothelial
cells and bacteria, were investigated as the drug car-
rier[19, 120-122].

EV-based nanoplatform encapsulating a set of
iron oxide NPs (IONPs) with/without quantum dots
(QDs) or Au NPs, had been prepared by Silva et
al[120]. The model cells, human umbilical vascular
endothelial cells (HUVEC) were cultured with the
NPs and then starved in serum-free medium for 2
days. The NP-loaded EVs were finally purified via
magnetic sorting. The benefits of this biogenic plat-
form were that we can choose proper parent cell with
certain surface features to target desired tissue and
then achieve the MRI and/ or fluorescence imaging, as
well as thermotherapy of certain disease.
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Figure 6. Tumor cell-derived MPs for anti-cancer drug delivery. (a) TEM image of MPs. (b) Tumor cells treated with chemotherapeutic drugs released
drug—packaging MPs. H22 cells or A2780 cells were incubated with 100 pg/mL doxorubicin and irradiated with UBV. MPs were isolated and observed under
two—photon laser scanning fluorescence microscope. DOX was shown as the red color. (c) Cisplatin—packaging MPs inhibited ovarian cancer growth in SCID mice.
Survival observation A2780 cells were i.p. injected to SCID mice (n=6 per group). From the next day, mouse was administered with MPs or with single cisplatin (2
Uglg) or PBS by i.p. injection once per day for continuous 5 days. Reproduced with permission[25]. Copyright 2014, Nature.
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Figure 7. MSC NGs can specifically target tumor. (a) Representative Cryo—TEM images (n > 3) of h(MSC—NGs (b) Binding of NGs (white arrows) to PC3 cells (NGs,
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ministration. Reproduced with permission[26]. Copyright 2014, ACS.

Bacterial outer membrane vesicles (OMVs) were
another important MVs which were derived from
Gram-negative bacteria with a similar structure of
EVs, such as nano-size (20-250 nm diameter), lipid
bilayer, periplasm and contained membrane
protein[19]. These OMVs were usually pathogenic
due to the toxins and lipopolysaccharides (LPS) on the
surface, which greatly limited their clinic application.
However, the OMVs come from attenuated bacterial
strains showed no significant pathogenicity or toxici-
ty. They were employed as the vaccines or therapeutic
agents carrier considering their various endogenous
antigens and the natural self-adjuvanticity[19, 121,
122]. A pioneer work developed OMVs using bioen-
gineered bacteria (Escherichia coli) with an anti-HER2
affibody  (AffirgrotOMVs) on  the membrane
surface[123]. OMVs with low immunogenicity could
target and kill cancer cells in a cell-specific manner by
delivering the siRNA against kinesin spindle protein
(KSP-siRNA). The electroporation method was ap-
plied to load the siRNA into AffingrsOMVs (Affi-
HERROMVSRNA) with an EE around 15%. Even so, the
amount of siRNA in the AffigrrsOMVs was sufficient
to exert cytotoxic effects against the Her2-positive
tumor cells because AffigpgrsOMVSRNA were found to
selectively accumulate in the tumor tissue after iv
administration. Compared with free siRNA and non-
targeted OMVSRNA  the tumor growth inhibition in
AffigprogOMVSRNA oroup was more arrestive accom-
panying with a significant reduction in KSP protein
levels. This genetically engineered OMV was low

endotoxic, inflammatory and immunological and thus
considered as a safe platform for cancer therapy.

Exosomes

Exosomes are naturally occurring cup-shaped
membrane vesicles with a diameter less than 100 nm
(Figure 5b)[17, 18, 107, 108]. They can be collected via
multi-steps centrifugal separation (Figure 5c). The
canonical exosomes are intracellular origin, rich in
cholesterol, sphingomyelin, ceramide, and with the
protein markers of tetraspanins (CD63, CD9) and
TSG101 (Figure 5d). The function of exosomes is
mainly to mediate biological immune response, as
well as to endow recipient cells some new functional
properties[107, 108]. Considering exosomes are natu-
ral vehicles of protein and genetic materials (e.g.
miRNA) with targeting properties, these vesicles
could be excellent candidates for delivery of exoge-
nous therapeutic agents, especially when genetic en-
gineering technology was induced into the modifica-
tion of exosomes. In the following sections, these two
main applications of exosomes, immunomotherapy
and drug delivery, were discussed.

