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Abstract: The cell membrane has gained significant attention as a platform for the development
of bio-inspired nanodevices due to its immune-evasive functionalities and copious bio-analogs.
This review will examine several uses of cell membranes such as (i) therapeutic delivery carriers with
or without substrates (i.e., nanoparticles and artificial polymers) that have enhanced efficiency
regarding copious cargo loading and controlled release, (ii) exploiting nano-bio interfaces in
membrane-coated particles from the macro- to the nanoscales, which would help resolve the
biomedical issues involved in biological interfacing in the body, and (iii) its effects on the
mobility of bio-moieties such as lipids and/or proteins in cell membranes, as discussed from a
biophysical perspective. We anticipate that this review will influence both the development of novel
anti-phagocytic delivery cargo and address biophysical problems in soft and complex cell membrane.
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1. Current Stages of Membranes World in Drug Carriers

Cell membranes are highly complex dynamic systems with compositional heterogeneity that
utilize several types of phospholipids and proteins as major constituents. The cell membrane contains
a self-assembling nature that results in bilayered structures a few nanometers thick. In addition,
it is responsive to external stimuli such as chemical (i.e., ion, concentration) [1–3], mechanical forces
(i.e., pressure) [4–6], electrical (i.e., voltage) [4,7–9], and thermal stresses (i.e., temperature, light) [10,11],
and functions by communicating with other cell membranes and transporting signals in a harmonious
manner without the disrupting of the membrane. Motivated by the self-signaling functions of cell
membranes, mimicking the cell membrane has gained attention as a method of developing nanodevices
in drug delivery, diagnosis, and soft-robotics [12–16]. One of the most well-known methods for
developing an artificial cell membrane is a bottom-up technique in which different moieties with
various charges, molecules, and functional groups are self-assembled via noncovalent bonding or
chemical conjugation [17–20]. For self-assembly purposes, molecules should include an amphiphilic
nature, in which both hydrophilic and hydrophobic parts are present. Figure 1 shows representative
amphiphilic molecules, phospholipids, which have a hydrophilic head and a hydrophobic tail, and
its assembled morphologies (i.e., vesicles) with various loading cargo. They can adopt multiple
meso-phases depending on their molecular structures [18,21] and perform self-assembly in nanoscales.
The vesicle comprises core materials surrounded by bilayered amphiphilic molecules. As the chemical
natures of the core (i.e., fluid or organic/inorganic materials) and shell (i.e., phospholipids) in the
vesicle are different, the structure of vesicle is termed as core-shell structure [22,23]. In addition,
amphiphilic molecules such as lipids (i.e., phosphatidylcholine and phosphatidylethanolamine)
have low toxicity and good biocompatibility [24]. Thus, various morphologies composed of
amphiphilic molecules, such as vesicles [19,25] and disks [18,21,26–28], have taken center stage as
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pharmaceutical loading cargos for drugs [29,30], genes [30,31], and DNA [32,33]. However, the
bio-applicability of these nano-carriers faces various biological barriers in our immune system,
such as reticuloendothelial system (RES) effects [12], shape transformation during phagocytic
internalization [34], and other degradation factors caused by protein absorption [35]. Nevertheless, the
Janus properties of amphiphilic molecules, which allow hydrophobic layers to overcome the loading
barriers of drugs and inorganic particles, while hydrophilic layers act as a decoy for surface moieties
(i.e., PEG [36], aptamer [37], and proteins [38]) will help increase biological functionality (i.e., targeting,
body circulating retention time) and eventually increase the therapeutic efficiency.
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to the intact proteins in their extracellular membranes [39–43]. The benefit of using genuine extracted 
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charge ratio, and sample preparations) with the guaranteed morphologies (i.e., vesicle, rod, etc.) that 
are required in the bottom-up technique can be reduced. Note that the native membranes comprising 
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implying that the self-assembling tendency into “bilayers” is guaranteed in aqueous solutions. In 
addition, the extracted cell membrane has a camouflage function in the body due to being the same 
protein, meaning that the body’s immune system easily accepts the foreign molecules (i.e., drugs in 
hybrid-NPs). Hu et al. [39] first introduced RBC membrane-coated poly (lactic-co-glycolic acid) 
(PLGA) NPs. This platform is mainly divided into two parts: (i) derivation of cell membrane-vesicles 
from the desired cells and (ii) fusion of the ghost membrane vesicle with nanoparticles by extrusion 
or sonication (Figure 2). The cell membranes are isolated by hypotonic lysis and multiple steps of 
centrifugation to remove intracellular components. The emptied RBC ghost membranes vesicles can 
be obtained using sonication or extrusion. Finally, the RBC membrane-derived vesicles are fused with 
PLGA NPs through external forces such as extrusion or sonication, which gives the hybrid NPs 
immune evasion properties with native cell membrane coatings. Specifically, the surface proteins of 
CD 47 in RBCs behave as self-markers responsible for immune evasion, which prevents them from 
macrophage uptake [44–48]. These externally decorated NPs (with native cell membranes) both 
increase the bioavailability of encapsulated drugs and lead to a higher surface area to volume ratio 
in nanoscales, allowing for high drug loading and reactivity in the environment. Consequently, it 
was shown that cell membrane-coated NPs prolong body retention times with an increased 
probability of accumulation in tumors, improved site-specific binding, and enhanced therapeutic 
efficacy with low toxicity [41,49]. Since the compositions of lipids and proteins vary by the source and 
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Figure 1. The schematic of the self-assembly of a core-shell structure (i.e., vesicles) consists of
amphiphilic molecules and a variety of biological moieties and agents. One of the representative
amphiphilic molecules, phospholipids, is composed of hydrophilic heads and hydrophobic tails.

