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Cancer nanomedicines are designed to encapsulate different therapeutic
agents, prevent their premature release, and deliver them specifically to
cancer cells, due to their ability to preferentially accumulate in tumor tissue.
However, after intravenous administration, nanoparticles immediately
interact with biological components that facilitate their recognition by the
immune system, being rapidly removed from circulation. Reports show that
less than 1% of the administered nanoparticles effectively reach the tumor
site. This suboptimal pharmacokinetic profile is pointed out as one of the
main factors for the nanoparticles’ suboptimal therapeutic effectiveness and
poor translation to the clinic. Therefore, an extended blood circulation time
may be crucial to increase the nanoparticles’ chances of being accumulated in
the tumor and promote a site-specific delivery of therapeutic agents. For that
purpose, the understanding of the forces that govern the nanoparticles’
interaction with biological components and the impact of the physicochemical
properties on the in vivo fate will allow the development of novel and more
effective nanomedicines. Therefore, in this review, the nano-bio interactions
are summarized. Moreover, the application of cell-derived vesicles for
extending the blood circulation time and tumor accumulation is reviewed,
focusing on the advantages and shortcomings of each cell source.

1. Introduction

Nanoparticles’ application in medicine cre-
ated a new era of cancer research, from diag-
nostic to therapeutic.['?] Particularly, nano-
materials have been showing the potential
for overcoming the pharmacokinetic lim-
itations and reducing the side effects of
conventional cancer therapies. Until now,
several nanomedicines have already been
approved for cancer treatment, such as
Doxil, Abraxane, Vyxeos, and many oth-
ers are currently under clinical trials.>*
These nanomedicines demonstrate numer-
ous advantages over the administration of
free chemotherapeutic drugs: prolonged
circulation time, improved drug solubil-
ity, enhanced bioavailability, and lower
side effects.>®! Nonetheless, despite sev-
eral studies demonstrating the potential of
nanoparticles as selective drug delivery plat-
forms and effectively induce cancer cells’
death both in vitro and in vivo, the applica-
tion of nanomedicines in the treatment of
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human tumors often presents modest im-

provements in the overall survival rate of
patients. In fact, only 0.7% of the nanoparticles’ injected dose
effectively reaches the tumor site.”] Thus, this still suboptimal
nanoparticles’ pharmacokinetics is pointed out as one of the
main factors for its reduced therapeutic effectiveness and its poor
translation into clinical practice. Such is further supported by the
rather limited knowledge of the interactions between nanoparti-
cles and living organisms, namely humans.[8-1]

Nevertheless, there is a consensus that longer circulation
times are crucial to increasing the chances of nanoparticles being
accumulated in the tumor microenvironment.'213] Classically,
researchers have been focusing on passive or active targeting
strategies to improve the specific delivery of the therapeutics
to cancer cells, exploring mainly the enhanced permeability
and retention (EPR) effect or the so-called vascular bursts.[!*1]
However, once in the body, nanoparticles can immediately
interact with biological components (e.g., proteins and cells).
Particularly, the interactions between nanoparticles and physi-
ological fluids are induced by several forces that will determine
the formation of a protein corona. The protein corona can induce
several modifications in the nanomedicines’ initial properties
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(e.g., hydrodynamic size, surface chemistry, hydrophobicity,
immunogenicity) that will impact nanoparticles’ blood re-
tention, bioavailability, tumor accumulation, and even their
biosafety.'®17] Thus, the nanoparticles’ surface properties play
a huge role in the nanoparticles’ behavior. Understanding the
interactions that can be established between nanoparticles and
biologic systems, as well as the modulation of nanoparticles’ sur-
face physicochemical properties will allow us to predict the forces
that govern the nano-bio interactions, and consequently the
nanomedicines’ biological fate and efficacy in cancer therapy.*12]
In recent years, different strategies have been developed to im-
prove nanoparticles’ circulation time, mainly by the optimization
of their physicochemical properties and functionalization with
hydrophilic polymers or biomimetic coatings.[**-2] Particularly,
the creation of biomimetic coatings based on cell-derived vesicles
is an emerging concept to improve the nanomaterials’ biologi-
cal performance. These cell-derived vesicles inherit the unique
features of the source cells, such as biocompatibility, long circula-
tion time, homologous targeting, and immune evasion, showing
a high potential to create novel and more effective cancer
therapies.[2122 Therefore, in this review, an overview of the prac-
tical approaches described in the literature to prolong nanopar-
ticles’ blood circulation is provided. Initially, the nanoparticles’
application in cancer therapy and their biological and physico-
chemical interactions in the bloodstream will be discussed. Then,
the different strategies exploring the application of biomimetic
coatings based on the utilization of cell-derived vesicles are
also overviewed, highlighting their potential for increasing the
nanomaterials’ blood circulation and tumor accumulation.

2. Nanomaterials in Cancer Therapy

The administration of nanomedicines in the human body, partic-
ularly in cancer therapy, is generally performed through the intra-
venous route.)] From the administration until reaching the can-
cer cells and the subsequent delivery of the therapeutic agents,
nanoparticles undergo a process that comprises five major
steps (CAPIR cascade): blood Circulation, tumor Accumulation,
Penetration into the tumor tissue, cellular Internalization, and
drug Release.] In fact, the overall therapeutic efficacy of drug
delivery systems largely depends on the effectiveness of each one
of these steps. Once in the bloodstream, nanoparticles should be
stable (i.e., sidestep degradation, oxidation, aggregation) and also
avoid interaction with proteins. Upon intravenous administra-
tion, the nanoparticles are susceptible to the adsorption of plasma
proteins (e.g., serum albumin, immunoglobulins, and comple-
ment compounds) on their surface, which can induce nanopar-
ticles’” physiochemical changes (e.g., aggregation and increase of
the hydrodynamic size).['?%] These modifications can facilitate
the nanoparticles’ recognition by phagocytic cells, blood clear-
ance, and/or the accumulation in off-target tissues, such as the
reticuloendothelial system (RES) organs (e.g., spleen and liver),
which consequently results in shortened blood circulation times
(Figure 1).1%°]

When in circulation, nanoparticles must be able to reach and
accumulate passively in the tumor tissue, making use of the EPR
effect.*2%1 This phenomenon arises from the leaky and abnor-
mal tumor vasculature (i.e., capillaries with fenestraes’ sizes be-
tween 200 and 1200 nm) and the impaired lymphatic drainage re-
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sulting from the fast and uncontrolled cellular proliferation in the
tumor, which enable the extravasation of nanoparticles from the
bloodstream followed by its retention in the tumor tissue.l?’] Be-
sides the EPR effect, the occurrence of transient and dynamic vas-
cular bursts/eruptions in tumor vessels was recently described as
an alternative event that mediates the diffusion of nanomedicines
from blood to the tumor interstitial space.[>] Therefore, nanopar-
ticles’ size, shape, and blood circulation time are crucial factors
that will mediate the nanoparticles’ capacity to take advantage of
the EPR and/or dynamic vascular bursts/eruptions.?¢?8] How-
ever, it is worth noticing that this passive accumulation phe-
nomenon is more pronounced in animal tumors, whereas in hu-
man tumors the EPR can be absent.?] The type of tumor, the
size, the location, the development stage, the blood flow, and the
structural complexity are some factors that influence the intensity
of the EPR effect.[?3% Therefore, to further increase the nanopar-
ticles’ specificity to the tumor tissue, researchers have also been
exploring active targeting strategies. These strategies focus on the
functionalization of nanoparticles with targeting moieties that
specifically recognize the molecules overexpressed at the tumor
site or in newly formed vessels, favoring the nanoparticles’ inter-
action and accumulation in these areas.3!32] After nanoparticles
reach and accumulate in the tumor tissue, the process can be-
come more complex. The penetration and diffusion of nanopar-
ticles in a solid tumor are hindered by the heterogeneous dis-
tribution of blood vessels, the high interstitial pressure, the tu-
mor’s dense extracellular matrix, and the highly compacted can-
cer cells. Altogether, the ability of a high dose of nanoparticles to
diffuse and reach the center of the tumor is compromised, lead-
ing to a heterogeneous, superficial, and reduced distribution of
the nanoparticles.(**34]

