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Cell membrane-derived nanoparticles:
emerging clinical opportunities for
targeted drug delivery

Biofunctionalization of nanoparticles (NPs) is an essential component in targeted
drug delivery. However, current nanotechnology remains inadequate to imitate
complex intercellular interactions existing in physiological conditions in human
bodies. Emerging concepts have been explored to utilize human cells to generate
cell membrane-formed NPs because cells retain inherent abilities to interact with
human tissues compared with synthetic nanomaterials. Neutrophils, red blood cells
(RBCs), platelets and monocytes have been employed to form therapeutic NPs to
treat vascular disease and cancer, and these novel drug delivery platforms show the
translation potential to improve patient quality of life. In this review, we will discuss
the concept of cell membrane-formed NPs, the molecular mechanisms of their disease

targeting and the potential of personalized nanomedicine.
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Synthetic nanoparticles (NPs) have been
used in diagnosis and drug delivery to treat
a wide range of diseases [1-8]. In particular,
NPs are made from lipids [9,10], polymers [11],
proteins [12-15] and metals [16-18]. To deliver
NPs to pathological sites in the body, NPs
are often conjugated with targeting ligands
or antibodies [19]. However, biofunctionaliza-
tion of NPs still remains insufficient to repro-
duce complex and multicellular interactions
present in a human body, thus possibly limit-
ing the efficacy of drug delivery using those
nanotechnologies for translation [20.21].
Intercellular communication is fundamen-
tal to survival and maintenance of homeosta-
sis in all multicellular systems. The commu-
nication is involved with two major pathways
via direct cell interactions and soluble signal-
ing molecules secreted by cells. Recent studies
indicate that an additional mechanism plays
a central role in regulating the intercellular
interactions over a short and long distance
via extracellular vesicles (EVs) [22,23]. EVs are

spherical and nanoscale vesicles derived from
cell membrane, and they contain various
membrane proteins and lipids [24]. A range
of cellular adhesion molecules are highly
expressed on EVs, therefore they can medi-
ate intercellular communications via endo-
cytosis, and they could be utilized to selec-
tively deliver therapeutics to a target [25]. EVs
could overcome the limitation of synthetic
NPs because EVs are endogenous cellular
compartments and immune tolerance. How-
ever, inefficient production of EVs and drug
loading remain problematic for drug delivery
and therapies [2627]. The main component of
EVs is made of cell plasma membrane, there-
fore EV-like nanovesicles can be constructed
using physical or chemical approaches to
directly disrupt cell membrane to form
vesicles [25.28-30].

individual
synthetic NPs and cell membrane nanoves-

Combining advantages of

icles, several drug delivery systems have
been explored based on a hybrid structure.
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This novel concept could impact personalized nano-
medicine. For example, human cell membrane-coated
NPs can be made after human cells are isolated from
patients and are loaded with therapeutic NPs. The
drug delivery formulation is able to avoid detection
by a patient’s immune system while displaying all of
the beneficial disease-targeting functions of the parent
cells. For instance, a red blood cell (RBC) membrane-
coated NP possesses the similar long circulation time
to a natural RBC [28].

Inflammation is the natural response from infection
and tissue injury [31-33]. If inflammation consistently
operates, it results in acute and chronic diseases such
as acute lung injury [34-36], cancer (37.38] and athero-
sclerosis [39.40]. During acute inflammation, vascular
endothelium activates to recruit neutrophils (a type of
white blood cell) and platelets through several adhe-
sion molecules [41]. The interaction between endothe-
lial cells and neutrophils is regulated by the binding
partners of intercellular adhesion molecule-1 (ICAM-1)/
integrin B, E-selectin/E-selectin ligand and PSGL-1/
P-selectin. Platelets interact with endothelial cells
via the binding of GPIba to P-selectin [42]. Based on
intercellular interactions, several cell types have been
exploited to generate cell membrane-derived NPs for
targeted drug delivery.