Recently, top-down approaches to develop a biomimetic drug delivery cargo have resulted in
hybrid nanoparticles (NPs) made of biodegradable polymeric NPs and native cell membranes. It has
gained lots of attention because they have cell-like functions and copious immune-compatibility due
to the intact proteins in their extracellular membranes [39–43]. The benefit of using genuine extracted
membranes in preparing hybrid NPs is that the sophisticated molecular design (i.e., stoichiometry,
charge ratio, and sample preparations) with the guaranteed morphologies (i.e., vesicle, rod, etc.)
that are required in the bottom-up technique can be reduced. Note that the native membranes
comprising various types of phospholipids and membrane-associated proteins still have amphiphilic
properties, implying that the self-assembling tendency into “bilayers” is guaranteed in aqueous
solutions. In addition, the extracted cell membrane has a camouflage function in the body due
to being the same protein, meaning that the body’s immune system easily accepts the foreign
molecules (i.e., drugs in hybrid-NPs). Hu et al. [39] first introduced RBC membrane-coated poly
(lactic-co-glycolic acid) (PLGA) NPs. This platform is mainly divided into two parts: (i) derivation
of cell membrane-vesicles from the desired cells and (ii) fusion of the ghost membrane vesicle with
nanoparticles by extrusion or sonication (Figure 2). The cell membranes are isolated by hypotonic
lysis and multiple steps of centrifugation to remove intracellular components. The emptied RBC ghost
membranes vesicles can be obtained using sonication or extrusion. Finally, the RBC membrane-derived
vesicles are fused with PLGA NPs through external forces such as extrusion or sonication, which gives
the hybrid NPs immune evasion properties with native cell membrane coatings. Specifically, the surface
proteins of CD 47 in RBCs behave as self-markers responsible for immune evasion, which prevents
them from macrophage uptake [44–48]. These externally decorated NPs (with native cell membranes)
both increase the bioavailability of encapsulated drugs and lead to a higher surface area to volume
ratio in nanoscales, allowing for high drug loading and reactivity in the environment. Consequently, it
was shown that cell membrane-coated NPs prolong body retention times with an increased probability
of accumulation in tumors, improved site-specific binding, and enhanced therapeutic efficacy with
low toxicity [41,49]. Since the compositions of lipids and proteins vary by the source and determine



Molecules 2017, 22, 2197 3 of 14

cellular functions such as immunological impact, there have been attempts to coat biodegradable PLGA
NPs with various types of cell membranes such as those of eukaryotic RBCs [39], cancer cells [42],
platelets [43], leukocytes [50], and bacteria [40,51], as presented in Table 1. Furthermore, a smart
concept for hybrid-NPs was developed by adding a self-driving force since the incorporated NPs
can be stimulated by various sources, such as magnetic fields [51,52], acoustic fields [53–55], electric
fields [56,57], light [58,59], or chemical fuels [10,54,60] while upholding their bioavailability through
their surface-anchored proteins. The control of the speed, directionality and temporal behavior of such
nanomotors still needs to be investigated for the development of hybrid-NPs from native membranes.

Table 1. A summary of the current uses of cell membranes.