Finally, the cell membrane is the last natural barrier that
nanoparticles have to surpass to release their cargo into the intra-
cellular space and exert their therapeutic effect. The nanocarriers
are mainly internalized by endocytosis and the utilization of tar-
geting molecules can confer to the nanoparticles a higher speci-
ficity toward cancer cells.®) However, the cancer cells present
mechanisms, such as the overexpression of P-glycoproteins, that
can avoid the intracellular accumulation of anticancer drugs im-
pairing the therapeutics’ effectiveness.*®) However, the latest
data analysis refers that 99% of the intravenously administered
nanoparticles do not reach the tumor tissue.l”l Therefore, the
enhancement of the nanoparticles’ CAPIR cascade is an actual
and prominent target for researchers. In this field, there are two
major focuses i) increasing the nanoparticles’ blood circulation
time and ii) developing nanoparticles with higher specificity to
cancer cells.[?22*] Considering the CAPIR cascade, the first step
to increase the nanoparticles’ accumulation in the tumor tissue
should encompass the optimization of the nanoparticles’ phar-
macokinetics, starting with the blood circulation time. This con-
sensus is related to the higher probability of the nanoparticles
pass by the tumor site and interact with the tumor cells.['32237]
Moreover, the combination of higher blood circulation times with
the introduction of active targeting moieties may further boost
the therapeutic potential of the nanomaterials.l*3] In the follow-
ing sections, the nano-bio interactions will be described as well
as the different strategies exploring the application of cell-derived
vesicles for increasing the nanomaterials’ blood circulation and
tumor accumulation.
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Figure 1. Representation of the main factors and processes that nanoparticles undergo from their administration until their accumulation in the tumor. 1)
Nanomaterials’ physicochemical properties impact all the processes along the CAPIR cascade, particularly the blood circulation time, and consequently
nanomaterials in vivo fate. 2) Once in the bloodstream nanoparticles can interact with blood proteins, resulting in the formation of a protein corona
that will induce several changes in nanomaterials’ properties, which can lead to 3) the activation of the immune system and premature elimination of
nanomaterials. 4) The nanomaterials that can effectively reach the tumor, need to surpass the tumor vasculature, penetrate the highly compacted tumor
region, and to be internalized by cancer cells to exert their therapeutic effect.

3. Nano-Bio Interactions in Blood Circulation when the particle interacts with the biological fluids), and the
. contact zone of this solid-liquid interface with the biological
3.1. Protein Corona system.[®] Biological fluids (e.g., blood and interstitial fluid)

present a high protein content. Since most nanomedicines are
Once in the body, nanoparticles interact with the biological com- intravenously administered, the absorption of blood proteins is
pounds establishing a nano-bio interface, that is constituted  the most discussed in the literature. Blood is a highly complex
by the nanoparticle’s surface; the solid-liquid interface (formed  flyid composed of cellular and acellular elements. The protein

Adv. Healthcare Mater. 2022, 11, 2201214 2201214 (3 of 40) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

fraction of the blood represents ~4% of the total volume and is
composed of albumin, globulin, complement components, co-
agulation factors, and apolipoproteins.[**) Upon administration,
nanoparticles can be rapidly covered by a high abundance of
proteins, which are adsorbed with low affinity, forming a dy-
namic protein corona (called “soft corona,” Figure 1). After a
few minutes, the soft corona is replaced by proteins with higher
affinity, which are strongly adsorbed to nanoparticles’ surface—
called “hard corona”.'7254041] Therefore, the nano—proteins in-
teraction is also denominated as the first nano-bio interface
of nanomedicines.!®) The protein corona will induce several
changes in the nanomaterial physicochemical properties (e.g.,
aggregation state, hydrodynamic size, surface charge, and sur-
face chemistry), which can be very distinct from its synthetic
identity and compromise its therapeutic performance. Moreover,
the adsorbed proteins may induce RES activation and accelerate
the nanoparticles’ elimination. Additionally, the adsorbed pro-
teins can also participate in the activation of a series of signal-
ing cascades that can lead to coagulation and/or anaphylactic
shock.[2>41:42]

3.2. Nano-Bio Interactions and Nanoparticles’ Physiochemical
Properties

Nanoparticles’ surface properties (e.g., size, shape, surface area,
roughness, porosity, hydrophilicity, and chemical composition)
will determine their interaction with the biological fluids and
the composition of the protein corona. However, some properties
such as surface charge, stability, biodegradability, or aggregation
state can also be determined by the biological fluids (e.g., pH and
ionic force).[>] The nanoparticles’ surface properties are decisive
in the affinity and degree of proteins to be adsorbed and also de-
termine the forces that govern the nano-protein interface, such
as hydrogen bonding, van der Waals (VDW), electrostatic, and
hydrophobic interactions.!?’) Nanomaterials with charged groups
on their surface (e.g., carboxylic acid or amines) can trigger elec-
trostatic interactions with ionized proteins. Although different
ions are present in the bloodstream, normally the interaction of
nanomaterials with macromolecules is comparatively more fa-
vorable and stable. VDW forces also occur, however they corre-
spond to short-range and weak electrostatic attractions that are
dependent on the positioning of the atoms at the nanoparticles’
surface.>40:43:44] Additionally, hydrogen bonding can occur be-
tween polar residues on the nanoparticles’ surface (e.g., hydroxyl
groups) and hydrophilic uncharged regions present in proteins
(e.g., serine, glutamine residues). Although these interactions are
stronger than VDW forces, their frequency of occurrence is low
in biological fluids. Moreover, hydrophobic interactions may also
occur on the surface of certain materials (e.g., polystyrene). In ad-
dition to the chemical composition of the nanoparticle’s surface,
other physicochemical properties can affect protein adsorption.
For example, smaller nanoparticles with greater curvature tend
to promote higher protein adsorption (due to reduced interac-
tions between proteins). Proteins with an isoelectric point >5.5
have more affinity for positively charged nanoparticles, whereas
proteins with an isoelectric point <5.5 have more affinity for
negatively charged nanosystems. In addition, roughness and hy-
drophobicity can also affect the nano—protein interaction. The
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highly hydrophobic nanoparticles tend to stabilize the adsorption
of proteins on their surface (i.e., will potentiate the action of op-
sonins), while a rougher surface often leads to increased adsorp-
tion of proteins as well as interaction with cells.[25:40:4145.46]

Altogether, these nano-protein interactions could largely
change nanoparticles’ surface and dictate their blood circulation
time and bioavailability.*1*¢] For example, nanoparticles with
sizes inferior to 5 nm can be rapidly eliminated by renal filtra-
tion, whereas sizes lower than 50 nm can accumulate in hep-
atocytes. Nanoparticles larger than 200 nm accumulate in the
spleen and can also be sequestered by macrophages present in
the RES main organs. Considering these values and those im-
posed by the EPR effect, the desirable nanoparticle size for intra-
venous administration should be in the range between 100 and
200 nm.I?5#7] As described above, charged nanoparticles tend to
interact with plasma proteins, being a neutral charge (=10 mV)
considered ideal for minimizing opsonization or RES uptake.[*3#]
Furthermore, nanoparticles’ shape (e.g., spheres, rods, sheets)
can also influence the nanoparticles’ circulation time and play
an important role in their in vivo fate.'>*] The shape deter-
mines the nanoparticle’s location in the blood vessels (central
or peripherical zone). Spherical nanomedicines tend to circulate
in the center of the vessels, whereas anisotropic nanostructures
tend to circulate closer to the walls of the blood vessels. In this
case, the nanoparticles’ interaction with the tumor vasculature is
beneficial and will improve the probability of nanoparticles ac-
cumulating in this tissue.’®) Additionally, in the bloodstream,
the nanoparticles’ shape can mediate the interaction and recog-
nition by RES. Black et al. observed a lower RES uptake and
consequently, a higher blood circulation for gold nanospheres
when compared with gold nanorods and nanocages.*!) However,
this topic is also a subject of strong debate, with other studies
revealing that anisotropic-shaped nanoparticles present a lower
macrophage interaction and higher circulation time, when com-
pared with spherical counterparts.[®?l Thus, the nanomedicines’
design, considering the optimal physicochemical characteristics,
is fundamental to reduce the formation of a protein corona and,
consequently, prolong the blood circulation time.