However, cell membrane-derived NPs are not lim-
ited to those that constitute the blood stream. For
instance, a recent study utilized EV-mimetic nanoves-
icles derived from murine pancreatic f§ cells [43]. This
study focuses on restoring the loss and dysfunction
of pancreatic B cells that result in impaired glucose
homeostasis in diabetes mellitus [44]. Since sources of
B cells are limited there has been a great interest in
developing an alternative source. In diabetic immu-
nocompromised mice, they constructed a 3D in vivo
microenvironment consisting of Matrigel mixed with
bone marrow (BM) cells that were transplanted into
the subcutaneous space. Subsequently, B-cell-derived
nanovesicles were administered into this Matrigel plat-
form and guided the differentiation of BM cells into
insulin-producing cells, which could maintain physi-
ological glucose levels for over 60 days. This study
further demonstrates the diversity of cellular sources
that can be utilized for generating NPs and additional
applications in regenerative medicine.

Here, we focus on four types of cell membrane-
derived NPs from neutrophils, RBCs, platelets or
monocytes (Figure 1A). We will focus on how cell
membrane-derived NDPs are created, and the role in
which these NPs play for treating vascular inflamma-
tion, cancer and detoxification. Finally, we will discuss
the perspective of nanotechnology and possible future
applications.

Neutrophil membrane-formed NPs
Neutrophils are the most abundant circulating leuko-
cytes in humans and the first immune cells that migrate
to the tissues infected by bacteria or viruses [45]. This
response is called acute inflammation involved with
neutrophil infiltration and cytokine release [41]. Neu-
trophil infiltration is regulated by the intercellular
interaction between vascular endothelium and neutro-
phils through several adhesion molecules. For example,
ICAM-1 expressed on endothelium interacts with inte-
grin B, expressed on neutrophils to facilitate neutrophil
vascular transmigration [14,32].

Excessive vascular inflammation could cause
organ failure and damage such as acute lung inflam-
mation/injury and sepsis [46]. Targeting inflammatory
vasculature could reverse the disease progression [32].
NPs conjugated with anti-ICAM-1 or vascular target-
ing peptides were exploited to deliver inflammation
inhibitors to vasculature [4748], but the conjugation
approach often could not achieve the targeting proper-
ties of theoretical design because of complex in vivo
environments [21].

Inspired with the interaction between neutrophils
and vascular endothelium during acute inflammation,
a new strategy has been proposed in which activated
neutrophils are disrupted by a physical force to form
cell membrane nanovesicles [2530]. Recent studies
show that nitrogen cavitation is able to generate cell
membrane-formed nanovesicles using HL60 cell line
(neutrophil-like cells) [25]. Nitrogen cavitation is a pro-
cess in which cells are placed in a vessel containing
nitrogen gas kept at a high pressure. When the pres-
sure is rapidly released, nitrogen bubbles are formed in
a cell until it breaks the cell, and subsequently intra-
cellular contents are quickly released leaving the cell
membrane to spontaneously form nanosized vesicles
(Figure 2A). After the centrifugation at 100,000 x g,
there was no measurable amount of DNA left in the
resulting pellet, which would be a safety concern, but
1.3% of whole cell proteins remained (Figure 2B). Upon
further examination of proteins with a bichinchoninic
acid assay, the pellet was found to be 50% protein,
which is consistent with studies that have shown that
cell membranes are 50% protein and 50% lipid [49].
This demonstrates that the pellet composition is
mainly made of cell plasma membrane. When cryo-
TEM along with dynamic light scattering were used to
visualize this pellet, the spherical and hollow structure
was observed, and the diameter was 200 nm with a
shell thickness of 3—4 nm (Figure 2C). The double lipid
layer of a cell is 3—4 nm in thickness. Collectively, the
biochemistry studies and TEM image clearly indicate
that nitrogen cavitation is a novel means to generate
cell membrane-derived nanovesicles [25,30].
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Figure 1. Schematic of general preparation of membrane-coated nanoparticles and inflamed vasculature.

