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Abstract

The continued evolution of biomedical nanotechnology has enabled clinicians to better detect,
prevent, manage, and treat human disease. In order to further push the limits of nanoparticle
performance and functionality, there has recently been a paradigm shift towards biomimetic design
strategies. By taking inspiration from nature, the goal is to create next-generation nanoparticle
platforms that can more effectively navigate and interact with the incredibly complex biological
systems that exist within the body. Of great interest are cellular membranes, which play essential
roles in biointerfacing, self-identification, signal transduction, and compartmentalization. In this
review, we explore the major ways in which researchers have directly leveraged cell membrane-
derived biomaterials for the fabrication of novel nanotherapeutics and nanodiagnostics. Such
emerging technologies have the potential to significantly advance the field of nanomedicine,
helping to improve upon traditional modalities while also enabling novel applications.
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1. Introduction

Nanotechnology has had a significant impact on medicine, helping to create better solutions
for addressing some of the most pressing human health needs [1,2]. While nanoparticle
technology was initially applied towards the design of cancer therapies, a wide range of
applications, from the treatment of antibiotic resistant bacteria to creating immunological
tolerance, are being explored both in the lab and in the clinic [3,4]. When designing effective
nanoformulations, it is of the utmost importance that they perform well in the complex
environments that are present in the human body. As such, a significant amount of effort has
been placed on exploring methods to make nanoparticles interact and interface more
efficiently with biological systems [5].

This can be daunting task, however, as most nanoparticulate platforms are synthetic. Their
foreign nature can present major hurdles because the body is adept at detecting and
eliminating anything that it does not recognize as endogenous [6]. Further, it can be hard to
artificially replicate the biological interactions that naturally occur in the body, which often
have exceptional sensitivity and specificity. Instead of creating new solutions from the
ground-up, it behooves researchers working in the field of nanomedicine to look towards
nature for inspiration, taking design cues directly from biological systems. Such a strategy
can enable the facile discovery and streamlined development of new ways in which to boost
nanoparticle performance. Indeed, an entire area of research dedicated towards biomimetic
nanotechnologies has spawned in recent years [7,8].

One area towards which researchers have shown considerable interest is the mimicry of
cellular functions [4]. As one of the most fundamental biological units, cells are tasked with
carrying out many of the basic functions necessary for life. They can often be specialized,
and each type of cell has its own set of unique characteristics. For example, red blood cells
(RBCs) are responsible to delivering oxygen and circulate for extended periods of time,
while platelets maintain hemostasis and can adhere to many disease-relevant substrates.
Ultimately, a significant portion of these cell-specific functions are governed by their
membranes, a collection of biomacromolecules embedded into a lipid bilayer that is
responsible for the many levels of cellular compartmentalization. This complex biological
assembly is capable of governing how a cell physically interacts with others, takes in
signals, anchors binding interactions, and modulates immunity among many others.

In this review, we discuss nanoscale platforms that directly leverage cell membrane-derived
materials and their applications (Fig. 1). Regarding individual membrane components, two
main classes, namely proteins and glycans, are covered. We start with an overview of their
single molecules or subunit derivatives, and this is followed by discussion on the direct use
of these biomacromolecules. The final section covers how researchers have employed
natural cell membrane structures for nanoparticle design. This includes vesicular structures,
such as exosomes or outer membrane vesicles (OMVs), as well as newly reported cell
membrane-coated nanoparticles, which combine the advantageous of both natural membrane
materials and synthetic nanoparticulate cores.
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2. Membrane-derived molecules and subunits

Simple sugars and peptides generally represent the smallest functional derivatives of glycans
and proteins, respectively, and both have been widely explored for introducing nanoparticle
functionality. Unlike their more complex counterparts, these smaller compounds can often
be faithfully replicated by synthetic means. Especially for peptides, many workflows exist
for the identification of high affinity ligands that are not found in nature [9]. In this section,
however, we will focus exclusively on naturally occurring derivatives that have their origins
on the cell membrane.

2.1 Simple sugars

Carbohydrates are important components of the cell membrane that generally occupy 2 to 10
percent of its mass [10]. Cell surface carbohydrates are usually present in the form of
glycoconjugates with either proteins or lipids [11]. These glycoproteins and glycolipids are
abundant on the cell membrane, and their saccharide components play important roles in a
variety of cell signaling events, particularly in specific cell recognition processes [12].
Common monosaccharides found on the cell membrane include mannose, galactose, sialic
acid, glucose, and fucose [10]. Researchers have employed these molecules for nanoparticle
functionalization due to their ability to target specific cells and tissues, as well as for their
ability to mediate certain cellular responses (Fig. 2).

2.1.1 Delivery—The use of simple sugars as ligands for targeted nanoparticle delivery has
been widely explored. A common target is the liver, where various lectins that bind
carbohydrates are present. One example is the asialoglycoprotein receptor, which is present
on hepatocytes and binds to galactose [13]. /n vitro experiments using nanoparticles
employing galactose as the targeting moiety have demonstrated uptake via receptor-
mediated endocytosis in healthy hepatocytes but not in the HeLa cell line, which is not of
hepatic origin [14,15]. After systemic administration, glycosylated nanoparticles have shown
preferential distribution to the liver compared with non-glycosylated particles [16,17]. In a
recent study, nanocomplexes combining galactose-conjugated polymers with antiviral
peptides against hepatitis C achieved preferential biodistribution to liver, resulting in
decreased expression of intracellular viral protein [18]. In terms of gene delivery,
galactosylated nanoparticles have been used to protect DNA and RNA from degradation /n
vivo and have likewise demonstrated effective hepatic delivery [19,20]. Of particular interest
is the use of glyconanoparticles for liver cancer treatment, some types of which are highly
lethal with 5-year survival rates of less than 20% [21]. Paclitaxel-loaded polymeric
nanoparticles endcapped with galactose showed specific cytotoxicity on asialoglycoprotein
receptor-expressing HepG2 cells compared with cell lines that did not express the receptor
[22]. In a different example, galactose decorated theranostic nanogels loaded with imaging
and radiotherapy sensitizing agents have been used for delivery to hypoxic liver cancer cells,
although further /n vivo investigations are required [23].

Other than the liver, sugar-based functionalization has also shown utility for modulating
delivery to other targets. Fucose-conjugated nanoparticles developed in recent years display
increased uptake by multiple carcinoma cell lines, particularly pancreatic cancer cell

Biomaterials. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fang et al.