3.3. Surface Functionalization to Modulate the Nano—Bio
Interactions

Currently, the major strategies to prolong blood circulation are
based on surface modifications with highly hydrophilic polymers
or biomimetic materials.[?233] These surface modifications mini-
mize the proteins’ adsorption, reducing the changes in the nano-
materials’ size and charge as well as the recognition and elim-
ination by the immune system. The selection of polymers for
drug delivery systems must fulfill the general properties for bi-
ological applications, namely non-immunogenicity, biocompati-
bility, stability, and biodegradability (or easy excretion after the
desirable therapy).’*l Polymers with antifouling properties are
desirable since they can resist nonspecific protein adsorption and
cell adhesion, which significantly attenuate the immune system
recognition, improving the pharmacokinetic profile.>*3%] These
antifouling properties can be explained by two main theories. The
so-called “steric repulsion” considers that the compression of the
polymeric chains as the proteins approach the polymeric surfaces
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avoids the formation of the protein corona. In this process, the
surface density of the grafted polymers plays a critical role in the
resistance to protein adsorption. Otherwise, the second theory—
“water barrier"—describes that the hydration layer formed be-
tween the polymeric surfaces and the surrounded medium pro-
vides a repulsion force that can prevent protein adsorption.l>*-58l
Polyethylene glycol (PEG) is the most widely applied polymer in
drug delivery due to its safety and stealth properties, being ap-
proved by Food and Drug Administration for use in drug de-
livery, pharmaceuticals, and cosmetics. Moreover, several PEGy-
lated pharmaceuticals are under clinical trials and many oth-
ers are already commercialized.®! PEG is a neutral and highly
hydrophilic polymer, that can create a dynamic and thick hy-
dration shell that hinders the macromolecules’ adsorption and
cells’ interaction with the PEGylated surface. In general, PEGy-
lation has been shown to improve the stability, circulation life-
time, and consequently the therapeutic effect of several nanosys-
tems (e.g., micelles, liposomes, and gold nanoparticles, among
others).[’>%2] Once in solution, each ethylene glycol subunit is
surrounded by at least 2-3 water molecules which render a large
hydration shell that sterically prevents the interaction and pene-
tration of biological compounds into the polymer layer. The water
molecules near PEG terminal groups are also crucial for limit-
ing protein adsorption, where a large number of tightly bound
water molecules around the terminal groups of PEG induce a
strong repulsive force.[®*! Additionally, PEG presents high flex-
ibility, mobility, and conformation that make the displacement
of PEG chains by biointeractions thermodynamically unfavor-
able. Therefore, PEG acts as a shield improving the in vivo sta-
bility of nanoparticles, preventing the nanoparticles’ aggregation
and interaction with blood components, reducing the clearance
rate, and consequently prolonging nanosystems’ blood circula-
tion time.l%] However, many parameters can influence the inter-
actions and circulation time of PEGylated nanoparticles, such as
PEG molecular weight (Mw), density at the nanoparticle surface,
and chain architecture. Different studies revealed that increasing
the PEG Mw leads to higher in vivo circulation times, mainly by
reducing nanoparticles’ aggregation and formation of the protein
corona.[0061.65-67] Degpite these advantages, some drawbacks have
been limiting the translation of the PEGylated nanomaterials to
the clinic. Several studies demonstrated that multiple adminis-
trations can stimulate anti-PEG antibody responses and acceler-
ate the opsonization and clearance of PEGylated nanosystems—
a phenomenon denominated by accelerated blood clearance
(ABC).[®] In fact, animals and humans that receive repeated
doses of PEGylated therapeutics often generate potent IgM an-
tibody responses to PEG, which causes a rapid elimination (min-
utes to a few hours) of the subsequent doses of PEGylated
systems.[773] Interestingly, there is also an increasing number
of people allergic to PEGylated materials and presenting anti-
PEG antibodies without being exposed to PEGylated therapeu-
tics, which can be related to the increased widespread consump-
tion of products containing PEG (e.g., food and cosmetics).[”4]
Other classes of polymers, with properties similar to PEG,
have also been investigated in the last years.' Among
them, the hydrophilic polymers, poly(2-oxazoline)s (POx), and
poly(zwitterion)s, have been pointed out as the most promis-
ing substitutes. POx have emerged as a promising polymer class
with diverse potential applications due to their good biocom-
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patibility, high stability, and structural versatility. Also, POx can
be easily conjugated with drugs/peptides/proteins, which in-
crease their interest in drug delivery applications.[!*”] Particu-
larly, the hydrophilic poly(2-ethyl-2-oxazoline) and poly(2-methyl-
2-oxazoline) polymers have been highly studied and are con-
sidered suitable candidates to substitute the well-established
PEG."%77l When compared to PEG, POx present a simpler syn-
thesis process and higher structural versatility.”®) Similar to that
described for PEG, the POx Mw will influence its pharmacoki-
netic profile, with a higher Mw generally resulting in longer
blood circulation times and reduced clearance rates.l”>77%] Dif-
ferent studies also indicate that the balance between longer cir-
culation times and lower retention in clearance organs can be
fine-tuned by optimizing POx’s Mw as well as the main and
side-chain length.[®] Despite the still limited clinical dissem-
ination of POx, in comparison to PEG, their application in
drug delivery has grown enormously in the last decade. The hy-
drophilicity of POx conjugated with their reduced interactions
with biomolecules and cells is decisive for their excellent an-
tifouling/stealth properties.”>) However, different reports have
also been describing the establishment of the ABC phenomenon
and immune responses against several materials, including POx
polymers.[8182] Therefore, with successive administrations, the
effective dose that can reach the tumor tissue is decreased. In
this way, the use of stealth polymers is no longer advantageous
compared to uncoated particles, having as an aggravating factor,
the possible toxicity triggered in the RES organs. Phagocytosed
nanoparticles can be retained in RES organs for long periods,
which can trigger acute or chronic toxicity. With this in mind, sev-
eral strategies started to be investigated (e.g., increasing the time
intervals between doses, administration of blank nanoparticles
to saturate phagocytic cells, and using higher doses of nanofor-
mulations in each administration) to minimize host immune re-
sponses or side effects.[83-%]

Alternatively, zwitterionic materials such as poly
(sulfobetaine), poly(carboxybetaine), and phosphorylcholine-
based polymers (e.g., 2-methacryloyloxyethyl phosphorylcholine)
are also able to improve nanoparticles’ circulation time.[8-%]
One of the interests of zwitterionic polymers over hydrophilic
polymers is its stimuli-responsive capacity that offers a powerful
strategy for delivering and releasing cargos at the desirable site
and time.®®! Zwitterionic polymers confer high stability and hy-
dration to nanoparticles’ surfaces, which strongly reduce protein
adsorption, compared with PEGylated nanoparticles.[8¢7:90.91]
This nonfouling capacity arises from the zwitterionic polymers’
unique chemistry, overall electrostatic neutrality, opposite charge
distribution, and high chain hydration and flexibility.*?] The
water molecules also play a huge influence in the zwitterionic
nanoparticles’ stealth behavior, and its nonfouling ability can be
directly related to the hydration layer formed after the contact
of nanomaterials’ surface with the body fluids.[*! This higher
surface’ hydration and stability can be explained by the forces
that operated in the interaction of the nanoparticles’ surface with
the biological fluids. While PEG interacts with water through
hydrogen bonding, zwitterionic materials present stronger
electrostatic interactions with water.[®*?2%4] For example, sulfo-
betaine presents a larger binding capacity to water molecules
when compared to PEG, which generates a more stable and
firmer hydration layer.”!l Therefore, zwitterionic nanoparticles
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present an improved resistance to the formation of the protein
corona, avoiding the ABC phenomenon and consequently pro-
longing the nanoparticles’ circulation time.[**9>%] Nevertheless,
this capacity also renders to zwitterionic coatings a reduced
interaction with cells, which can difficult the uptake by cancer
cells.[>%7%8] Therefore, the obtainment of nanoparticles that
simultaneously present a prolonged circulation time (e.g., with
antifouling properties) and improved cancer cell internalization
can be challenging. Thus, in the last decade, there has been a
great focus on developing biomimetic strategies for cancer treat-
ment. The utilization of bioinspired coatings, such as naturally
occurring polymers (e.g., collagen, gelatine, albumin, hyaluronic
acid, folic acid, dextran), has been widely explored due to their
abundance in nature, biocompatibility, and biodegradability.
Moreover, proteins and polysaccharides-based functionalization
presents similarities with the extracellular matrix and a highly
hydrophilic character which contributes to a lesser invasive
and non-immunogenic profile as well as extending the blood
circulation time.[?%190191] However, the suboptimal efficacies that
are still noted have been pressuring the development of novel
bioinspired approaches.

In the following topic, the biomimetic strategies based on self-
membranes that have been developed to increase the nanomate-
rials’ blood circulation time will be presented (Table 1). Moreover,
the role of these surface modifications in modeling the nano—
bio interactions will be reviewed emphasizing the impact on the
CAPIR cascade, i.e., the nanoparticles’ tumor accumulation.

4, Cell-Derived Vesicles

4.1. Techniques for Extraction and Production of Cell-Derived
Vesicles and Nanoparticles’ Coating

Recent advances in cellular biology and nanotechnology have led
to the development of nanoparticles coated with vesicles derived
from cell membranes. The introduction of vesicles derived from
the patient’s cytoplasmatic membranes acts as a natural long-
circulating nanomaterial, with the ability to avoid immune recog-
nition and surpass biological barriers.[??2] These biomimetic
nanoparticles present a “core—shell structure”: nanoparticle core
(organic/inorganic core with different therapeutic functionali-
ties) and a cellular-derived vesicle layer (vesicles created from cy-
toplasmatic membranes) that mimics the antigenic diversity of
the source cell and provides immune escape, targeting ability,
and cellular related-functions.!?!]