Exosomes for Immunotherapy

Exosomes come from different cells may play a
different role in immunomodulation [107, 108]. Usu-
ally, exosomes released by DCs, B cells or macro-
phages carried both antigenic material and pep-
tide-MHC complexes so they can present exogenous
antigens to antigen presenting cells (APCs) for trig-
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gering immune responses. Tumor specific peptides
pulsed DCs can produce exosomes which can present
these peptides to the immune system and induce
specific cytotoxic T lymphocyte (CTL)-like responses
to inhibit tumor growth[124-128]. Even in AIDS pa-
tients with DC dysfunction and CD4* T cell deficien-
cy, OVA and pcDNAgp120 engineered DC-derived
exosomes (Dex) can still induce OVA or pcDNAgp120
specific CTL responses, and cause long-term immun-
ity against OVA-expressing BL6-10(OVA) or
Gpl120-expressing B16 melanoma[129]. Compared
with other DDS, Dex can be used in anti-tumor im-
munity with minimum side effects[108, 114]. This
strategy has been raising the possibility of curing dif-
ferent types of cancers via the patient's im-
mune system. It was supported by some clinical trials,
such as Dex cancer vaccines for metastatic melanoma
and non-small cell lung cancer treatment[130, 131].
However, the Dex discussed above was site-to-site.
That is, one Dex was developed to treat a special
cancer. To expand the application of these therapeutic
Dex vaccines, a new DC-mvgie/ic vaccine was de-
veloped by pulsing DCs with two kinds of tu-
mor-derived exosomes (Tex) from melanoma (B16)
and Lewis lung carcinoma (LLC) simultaneously
(Figure 8)[132]. The DC-mvsgi¢/LLc vaccine showed
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higher efficacy on tumor treatment than sin-
gle-antigen containing exosomes (DC-mvpis or
DC-mviic). This synergistic effect might result from
the cross-protection initiated by the shared and spe-
cific tumor antigens from B16 and LLC tumor cells.

Exosomes for Drug Delivery

Exosomes are with a nano-size structure which
are stable in the circulation and can thus achieve a
passive targeting via the enhanced permeation reten-
tion (EPR) effect[107, 110, 133]. Additionally, exo-
somes secreted by different cells are able to target
specific tissue/cell. The exploratory work about exo-
somal DDS was reported by Zhang's group[110].
Curcumin was loaded into the EL-4 (mouse lym-
phoma cell line) derived exosomes by a direct mixing
method. The curcumin loaded exosomes can target
CD11b*Gr-1* cells and thus promote the cell apopto-
sis, resulting in an enhanced anti-inflammatory ac-
tivity. They further took advantage of this exosomal
DDS to deliver anti-inflammatory drugs (curcumin or
JSI124) to brain. These drug loaded exosomes could
rapidly come across the BBB through a non-invasive
intranasal route, target the microglial cells and finally
achieve great therapeutic effects[109].
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Figure 8. DC—mvgi¢uic vaccine induced strong lymphocytotoxicity against both BI16 and LLC tumor. (a) Schematic diagram of methods used to generate
DC-mvsienrc dual vaccine and assess anti—tumor effect. Tumor sizes of (b) B16 or (c) LLC at day 30 after tumor cell challenge. Mice were vaccinated twice at week
intervals. Mice were then injected with tumor cells 7 days after the last vaccination. Tumor volume was determined at the end of the study (day 30). Significant
difference vs. saline group (*p<0.05). Significant difference vs. DC—mvbiank group (++p<0.05). Significant difference vs. DC—mvai¢ group (#p<0.05). Reproduced with