Page 4

[24,25]. The binding and internalization of glucose by their protein-based transporters has
likewise been leveraged. As an example, glucose-modified nanoparticles can be taken up by
muscle cells expressing glucose transporter type 4 on their cell membrane. This effect can be
upregulated by insulin in a dose-dependent manner and is considerably suppressed by
competition from free ligand [26]. Brain targeting is highly desirable given that most drug
formulations cannot cross the blood-brain barrier. Taking advantage of the fact that certain
carbohydrate receptors are upregulated in cells of the central nervous system, sugar
functionality can be employed to improve brain localization. In one example, glucose-coated
gold nanoparticles could traverse a layer of brain endothelial cells in vitro [27]. In another
case, sialic acid was combined with a blood-brain barrier-targeting peptide to enable
increased uptake in the brain [28].

Using sugar-based ligands to aid in delivery is attractive for imaging applications where they
can help to offer targeting specificity, physical stability, and biocompatibility [29]. Many
types of carbohydrate-coated iron oxide nanoparticles have been reported [30,31]. In one
example, a galactose-carrying polymer was coated onto superparamagnetic iron oxide
nanoparticles to form a liver-targeted magnetic resonance imaging contrast agent [32]. The
carbohydrate coating helped to increase solubility in fluids, and significant signal was
observed after injection in a rat model. Quantum dots are also often used and have unique
photophysical properties that make them well-suited as imaging probes. However, these
inorganic nanoparticles generally exhibit cytotoxicity and short lifetime in the absence of
additional surface functionality [33]. To address this, sialic acid residues have demonstrated
the capacity to prolong their lifetime [34]. In terms of targeted delivery, mannosylated
quantum dots showed greatly improved affinity for macrophages with minimal cytotoxicity
[35]. /n vivo, quantum dots functionalized with polyethylene glycol with capping by
mannose and galactosamine showed enhanced liver targeting compared with nanoparticles
without the carbohydrate functional groups [36].

2.1.2 Immune modulation—Carbohydrate-conjugated nanoparticles can be used to elicit
enhanced immune responses against a variety of diseases. The mannose receptor, a lectin
expressed on the surface of macrophages and dendritic cells, can be easily targeted by
introducing its ligand as a surface functional group, which can help to facilitate the process
of antigen presentation [37-39]. Furthermore, some carbohydrate structures themselves,
such as galactose-alpha-1,3-galactose, are capable of stimulating immune responses in
humans [40]. In a recent study, a generic nanoparticle vaccination platform employing this
carbohydrate was shown to induce antibody titers and antigen-specific CD4+ T cell
proliferation [41]. For anticancer therapy, a mannosylated vaccine nanoformulation loaded
with an immunological adjuvant and melanoma-associated antigen peptide achieved
impressive /n vivo efficacy in mouse model of melanoma [42]. In another example, plasmid
DNA encoding murine 1L12, a potent cytokine with antitumor properties, was delivered via
mannosylated chitosan nanoparticles to dendritic cells and enabled tumor regression in a
murine colon cancer model [43]. Other platforms have sought to further improve targeting
specificity, such as a recently reported mannose-displaying nanoparticle functionalized with
a pH-sensitive polyethylene glycol layer [44]. This strategy enabled more specific delivery
to macrophages within the tumor microenvironment, where the relatively low pH resulted in
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exposure of the mannose for targeting purposes. Regarding immunosuppression, a sialic acid
variant that binds to Siglec-E on macrophages and neutrophils was conjugated onto
biodegradable polymeric nanoparticles and could reduce the detrimental effects of systemic
inflammation due to bacterial infection or pulmonary injury [45].

2.1.3 Sensing and detection—The wide range of binding interactions that
carbohydrates have with different biological substrates has enabled the design of biomimetic
nanoparticles platforms for diagnostic applications. Carbohydrate-lectin binding has been
explored, one such pair being mannose and concanavalin A. The positive correlation
between concanavalin A binding efficiency and the mannose density on a nanoparticle
surface has been demonstrated [46]. Gold nanoparticles functionalized with a mannose
coating have been employed in sandwich-based sensing constructs designed for the detection
of lectin analytes. By employing either microgravimetric piezoelectric or surface plasmon
resonance transducers, high sensitivity concanavalin detection has been reported down to
concentrations under 20 nM [47,48]. In a different colorimetric sensing scheme,
concanavalin A in suspension could be detected in less than a minute based on ultraviolet-
visible absorption changes [49]. The same method was also adopted to detect influenza virus
using sialic acid stabilized gold nanoparticles [50]. Further, similar designs that employ
other monosaccharide-lectin pairs or other nanomaterials like carbon nanotubes have also
been explored [51-53]. Beyond pure sensing applications, magnetic nanoparticle-based
platforms can help to further isolate target analytes or cells. In one example, magnetic
nanoparticles coated with mannose or galactose derivatives could rapidly detect and remove
E. coli from culture medium [54]. As a follow-up work, nanoparticles coated with different
tumor-associated carbohydrates successfully distinguished different cancer cell lines that had
unique carbohydrate receptor profiles [55]. Additionally, the binding of sugar-functionalized
nanoparticles to pathogens can serve other purposes, a notable one being the inhibition of
infection potency [56,57].

2.2 Peptides

Peptides represent one of the most widely used class of ligands for nanoparticle
functionalization. They are facile to synthesize, and have applications ranging from targeted
delivery to immune modulation. There are two major ways in which peptides can be
identified, which is either as derivatives of naturally occurring proteins or via established
protocols such as phage display [9]. Despite their widespread use, there are surprisingly few
examples of peptides that have their origins in the cell membrane. Regardless of this fact, the
ones that have been reported represent examples of how cell membrane-derived peptides can
be useful in nanomedicine (Fig. 3).

2.2.1 Suppression of uptake—One of the most notable examples of a cell membrane-
derived peptide is that from the immunomodulatory CD47 “self” marker [58]. CD47 is a
transmembrane protein expressed on many cell types, including RBCs and interacts with its
receptor, the signal regulatory protein alpha, on macrophages to inhibit phagocytosis [59].
The self-peptide, a 21 amino acid peptide derived from the receptor binding site on human
CDA47, was identified and incorporated onto polystyrene nanobeads via biotin-streptavidin
binding. The functionalized nanobeads demonstrated suppressed phagocytic uptake, longer
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circulation time /n vivo, and significantly enhanced accumulation at tumor sites due to an
increased ability to take advantage of the enhanced permeation and retention effect. With the
peptide functionality, nanobeads loaded with paclitaxel showed the ability to control tumor
growth in a subcutaneous /7 vivo model. Such biomimetic strategies for enhancing
nanoparticle circulation serve as a potential alternative to the use of polyethylene glycol,
which more recently has been demonstrated to elicit an antibody response that can impact
performance over time [60]. Much still needs to be studied regarding this biomimetic
approach, and factors such as ligand density and affinity are all important factors to consider
[61].