(A) Specific preparation of NPs varies depending on study but overall process remains the same to generate
empty membrane nanovesicles. Vesicles are extracted from parent cells such as neutrophils, RBCs and platelets
by disruption/secretion. These membrane-derived vesicles that retain the cell membrane antigens of parent
cells can be combined with a nanoparticle core to form the final camouflaged nanoparticle. (B) Neutrophil,
platelet and monocyte membrane-camouflaged nanovesicles can directly target and bind inflamed vasculature.
RBC membrane-camouflaged nanovesicles can absorb cell membrane-damaging toxins (PFTs) in blood.

NP: Nanoparticle; PFT: Pore-forming toxin; RBC: Red blood cell.

Because nitrogen cavitation provides the physical
force to quickly break a cell, membrane proteins can
maintain their natural properties compared with cell
lysis approaches. Unlike other lysis, there is no heat
or chemical damage to membrane proteins during

nitrogen cavitation, and the nanovesicles are protected
from oxidation by nitrogen gas. Nitrogen cavitation
is fast and uniform because the same disruption force
is applied within each cell and throughout the sam-
ple, ensuring reproducible cell-free homogenates [s0].
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The nitrogen cavitation approach is controllable,
easy to scale up and leaves important cell membrane
proteins intact for targeting specificity [25,50].

To investigate whether neutrophil membrane-derived
nanovesicles expressed adherent molecules required
to bind to activated endothelium, the western blot of
nanovesicles and their resource cells were performed
(Figure 3A). Neutrophil-derived nanovesicles highly
expressed integrin 3, compared with their parent cells
and RBCs as control did not express integrin f3,. The
intravital microscopy of cremaster venules showed
that neutrophil-formed nanovesicles were adher-
ent to inflamed endothelium treated with TNF-a
(Figure 3B). When simultaneously injected with neu-
trophil nanovesicles and RBC nanovesicles, only
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neutrophil nanovesicles were adherent to endothelium
but not RBC nanovesicles. The result indicates that
integrin f3, is required for neutrophil nanovesicles to
attach to endothelial vessels via ICAM-1. This specificity
enables them to deliver therapeutics to activated endo-
thelium during inflammation. To examine their use-
fulness, the nanovesicles were loaded with anti-inflam-
mation drug (TPCA-1, [5-(p-Fluorophenyl)-2-ureido]
thiophene-3-carboxaminde) to reverse acute lung
inflammation/injury [s11. TPCA-1 targets the NF-xB
pathway so that expression of ICAM-1 on endothelium
was dramatically reduced and cytokine production was
limited in a mouse model of acute lung inflammation
induced by lipopolysaccharide [25]. This represents a
novel and new strategy to treat vascular diseases.
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Figure 2. Generation of nanovesicles utilizing nitrogen cavitation on HL60 neutrophil-like cells. (A) Schematic
shows the disruption of a cell into its cellular components, centrifugation that separates nanovesicles from other
contents and extrusion. (B) Percentage of DNA and protein during varying steps of centrifugation in part A.

(C) Cryo-TEM image of nanovesicles derived from HL60 cells.

Reproduced with permission from [2s].
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Figure 3. Neutrophil-derived nanovesicles target to inflamed vasculature induced by TNF-a. (A) Western blot
shows the presence of integrin p, on neutrophils (HL60 cells) and erythrocyte cell membrane nanovesicles (EV) as
control for comparison of targeting ability of integrin p,. (B) Intravital image of inflamed mouse cremaster venules
shows the bound HL60 membrane-formed nanovesicles (HV) in green and the vasculature labeled with PECAM-1.
(C) Image comparing binding of HV and EV to inflamed endothelium using intravital microscopy.

EV: Extracellular vesicle; HV: HL60 neutrophil-like vesicles; PECAM-1: Platelet endothelial cell adhesion molecule-1

(endothelium marker).
Reproduced with permission from [25].

Although there are limited studies on neutrophil
NPs, a recent study was reported that polymeric NPs
were coated with neutrophil membrane for targeting
of endothelium and circulation tumor cells (CTCs)
in the breast cancer mouse model [52]. In this study,
the natural targeting ability of neutrophils for both
CTCs and premetastatic niche inspired the creation of
neutrophil membrane-coated NPs. The NPs demon-
strated continuous capture of CTCs in circulation and
when loaded with carfilzomib, a proteasome inhibitor,
they showed therapeutic potential in prevention of
early metastasis as well as inhibition in the progres-
sion of already-formed metastasis. Furthermore, this
core-shell structure may allow the efficient loading of
therapeutics into nanovesicles.