Cell Sources Substrates Reference Cell Source Substrates Reference

Red Blood
Cell membranes

PLGA-NPs [39,41,45,61]
White Blood Cell

membranes

Silica NPs [50,62]

ATPEs-Si [63]

Au-NPs [64] PLGA-NPs [65]

Gelatins [66] Janus NP [67]

Yb3+, Er3+ and etc. [68,69] Platelet
membranes PLGA-NPs [43,70]

Iron oxides [71] Cancer cell
membranes

PLGA-NPs and
upcon-version NPs [42,72]

Janus particle [73] Exosomes PLGA-NPs [74]

Si particles [62]
Stem cell

membranes

gelatin nanogels [75]

Bacterial membranes
(E. coli) Au-NPs [76,77] superparamagnetic iron oxide

nano-particles (SPIO NPs) [78]
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In addition to the use of the cell-membrane-coated NPs in drug delivery, exploiting various bio-
interfaces within the membrane-particle assembly is highly achievable because the selection of NPs’ 
physical properties is tremendous, including with different sizes [79], elements [80,81], shapes [82–84] and 
surface charges [85,86]. In addition, the cell membrane itself contains inherited heterogeneities with 
various types of proteins and phospholipids, yet in an arranged manner and with nanoscale 
thicknesses. For instance, the plasma membrane proteins in the cell face both the interior and the 
extracellular fluid of the cell, which surrounds all cells. In the case of RBCs, the surface glycans 
(glycocalyx), which are responsible for the stabilization and immune-evasive properties of the cell, are 
distributed asymmetrically in the extracellular side of RBCs and result in charge asymmetry across 
cellular membranes due to the abundant negatively charged sialyl residues at the glycan terminus 
[87–89]. Therefore, cell membranes contain various interfaces that may arise in asymmetricity in the 
bilayered membranes, and the conformation of proteins depends on the surrounding environment 
(i.e., hydrophilicity). Recall the formation procedure for the RBC membrane-NP assembly mentioned 
above; the fusion processes between the cell-derived membrane vesicles and PLGA NPs were present 
under sonication. Deciphering how the interfaces of the native membrane and NPs interact during 

Figure 2. The schematics for the preparation process for RBC-membrane-coated PLGA NPs.
RBC membrane-coated NPs are prepared using an extrusion-based fusion process between the osmotic
shock-derived RBC membranes and the nano-sized PLGA particles. Adapted with permission from [39]
copyright 2011, Proceedings of the National Academy of Sciences.