2.2.2 Immune activation—The use of peptides in vaccination can have many advantages
over the use of whole proteins, including the ability to easily synthesize the antigen as well
as the ability to limit response to the desired epitopic target. By employing peptides found
on the cell membrane, it is possible to further focus the immune response to important
targets of interest. An example is a bacterial peptide derived from the virulent M protein on
the surface of group A streptococcus (GAS). The M protein has a hypervariable N-terminus
and is conserved towards the C-terminus. As such, several epitopes derived from the
conserved region have been employed in vaccines to induce specific antibody titers and
inhibit GAS colonization [62—-64]. Nanoparticles can serve as an ideal delivery platform for
more enhancing vaccine efficacy [3]. One such platform against GAS has been reported,
consisting of a self-adjuvanting polyacrylate core and peripheral layer of J14 peptides
derived from the M protein [65]. In a follow-up work, a dual-peptide delivery system was
proposed using both J14 and a peptide derived from GAS fibronectin-binding protein, a
surface-localized adhesin that helps the bacteria recognize and adhere to host cells [66]. For
Staphylococcus aureus, a 30 amino acid peptide of the D2 domain from its fibronectin-
binding protein B was genetically expressed on viral nanoparticles to generate higher
antibody titers [67]. This resulted in reduced bacterial counts in an intravenous infection
model. Further, a similar strategy has been employed towards malaria [68]. The
circumsporozoite protein is a surface protein from the sporozoite stage of malaria parasites,
and polypeptide nanoparticles displaying the B cell epitope from the protein elicited a high
avidity antibody response and provided long term immunity up to 15 months against live
sporozoite challenge.

For anticancer vaccines, one of the greatest challenges in their design is identifying the
appropriate antigenic material against which to train the immune system. Modulated
membrane composition can play a large role in tumor pathogenesis [69], and many peptides
derived from membrane proteins have been explored for use in vaccine formulations. This
includes the transmembrane tumor-associated antigen MUCL, which was recently
designated as a priority target for translational research by the National Cancer Institute [70].
In some preliminary investigations, a MUC1 peptide and the adjuvant monophosphoryl lipid
A were encapsulated into PLGA macrospheres or nanoparticles, and these formulations
were able to induce dendritic cell maturation, primary T cell proliferation, and IFNy
cytokine production /in vitroand in vivo [71,72]. Researchers have also incorporated
multiple different components, including MUC1 peptides, tumor-associated carbohydrates,
immunostimulating T cell peptide epitopes, and adjuvants, to make multifunctional vaccines.
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In more recent studies, MUCL1 glycopeptides were linked to T cell peptide epitopes and
either coated onto gold nanoparticles or incorporated into adjuvant-containing nanogels
[73,74]. The antisera from the mice immunized with these nanoformulations showed
significant increase in antibody titers and could recognize cancer cell lines ex vivo. In
addition to MUCL, peptides derived from other tumor-related membrane proteins have also
been used for nanoparticle vaccine design, including HER2/neu for breast cancer [75], as
well as gp100, MelanA, and MART1 for melanomas [76,77].

2.2.3 Immune tolerance—In contrast to immune activation, cell membrane peptides have
also been exploited for inducing immune tolerance in autoimmune disease treatment.
Researchers have used polystyrene beads coupled with an encephalitogenic myelin peptide
to prevent disease symptoms in an experimental model of autoimmune encephalomyelitis
[78]. Compared with a previous strategy of delivering antigens using splenic leukocytes, a
particulate formulation can be advantageous given its ease of manufacturing and storage.
Mice immunized intravenously with the tolerizing nanoparticles a week before challenge
showed impressive amelioration of symptoms. In a follow-up work, tolerogenic
biodegradable particles conjugated with the same peptide likewise showed efficacy, and it
was further shown that the tolerizing effect was exclusive to the intravenous route of delivery
[79]. With this route of administration, the particles localized at the splenic marginal zone to
induce T cell anergy and increased Tgg activity.

3. Membrane-bound biomacromolecules

Cell membranes are approximately 50% protein by mass, and they also contain many
complex glycan structures based on the simple sugars discussed in the previous section [80].
In the move towards biomimetic systems, the natural specificities and functions of these
biomacromolecules can be deliberately leveraged for the development of highly sensitive
therapeutics and diagnostics. While promising, examples of platforms that employ whole
membrane-derived biomacromolecules are relatively few, which is likely due to the
difficulty in deriving or replicating these structures. Future study along these lines will
benefit from new methods of isolation as well as advancements in glycochemistry.

3.1 Carbohydrate chains

The most common carbohydrate chains present on cell membranes are glycans, embedded in
the membrane through protein or lipid anchors. Due to their biological function in cell-cell
recognition and as enzymatic triggers, glycans have important implications for improving
the biocompatibility and specificity of nanomedicines as well as in biosensing [81]. Cell
membrane-derived glycans are of particular interest because, unlike proteins, glycans are not
encoded by the genome; their structures are dictated instead by cellular status, metabolism,
and signal transduction [82]. Despite the difficulty in deriving or replicating glycan
structures, their use in the design of biomimetic nanoparticles can be highly advantageous

(Fig. 4).

3.1.1 Delivery—The specificity of some cellular receptors for glycan structures can be
exploited to modulate localization for enhanced delivery. This has been demonstrated on a
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cellular level, as the engineering of CD44 receptors from native to synthetic glycan
expression has been used to improve osteotropism of mesenchymal stem cells [83]. Sialyl
Lewis X is a tetrasaccharide that is expressed on bloodborne leukocyte cell surfaces and is
one of the key carbohydrates interacting with selectins. This membrane-derived molecule
can be used as a biomimetic targeting ligand to endow nanoparticles with the ability to
mimic the rolling behavior of leukocytes [84,85]. It is also an attractive candidate to study
inflammation and has been used to target E-selectin and P-selectin for identifying early
cerebral endothelial activation using iron oxide nanoparticles [86,87]. The dendritic cell
marker DC-SIGN can be targeted by Lewis X, and its efficacy has been compared to that of
pathogen-derived carbohydrates, such as the mannosylated glycolipid lipoarabinomannan
from tuberculosis bacteria and the glycoprotein gp120 from HIV [88]. The glycan
components on the latter two are both considered virulence factors for their respective
diseases. Coated onto polymeric nanoparticles via biotin-streptavidin interactions, these
carbohydrate ligands were able to enhance the specific binding to and activation of dendritic
cells. This study also compared the performance of these carbohydrates to DC-SIGN-
specific antibodies; gp120 was able to target the DCs in mixed cell cultures as effectively as
the antibodies, and all three carbohydrates were shown to activate both CD8+ T cells and
stimulate cytokine production.