permission[114]. Copyright 2014, Elsevier.
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To improve their targeting ability, the exosomes
were modified artificially in many ways[132, 134,
135]. A conceptual work was conducted by Alva-
rez-Erviti et al (Figure 9)[134]. Exosomes generated
from immature DCs were hypotoxic and hy-
po-immunogenic since the low expression of im-
munostimulatory markers, such as MHC II, CD80 and
CD86 on the surface. A peptide derived from the Ra-
bies Virus Glycoprotein (RVG) was fused to Lamp2b
(an  exosomal  membrane  protein).  These
RVG-exosomes could bind to nicotinic acetylcholine
receptor expressed on the BBB so as to increase the
brain targeting ability. Through this carrier, siRNA
was specifically delivered to the neurons, microglia,
and oligodendrocytes in the brain with ~ 60% de-
creased expression of target gene. A subsequent study
by Ohno et al developed EGF or GE11 peptide fused
exosomes to deliver microRNA (miRNA) to epider-
mal growth factor receptor (EGFR)-expressing breast
cancer cells[135]. As expected, the miRNA was suc-
cessfully delivered to the xenograft cancer tissue via
the exosomes after v administration. Besides,
chemotherapeutic drug, DOX, was also loaded into
bioengineered iRGD-Lamp2b exosomes via electro-
poration (EE, ~ 20%) to target av integrin-positive
cancer cells[114]. This modified exosome showed
specific tumor targeting and a powerful tumor
growth inhibition.

An obstacle for the development of exosome
based DDS is that mammalian cells released relatively
low quantities of exosomes (e.g., ~ 0.1 pg protein per
106 DCs) and the purification was a little
complicated[18, 136]. To improve the yield of exo-
somes, Jang et al developed exosome-mimetic vesi-
cles (YNV) to deliver chemotherapeutic drug
through a series of extruding steps followed by den-
sity gradient ultracentrifugation for collection and

purification (Figure 10a)[137]. The vyield of
DOX-loaded exosome-mimetic vesicles (Y37NVpey)
was 203 pg of total protein and 210x10° particles per
1x107 U937 cells, which was more than 100-fold of
natural produced exosome (Y*¥EXO, only 1.74 pg
total protein and 2x10° particles). Moreover, the size,
morphology, and protein marker (CD63, Tsg 101 and
Moesin) contents of U’NV were almost the same as
those of U7EXO. It was also found that Y3’NVp,. had
the similar inhibiting ability against tumor growth
with U%EXOpox. Park’s group described the
large-scale fabrication methods of NVs via microflu-
idics or centrifugation device (Figure 10b&c)[138, 139].
The yield of the resulted NVs was 20.18 pg of total
protein per 1.5x10° murine embryonic stem (ES) cells
and 952 pg of total protein per 1x108 ES cells, respec-
tively. This may promote the comprehensive research
on exosomes based DDS.

Cell Membrane Coated Particles for Drug
Delivery

Cell membrane based vesicles are natural
sourced drug carriers which have been used in vari-
ous systems. However, due to their generation
method and liposome-like structure, it’s hard for
them to load hydrophobic agents, co-deliver drugs
with different properties or fulfill the well-controlled
release. It is well known that polymeric/inorganic
NPs are able to achieve aforementioned properties,
but they are always cleared by the body quickly ow-
ing to their foreign nature. Similar to lipid-enveloped
hybrid NPs, researchers have developed a series of
cell membrane coated NPs that combine the ad-
vantages of the two and realize various functions[5,
9].
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RBC Membrane Coated NPs

RBC membrane (RBCm) coating technology was
developed by Zhang's group since 2011 followed by
being applied in many systems with different pur-
poses (Figure 11a)[27-33]. These novel RBC mem-
brane cloaked NPs (RBC-NPs) were fabricated via a
three-step method. Simply, RBCs were separated
from the whole blood by centrifugation and treated
with hypotonic solution to remove the hemoglobin.
The RBCm vesicles with the size of about 100 nm
could be easily prepared by extrusion through poly-
carbonate porous membranes (100-400 nm). The last
step was co-extruding the RBCm vesicles and NPs
several times to fuse the two together. A lipid bilayer
shell (7-8 nm) was observed out of the NP core and
the zeta potential of the coated NPs was close to the
value of RBCm vesicles. Both the results confirmed
the successful coating of RBC membrane.