2. Nano-Bio Interfaces between Cell Membranes and Particles

In addition to the use of the cell-membrane-coated NPs in drug delivery, exploiting various
bio-interfaces within the membrane-particle assembly is highly achievable because the selection of NPs’
physical properties is tremendous, including with different sizes [79], elements [80,81], shapes [82–84]
and surface charges [85,86]. In addition, the cell membrane itself contains inherited heterogeneities with
various types of proteins and phospholipids, yet in an arranged manner and with nanoscale thicknesses.
For instance, the plasma membrane proteins in the cell face both the interior and the extracellular fluid
of the cell, which surrounds all cells. In the case of RBCs, the surface glycans (glycocalyx), which are
responsible for the stabilization and immune-evasive properties of the cell, are distributed asymmetrically
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in the extracellular side of RBCs and result in charge asymmetry across cellular membranes due
to the abundant negatively charged sialyl residues at the glycan terminus [87–89]. Therefore, cell
membranes contain various interfaces that may arise in asymmetricity in the bilayered membranes,
and the conformation of proteins depends on the surrounding environment (i.e., hydrophilicity).
Recall the formation procedure for the RBC membrane-NP assembly mentioned above; the fusion
processes between the cell-derived membrane vesicles and PLGA NPs were present under sonication.
Deciphering how the interfaces of the native membrane and NPs interact during the membrane-fusion
processes may benefit us not only in designing a successful membrane–particle assembly, but also
in understanding physical chemistry and colloidal physics. Luk et al. [90] have investigated the
aspects of interfacial interactions between natural cellular membranes and polymeric NPs as substrates.
They examined the effects of various properties of PLGA NPs, such as surface charges, surface
curvatures in the range of 65–340 nm, the completeness of membrane coverage and the effect of
membrane sidedness upon the coating during the membrane cloaking [90]. Their study showed that
the negatively charged RBC membranes completely covered the negatively charged polymeric NPs,
which have a surface potential of approximately—45 mV with various curvatures, in a right-side-out
manner, resulting in core-shell NPs structures (upper left in Figure 3a). In addition, different substrates
such as silica, gelatin, and gold particles were successfully exploited to obtain the hybrid-NPs with
RBC membranes [49,91]. Nevertheless, in the case of the positively charged PLGA NPs with a coated
layer of polyethylenimine (PEI), the homogenous coating of the membrane onto the NPs failed and
aggregated by bridging each other in places where the surface potential is about +25 mV (bottom left
in Figure 3a). It suggests that the successful coverage of RBC membranes on the substrate of NPs
requires moderate affinity (which will likely vary by cell type), and allows certain mobility and local
rearrangements of the extracted membranes along the nanoscale colloidal surfaces. In fact, it is known
that the extracellular membranes contain more innate, dense and negatively charged sialyl moieties
with small domains [92]. Therefore, a strong charge affinity between bio-membrane and colloidal
particles makes them collapse onto the large aggregates instead of forming core-shell NP structures
(upper and bottom right in Figure 3a). In addition, the flexibility of the RBC membrane coating for the
core-shell NPs structure has been examined with different sizes of negatively charged PLGA particles
cores (diameters, 65, 120, 200, and 340 nm; Figure 3b). The transmission electron microscopy (TEM)
images showed uniform RBC membrane cloaks on PLGA NPs resulting in core-shell NPs structures of
diameter ≤340 nm. These results open the possibilities of functionalizing a wide range of nanodevices
with different sizes for specific medical applications. Besides the sizes, charges of NPs, and other
factors that govern the RBC membrane cloaking on NPs are shown in Figure 4. The structures and
the interfaces of the assembly were confirmed by TEM (JEOL JEM-1400) at 100 kV. The samples were
dispersed on holey carbon grids and then fully dried for the observation. In addition, to increase the
contrast of the biological samples under TEM, the typical method of negative staining with a heavy
atom, 1 wt. % of uranyl acetate solution to sit on the surface of the membranes, has been applied.
As any fluids in the TEM grids will be eliminated during the drying process, the negatively stained
membrane edge or materials of a high electron density will appear in the images. Figure 4a shows the
emptied vesicle morphology made of the extracted RBC membrane after the extraction and sonication
under TEM. In addition, the emptied cellular content but intact cellular structure in RBC after hemolytic
treatment in hypotonic solution has been previously reported [39]. Another interesting point is that
while the fusion of the RBC membrane-derived ghost vesicles (without NPs) yielded a polydispersity
in sizes upon sonication, the RBC-derived PLGA NPs exhibited unimodal distributions and increased
the size (approximately 10 nm) compared to the bare NPs [39]. This indicated that the core-NPs
behave as nucleated seeds and aid in yielding the uniform size of the hybrid-NPs’ core-shell structures.
Moreover, it has been reported that the surface coverage ratio of particles to the native membrane
plays a key role in ensuring the uniform membrane coating over the NP substrates [90]. This review
further confirms the effects of the surface cover ratio of particles to RBC membranes by a substrate
of Si particles with a size of 2 µm and a surface potential of −44 ± 0.7 mV as measured by the zeta
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potential (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK) with a 633 nm red laser. It has been
reported that the relative ratio of the particles to membranes can be adjusted by the size of particles
at a given concentration and the total surface area of the hybrid-NPs (Stotal) [90]. Afterwards, the
required RBC membrane (Vmem) volume for coating the colloidal particles can be established with the
following Equation (1):