3.1.2 Immune modulation—Carbohydrate-lectin binding is a key step to immune
activation. As a result, ligands such as those based on sialic acid have shown the potential to
address issues of autoimmunity, graft-versus-host disease, inflammation, pathogen and
tumor evasion, and age-related diseases [89]. For immune activation, Lewis X, with its
dendritic cell-targeting properties, has been used with liposomal platforms to formulate
vaccines capable of boosting T cell responses [90]. When loaded with the MART1 tumor
antigen along with an immunological adjuvant, the platform was able to elicit a high number
of antigen-specific effector cells. In addition to the use of naturally occurring glycans, it
should be noted that there are a few emerging examples of synthetic glycan structures that
have been employed in biomimetic nanoparticle design. This includes a high affinity Lewis
X-based glycomimetic ligand that was capable of targeting nanoparticles to the dendritic cell
marker DC-SIGN for various applications [91]. It is also possible to induce tolerance and
suppress immune responses, which was the case for a CD22-engaging glycan that could be
used to promote antigen-specific tolerance for the treatment of autoimmunity [92]. In a
different example, synthetic mannose-dendrimers inspired by mannosylated
lipoarabinomannan were shown to inhibit neutrophil recruitment at sites of inflammation in
the lung [93].

3.2.3 Biosensing—Used for biosensing, Lewis X has been conjugated onto fluorescent
ferrite magnetic silica glyconanoparticles to probe mammalian and pathogenic cells in an
attempt to understand the roles of specific surface lectins, and the platform also has further
applications in diagnosing disease [94]. Recently, sialyl Lewis X, sialic acid, sialyllactose,
sialyllactosamine and sulfated sialyllactoseamine were used to functionalize gold
nanoparticles to develop a rapid diagnostic for distinguishing influenza strains [95]. The
aggregation of the particles mediated by different glycan binding specificities for each
influenza viral strain resulted in distinct colorimetric profiles.
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3.2.4 Binding decoys—An interesting application enabled by glycan-based functionality
is the use of nanoparticles displaying the ligands as decoys for binding. Lewis X-conjugated
gold nanoparticles have been reported, and they have been further studied as an agent for
anti-adhesion therapy, where they can potentially be used as inhibitors of cancer metastases
[96,97]. The ligand has also been conjugated onto dendrimers to compete for DC-SIGN
binding with the HIV gp120 protein, thus preventing infection via DC-SIGN and langerin
[98]. In the same manner, glycans are also considered a candidate for the prevention of
microbial adhesion, with functionalized nanoparticles competing for glycan binding sites
essential for binding and biofilm formation [99]. Finally, glycan structures have been used as
toxin decoys, although currently no studies employing naturally derived ligands for this
function have been reported [100].

Cell membrane proteins also play key roles in transport, cell-cell recognition, and other
critical interactions. Many of the same carbohydrate-protein interactions as mentioned above
can be leveraged conversely by introducing protein functionalized nanoparticles to
biological systems. The specific use of membrane-derived proteins has not been commonly
reported, and this is likely due to the fact that these ligands are hard to purify. Regardless,
there exist some interesting examples in which their use is justified and cannot be easily
replicated by other means (Fig. 5).

3.2.1 Delivery—By employing the specificities exhibited by certain membrane proteins, it
is possible to design naturally targeted nanoformulations. One useful family of proteins are
lectins, which are membrane-anchored proteins that interact with carbohydrates at cell
surfaces for cell-cell recognition and adhesion. Peanut and wheat germ lectins have been
conjugated to the surface of drug-loaded nanoparticles, demonstrating bioadhesion to
inflamed tissues and enhancing efficacy in an animal model of colitis [101]. Further,
magnetic nanoparticles have been coated with peanut agglutinin and used to bind sperm as a
means of improving their fertility [102]. Another protein, glycoprotein Ib plays a role in
platelet adhesion to the vascular wall by interacting with P-selectin on damaged endothelial
cells and with the von Willebrand factor on subendothelium. It was coated onto drug-loaded
polymeric nanoparticles via carbodiimide chemistry, and the resulting formulation was used
for targeted and controlled delivery of dexamethasone [103]. Even under the flow conditions
at a site of vascular injury, particles were able to bind to substrates, although the adhesion
was found to be inversely related to shear stress.

3.2.2 Immune modulation—The major histocompatibility complex (MHC) proteins play
an integral role in adaptive immunity, enabling the process of antigen presentation. Recently,
there has been a significant amount of research into using nanoparticles displaying peptide-
loaded MHC:s for artificial antigen presentation. While traditionally accomplished with
microparticles, the first nanoparticle-based system for artificial antigen presentation
combined MHCs with either CD80 or anti-CD28 as a co-stimulatory signal onto a single
magnetic nanoparticle [104]. These nanoparticles were able to induce T cell proliferation /n
vitro and, when injected /n vivo, were also able to inhibit tumor growth. Subsequent studies
have used the same platform to enhance T cell proliferation under magnetic fields as well as
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for purification of antigen-specific T cell populations [105,106]. Further, it has been
demonstrated that ellipsoidal nanoparticles are more effective than their spherical
counterparts when used for artificial antigen presentation, likely due to an enhanced ability
to interface with T cells [107]. Finally this strategy has also demonstrated utility for
addressing autoimmunity, helping to resolve type 1 diabetes in a murine model of the
disease [108]. It was determined that peptide-loaded MHC class Il nanoparticles were
ultimately able to promote the differentiation of cognate B cells into disease-suppressing
regulatory B cells, thus addressing the autoimmune condition without compromising
systemic immunity.