The cell-derived vesicles can be engineered from different
types of cells such as non-nucleated (erythrocytes and platelets),
immune (e.g., leukocytes, macrophages), and cancer cells.[102-10]
In turn, their application in the nanoparticles’ coating can be re-
sumed in three main steps: i) the production of the nanopar-
ticle core, ii) isolation and extraction of the desired cell mem-
brane, and iii) formation of the cell-derived vesicle entrapping the
nanoparticle core(s).[21:192106] After the selection and proliferation
of the source cell, different procedures can be used to promote the
disruption of the cell membrane, such as mechanical (e.g., ultra-
sounds) and physical (e.g., osmotic shock and freeze—-thaw cycles)
processes. Then, several centrifugation/washing steps must be
performed to remove the intracellular content (i.e., cytoplasmatic
organelles and nucleus).[192197-109] 1t is worth noticing that both
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the cell disruption and purification methods are dependent on
the cell source to be used. For example, the utilization of nucle-
ated cells increases the complexity of the purification step, being
necessary to use gradient centrifugation methods to separate the
cell membranes from the remaining cell residues.['!*13] More-
over, in general, the isolation procedure should be carried out
at 4 °C using protease inhibitors, to preserve the multicompo-
nent structure (i.e., lipids, proteins, carbohydrates) and intrinsic
functionalities of the original membrane.l'112] Then, different
techniques (e.g., coextrusion, sonication, extrusion/sonication,
and microfluidic electroporation) can be used to fuse the vesi-
cles and the nanomaterials.[''*116] Usually, before this step, it is
performed a preliminary extrusion of the purified cell membrane
fragments through polycarbonate porous membranes, with well-
defined pores (e.g., 50, 100, 200, or 400 nm), generating empty
cell-derived vesicles.['12110117] In fact, the extrusion of the pu-
rified cell membrane fragments and/or coextrusion with the
nanoparticles’ cores is one of the most explored techniques to cre-
ate nonloaded or nanoparticle-containing cell membrane-derived
vesicles.[''*] This process is based on several cycles of extrusion of
the cell membrane fragments/nanoparticles suspension through
polycarbonate porous membranes (e.g., a pore size of 50, 100,
200, or 400 nm), which homogenizes the size of the cell-derived
vesicles to values close to the membrane pore. During the succes-
sive passages, the mechanical forces promote the reorganization
of the vesicles promoting a core-shell organization due to the
combination with the nanoparticle cores.l'1611% The number of
extrusion cycles, the pore size, and the applied pressure are some
of the factors that affect the diameter and size distributions of ex-
truded materials.[12]

The sonication-based approaches explore the utilization of ul-
trasounds (frequencies ranging from 20 to 50 kHz), in an ultra-
sonic bath or probe sonicator, to promote the disruption of the
cell-derived vesicles, favoring the interaction with the nanoparti-
cle cores.'?I-124] However, the ultrasounds energy can also lead
to the sample’s heating and consequently induce the denatura-
tion of the proteins that compose the cell-derived vesicles. More-
over, the cavitation phenomena can also promote the destruction
of the nanoparticle cores.l?*125] Therefore, the ultrasounds’ fre-
quency, power, and duration are factors that should be consid-
ered, during the sonication process, to increase the yield and ho-
mogeneity of the core—shell nanoparticles.!'?*] To address these
issues, the sonication technique is often combined with extru-
sion approaches. This combination reduces the loss of cell mem-
brane fragments and nanoparticle cores (observed during the re-
peated extrusion cycles) as well as increases the sample’s size
homogeneity.[108:116124.126.127] Recently, microfluidic electropora-
tion has also been applied to produce cell-derived vesicles con-
taining nanoparticle cores. This strategy is based on electric
pulses that facilitate the penetration of the nanoparticles’ core
into the cell-derived vesicles when the components are flowing
through the electroporation zone.!''>128 In this process, the size
of the cell-derived vesicle is defined by the diameter of the mi-
crofluidic channel. Rao et al. developed erythrocyte-derived vesi-
cles camouflaged Fe;O, magnetic nanoparticles through a mi-
crofluidic device that consists of two channels (a Y-shaped merg-
ing channel and an S-shaped mixing channel), two inlets, one
electroporation zone, and one outlet.'"] The cell-derived vesi-
cles and nanoparticles are injected into this system through the

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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inlets, merged in the Y-shaped channel, and mixed in the S-
shaped channel. The electric pulses between two electrodes in
the electroporation zone, promote the penetration of nanoparti-
cles into cell-derived vesicles to obtain the cell-derived vesicles
coated nanoparticles in the outlet. Therefore, the process can be
optimized by fine-tuning the flow speed as well as the pulse volt-
age and period.

4.2. Red Blood Cell-Derived Vesicles Camouflage Nanoparticles

Erythrocytes or red blood cells (RBCs) primary function is the
transport of oxygen/carbon dioxide in the human body. On av-
erage, there are 4.2-6.2 billion of RBCs per mL of blood. They
are the main constituent of the blood figurative elements and cir-
culate in the blood for 100-120 days.[1%158] Moreover, during the
maturation process, the RBCs lose their nuclei and most of the cy-
toplasmatic organelles, which already facilitate the extraction and
formation of RBC-derived vesicles.['>] After the extraction and
purification process, the RBC-derived vesicles still present the
original biological properties, due to the preservation of their nat-
ural membrane “self-markers” including CD47 proteins, sialic
acid moieties, and glycan.'%0-162] Particularly, the expression of
CD47 proteins on the RBC membranes is pointed out as the main
self-marker that is responsible for reducing RES uptake.[198.162]
CD47 act as “don’t eat me” marker on the RBCs surface, inhibit-
ing the macrophages’ phagocytosis through interactions with the
signal regulatory protein-alpha (SIRP-a) receptor.[16]

Therefore, RBC-derived vesicles are highly promising sur-
face modifications for prolonging the nanoparticles’ circu-
lation time and prompting the escape from immunogenic
clearance.['%] RBC-derived vesicles were the first reported cell-
derived biomimetic systems for application with nanoparticles,
being the most explored so far in the biomedical area. Hu et
al. showed one of the first applications of RBC-derived vesi-
cles to camouflage nanoparticles, obtaining a 2.5 times higher
elimination half-life when compared to the PEGylated nanopar-
ticles, i.e., an increase from 15.8 to 39.6 h for the RBC-coated
nanoparticles.'®3l Also, RBC nanoparticles presented a higher
blood circulation half-life than PEGylated nanoparticles, 9.6
and 6.5 h, respectively.'®*] Rao et al. developed biomimetic
Fe,O, @RBC nanoparticles and evaluated their pharmacokinetic
profile upon repeated injections, and compared the results with
PEGylated Fe;0, nanoparticles.['®®) After 8 and 24 h of adminis-
tration, the Fe;O, @RBC nanoparticles exhibited a blood reten-
tion of 18.3% and 14.2% ID g, respectively, whereas these val-
ues were substantially smaller, ~10 and ~5% ID g~!, for PEGy-
lated nanoparticles. Also, Fe;O, @RBC nanoparticles presented
lower liver and spleen accumulation (49.2 + 7.1 and 100.1 +
16.3 ug g! tissue) compared with the PEGylated nanoparticles
(117.4 + 30.3 and 174.5 + 43.7 pg g™' tissue), which demon-
strate that the RBC coating can reduce the RES uptake. Fur-
thermore, 5 days after the nanoparticles’ first injection, the au-
thors observed similar pharmacokinetics for the second dose of
Fe,;O0, @RBC nanoparticles, whereas the PEGylated nanoparti-
cles showed a significant reduction in the blood retention (i.e.,
Fe content decreased from 5% to 1.8% ID g~!, 24 h after the sec-
ond injection). Accordingly, the IgG and IgM levels in the mice
treated with Fe;O, and Fe;O, @PEG were three times higher
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than the control group (5 days after the second administration),
contrasting with the normal levels of the Fe;O, @RBC nanoparti-
cles. Therefore, these works demonstrate that RBC-based vesicles
through the CD47/SIRP-a signaling pathway can effectively re-
duce the nanoparticles’ immune recognition and improve their
pharmacokinetic profile better than PEG-based coatings. Fur-
thermore, Ren et al. developed albumin nanoparticles that en-
capsulate ICG (indocyanine green — an NIR dye) and perfluo-
rocarbon (PFC), coated with RBC-derived vesicles (IPH@RBC
nanoparticles) for application in cancer photodynamic therapy
(Figure 2).'”’] The elimination lifetime of IPH@RBC nanopar-
ticles was 15.71 h, ~14-fold higher than ICG encapsulated in
albumin (ICG-HAS) and bare IPH nanoparticles. Also, it was
demonstrated that the RBC-derived vesicles reduced the uptake
by RAW264.7 macrophages in ~#50%, when compared with un-
coated IPH nanoparticles. The ICG fluorescence analysis on
mice’s tumors revealed that IPH@RBC nanoparticles have a 5.6-
fold higher tumor accumulation than the uncoated IPH nanopar-
ticles, which results in an improved antitumoral effect.