There are several interfacial aspects which will
affect the membrane/particle assembly process, in-
cluding membrane/ polymer ratio, surface charge and
NP diameter[28]. For 1 mg PLGA NPs with a diameter
of 100 nm, 85 pL of mouse blood was necessary to
completely shield the particle surfaces. A recom-
mended ratio by the authors was 100 pL blood/mg
polymer. For the cores (ranged from 65 to 340 nm)

with negative surface charge (e.g. PLGA NPs), the
electrostatic repulsion between the NP cores and
asymmetrically charged RBC membrane is not only a
key factor in fabricating the RBCm-coated structure,
but also a guarantee for the right membrane structure.
But if the surface charge of NP cores was positively
charged, significant aggregation occurred because the
electrostatic interactions would collapse the fluidic
lipid bilayer and impede the local arrangement nec-
essary for lipid coverage. The NP cores were effec-
tively coated as proved by TEM. This RBCm coating
strategy was also applied in inorganic NP systems. Au
NPs or Au nanocages with the diameter of 70 nm
were successfully covered by RBCm[30, 140]. Similar
to polymeric NPs, increased particle size and de-
creased zeta potential of the NPs were observed after
RBC cloaking. All the results revealed the efficiency
and flexibility of this membrane coating technique, as
well as the great potential to functionalize various
nano-sized system devices.

It was worth noting that this RBC membrane on
the NPs was with right-side-out membrane orienta-
tion (84%, based on the results of the fluorescence
quenching test) and with almost the same protein
content and glycan density as natural RBC[27, 28, 30,
141, 142]. The glycans and proteins (such as CD 47) on
the surface increased the stability of the NPs in phys-
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iological conditions. Glycans are highly hydrophilic
and contribute to the steric stabilization of cells while
CD 47 is a signal of “don’t eat me’[142]. Both of them
leaded to a long circulation property of RBC-NPs in a
mouse model (t1/2 39.6 h), which was much higher
than that of PEG-based NPs (t1/215.8 h)[27]. To eval-
uate the therapeutic effect of the RBC-NPs, DOX was
loaded into the NPs by either chemical conjugation or
physical encapsulation[29]. Compared to PEG-PLA
NPs, RBC-NPs showed a lower drug release ratio,
indicating the diffusion barrier function of RBC
membrane. They also exhibited much higher cytotox-
icity on an acute myeloid leukemia (AML) Kasumi-1
cell line than free DOX. The folate or aptamer AS1411