3.2.3 Enzymatic therapies—Hyaluronidase is a membrane protein that degrades
hyaluronic acid, a glycosaminoglycan distributed in extracellular matrix tissue throughout
the body. Some skin cancers can overexpress hyaluronic acid, which results in a thick gel-
like matrix, reducing penetration of traditional therapeutics. Thus, a clinically approved
strategy for enhancing treatment of such tumors is their pretreatment with free-form enzyme
via localized injection [109-111]. To simplify the treatment, a layer-by-layer self-assembly
technique was used to construct hyaluronidase-displaying silica nanoparticles [112]. These
functionalized particles improved the retention of the enzyme at tumor sites due to a reduced
diffusion coefficient of the bigger particle along with multivalent interactions. When the
particles were loaded with the small molecule therapeutic carboplatin, drug infiltration of the
tumor was improved due to reduction of the extracellular matrix. Membrane-coated
polymeric nanoparticles have been further enhanced by adding hyaluronidase to the
nanoparticle surface [113,114]. Rather than localized injection, systemic tail vein injections
resulted in preferential diffusion to tumor sites. The enzyme was attributed for targeting the
particle to the extracellular matrix, as well as helping to improve tumor penetration.

4. Cell membrane-based nanostructures

Instead of using individual components derived from the cell membrane, researchers have
also been exploring the direct use of cell membrane itself as a material for enhancing
nanoparticle functionality. This approach carries many advantages, including the ability to
present multiple functional moieties in their natural context without the need for
complicated methods to identify, synthesize, and conjugate individual ligands. There are two
main types of platforms that follow this approach, including naturally derived vesicles and
membrane-coated nanoparticles that combine synthetic and natural elements. These
biomimetic platforms have been the subject of intense research and have the potential to
overcome many of the limitations facing traditional nanoparticle platforms.

4.1 Vesicular structures

Cell membrane-derived vesicles (Fig. 6) are a widely studied category of nanostructures that
are the natural analog of liposomes, which have been used in drug delivery for several
decades. They can be fashioned from larger membrane structures, or they can be naturally
occurring. A prime example is exosomes, vesicles that are secreted by most mammalian
cells as a means of intercellular communication and biomaterial transfer [115]. They are
heavily implicated in tumor biology and play a large role in tumorigenesis [116-118]. As
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autologous biologics, exosomes currently represent one of the few membrane-derived
platforms that have been subject to a good deal of clinical investigation. Bacteria employ
analogous structures known as outer membrane vesicles (OMVSs) as tools to enhance their
survival within a host [119,120]. A major benefit of using naturally occurring nanovesicles
for nanomedicine applications is that they are inherently adept at performing certain
biological functions, whether it be for targeted delivery or immune modulation [121].

4.1.1 Delivery—One of the most explored applications for naturally derived vesicular
structures has been drug delivery. Depending on their origin, exosomes can be inherently
biocompatible and lowly immunogenic, making them well-suited for the purpose [122-124].
Employing plasma-derived exosomes, researchers have demonstrated siRNA delivery to
monocytes and lymphocytes [125]. Mesenchymal stem cells have been shown to efficiently
produce these natural vesicles, providing another possible source of autologous material
[126]. Depending on their expression of different surface markers such as integrins,
exosomes can be targeted to specific regions within the body [127]. Modulated delivery can
also be achieved by introducing targeting peptides via fusion with membrane-bound proteins
[128]. The protein Lamp2b is a good candidate for introducing additional functionality, as it
is highly localized to the exosomal compartment [129]. Notably, exosomes have been
employed for delivery across the blood-brain barrier, which traditionally is impermeable to
almost all systemically administered therapies. This has been accomplished through the use
of brain endothelial cell-derived exosomes [130] or by engineering exosomes that
specifically target brain receptors [131]. Intranasal administration of exosomes can also be
used for brain localization, and researchers have employed this strategy to administer
experimental therapies against Parkinson’s disease [132]. With regards to the cargo, a variety
of different payloads have been incorporated into exosomes, including both hydrophobic and
hydrophilic cancer drugs [129,133]. Encapsulation of cargoes within exosomes can improve
their bioavailability, boosting potency compared with free drug formulations [134]. One
interesting way in which paclitaxel, an antineoplastic, has been incorporated involves
feeding the drug to live cells, allowing them to naturally package the drug into their
exosomes [133]. Perhaps one of the most studied applications of exosomes has been for
delivery of RNA interference agents. In one notable example, exosomes derived from
dendritic cells and modified to target brain cells were used to deliver sSiRNA capable of
knocking down a therapeutic target for Alzheimer’s disease [131]. Finally, given their
biological role, exosomes absent of any cargo have also demonstrated significant therapeutic
potential. To this end, mesenchymal stem cell-derived exosomes have been administered to
improve functional recovery in rats after a stroke or traumatic brain injury [135,136].

Other than exosomes, another major class of natural vesicle-based nanoparticles are those
fashioned from the plasma membrane of mammalian cells. They can be more plentiful than
exosomes, and this is often cited as one of their major advantages [137]. These vesicles
mirror the membrane composition of the source cells, which likewise makes them suitable
for biological use. The membrane proteins present on these nanovesicles are essential for
their function, as it has been shown that their absence abrogates their desirable functions
[137]. The first such structures were derived from RBCs by extrusion of membrane ghosts
and were termed nanoerythrosomes [138-141]. In addition to their cancer drug delivery
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roots, nanoerythrosomes can be used for the delivery of photoactivatable agents for imaging
and photothermal therapy [142], antihypertensive drugs [143], and perfluorocarbons for
acoustic responsiveness [144]. Nanoerythrosomes have also been bestowed additional
targeting functionality via the conjugation of antibodies to a polymeric tether [145]. Beyond
RBCs, stem cells are a popular source of membrane material due to their tumor targeting
ability. In one such work, mesenchymal stem cell-derived nanoghosts were loaded with a
proapoptotic protein cargo and were used to treat a mouse xenograft model of human
prostate cancer, significantly outperforming the unencapsulated form of the protein [146]. A
follow-up work later used the same platform for gene delivery [147]. Other than stem cells,
endothelial cells and white blood cells have also been employed to create nanodelivery
vesicles capable of unique functions [148,149]. In a recent example, the proteins derived
from the plasma membrane of leukocytes were mixed with synthetic lipids, and the resulting
leukosomes were able to deliver dexamethasone to treat inflamed vasculature [150].