In another work, Ye et al. produced RBC-based vesicles
for the delivery of self-assembly small molecular drugs, 10-
hydroxycamptothecin (10-HCPT) and ICG.['®] After 24 h of in-
jection, #16.3% ID g~' of RBCs@ICG-HCPT nanoparticles were
detected in the blood, whereas in the same period only ~2.0%
and 7.5% ID g~! of free ICG and ICG-HCPT nanoparticles were
detected, respectively. Moreover, the RBC coating also reduced
the accumulation of the nanoparticles in the liver and spleen
(~20% and ~19% ID g™, respectively) and increased their accu-
mulation in the tumor (~8% ID g~!), when compared with ICG-
HCPT nanoparticles (with ~27%, ~24%, and ~5% ID g1, on
liver, spleen, and tumor, respectively).

Despite the improved blood circulation and tumor accu-
mulation of RBC camouflaged nanoparticles, it is still crucial
to improve the nanoparticles’ specificity toward cancer cells.
Therefore, different studies have combined the RBC camou-
flage nanoparticles with different targeting moieties. Liu et al.
produced Prussian blue nanoparticles with a hollow porous
structure coated with hyaluronic acid-modified RBC-based vesi-
cles (H-RPC), to deliver the photothermal sensitizer CS-6.1'33
The results show that RBC coating prolonged the nanoparticles’
circulation time by 10 h and improved immune evasion by more
than 60%. Uptake studies with MDA-MB-231 cells revealed that
H-RPC nanoparticles presented 1.67-fold higher fluorescence in-
tensity than nanoparticles only coated with RBC vesicles (RPC).
Furthermore, studies in tumor-bearing BALB/c-nu mice demon-
strated that the inclusion of RBC membranes and hyaluronic
acid improved the nanoparticles’ half-life by 3.3-fold in compar-
ison with PC nanoparticles (7.5 vs 2.3 h). Moreover, the H-RPC
nanoparticles’ accumulation in tumor tissues was fourfold
higher than the PC nanoparticles and ~1.2 times higher than
RPC nanoparticles. Under laser irradiation, the H-RPC-treated
group presented a 45.4% and 23.1% higher tumor inhibition
than PC- or RPC-treated groups, respectively. Similarly, Su
et al. developed RBC mimetic polymeric nanoparticles loaded
with anticancer drug paclitaxel (PTX), modified with the tumor
penetrating peptide iRGD for the treatment of metastatic breast
cancer.['"] RBC mimetic nanoparticles showed enhanced reten-
tion of PTX in the blood (elimination half-time of 32.8 h), con-
trasting with the 5.6 h obtained for the parental PTX-polymeric

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. In vivo blood retention and biodistribution of nanoformulations after intravenous injection. A) Blood retentions of ICG-HSA, IPH, and
IPH@RBC over 24 h. Data are expressed as the mean + SEM (n = 4). B) Fluorescence images of CT-26 tumor-bearing mice at different time points. C)
Nanoformulations biodistribution in mice determined by ICG fluorescence after 48 h of administration. D) Ex vivo NIR fluorescence images of major
organs and tumors after 48 h of intravenous injection. The data are shown as mean + SEM (n = 3). Adapted with permission.l"?’] Copyright 2017,

Elsevier.

nanoparticles (i.e., 5.8-fold higher blood retention time). After
24 h of administration, the PTX plasma concentration was 1.4 +
0.2 pg mL~! for the RBC-coated nanoparticles, which was 9.9-fold
higher than that of PTX-loaded polymeric nanoparticles. When
combined with iRGD, RBC mimetic nanoparticles presented an
inhibition of the tumor growth in 90% and lung metastasis in
95%, whereas PTX-loaded nanoparticles, PTX/iRGD, and RBC
mimetic nanoparticles groups only reduced the tumor growth
in 46.1%, 64.8%, and 65.6%, respectively. Altogether, the data
available in the literature reinforce the importance of prolonging
the nanocarrier blood circulation and tumor specificity for
developing more efficient anticancer therapies.

4.3. Platelet Cell-Derived Vesicles Camouflage Nanoparticles

Platelets (PLT5s) are small non-nucleated cell fragments (~2—4 um
in diameter) with a lifespan of 5 to 10 days.'®* PLTs are de-
rived from the fragmentation of megakaryocytes and are spe-
cialized circulating cells that play a key role in homeostasis and
thrombosis.[16>160] PITs are considered “circulating sentinels”
with the main function to target sites with vascular injuries and
trigger the repair processes, prevent bleeding, as well as mini-
mize vascular injury. Compared to RBCs, PLTs are more com-
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plex and present higher variability of receptors on their surface
(e.g., P-Selectin, GPIb-IX-V, GPIa-IIa), which enable their action
in multiple physiological processes, including immunity, angio-
genesis, inflammation, and vessel remodeling.['*#16>167] There-
fore, PLTs-based nanomaterials are multifunctional therapeutics
that can be applied in a wide range of medical conditions, such as
wound healing, arteriosclerosis, and bacterial infections.[168-170]
The presence of markers of immune evasion (e.g., CD47,
CDS55, and CD59) on the PLTs’ membrane also indicates the
potential of the PLT-derived vesicles to originate nanomaterials
with prolonged blood circulation times.['3¢171172] Furthermore,
the expression of specific proteins such as the P-selectin, which
presents a high affinity toward CD44 receptors overexpressed in
cancer cells, can be further explored for developing PLT-based
nanomaterials targeting cancer cells, both in solid tumors or
metastasis.[13¢173174] Some studies have been linking PLTs to
tumor metastasis, particularly to circulating tumor cells (CTCs)
that are disseminated from the primary tumor tissue to the
bloodstream. CTCs overexpress a ligand for P-selectin that
promotes the activation and aggregation of PLTs around them.
Once shielded by PLIs, CTCs are protected from immune
recognition, which prolongs their circulation time and facilitates
their spreading in the human body.['’#!75] Moreover, the PLTs
facilitate the epithelial-to-mesenchymal cellular transition, secret
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growth factors that stimulate the proliferation of cancer cells,
and can also release angiogenic regulators contributing to tumor
angiogenesis and promoting cancer growth.[74]

Based on these PLTs/cancer cells’ interactions, nanoparticles’
functionalization with PLT-derived vesicles may also originate an
enhanced and targeted antitumoral therapy.l'%13¢138] Rao et al.
coated Fe,O, magnetic nanoparticles with PLT-derived vesicles
(PLT-MNs) for application in tumor diagnosis (MRI) and pho-
tothermal therapy, using RBC-derived vesicles-coated MNs (RBC-
MNs) as control.l'%] The authors reported that RBC and PLT-
MNs nanoparticles presented a similar uptake by macrophages,
which was ~2 times lower than that observed in noncoated
nanoparticles. Moreover, the PLT-MNs showed a ~7 times higher
uptake by MCF-7 tumor cells when compared to RBC-MNs and
bare nanoformulations, after 24 h of incubation. Such data were
further confirmed in the in vivo studies performed in MCF-7
tumor-bearing mouse models. Both RBC and PLT-based MNs
nanoparticles showed similar blood circulation times, over 48 h,
and a reduced RES uptake, when compared to bare nanoparti-
cles. Furthermore, after 48 h, the PLT-MNs nanoparticles exhib-
ited significantly higher accumulation in the tumor site (~1.7
times higher than RBC-MNS), and both PLT-MNs and RBC-MNs
had lower accumulation in RES organs (x1.1 to 1.2 lower) than
bare nanoparticles. The authors further assessed the establish-
ment of the ABC phenomenon for PLT-MNs, observing no sig-
nificant changes in the mice’s IgM and IgG levels 30 days after
injection, whereas a PEGylated control group showed five times
higher IgM and IgG levels. Therefore, after 16 days of treatment,
the mice treated with PLT-MNs nanoparticles under NIR irra-
diation exhibited a dramatic tumor regression over time, with
~6-fold higher tumor weight loss than RBC-MNs nanoparticles
treated mice, in the same treatment conditions. Similarly, Hu
et al. developed PLT-derived vesicle-coated nanoparticles loaded
with doxorubicin (DOX) and TNF-related apoptosis-inducing lig-
and (TRAIL-induce tumor cells’ apoptosis by binding to death
receptors).[3¢) The TRAIL-DOX-PM-NV nanovehicles had a 5.8
times higher half-life in the blood when compared to noncoated
nanoparticles, an increase from 5.6 + 1.4 to 32.6 + 2.7 h. In ac-
cordance, the PLT nanovehicles (PM-NVs) also presented a lower
macrophage uptake, ~4 times lower than noncoated nanoparti-
cles. The fluorescence intensity of PM-NV nanoparticles at the
tumor site was 1.9-fold higher than that of noncoated nanopar-
ticles, also presenting 3.0- and 4.5-fold higher fluorescence in
tumors than that observed on the liver and kidneys, respec-
tively. Furthermore, the mice treated with TRAIL-DOX-PM-NV
nanoformulation showed a remarkable volume reduction com-
pared to the other formulations (~2-, ~3-, and ~5-fold lower
tumor volume than DOX-PM-NV, TRAIL-PM-NV, and TRAIL-
DOX-NV, respectively), with an almost complete tumor eradi-
cation. Moreover, after the injection of MDA-MB-231 cells in
nude mice, the group treated with noncoated nanoparticles de-
veloped extended nodules in the lung without significant differ-
ences to the saline-treated mice. By contrast, the TRAIL-DOX-
PM-NV significantly reduced the establishment of metastatic
nodules from ~60 nodules to ~10 nodules, which can be at-
tributed to the CTCs’ elimination from the bloodstream due to
the PLT-derived vesicles’ P-selectin targeting. With the same pur-
pose, Jing et al. designed a novel nanomedicine by encapsulating
melanin nanoparticles (MNPs) and DOX on an RGD peptide-
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modified nanoscale platelet vesicle (RGD-NPVs@MNPs/DOX)
for tumor and metastases treatment (Figure 3).['”] The prelimi-
nary pharmacokinetic studies revealed that the PLT vesicle coat-
ing increased five times the blood half-life of the nanoparticles,
from 5.13 + 2.61 to 27.6 + 4.1 h (NPVs@MNPs/DOX) and 26.4
+ 3.2 h (RGD-NPVs@MNPs/DOX). Moreover, the PLT vesicle
coating also reduced the nanoparticles’ accumulation in RES
major organs, which was in accordance with the 67.5% reduc-
tion in the uptake by macrophages when compared to the li-
pidic formulation (NLVs@MNPs/DOX), after 4 h of incubation.
Such was also followed by a gradual RGD-NPVs@MNPs/DOX
accumulation in the tumor tissue during the 24 h postinjection
(~4.6 times higher than the fluorescence observed after 2 h).
Moreover, the NPVs@MNPs/DOX treated mice showed an in-
crease in the tumor volume to ~173 mm?, whereas in the RGD-
NPVs@MNPs/DOX group the tumor volume decreased to ~20
mm?, after the photothermal and chemotherapeutic treatment.
Simultaneously, the authors observed that this dual-treatment
mediated by RGD-NPVs@MNPs/DOX was able to completely
inhibit the development of lung tumor metastasis, whereas the
other groups showed metastatic nodules (with ~8, 7, 6, 3, and 2
lung nodules observed in PBS, DOX, NPVs@MNPs/DOX, RGD-
NPVs@MNPs/DOX, and NPVs@MNPs/DOX + laser mice
treated group, respectively).