Erythrocyte membrane-cloaked NPs

Erythrocytes, or RBCs, are the body’s natural delivery
vehicles that possess an innate long circulation time.
They possess a noteworthy design that allows them
to flow through capillaries smaller than their own
diameter [s3]. In order to create an erythrocyte-coated
nanovesicle, the membrane must be separated from
the contents of the cell while preserving the original

membrane antigens, therefore maintaining their
natural targeting ability.

Using hypotonic medium or chemical agents, RBC
ghost vesicles are formed without hemoglobin [28]. Once
the membrane has formed vesicles, it can then be com-
bined with a NP such as a poly(lactic-co-glycolic acid)
polymer (PLGA) as a core loaded with a drug of choice.
Transmission electron microscopy showed this core-
shell structure, implying that the cellular membrane is
translocated to a NP surface. The biodistribution study
reveals that NDPs are present in the blood even 72 h after
injection of NPs [28]. Compared with the state-of-the-
art PEG-coated PLGA NPs, RBC-coated NPs show the
superior circulation half-lifetime.

Due to the longer circulation of RBC-coated NPs in
the blood, they were designed to become a nanosponge
that absorbs pore-forming toxins (PFTs) for detoxifica-
tion (Figure 1) [s4]. PFTs disrupt the cell membrane and
alter its permeability as a major virulence mechanism
to attack cells, leading to systemic toxicity, for exam-
ple, various bacterial infections [ss5] and in the patho-
genesis of venomous bites [5¢]. Cell membrane-coated
NPs could competitively absorb PFTs in the blood,
thus preventing the severe and systemic spreading
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of toxins. In a mouse model, the nanosponges sig-
nificantly decreased the toxicity of staphylococcal
alpha-hemolysin [57:58].

The same group reported that RBC-coated NPs
containing toxins were applied to toxoid vaccination.
Immunization against bacterial PFTs is a novel means
to prevent infections, such as Escherichia coli, Helico-
bacter pylori and Staphylococcus aureus. The improve-
ment of vaccine potency and safety is a key factor to
develop vaccines. RBC-coated NPs can neutralize the
membrane-damage activity of PFTs after RBC mem-
brane detains the PFTs, and this NP system will acti-
vate the adaptive immune system to generate immu-
nization against PFT-induced infections. For example,
a vaccine against staphylococcal alpha-hemolysin, a
specific type of PFT in mice, has been shown to be
superior to standard vaccination with heat-denatured
toxins [59]. Antitoxin vaccines are currently synthesized
from either chemical or heat-denatured toxin, which
inactivates the toxins. This denaturing process, how-
ever, can lead to disrupted antigenic presentation and
lowered vaccine immunogenicity [60,61]. By using a NP-
based toxoid vaccine, the natural structure of PFTs is
preserved for enhanced protection of immunity. These
findings open up the possibility of using membrane-
coated NPs for the administration of vaccinations
against other bacterial toxins.

Recently, there is increasing interest in research sur-
rounding erythrocyte-camouflaged NPs for synergis-
tic chemo-photodynamic therapy of cancers [62-65].
In one recent study of interest, erythrocyte-derived
nanoprobes were functionalized with antibodies [66].
The nanostructures were loaded with indocyanine
green (ICG) which is the near infrared dye that is US
FDA approved. Free ICG is easily degradable in plasma
resulting in a halflife of 2—4 min and does not have
targeting specificity. Erythrocytes naturally have a
long circulation time; therefore, when they are encap-
sulated with ICG, imagining will be allowed over a
longer period. With the addition of successful func-
tionalization of antibodies, these NPs demonstrate a
new generation of molecular imaging in cancer.