While less commonly used due to their inherent immunogenicity, bacterial OMVs have also
been explored as nanodelivery vehicles. One way to address potential issues of toxicity is to
engineer bacterial strains with modified lipopolysaccharides [151]. With endotoxicity at
acceptable levels, the facile ability to genetically modify bacteria makes them suitable for
generating targeted constructs. One prime example is the use of ClyA fusion proteins in E.
coli, which helps to target a protein of interest specifically to OMVs [152]. This strategy has
been used to incorporate a HER2-targeting affibody onto the OMV surface, enabling
delivery of an siRNA cargo for potential cancer therapies [153]. OMVs also carry the
potential for enzyme and protein delivery, protecting such cargoes from harsh biological
conditions [154]. In a proof-of-concept study, encapsulation within bacterial vesicles
significantly protected phosphotriesterase under a variety of different test conditions, and
this may one day lead to improved methods of detoxification [154].

4.1.2 Immune modulation—Besides delivery, immune modulation is another application
towards which natural nanovesicles are well suited. Exosomes have been explored
extensively for use in the design of anticancer vaccines [155,156]. Compared with tumor cell
lysates, it has been shown that tumor exosomes can elicit better antitumor immunity [157].
While tumor-derived exosomes are generally used with the intent of producing a strong
immune response, it is also known that, by themselves, these natural vesicles can be highly
immunosuppressive [158]. Thus, the context in which they are presented is of high
importance. Many different strategies, from using heat-shocked tumors cells [159,160] to
having the cells express markers such as Hsp70 [161,162], CD40L [163], and Rab27a [164]
have been proposed for improving immunogenicity. Instead of direct vaccination, tumor
exosomes have been used as the antigenic material for pulsing dendritic cells to promote
downstream immunity [165]. In a different strategy, exosomes derived from dendritic cells
pulsed with a model antigen were shown to be more effective at promoting CD8+ T cell
responses compared with exosomes derived from antigen-expressing tumor cells [166].
Interestingly, it has been shown that such vesicles may be able to transfer loaded MHCs to
dendritic cells /n vivoto prime T cell responses [167,168]. Beyond anticancer vaccination,
use of antigen-pulsed dendritic cells can also be expanded towards generation of anti-
pathogen immunity [169]. Finally, it has been suggested that the potency of dendritic cell-
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derived exosomal vaccine formulations can be further improved by directly loading properly
restricted peptides onto their MHCs [170].

At the other end of the spectrum, there has also been some studies on the use of mammalian
exosomes for immune suppression, which can also be highly useful in the case of
autoimmunity [171]. In one interesting example, it was demonstrated that exosomes from
immature bone marrow-derived dendritic cells could promote a tolerogenic effect for
intestinal transplantation in a rat model [172]. Another study employed vesicles derived
from IL10-treated dendritic cells to help reduce inflammation for potential use in addressing
arthritis [173]. Others have focused on modifying dendritic cells to express tolerogenic
cytokines such as TGF-p1 or I1L4, and the exosomes derived from these genetically
engineered cells have shown utility for addressing inflammatory conditions [174,175].

Just like tumor exosomes have proven useful for anticancer vaccine design, bacteria-derived
OMVs have been extensively explored for generating effective vaccines against a variety of
pathogens [176-180]. One of the most studied OMV-based vaccines are those against
serogroup B meningococcal disease, for which the strategy has shown considerable
protective efficacy [181,182]. To improve vaccine potency, researchers have sought to
engineer the overexpression of specific markers, including GNA1870, FetA, fFbp [183—
185]. Further, attenuating endotoxin can help to reduce toxicity and improve the safety of
bacteria-derived vaccines [185,186]. Other pathogens from which OMVs have been derived
for vaccination purposes include Vibrio cholerae [187,188], Bordetella pertussis [189],
Haemophilus parasuis [190], and Burkholderia pseudomaller [191]. In a different strategy, £.
coli OMVs were engineered to exogenously express HtrA from Chlamydia muridarum and
were able to elicit protective antibodies against the antigen [192]. Additionally, bacterial
OMVs have been explored as immunological adjuvants for use in vaccination against non-
bacterial pathogens, including malaria [193] and HIV [194]. More recently, bacterial
protoplast vesicles, which are actually free of outer membrane material and their toxic
components, have been used as an alternative to OMVs and have also demonstrated utility
for protecting against bacterial sepsis [195].

4.1.3 Biosensing—Within the broad scope of biosensing applications, cell-derived
membrane vesicles have found use as the recognition element in some special cases.
Specifically, they have been employed in bioelectronic nose and tongue applications [196—
198]. In general, these biosensors employ protein-based taste and smell receptors coupled
with transducers such as microelectrode arrays, quartz microbalances, optical detectors, or
field effect transistors. Binding of the target molecule to the receptor results in a signal
change, and enables detection at extremely low concentrations. While these devices
originally employed purified proteins, it was later discovered that employing cell-derived
vesicles expressing the receptor enabled the preservation of calcium influx mechanisms,
which helped to further amplify the signal and lower detection limits [199]. Since then, this
strategy has been used for detecting different odorants as well as sweet and umami tastants
[200-202]. Vesicle-based biosensors have also demonstrated utility for other applications
beyond taste and smell, including the detection of lung cancer biomarkers [203],
neurotransmitters [204], and fungal contaminants [205].
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4.2 Membrane-coated nanoparticles

In the past few years, a new class of biomimetic nanoparticle has been reported that
combines the advantages of natural, cell membrane-derived vesicles with more traditional
synthetic nanoparticulate platforms. These particles generally employ a core-shell design,
with a layer of cell membrane coated around a preformed nanoparticle core. Initially,
membrane-coated nanoparticles were fabricated using a combination of RBC membrane and
poly(lactic-co-glycolic acid), a biodegradable polymer, via a co-extrusion approach [206].
These particles exhibited significantly enhanced circulation, which was shown to result from
the preservation of RBC self-markers such as CD47 on the nanoparticle surface in a right-
side-out orientation [207-209]. Afterwards, a plethora of different platforms have been
reported given the flexibility of choosing different membrane materials and different
nanoparticle cores [210-213]. These have been employed for a variety of applications, some
of which uniquely take advantage of their biomimetic properties (Fig. 7).