Thus, PLT-mimicking nanosystems present some advantages
over RBC-derived vesicles coated nanocarriers, namely, their
inherent targeting capacity. Although promising, when com-
pared to RBCs, PLTs present a lower availability for extraction
and a shorter lifetime, which makes challenging a large-scale
application.[167:176]

4.4. Cancer Cell-Derived Vesicles Camouflage Nanoparticles

As discussed above, the RBC-derived vesicles show a prolonged
circulation time, reduced macrophage uptake, and low immune
system recognition. However, the RBC-derived vesicles lack the
intrinsic capacity to actively target the tumor tissues. Similar to
PLTs, cancer cell-derived vesicles present the capacity to specifi-
cally target primary tumors and metastatic sites.'””] These can-
cer cell-derived vesicles can take advantage of surface adhesion
molecules (e.g., N-cadherin, galectin-3, epithelial cell adhesion
molecules) that in the cancer cells are responsible for their bind-
ing and aggregation. Therefore, this approach can combine the
tumor specificity with the cancer cells’ innate capacity to evade
the immune system, leading to nanomaterials with enhanced
pharmacokinetics.!'”7-18] For example, the coating of ICG-loaded
poly(lactic-co-glycolic acid) (PLGA) nanoparticles with MCF-7 de-
rived vesicles (ICNPs) resulted in a cell-type specific uptake,
two times higher in MCF-7 cells than in A549 or MDA-MB-231
cell lines.'3] Moreover, the ICNPs presented 7-14 times higher
blood concentration than the free ICG administration, 1 h af-
ter administration. The AUC (the area under the plasma drug
concentration—time curve for 24 h) of ICNPs was also superior to
that of the free ICG, 24 h after administration, increasing from 35
to 411 ug min~! mL~!. Accordingly, the ICNPs showed a reduced
RES organs uptake, as well as 3.1- and 4.75-fold increased tumor
accumulation when compared with bare nanoparticles and free
ICG, respectively (Figure 4).
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Figure 3. In vivo blood retention, biodistribution, and anti-metastases effect of nanoformulations after intravenous injection. A) Blood circulation time
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Similarly, Shao et al. developed an X-ray-responsive diselenide
bridged-4T1 breast cancer cell-derived vesicles coated meso-
porous organosilica (CM@MON@DOX) nanoparticle for the
delivery of DOX and the PD-L1 immune checkpoint for the
cancer chemo-immunotherapy.l''®! The in vitro studies revealed
that the CM@MON@DOX nanoparticles presented higher in-
ternalization in 4T1 cells and simultaneously reduced the up-
take by RAW264.7 macrophages. Furthermore, the biodistribu-
tion assays showed that the 4T1-derived vesicles resulted in a ~3
times higher blood half-life when compared to bare nanoparti-
cles, i.e., 18.4 and 6.6 h, respectively. Such, further rendered to
the CM@MON @DOX nanoparticles the highest tumor accumu-
lation and lowered the uptake by RES organs, 12 h postinjec-
tion. In another work, Nie et al. coated the PEGylated liposomes
containing mesoporous silica cores with MCF-7-derived vesicles
(CCM@LM).["®1] The nanomaterials’ incubation with different
cell lines (MCF-7, Huh-7, Caco-2, and Hela) for 2 h showed a
superior internalization on the homologous MCF-7 cells (~80%)
followed by Huh-7 cells (~50%). Moreover, the CCM@LM also
presented a reduced protein adsorption with no significant
changes in their size or charge, whereas the noncoated coun-
terparts (LM) showed a zeta potential variation of ~25 mV. Ac-
cordingly, the LM nanoparticles showed a 4.9-fold higher fluo-
rescence intensity fluorescence in J774A.1 macrophages cells,
when compared to CCM @ LM nanoparticles. The biodistribution
studies revealed that after 24 h, the CCM@LM presented a 5.3-
fold higher accumulation at the tumor site than LM nanoparti-
cles. Additionally, CCM@LM nanoparticles displayed the high-
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est penetration capacity into multicellular spheroids at all scan-
ning depths. Such data justify the highest tumor growth reduc-
tion (i.e., 95% tumor inhibition) observed in the mice treated with
CCM@LM nanoparticles.

Despite the cancer cell-derived vesicles being less effective
than RBC ones in enhancing the blood circulation time, this strat-
egy shows a higher tumor-specific targeting capability. Moreover,
their application can be combined with immunological adjuvants
to also stimulate the activation of the immune system and im-
prove the nanoparticles’ anticancer efficacy.l1182] However, the
risk of autoimmunity (tumor cells express some antigens also
found in healthy cells) is still present and the purification pro-
cess often leads to variability in the antigens present at the vesi-
cles surface.[177:183]

4.5. Immune Cells-Derived Vesicles Camouflage Nanoparticles

Leukocytes, also known as white blood cells, present a life span
from a few days to months and are permanently released into cir-
culation. Leukocytes can be divided into two mains classes: gran-
ulocytes, which include eosinophil, basophil, and neutrophil; and
agranulocytes which include lymphocytes (T and B lymphocytes
and NK cells) and monocytes (that can be differentiated into
dendritic cells and macrophages). After maturation, the leuko-
cytes enter the blood circulation and can migrate to extravas-
cular inflammatory and infection sites. In fact, to guarantee an
immediate and efficient response to the invasion, numerous
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Figure 4. In vitro cellular uptake and in vivo biodistribution of nanoformulations after intravenous injection. A) Cellular uptake of six cell lines, 293T, MCF-
10A, HepG2, A549, MB231, and MCF-7 cells, upon 2 h of incubation with ICNPs. B) Biodistribution of free ICG, INP, and ICNPs in nude mice, determined
by the average fluorescence intensity of each organ after 12 h. C) Ex vivo NIR images of the tumor and major organs after 24 h of administration with
free ICG, INPs, and ICNPs. D) In vivo images of nude mice, where ICNPs exhibited a homologous-targeting effect. The data are shown as mean + SD
(n = 3); *p < 0.05, **p < 0.01. Adapted with permission.['"3] Copyright 2016, American Chemical Society.

leukocytes are present in the bloodstream as well as in the sec-
ondary lymphoid tissues, allowing a fast release to the inflam-
matory sites.[19218418] Currently, it is recognized that chronic en-
dothelial inflammation is a characteristic of tumors, where dif-
ferent immune cells can play a critical role in cancer establish-
ment, development, and progression.l'8*186] Among leukocyte
cells, macrophages are the main immune cells present in the tu-
mor microenvironment—also denominated as tumor-associated
macrophages (TAMs). TAMs surround tumor cells and interact
with each other contributing to tumor growth, progression, and
metastasis. Thus, TAMs membrane can be an excellent tool to
camouflage nanoparticles with the potential for increasing blood
circulation time and tumor targeting. The expression of sur-
face proteins on macrophages’ cell membrane, such as Toll-like
receptors and interleukin-1 receptors, is one of the main rea-
sons for the active tumor targeting ability.[!¥71%] Also, the ex-
pression of CD49d (a4 integrin) surface marker, a ligand to ad-
hesion molecule 1 (VCAM) expressed by cancer cells, further