were further modified on the RBC-NPs by the
bio-bridge method wusing lipid as the insertion
linker[143]. Both of the targeting modified NPs
showed enhanced cell uptake against KB or MCF-7
cell lines. Another targeting delivery strategy of this
RBCm-cloaking system was developed to take use of
the enzyme-responsive property. The bacteria in in-
fection site can secrete gelatinase. Therefore, the van-
comycin-loaded RBCm-coated gelatin nanogels can
specifically degrade and release the antibiotics in the
infection site[144]. The required dose of antibiotics
can be subsequently reduced with the minimized side
effects.
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RBCm-—cloaking PLGA NPs. (b) TEM image of folic acid modified RBCm—cloaking PLGA NPs (unpublished data). (c) Schematic structure of toxin nanosponges and
their mechanism of neutralizing PFTs. The nanosponges consist of substrate-supported RBC bilayer membranes into which PFTs can incorporate. After being
absorbed and arrested by the nanosponges, the PFTs are diverted away from their cellular targets, thereby avoiding target cells and preventing toxin—mediated
haemolysis. (d) Survival rates of mice over a 15—day period following intravenous injections of 120 ug/kg Hla on day 21 via the tail vein (n=10). Unvaccinated mice
were used as negative control and mice vaccinated with heat-treated Hla served as positive controls. Both the prime—only schedule and prime—boost schedule were
conducted. (e) Comparison of skin lesion size following subcutaneous injections of 5 ug of Hla on day 21. Lesion size was measured for 14 days following the challenge
(n=6). (Unvaccinated mice (black triangles, solid line) and mice vaccinated with heattreated Hla (prime; blue squares, dashed line), nanotoxoid(Hla) (prime; blue
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Other than acting as drug carrier, a recent inter-
esting work afforded the RBC-NPs to the function as
vaccine (Figure 11bé&c)[31]. Seeing that the particle
surface was occupied by RBC membrane, the
RBCm-NPs would interact with pore-forming toxins
(PFTs) like other cellular membranes and lock the
absorbed toxins within the RBCm-coated structure
(about 85 a-toxin, 30 streptolysin-O or 850 melit-
tinmonomers per NP) via the anchoring effect of the
core-shell structure[31, 32]. These toxin absorbing
RBCm-NPs were applied as a safe vaccine to deliver
PFTs to the immune system without any denaturation
treatment[32]. The virulence of staphylococcal
a-haemolysin (Hla), a model toxin, was neutralized
after entrapped by the RBCm-NPs without leakage
for more than 48 h. Compared with traditional atten-
uated vaccine (such as heat-treated Hla), the
Hla-RBCm-NPs were not only non-toxic, but also
with a strong capability of eliciting Hla-specific anti-
body responses (7- and 15-fold of heat-treated Hla in
the prime only and prime-boost vaccinations, respec-
tively) for over 150 days. The protective immunity
also proved that the Hla-RBCm-NPs resulted in a
much longer survival rate (intravenous injection) and
less lesion area (subcutaneous injection) than
heat-denatured toxin.

Other Eukaryocyte Membrane Coated Parti-
cles

Compared with RBC, the structure of eukaryo-
cyte was more complicated. Considering various
physiological functions of eukaryocyte, it's meaning-
ful to develop some biomimetic particles based on the
eukaryocyte membrane to realize some different
functions[34, 145]. The general preparation step is
close to that of RBCm-coated NPs, but a bit more
complicated in detail. The eukaryocyte membranes
can be collected by ultracentrifugation through a dis-
continuous sucrose density gradient after hypotonic
treatment. Then the membrane-coated structure was
fabricated after co-extrusion or incubation with the
cores. The components from nucleus, organelle and
cytosol were found to be low on the formulated NPs,
which may reduce the genetic risk of the technology,
especially in the case of taking some pathological cells
as the membrane source[34].

To date, two kinds of eukaryocyte membrane
coated particles have been investigated, cancer cell
membrane-coated PLGA NPs and leukocyte mem-
brane-coated nanoporous silicon particles[34, 145].
Cancer cell membrane-coated NPs were developed to
deliver tumor-associated antigens directly to DCs
after taking up, processing and presenting to induce
specific anti-tumor immune response[34]. With
monophosphoryl lipid A (MPLA) entrapment, the

NPs would induce the maturation of DCs and sub-
sequent immune activation. Furthermore, this kind of
way can realize a new strategy of unique tumor tar-
geting according to the inherent homotypic binding
capability among tumor cells.

Another leukocyte membrane-coated nanopo-
rous silicon particles were developed to mimic some
bio-functions of leukocyte for tumor treatment (Fig-
ure 12a)[145]. The membranes were coated onto the Si
particles through electrostatic and hydrophobic in-
teractions between the positively charged Si particles
and negatively charged cell membranes after incuba-
tion overnight at 4 °C. Accordingly, the zeta potential
of the particles changed from +7.41 mV to -26 mV.
The functional proteins or molecules, such as CD45,
CD11a and glycans, were all maintained on the parti-
cle surface, which was helpful to prevent the inter-
nalization/uptake by macrophages, phagocytic cells
or vein endothelial cells but preferentially bind to and
transport through inflamed endothelium (Figure
12b). As a result, this leukolike vectors can extend the
DOX circulation time, improve the drug accumulation
in tumor, and thus enhance the therapeutic efficiency
against cancer treatment after DOX-loading. This
vector took advantages of the communication of leu-
kocyte with endothelial cells through receptor-ligand
interactions (Figure 12c&d). This biomimetic system
had paved a new way to transport drugs through
vascular barriers.