Furthermore, erythrocyte polymeric NPs are being
used to carry therapeutic agents for antigen delivery
to dendritic cells (DCs) for an efficient induction of
cytotoxic T lymphocyte-mediated response against
tumors [67]. DCs are specifically targeted because of
their role in collecting tumor antigens and secreting
pro-inflammatory cytokines that promote T-cell acti-
vation. When antigens are encapsulated by nanocar-
riers, they are protected from degradation, improve
uptake by DCs and generate a stronger T-cell response
in situ. One of the findings were that the nanovaccine
increased IFN-y production and CD8* T-cell response.

Additionally, the nanovaccine retarded tumor occur-
ring time, prevented tumor growth and inhibited
tumor metastasis in various melanoma mouse models.
This research shows promise for the future develop-
ment of biomimetic vaccines that elicit tumor-specific
immune responses.

Reported recently was the development of an
erythrocyte-platelet hybrid NP (68]. This study shows
that it is indeed possible to fuse two different types
of cell membrane, and the fused membrane NPs carry
properties from both cell types. Additionally, this study
gives light to future combinations that will potentially
display the advantages of both cell types. For instance,
combination of platelet and erythrocyte membranes.
Erythrocytes have the longest circulation life of all the
cells discussed, but they do not target inflamed vas-
culature. On the other hand, platelets have a shorter
half-life but do target inflammation sites. Fusing them
together can provide a NP with targeting ability and a
long half-life. Countless combinations are about to be
explored and there are seemingly endless possibilities.

Platelet membrane-cloaked NPs

Platelets are essential components to maintain hemo-
stasis. Platelets are small, non-nucleated membrane cell
fragments that circulate in the blood. Platelets possess
a wide array of cell membrane antigens and are respon-
sible for immune defense [69]. When blood vessels are
destroyed, the injury exposes proteins, such as colla-
gen, that are rich in the subendothelial layer under-
neath the vessel wall. The platelets can bind to these
proteins with high affinity and then release blood-
clotting factors, promoting the formation of a platelet
plug that helps to heal the wound.

Inspired with the unique intercellular interaction,
the platelet membrane is coated to NPs so that the
hybrid structure can target the injured vasculature.
A platelet is an important component of the blood
with a natural ability to target vascular injury sites
(Figure 1) [70-72]. In a recent experiment with the mouse
models of both coronary restenosis and systemic bac-
terial infections, platelet membrane-coated polymeric
PLGA NPs showed increased therapeutic efficacy
when compared with uncoated particles [29]. Interest-
ingly, when injected in the blood, the platelet-coated
NPs showed the reduced uptake by macrophage-like
cells, thus possibly increasing the NP deposition in the
target.

In addition, platelets can adhere to other disease-
relevant substrates such as CD44 receptors upregulated
on cancer cell surfaces. Platelet membrane is coated to
polymeric NPs to exploit both the extracellular and
intracellular components of platelet nanovesicles in
the targeting of tumor cells. The inside is loaded with

2012

Nanomedicine (Lond.) (2017) 12(16)

fsg

future science group



Cell membrane-derived nanoparticles: emerging clinical opportunities for targeted drug delivery Review

a small molecular drug (doxorubicin) that targets an
intrinsic apoptosis pathway in tumor cells while the
outside is decorated with TNF-related apoptosis induc-
ing ligand that induces extrinsic apoptosis by binding
to the cell surface [73]. This way acts to synergistically
attack tumor cells from the inside-out and displays
the broad spectrum of functions that cell membrane
nanovesicles possess.

Furthermore, an exciting application of platelet NPs
is in the development of thrombus-targeted delivery
of plasminogen activators [74]. Plasminogen activators
facilitate the conversion of plasminogen to plasmin
which acts to break down fibrin in a clot. Clinically,
plasminogen activators are used in the treatment of
occlusive vascular conditions such as heart attack and
stroke. Their action is therapeutic at a blood clot site,
however systemically a major side effect is hemorrhagic
risk. Another issue with free thrombolytic agents is that
they are readily deactivated by plasma components in
the blood resulting in the short circulation lifetime.
This study shows that their thrombolytic-loaded plate-
let NPs can protect and selectively deliver their cargo
to the clot site of a carotid artery thrombosis mouse
model without altering systemic hemostasis.