Adv. Healthcare Mater. 2022, 11, 2201214 2201214 (31 of 40)

enables the macrophages binding to cancer cells. Thus, such
affinity toward cancer cells can also prompt the elimination of
metastatic cancer cells.!'8 188 Furthermore, tumor cells secret
the immunoregulatory molecule CSF1, which activates a signal-
ing pathway that is responsive to the TAMs immunosuppres-
sor phenotype. Therefore, the blockage of CSF1 interaction with
the receptor on the TAMs surface can prevent the immunosup-
pressor action of cancer cells. Thus, nanoparticles coated with
TAMs-derived vesicles can induce a competitive inhibition be-
tween the tumor cells and the TAMs, which may bypass the
cancer cells’ immunosuppression.[102187190-192] Xyan et al. re-
ported that the coating of Au nanoshells with macrophage cell-
derived vesicles (MPCM-AuNSs) enhanced the blood retention
time.3] In fact, the bare nanoparticles were almost eliminated
from the blood, 24 h after administration, whereas more than
30% of MPCM-AuNSs were still detected in blood vessels af-
ter 48 h. Moreover, macrophage-coated nanoparticles presented
a remarkably increased tumor accumulation and lower uptake
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by RES organs, compared with bare nanoparticles. The MPCM-
AuNSs treated group presented 7.48% ID g~ accumulated in
the tumor tissue 48 h after administration, contrasting with the
1.61% ID g~! of noncoated nanoparticles. With a similar strat-
egy, Li et al. developed a DNA tetrahedron dendrimer that was
sequentially coated with a liposome and a macrophage-derived
vesicle (DOX-MPK@MDL) for the treatment of lung metas-
tases of breast cancer.'™®! Confocal microscopy studies revealed
that DOX-MPK@MDL presented higher internalization into 4T1
cells than bare nanoparticles, being the DOX mainly accumu-
lated in the cells’ nucleus 4 h after administration. Moreover, af-
ter the establishment of 4T1-luc tumors and lung metastasis in
BABL/c nude mice, the DOX-MPK@MDL group presented 2.1-
fold higher fluorescence intensity in the lungs than bare nanopar-
ticles, inducing a 78% inhibition in the lung metastases when
compared to bare nanoparticles.

Besides macrophages, other leukocytes can be explored as
sources for the extraction of cell-derived vesicles. Neutrophils
are the most abundant leukocytes in humans and correspond
to the main cells recruited during inflammation (e.g., tumors)
and to infection sites.['*1%4] Their membrane presents recep-
tors highly sensitive to the inflammatory cytokines, which make
the neutrophil-derived vesicles innately targeted toward the
tumors.['%1%] For example, Kang et al. developed carfilzomib
(CFZ) loaded PLGA nanoparticles with neutrophil-derived vesi-
cles (NM-NPs) to target metastases in 4T1 mouse models.!'?]
The blood circulation half-life of bare nanoparticles, PEGylated-
PLGA-NPs, and NM-NPs was 0.77, 4.73, and 6.59 h, respectively.
Additionally, the AUCs of PEGylated-PLGA-NPs and NM-NPs
were 134.4- and 207.2-fold higher than that of bare nanoparti-
cles. Moreover, the NM-NPs showed an accumulation in lung
metastatic foci 2.12- and 3.02-fold higher than that of bare
nanoparticles and PEGylated-PLGA-NPs, respectively. Therefore,
the mice treatment with NM-NPs-CFZ led to an obvious tumor
inhibitory effect with an 87.2% reduction of the metastasis foci
at the end of the treatment.

Similarly, natural killer (NK) cells are the first line of de-
fense in innate immunity and have also been explored to cam-
ouflage nanoparticles.['”] NK cells can regulate the immune re-
sponse through the secretion of cytokines, stimuli of antigen-
presenting cells maturation, and induction of proinflammatory
M1-macrophages polarization (macrophages with antitumoral
function, able to distinguish normal cells from cancer cells). NK
cells distinguish malignant cells from normal cells via surface
inhibitory receptors (e.g., NKG2D, NKp44) and can stimulate tu-
mor cells’ apoptosis via surface death ligands/receptors interac-
tion (e.g., FAS ligand and TRAIL).[146197.1%8] Thuys, this ligand—
receptor interaction can also be explored by the nanomaterials to
potentiate the anticancer effectiveness.[1#61992001 [n fact, an NK
cell line (NK-92 cells) isolated in 1992 from a man with malignant
non-Hodgkin’s lymphoma, presented strong antitumor effects in
avariety of cancer cells without prior sensitization. NK-92 has un-
dergone preclinical development and completed phase I trials in
cancer patients (NCT00900809 and NCT00990717). Importantly,
NK-92 cells—in contrast to blood NK cells—can be easily modi-
fied to express specific ligands to target cancer cells.??:22] Deng
et al. developed NK-derived vesicles containing PLGA nanopar-
ticles loaded with the photosensitizer TCPP for the treatment of
primary and distant tumors.['*¢] Flow cytometry studies revealed
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that NK-NPs/TCPP fluorescence intensity on cancer cells was
five times higher than that obtained with bare nanoparticles (T-
NPs) and 32 times stronger than in normal cells. Mice studies
showed that NK-NPs accumulated in the tumor tissue during the
first 24 h and then gradually decrease with time, showing a six
times higher accumulation in 4T1 tumors than T-NPs. Further-
more, the NK-NPs presented a blood half-life of 8 h, whereas in
T-NPS this value was 5.5 h. Moreover, when compared to the con-
trol and T-NPs group, the NK-NPs significantly increased the ex-
pression of M1 macrophages markers, i.e., iNOS/CD86, and cy-
tokines (TNF-q, IL-6, and IL-12), while simultaneously decreased
the expression of the M2 macrophages marker, i.e., CD206. Also,
NK-NPs significantly enhanced the dendritic cells (DCs) matura-
tion, being 3 and 2.5 times higher than that observed in PBS and
T-NPs treated mice.

DCs are the most potent antigen-presenting cells, playing a
pivotal role in the activation of both innate and adaptative im-
mune responses. DCs can be key participants in cancer im-
munotherapy presenting a strong ability to activate antigen-
specific T cells, which consequently can be differentiated into
helper, cytotoxic, or regulatory cells.2%-2%] Ag a matter of fact,
a DC-based vaccine has already been approved by FDA for
prostate cancer treatment.?%! In this way, apart from the en-
hancement of the pharmacokinetic profile, the development of
nanomaterials coated with DC-derived can be explored to de-
liver immune regulators specifically to T cells, potentiating the
antitumoral immune response.22%] Finally, the vesicles orig-
inating from T cells can maintain the T cell receptors (TCRs)
that are capable of specifically detecting and binding to tumor-
derived antigens, and consequently, create a promising tumor-
targeted nanomaterial.l'*:299211] For example, Han et al. devel-
oped azide (N;)-modified T cell-derived vesicle containing ICG-
loaded PLGA nanoparticles (N;-TINPs) with tumor targeting
and immune recognition properties.'*”] The pharmacokinetics
studies revealed that the of N,;-TINPs treated group presented
a higher ICG concentration in the blood than INPs nanoparti-
cles, 15 min postinjection. The AUC,,;, of N;-TINPs (360 pug min
mL™") was fourfold higher than that detected of INPs (84 ug min
mL™!). In vitro studies show that Raji cancer cells treated with
N;-TINPs had a higher ICG fluorescence than that observed in
cells treated with TINPs (~1.3 times higher), INPS (x2.2 times
higher), and free ICG (~3.5 times higher). Furthermore, the
blocking of TCR on nanoparticles (incubation with anti-TCR an-
tibody), inhibited the recognition of Raji cells by TINPs and N;-
TINPs, with a 40% and 30% decrease in ICG fluorescence, re-
spectively, which confirmed that the immune recognition of T
cell membrane-specific receptors is crucial for targeting the tu-
mor cells. After 48 h, the mice treated with INPs exhibited a weak
fluorescence signal in the tumor, whereas T cell-coated nanopar-
ticles (TINPs and N;-TINPs) groups showed increased ICG flu-
orescence. Particularly, the N;-TINPs treated group presented
~30% and ~50% higher fluorescence intensity in tumors than
that obtained in mice treated with TINPs and INPs, respectively
(Figure 5).