4.2.1 Delivery—After the first RBC membrane-coated nanoparticles were reported,
additional studies were carried out to demonstrate their utility for cancer drug delivery. It
was shown that doxorubicin could be incorporated into the polymeric cores, and these drug-
loaded nanoparticles demonstrated considerable efficacy in a mouse model of lymphoma
[214,215]. Further, polymer tethers can be used introduce elements onto the outer membrane
surface that can provide additional functionality such as tumor targeting and penetration
[113,216,217]. Other strategies have been developed that can enable on-demand, triggered
release of cancer drugs, helping to further improve nanoparticle efficacy and minimize
systemic toxicity [218-221]. One major advantage of the RBC membrane coating is that it
enables extended circulation after repeated administration due to its biocompatible and
nonimmunogenic nature [222]. In addition to RBCs, many other cell types have been used to
source the membrane for coating, and each carries with it unique benefits. Cancer cell
membrane is lowly immunogenic and can take advantage of the homotypic targeting effect
in which the particles have high affinity towards the same cells from which the membrane
was derived [219,223,224]. White blood cell membrane can bestow cancer targeting
properties and additionally has been shown to help particles traverse endothelium [225-
227]. Stem cell membrane can likewise promote improved localization to tumor regions
[228]. Of particular interest, recently reported platelet membrane-coated nanoparticles have
proven to be adept in a variety of disease targeting applications [229]. As the sentinels of the
body, platelets play major roles in hemostasis as well as pathogen clearance. When loaded
with a cytotoxic drug, the nanoparticles were able prevent restenosis in a rat model of
arterial denudation. Additionally, an antibiotic cargo enabled them to effectively combat
methicillin-resistant S. aureus infection. In later works, platelet membrane-coated
nanoparticles have demonstrated utility for cancer drug delivery as well as thrombus
inhibition [230,231].

4.2.2 Imaging and phototherapy—The flexibility of choosing different core materials
for cell membrane-coated nanoparticles has enabled the incorporation of powerful platforms
for both imaging and phototherapy-based applications. One novel way in which the
membrane coating has been introduced is through the biogenic release of nanoparticles after
uptake by live cells [232]. This approach can be used for encapsulation of metallic and
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inorganic nanoparticles of different geometries. Iron oxide-based nanoparticle cores are
strong candidates for use in magnetic resonance imaging, and both stem cell membrane-
coated and RBC membrane-coated versions have been reported [233,234]. Upconversion
nanoparticles, which have high utility for in vivo applications due to their ability to take
advantages of tissue-penetrating infrared light, have been coated with macrophage
membrane or cancer cell membrane, and they can be effectively targeted to tumors
[235,236]. Small molecules such as indocyanine green have also been loaded inside
polymeric cores, and cancer cell membrane-coated versions of these nanoparticles have
likewise demonstrated utility for imaging applications [237].

Many of the same platforms that are used for imaging can also be applied towards light-
based treatments, including photodynamic and photothermal therapies. Gold nanoparticles
coated with RBC membrane or macrophage membrane have long blood circulation times
and are taken up efficiently by tumors, enabling efficient photothermal conversion for
treatment [238,239]. By combining upconversion nanoparticles with photosensitizers, it is
possible to fabricate photodynamic platforms capable being triggered by higher wavelength
infrared light, which is very useful for /n vivo application. This has been accomplished both
with RBC membrane-coated upconversion nanoparticles with a layer of photosensitizer in
between them [240], as well as for stem cell membrane-coated upconversion nanoparticles
encapsulated within a mesoporous silica shell that serves as a compartment for loading
multiple sensitizers [241]. Further, a cancer cell membrane-coated porous zeolitic
imidazolate framework has been shown capable of tumor targeted delivery and oxygen-
independent photodynamic therapy, helping to overcome the inherent hypoxia present deep
within tumors [242].

4.2.3 Detoxification—Due to the preservation of cell-specific markers on the surface of
cell membrane-coated nanoparticles, they have demonstrated natural affinity to many
different kinds of harmful toxins [4]. This has enabled the development of nanosponges,
which are cell membrane-coated nanoparticles capable of binding to and neutralizing toxic
moieties. The first such platform was based on RBC membrane-coated nanoparticles for
neutralizing a-hemolysin secreted by S. aureus[243]. 1t was shown that RBC-based
nanosponges could completely prevent toxin-mediated hemolysis of healthy RBCs /n vitro,
and the nanoparticles were able to significantly improve survival in an 7n vivo model of
lethal toxin challenge. A later study demonstrated the ability of a hydrogel loaded with
nanosponges to address local bacterial infections and minimize the appearance of skin
lesions [244]. This platform has also been used to neutralize streptolysin-O, which is
secreted by Streptococcus pyogenes, a common cause of bacterial infection across the world
[245]. More recently, acoustic propulsion-based nanomotors have been successfully coated
with RBC membrane and applied towards accelerated neutralization of toxins [246]. Other
than traditional bacterial toxins, the nanosponge strategy has also been applied towards the
removal of pathological autoimmune antibodies [247,248] as well as small molecule
intoxicants [249,250].

4.2.4 Immune modulation—L.ike their natural vesicle counterparts, cell membrane-
coated nanoparticles have also been used for modulating the immune system. Currently,
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most studies have revolved around using these nanoparticle for vaccine development. A
notable example involves the use of nanosponges to first neutralize bacterial toxins, enabling
subsequent administration with the resulting nanoparticle-toxin complex, termed a
nanotoxoid, as a safe and effective means of antivirulence vaccination [251]. This strategy
has demonstrated the ability to elicit potent humoral responses against bacterial toxins,
protecting mice when infected with the secreting pathogen [252]. For cancers, cell
membrane-coated nanoparticles have been proposed as a platform for co-delivering
multivalent tumor antigen material along with immunological adjuvants, helping to
overcome some of the fundamental issues currently facing anticancer vaccine development
[223]. Functionalization of RBC membrane-coated nanoparticles with tumor antigens has
also been proposed for a similar purpose [253]. Finally, bacterial OMV-coated nanoparticles
have been fabricated and represent a strong candidate for vaccinating against bacterial
infection [254].

5. Conclusions

Biomimetic design strategies have the potential to greatly improve upon and enhance the
functionality of current nanoparticle platforms. The composition of cell membranes is
largely responsible for many of the unique functions exhibited by different cell types. Using
the cell membrane as the inspiration for nanoparticle design, several different strategies have
been discussed. These include the use of protein and glycans, along with their derivatives, as
well as employing natural cell membranes either directly as nanocarriers or as the coating
material for synthetic nanoparticulate cores. These approaches are incredibly powerful, and
they leverage natural interactions and specificities that have evolved over millions of years,
circumventing the need for exhaustive discovery and validation processes often required for
their synthetic counterparts.