Platelet NPs have also been studied as theragnostic
tools used for cancer diagnosis and therapy [75]. In this
study, platelet vesicles with intact membrane proteins
were generated and subsequently coated onto Fe O,
magnetic NPs. The platelet membrane provides long
circulation lifetime, immune compatibility and target-
ing abilities while the magnetic NP contributes optical
absorption properties for MRI and photothermal ther-
apy (PTT). In addition, they found that the enhanced
targeting to the PTT site is attributed to both proper-
ties of PTT and targeting of platelet membrane. This
study shows that nanotherapeutics have the potential
to revolutionize cancer theranostics.

Monocyte-derived NPs
Monocytes are a subset of circulating white blood cells
that have also shown great promise as cell-derived
nanovesicles for drug delivery. Their precursors origi-
nate from the bone marrow (BM), and they can fur-
ther differentiate into macrophages [76]. They represent
2-8% of leukocytes in human blood [77] and in the
blood monocytes have a half-life of 1-3 days [78]. Similar
to neutrophils and platelets, they play an important role
in inflammation and vascular injury. Due to their bio-
logical functions, they possess intrinsic targeting toward
inflammatory sites. Monocytes have a variety of delete-
rious roles in tissue damages, but recent studies show
that monocytes also support the tissue regeneration [79].
Currently monocyte-derived nanovesicles have
shown a variety of capabilities such as preclinical use

as a diagnostic imaging tool for brain targeting can-
cer and inflammation [80]. In this study, macrophage-
derived exosome-mimetic nanovesicles (ENVs) were
radiolabeled with 99mTc-hexamethylpropyleneamine-
oxime in order to trace these ENVs in vivo. By devel-
oping this approach to monitor the biodistribution of
ENVs, it enables us to investigate the 7z vivo behavior
of nanovesicles, thus furthering their biomedical appli-
cation. For example, loading NPs with imaging mol-
ecules and chemotherapeutics together could result in
combined diagnostics and therapy.

Additionally, monocytic nanovesicles were devel-
oped as delivery vehicles for therapeutic RNA mol-
ecules [81]. Naked RNA is easily degraded and cannot
readily pass through biological membranes to reach the
cytoplasm of diseased cells. When an effective intracel-
lular delivery system is achieved, therapeutic RNA is
delivered to recipient cells and cause RNA interference.
RNA interference is a process where RNA can modify
gene expression and inhibit the function of specific
mRNA. This could be particularly useful in attenuat-
ing single mutated genes or overexpressed oncogenes
in cancer. This study shows that the monocyte-derived
nanovesicles were efficiently delivered RNAI to recipi-
ent cells, which subsequently suppressed target gene
expression.

Naturally, tumors exhibitabnormal angiogenesis that
acts to support tumor growth [82]. Chemotherapeutic-
loaded monocyte nanovesicles are able to bind to the
abnormally proliferating endothelial cells and directly
release chemotherapeutics in tumor tissues (83]. In this
study, monocyte and macrophage nanovesicles were
generated using serial extrusion through a series of
nanosized filters. The nanovesicles maintained their
plasma membrane topology, and therefore retained the
natural targeting ability of their parent cells. Impor-
tantly, the chemotherapeutic drug-loaded nanovesicles
reduced tumor growth to the same extent as 20-fold
higher doses of free drug without adverse side effects.
Plasma membrane topology of nanovesicles is cru-
cial for their targeting ability because the therapeutic
effect is reduced when plasma membrane proteins were
removed using tyrosination. Furthermore, circulat-
ing monocytes are naturally targeted by cancers as a
source of cell-proliferating growth factors [34]. Know-
ing this, one study utilized monocyte-derived cell
membrane-coated PLGA loaded with doxorubicin via
nanoprecipitation for targeted cancer therapy [85].