Despite the promising results obtained using leukocyte-
derived vesicles, the expression of major histocompatibility com-
plex molecules on the obtained immune membranes can lead to
an inflammatory response, which can be ameliorated if the pa-
tient's immune cells are used to design the nanomaterial.[192212]
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Figure 5. Nanoformulations in vivo biodistribution and blood retention after intravenous administration. A) In vivo imaging of mice at different time
points after nanoformulations injection. B) Pharmacokinetic profile of nanoparticles based on blood ICG concentration. C) The ICG content of each
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4.6. Hybrid Cell-Derived Vesicles Camouflage Nanoparticles

Hybrid or heterogenous cell-derived vesicles can be developed by
combining membranes isolated from two or more cell types or
even other synthetic lipids. Such is commonly achieved through
the simultaneous coextrusion of different materials.['% There-
fore, the hybrid cell-derived vesicles will present a structure com-
prising the different constituents of the original cells. In this way,
the nanomaterials can be engineered to combine the RBCs’ pro-
longed blood circulation time and immune evasion (CD47 “don’t
eat me” signalization) with the increased tumor specificity ob-
served with PLTS, leukocytes, and homologous cancer cells (Fig-
ure 6)‘[151,213—215]

Wang et al. developed a hybrid membrane camouflaged
nanoparticles to functionalize DOX-loaded hollow copper sulfide
nanoparticles.") The hybrid membrane (CuS@[RBC-B16)) re-
sulted from the fusion of RBC and melanoma cells (B16-F10
cells)-derived vesicles. The in vitro studies showed that hybrid
nanoparticles have 8.25 and 9.78 times higher internalization in
B16-F10 cancer cells than in HT1080 or NHDF cells, respec-
tively. Such demonstrates that the heterogenous structure re-
tains the B16-F10-derived vesicles self-targeting capacity. More-
over, the biodistribution data revealed that the blood retention
of hybrid (CuS@[RBC-B16]) nanomaterials, 20.2% ID g™', was
slightly lower than that of RBC coated (CuS@RBC; 22.9% ID
g!) and higher than that of B16-F10-coated (CuS@B16; 14.5%
ID g7') and bare (CuS; 5.2% ID g!) nanoparticles (Figure
7). Accordingly, the blood circulation half-life of CuS@[RBC-
B16] and CuS@RBC nanoparticles was 9.6 and 9.9 h, whereas
this value decreased to 6.0 h for CuS@B16 and 1.0 h for bare
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nanoparticles. More importantly, the hybrid nanoparticles pre-
sented 1.5-, 1.4-, and 2.5-fold higher tumor accumulation than
CuS@RBC, CuS@B16, and bare nanoparticles, respectively. In
turn, hybrid nanoparticles’ accumulation in the spleen and liver
was reduced by 34.6% and 23% when compared with bare
nanoparticles.

Liu and co-workers developed RBC-PLT membrane-coated
polypyrrole (PPy) nanoparticles for mediating a cancer photother-
mal treatment.['*] The hybrid coating led to increased blood
retention, 11.5% and 8.9% ID g! at 24 and 48 h after in-
jection, contrasting with the 3.1% and 1.7% ID g™' of single-
coated platelets nanoparticles. Moreover, the treatment medi-
ated by hybrid nanoparticles resulted in higher tumor inhibi-
tion, an average tumor weight of 0.136 g, whereas the mice
treated with single-coated PLT or RBC nanoformulations pre-
sented tumors with 0.346 and 0.420 g, respectively. Such dif-
ference in the antitumoral efficacy is an indicator of the PLIs-
mediated tumor targeting. In another work, DOX-loaded PLGA
nanoparticles were coated with a hybrid-membrane derived from
macrophages RAW264.7(RAW) and 4T1 cells for the treatment
of lung metastases of breast cancer.'>! In vitro studies demon-
strated the homologous targeting capacity of DPLGA@[RAW-
4T1] nanoparticles, with a two- to fourfold higher fluorescence
intensity in 4T1 cells than in other cell groups. Moreover, the
DPLGA@[RAW-4T1] hybrid nanoparticles also presented higher
internalization in 4T1 cells (88.70%) than the single-coated coun-
terparts DPLGA@RAW (72.30%) and DPLGA@4T1 (74.23%). In
turn, the hybrid nanoparticles exhibited an excellent chemothera-
peutic potential reducing by 88.9% the breast cancer-derived lung
metastases, whereas this value was lower, i.e., 80.6% and 77.8%,
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for the DPLGA@4T1 and DPLGA@RAW treated mice, respec-
tively.

5. Challenges and Outlooks

Despite the broad range of applications of biomimetic mem-
branes, there are still some challenges that must be overcome
before their effective translation to the clinic. First, the process of
membrane extraction and fusion with nanoparticles can be com-
plex and difficult to control, which introduces several variables
and reproducibility issues (e.g., single or multiple cell sources,
isolation/extrusion techniques, single or multilamellar vesicles,
and composition of cell-derived vesicles).[21102106] Furthermore,
the isolated cell membrane fragments and cell-derived vesicles
need to be stored under specific conditions (e.g., cold tempera-
ture and enzymes-free environment), to guarantee the stability
of the lipids, proteins, and carbohydrates.!'%112] Additionally, the
scale-up of the production process is challenging, since it should
be carried out aseptically and there is the necessity for a high
number of cells.'"] RBCs and PLTs are present in high quan-
tities in the blood which favors their isolation and application.
However, for other cell types (e.g., cancer and immune cells) their
isolation and manipulation can be more difficult. Moreover, in
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hybrid cell-derived vesicles, the determination of the fraction of
each cell source is laborious and the batch-to-batch reproducibil-
ity is still far from ideal. Therefore, it is crucial to develop, op-
timize, and standardize the extraction procedures/technologies
to maximize yield, purity, homogeneity, and long-term storage.
Furthermore, the data available in the literature have been show-
ing that the coating of the nanoparticles with cell-derived vesicles
also decreases the accumulation in major organs. However, the
long-term interaction of these nanoparticles with metabolic or-
gans (e.g., liver and spleen) should not be ignored and further
research is still necessary.

Despite these challenges, nanoparticles’ biomimetic shells in
association with a wide variety of core types (e.g., polymers, met-
als, drugs) provide a unique strategy for developing novel and
more effective anticancer therapeutics. Moreover, the applica-
tion of patients’ cells to create the nanoparticles coated with cell-
derived vesicles can be explored to avoid possible immunologi-
cal issues, improve the nanomaterials’ tumor accumulation, and
enhance the antitumoral efficacy.[2!6217] Additionally, the utiliza-
tion of smart nanomaterials (i.e., stimuli-responsive materials) as
cores will allow the development of spatiotemporally controlled
therapies largely reducing off-target cytotoxicity and increasing
the therapeutic effectiveness.[218219]
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Figure 7. In vivo blood retention, biodistribution, and tumor volume inhibition after nanoformulations’ intravenous administration. A) Schematic
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(1064 nm, 1 W cm~2), 7: DCuS@[RBC-B16] with NIR laser (1064 nm, 1 W cm~2). Adapted with permission.['*] Copyright 2018, American Chemical

Society.

6. Conclusion

Until now the application of nanoparticles in cancer therapy has
been showing promising results, improving the efficacy and se-
curity of the therapeutics payloads. Despite this, only a reduced
number of nanomedicines were approved for clinical use. In
fact, less than 1% of the administered nanoparticles’ dose effec-
tively reaches the tumor, which means that nanoparticles are pre-
maturely eliminated from the body or accumulate in off-target
tissues. Once administrated, nanoparticles are almost instantly
coated with blood proteins, forming a protein corona, a phe-
nomenon that is considered a determinant factor in the phar-
macokinetic profile and therapeutic performance of nanoparti-
cles. Therefore, limiting the interactions of nanoparticles with
blood components could lead to a prolonged blood circulation
time that consequently improves the chances of nanoparticles
being retained in the tumor and exerting their therapeutic ef-
fect. With this in mind, several strategies have been developed to
improve nanoparticles’ circulation time, mainly by their surface
modification with hydrophilic polymers or biomimetic coatings.
The nanoparticles’ coating with cell-derived vesicles emerged in
recent years as a powerful strategy in cancer treatment. The
cell-derived vesicles retain the antigenic diversity of the source
cell, providing immune escape, targeting ability, and cellular-

Adv. Healthcare Mater. 2022, 11, 2201214 2201214 (35 of 40)

related functions. RBC-derived coatings were the first ones ex-
plored to functionalize and improve nanomaterials’ pharmacoki-
netic profile and therapeutic effect. Currently, this approach was
extended to other cell types which made it possible to expand
this biomimetic nanotechnology for the diagnosis and treatment
of several diseases. In general, the RBC-derived vesicles show a
higher capacity to increase the nanoparticles’ blood circulation
time, whereas the cell-derived coatings formed from PTLs, im-
mune, and cancer cells often show higher bioactivity (e.g., tu-
mor targeting). Therefore, the application of hybrid cell-derived
vesicles to coat nanoparticles presents advantages over the sim-
pler single-cell-derived vesicles, making them exciting platforms
for developing nanomedicines with higher antitumoral efficacy,
which will accelerate their translation to the clinic.
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