In a word, these cell membrane coated particles
were able to perform the natural properties and even
the bio-functions originated from their parent cells.
The concept needs further investigations for applying
bioactive cellular components of specific functional
cells to disease treatment via synthetic and natural
processing method.

Future Prospects

Whole cell and EVs have showed many ad-
vantages, especially in the concept of biocompatibility
and targeting capability. Current synthetic DDS, in-
cluding inorganic and polymeric NPs, were intrinsi-
cally foreign materials and with potential toxicity and
immunogenicity although some of them have been
approved in clinic. As comparison, whole cell or EVs,
which are endogenic, are considered as much more
biocompatible with multi-type of bio-functions along
with the parent cells. When it comes to the con-
cept ‘individual therapy’, where the cells are isolated
from the patients themselves, the cell or cell mem-
brane-based DDSs are non-toxic and
non-immunogenic. For the EVs and cell membrane
coated NPs, the retention of the membrane proteins
and nano-size structure make them more feasible to
achieve site-specific drug delivery than whole cell as
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Figure 12. Leukocyte—like vectors. (a). SEM images of bare NPS, leukocyte (LC) and an NPS camouflaged with leukocyte—derived membranes LLV, Scale bar Tum.
(b) After treatment with NPS and LLV (particles, yellow), ICAM-I clusters (green, arrows) on the surface of TNF—a stimulated HUVEC cells only in proximity to the
LLV. Scale bars, 15 mm. High—-magnification images and colorimetric analysis of receptor clustering is shown to the right (particle size, 3 mm). (c) Schematic of a
transwell chamber for assaying transport across an endothelial monolayer. Particles were counted in the upper chamber (I, supernatant), endothelial layer (2,
intracellular) and lower chamber (3, filtered). (d) Studies of HUVEC (endothelial) and MDA-MB-231 (cancer) cell viability in a transwell system. LLV—loaded
doxorubicin (DOX LLV) showed enhanced tumor cell killing and decreased endothelial cell death following 48 h incubation compared with free doxorubicin (free
DOX) and NPS—loaded doxorubicin (DOX NPS). Error bars represent standard deviation. ¥*P<0.05. Reproduced with permission[145]. Copyright 2014, Nature.

However, there are still some limitations existing
in the clinical translation of such research area. As the
whole cell delivery system, it’s hard for carrier RBC to
fulfill the location release except for RES targeting.
While for the stem cells, the challenge is still con-
cerned on their genetic risk which may need further
investigations. In terms of the EVs and cell membrane
coated NPs, the studies on them are far more than
sufficient. The potential unwanted side effects of these
endogenous carriers are still under investigation. The
exorbitant costs may be another problem. It costs
about US$93,000 per patient for three doses of
DC-based cancer vaccine, Provenge® with modest
increase in survival time (4.1 months)[108]. When it
comes to EV-based DDS, the fee may be higher than
Provenge® due to their low recovery. In view of this,
the large scale generation of the EVs is meaningful.
Heterogenous EVs from other species with similar
bio-functions are also helpful to lower the cost. An-
other way may be taking use of multifunctional mod-
ifications on the EVs and easily available materials,

such as RBC MVs or bacterial OMVs. By taking ad-
vantage of proteomics analysis, one can identify and
purify the key protein and then build some biomi-
metics, such as the RAFTsome, which can stimulate T
cells and prime immune responses like exosomes[15].
It's thus possible to modify natural EVs or create bi-
omimetic NPs in order to achieve some physiologi-
cal functions. The multidisciplinary investigations
with the help of biology, medical science and engi-
neering will be essential to develop a more efficient
cell or EVs-based DDS with high safety and thera-
peutic efficiency.
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