Potential translation of cell membrane-
derived NPs

Standard pharmacokinetics generally dictate that dose
increases correspond to an increase in both therapeutic
effects and drug toxicity. With nanomedicine, a drug
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is encapsulated within a nanocarrier and as a result this
increases its effectiveness as compared with traditional
dosing formulations. Nanoparticle-based drug therapy
increases circulation half-life and targeting specificity
while decreases drug metabolism and drug toxicity.
This is especially important for drugs that have high
toxicities such as anticancer drugs, which have been
a major focus of NP drug delivery. EVs, which are
involved in intercellular communication, have been
investigated as possible delivery platforms for thera-
peutic intervention. While there are some advantages
of EVs, such as targeting specificity, blood stability
and immune compatibility, they can also produce
unwanted adverse effects due to their complicated
and heterogenic nature [24]. In addition, EVs do not
have suitable method for generation and purification
needed for clinical translation [2¢]. In contrast, man-
made nanovesicles using physical forces have shown to
be more easily controlled and suitable for drug delivery,
as shown above. With the use of these individual cel-
lular carriers we would be able to have a patient-derived
drug delivery system that would lead to personalized
nanomedicine.

Despite the promise of the nanovesicle drug deliv-
ery, there are still some challenges that will need to
be addressed before clinical application. For all cell
types isolated from blood, it will be important that
they go through a stringent sterilization process to
avoid infection risks and if using a nonautologous
blood source donor blood screening followed by blood

type matching will need to be done in order to ensure
maximum compatibility [s6]. Challenges that platelet
membrane-coated NPs have encountered moving for-
ward into clinical translation include developing large-
scale purification and derivation techniques [29]. This is
a potential future opportunity to expand nitrogen cavi-
tation to generation and purification of platelet mem-
brane vesicles [2530]. Upon review, neutrophil-derived
nanovesicles may possess the advantage of ease of gen-
eration for clinical application. In circulating blood,
human neutrophils make up 50-70% of all leuko-
cytes (87]. Matched with an efficient technique such as
nitrogen cavitation where 50-75% of cell membranes
form nanovesicles [2530], it would be possible to gen-
erate a large quantity of patient-derived nanovesicles
from a single blood sample.

Conclusion & future perspective

Cell membrane-derived nanovesicles have the advan-
tages of diverse biological entities that can be used for
drug delivery. We summarize some key characteristics
and challenges when we exploit them in a wide range of
applications in medicine (Table 1). These biocompatible
vesicles are naturally present in the human body, there-
fore they are not immediately attacked and removed.
This enhances therapeutic efficacy by increasing its cir-
culation time and selective targeting ability, ultimately
leading to sustained drug concentrations within thera-
peutic windows. This also limits potential side effects
and toxicity, which has always been the treatment goal

Table 1. Summary of membrane-derived nanovesicles from different cell types.

Cell types
Neutrophils

Erythrocyte

Platelet

Monocyte

EVs

Disease models/applications

Acute lung inflammation/
injury

Cancer

Sepsis

Nanosponge for detoxification
Diagnostic imaging
Nanovaccine

Cancer

Thrombosis

Diagnostic imaging

Cancer

Diabetes

Diagnostic imaging

RNAi delivery vehicles

Cancer

Small RNA delivery vehicles
Anti-inflammatory delivery
Parkinson’s disease

EV: Extracellular vesicle.

Characteristics

First leukocyte at site of inflammation

Most prevalent leukocyte in blood (50-75%)
High-yield production of nanovesicles
Targeting of inflamed vasculature

Longest circulating half-life
Most abundant blood cells

Targeting of inflamed/injured vasculature

Higher production yield than exosomes
Targeting of inflamed vasculature

Secretion from any types of cells
Naturally involved in intercellular

communication

Challenges
Short circulating half-life

Less tissue targeting

Isolation and purification
Scalability

Less prevalent leukocyte in
blood (2-8% of leukocytes)

Low production yield; Difficult
purification; Less efficient drug
loading; Low scalability;
Heterogeneity in size and
composition
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for healthcare. Using the nitrogen cavitation approach
for generating nanovesicles maintains membrane anti-
gens of interest while providing a process that is able
to scale up. With these recent advances in nanovesicle
drug delivery, it is now fathomable for a patient to con-
fidently manage their disease states with personalized
treatment.