Bioinspired nanomedicine is still in its infancy, and there are ways in which each of the
discussed strategies for cell membrane-derived functionalization can be further leveraged in
the future. Regarding small subunit derivatives, especially for peptides, the introduction of
purposeful workflows for finding relevant sequences from proteins, based on desired
functions, can lead to a larger library of useful ligands that are facile to fabricate.
Biomacromolecules such as proteins can benefit from improved techniques for production
and purification, especially for those integrated into the membrane, and advances in
glycochemistry may eventually streamline the use of glycans. Finally, for vesicular
structures and cell membrane-coated nanoparticles, using membranes of specialized cells or
combining functions from different membrane types may help to further enhance their
utility. Commercialization and clinical investigation of nanoparticle-based medical
technologies has accelerated in recent years [255]; while membrane-derived systems are still
relatively new, it can be foreseen that they will soon be subject to significant translational
efforts. To accommaodate this, a shift in focus from discovery to process development will
need to occur, as methods and workflows for reliable scale-up of fabrication will become
increasingly important. Overall, as researchers continue to explore biomimetic design
strategies, new and exciting platforms will be developed with the potential to drastically alter
the landscape of nanomedicine.
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Subunits and derivatives Biomacromolecules Cell-derived membranes

Fig. 1. Cell membrane-based strategies for nanoparticle functionalization
A) Many cellular properties are determined by membrane composition, including the

different proteins and glycan structures that are present. B) Examples of different cell
membrane-based design strategies for fabricating biomimetic nanoparticles. Single molecule
or subunit derivatives of cell membrane glycans and proteins can be used as functional
ligands. Biomacromolecule components of the cell membrane, such as proteins and glycans,
can be used to add specific functionalities. Further, entire cell membranes can be leveraged
either directly as vesicular structures or as the coating material for a nanoparticulate core.

Biomaterials. Author manuscript; available in PMC 2018 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Fang et al.

Page 33
A MR CpG ODNs Activation B . ’ Control
smc—mm  P-Trp2 peptide and Antigen . . ‘ ontrol
presentation
DOTAP ® . . . . Free Trp2/CpG
Mannose PEG-DSPE ‘ ‘ . . .
Empty LCP
l@s"’“’f Immature x,—-—\ . ' . @ & LCP-p-Trp2
= Dendritic cell
& -9 @ Qe g ® s
#’ e Mature &
Mannose-LCP Dendritic cell CD8+ T cell L4 ey L ° LCP-p-Trp2/CpG
c D L3 (7%
15 |<tm :’g 5:‘) & -101g14-12-10 8 6
||| Mman-
MGNP Array - 15
|| _|Fuc-MGNP 4
] Sia-MGNP 5 "
MRI Detection GIcNAC-MGNP 6 3
TEOS-NP 1 8
MGNP/Cancer Cells =
NP -
<10% 25% >50%
Low High

Fig. 2. Sugar-functionalized nanoparticles
A) Schematic of a nanoparticle-based vaccine formulation using mannose to target dendritic

cells for cancer immunotherapy. B) Imaging of tumors on day 20 after tumor inoculation
demonstrates efficacy of the different nanoformulation variants. C) Schematic of magnetic
glyconanoparticles for use in the detection of cancer cells with different carbohydrate
binding affinities. D) Linear discriminant analysis plot demonstrating the ability to fully
differentiate 10 different cancer cell lines bound with the nanoformulations according to
their magnetic resonance signature. A, B adapted with permission from [42]. Copyright
Elsevier, 2013. C, D adapted with permission from [55]. Copyright American Chemical
Society, 2010.
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Fig. 3. Peptide-functionalized nanoparticles
A) Schematic of particle functionalization with CD47-derived “self” peptide for suppressing

phagocytosis. B) Total fluorescence quantification by /7 situtumor imaging demonstrates
increased uptake over time of the peptide-functionalized nanoformulation. C) Schematic of
liposome-polycation-DNA nanoparticles incorporated with immunological adjuvant and the
HER2/neu-derived peptide being taken up across the cell membrane for anticancer
vaccination. D) Survival of mice over 80 days after tumor challenge demonstrates
prophylactic efficacy of different nanoformulations. A, B adapted with permission from
[58]. Copyright American Association for the Advancement of Science, 2013. C, D adapted
with permission from [75]. Copyright Elsevier, 2012.
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Fig. 4. Glycan-functionalized nanoparticles
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A) Schematic of glycan-functionalized gold nanoparticles for the colorimetric detection of
viruses. B) Colorimetric response after incubation of viruses with the nanoformulations can
be used to distinguish each strain based on its reactions with the different glycans. Adapted

with permission from [95]. Copyright Elsevier, 2017.
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Fig. 5. Protein-functionalized nanoparticles
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A) Schematic of hyaluronidase-functionalized drug loaded nanoparticles for enhanced tumor
drug delivery. B) Tumor growth kinetics for 20 days after inoculation demonstrates
antitumor activity of the nanoformulations. C) Survival curve demonstrates therapeutic
efficacy of the nanoformulations over time. Adapted with permission from [114]. Copyright

American Chemical Society, 2016.
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Fig. 6. Natural membrane vesicles
A) Schematic demonstrating workflow for the fabrication and subsequent administration of

siRNA-loaded exosomes for brain-targeted delivery. B) Quantification of BACE1 protein
and mRNA expression as well as p-amyloid concentration demonstrates significant
knockdown efficacy for the nanoformulation. C) Schematic demonstrating the fabrication of
leukosomes via the isolation of membrane proteins followed by reconstitution with synthetic
lipids. D) Intravital microscopy images demonstrate preferential accumulation at the site of
inflamed tissue over time. Scale bars = 50 um. A, B adapted with permission from [131].
Copyright Nature Publishing Group, 2011. C, D adapted with permission from [150].
Copyright Nature Publishing Group, 2016.
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Fig. 7. Cell membrane-coated nanoparticles
A) Schematic of RBC membrane-coated nanoparticle fabrication via an extrusion method.

B) Monitoring of fluorescent nanoparticle signal over time demonstrates enhanced
circulation for the membrane-coated nanoparticles. C) Schematic of the different
applications towards which platelet membrane-coated nanoparticles can be applied,
including targeting of damaged vasculature and pathogen binding. D) Platelet membrane-
coated nanoparticles do not target intact endothelium (top), but show significant binding
when the endothelial layer is removed (bottom). Scale bar = 200 um. E) Methicillin-resistant
Staphylococcus aureus (top) shows significant binding when incubated with platelet
membrane-coated nanoparticles (bottom). Scale bar = 1 um. A,B adapted with permission
from [206]. National Academy of Sciences, 2011. C-E adapted with permission from [229].
Nature Publishing Group, 2015.
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