Due to the variety of existing biological cells and
their unique membrane antigens, there are many novel,
high-specificity nanovesicle drug delivery systems left
to be developed. In the process of developing future
NP delivery systems, it is beneficial to use a top—down
approach that is first disease driven from which we can

identify the appropriate biological cells involved in
order to target that particular disease state [25]. Once the
biological cells of interest are identified, nanovesicles
can be generated and purified using nitrogen cavitation.
Nitrogen cavitation is not only reliable but also scalable
to allow nanovesicle-based drug delivery systems to be
transitioned into clinical use. Another direction that
NP technology is making great strides in are vaccina-
tions. Currently, research is being done to develop an
approach to treat cancer prophylactically using antican-
cer vaccinations [88]. The idea behind these vaccinations
is to train the human body to recognize and eliminate
cancer cells that are normally able to avoid detection

Executive summary

Background

effects.

Neutrophil membrane-formed NPs

¢ While some advances in design and bioengineering of synthetic nanoparticles (NPs), exposure of NPs to
complex and multicellular systems in vivo cannot avoid immune surveillance, thus decreasing therapeutic

e Extracellular vesicles, membrane-formed NPs, could overcome the limitations of synthetic NPs.
e Extracellular vesicles-like nanovesicles can be made from a wide range of cell types.

e Neutrophils are the most abundant circulating leukocytes in human, and the first immune cells that migrate to
the tissues infected by bacteria or viruses.

e Excessive vascular inflammation could cause organ failure and damage such as acute lung inflammation/injury,
sepsis and cancers.

* Inspired with the interaction between neutrophils and vascular endothelium during acute inflammation, a
new strategy is proposed to generate neutrophil membrane-formed vesicles to target inflamed lungs, thus
reversing acute lung injury.

¢ Nitrogen cavitation can generate homogeneous size of neutrophil-derived nanovesicles with targeting ligand,
integrin B,.

e Intravital microscopy enables real-time visualization of interactions between neutrophil-derived nanovesicles
and inflamed vasculature in a live mouse.

Erythrocyte membrane-cloaked NPs

e Erythrocytes (red blood cells [RBCs]) are the body’s natural delivery vehicles that possess an innate long
circulation time.

e Due to the longer circulation of RBC-cloaked NPs in the blood, they are designed to become a nanosponge
that absorbs pore-forming toxins for detoxification.

e RBC-cloaked NPs containing toxins are used in vaccination.

¢ RBC-cloaked NPs are used for synergistic chemo-photodynamic therapy and immunotherapy in cancers.

Platelet membrane-cloaked NPs

e Platelets are essential components to maintain hemostasis.

* Inspired with the unique intercellular interactions, the platelet membrane is coated to NPs for targeting to
injured vasculature and tumor microenvironments.

e Hybrid structure of erythrocyte and platelet membrane combines both advantages.

Monocyte-derived nanovesicles

e Monocytes are subset of circulating white blood cells and respond to tissue injury and infection.

e Monocyte-derived nanovesicles are utilized for diagnostics in brain, cancer and inflammation.

Potential translation of cell membrane-formed NPs

e Personalized nanomedicine using cell membrane-formed NPs.

e Despite the promise of nanovesicles drug delivery, there are still some challenges needed to address, such as
stringent sterilization, blood source, production yield and scalability.

e Potential opportunity for nitrogen cavitation to generate membrane-formed nanovesicles, compared with
other cell lysis techniques.

e Human neutrophils are accounted for 50-75% of all leukocytes, therefore there is the translational
opportunity for neutrophils as a novel drug delivery platform.
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from the immune system [89]. Because f this, we can
expect that future treatments become more personal-
ized to patients. Patient blood specimens can be col-
lected and the appropriate biological cells extracted and
further purified to generate patient-derived nanoves-
icles. These nanovesicles possess natural stability in
blood due to evasion of the immune system provid-
ing drug delivery that is superior to previous forms.
With this proposed technology, it is possible to use the
patient’s own tumor cells or stem cells to spearhead a
personalized cancer treatment [90,91].

In summary, cell membrane-derived nanovesicles
and their loading with therapeutic NPs show the
potential translation to treat a wide range of diseases.
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