Vmem = Stotal/average surface area of the cell/concentration of the cell (1)
Molecules 2017, 22, 2197 5 of 13 
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membrane on the formation of the membrane-particle assembly. While the dark features in Figure 4b,c 
represent the Si particles because the high electron density from high atomic number provides the 
high contrast in TEM, the bright aggregates or layer on the Si particles are negatively stained 
extracted membranes. As depicted in Figure 4b,c, while a low surface coverage ratio of the membrane 
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translocation of RBC membranes onto the surface of Si particles with uniform layers was observed at a 
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Figure 3. (a) The effect of surface charge of particles on RBC membrane coating. The upper left corner
shows a TEM image of negatively charged polymeric particles extruded from RBC membranes while
the upper right corner illustrates the electrostatic interaction between negatively and asymmetrically
charged RBC membranes with negatively charged polymeric cores. The opposite case, positively
charged polymeric cores with RBC membranes is shown in a TEM image (bottom left) as well as its
possible electrostatic interactions (bottom right); (b) The effect of substrate particle curvature induced by
particle sizes on RBC membrane coating. Representative TEM images show RBC-NPs with a variety of
NP cores sized 65, 120, 200, and 340 nm in diameters, indicating uniform RBC cloaking on various sizes
of NPs. Adapted with permission from [90] copyright 2011, Royal Society of Chemistry, Nanoscales.
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Figure 4. TEM images with uranyl acetate negative staining that depict (a) RBC membrane-derived
vesicles without the core substrates after sonication, (b) a low surface cover ratio of RBC membranes to
Si particles (2 µm), which shows the partial debris of membranes on substrates, and (c) a high surface
cover ratio of RBC membranes to Si particles with the successful translocation of the membrane onto
the Si particles. The inset figures show a confocal image of RBC-membrane-coated hybrid Si particles
with the low and high surface cover ratio of RBC membranes to particles in the phosphate buffered
saline solution. The membrane was labeled with fluorescence lipids (DMPE-RhB) of 2 µM.
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Two parameters, a low surface coverage (50% of the required Vmem) and a high coverage ratio
(100% of the required Vmem), are considered to confirm the effect of the relative ratio of particles
to the membrane on the formation of the membrane-particle assembly. While the dark features in
Figure 4b,c represent the Si particles because the high electron density from high atomic number
provides the high contrast in TEM, the bright aggregates or layer on the Si particles are negatively
stained extracted membranes. As depicted in Figure 4b,c, while a low surface coverage ratio of the
membrane to particles resulted in a fragmented coating of the RBC membrane on the Si particle,
the successful translocation of RBC membranes onto the surface of Si particles with uniform layers
was observed at a high coverage ratio. Furthermore, the completeness of the membrane coating
was confirmed by the confocal microscopy (Leica TCS SP8 STED, Leica Microsystems) after labeling
dyes of 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-lissamine rhodamine B sulfonyl dyes
(DMPE-RhB) in the RBC membrane with 2 µM as shown in inset Figure 4b,c and in Video S1 and S2 in
the Supporting Information. Accordingly, the key factor for designing hybrid NPs with empowered
immune compatibility was controlling the electrostatic force using surface charges and the right
surface cover ratios. Future work may be performed to investigate how the cell membrane interactions
that happened at other bio-interfaces, such as protein-protein or DNA-protein interactions and
enzyme-triggered destabilizations, can locally perturb other functionality along the colloidal surface.

3. Mobility of the Lipid-Protein Complexes in Native Membranes

The mobility of membrane physics is intriguing in that collective diffusion can replace the
independent diffusion of individual molecules [93–95]. In addition, the mobility of molecules
in the cell membranes is closely related to its functions. In the case of RBCs, the functions of
cholesterol and sphingolipid-rich membrane domains, which are also called lipid rafts, are very
important for improving signal transduction [96]. The sizes of these domains vary from micro- to
nano-meters depending on the type of cells, and the mobility of membranes changes locally due to the
inhomogeneous distribution of these domains in the lipid membranes [97–100]. The sub-populations of
domains with lipid and membrane-associated proteins are caused by different spatial compositions and
components in the membranes, keeping the limited miscibility or the altered local membranes stiffness
and fluidity [97,101–103]. In addition, the interplay of lipid membrane-mediated protein assembly in
domains such as proteolipid complexes significantly perturbs the mobility and functionality of such
membranes [97–100]. Consequently, membrane-coated NPs also interact with the sub-domains that are
responsible for the membrane association of proteins, ligand-receptor binding, and membrane-bound
protein-protein interactions. It is known that biological processes such as the adsorption of peripheral
membrane proteins to the outside of a RBC cell not only affect the mobility of lipids where proteins
reside but also of those on the other leaflet (i.e., on the cytosolic side). This resulted in inhomogeneous
protein distributions and further influenced membrane-mediated cell functions such as docking [104]
and formation of synapse [1,5,104,105]. In addition, a recent study shows that envelope glycoprotein
mobility on HIV-1 particles can dictate the maturation state of the virus [106]. A variety of techniques
such as a single particle tracking [107,108], fluorescence resonance energy transfer (FRET) [109], and
fluorescence correlation spectroscopy (FCS) have been applied to observe how dynamic molecular
functions work in cell membrane (i.e., lipid rafts) [94,97]. However, the domains have relatively
short lifetimes, and observing interactions in intact cells is challenging. Here, FCS is a unique
technique that measures the dynamic movement of the sub-populated molecules in membrane
systems (i.e., phospholipids) using a highly sensitive and non-invasive technique with a good spatial
resolution [94,97,110,111]. Diffusion coefficients (D) are determined from the transit time (τD) of
fluorescent tagged molecules in a very small observation volume (less than 10−15 L) using a confocal
setup. Many studies have measured the physical properties of the domains in the biological membranes
by focusing on the development of artificial bio-membranes using either supported lipid bilayers
(SLB) with Langmuir-Blodgett films or a vesicle disruption approach [112,113]. These protocols
are mostly based on bottom-up techniques that frequently require multiple steps for each process,
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such as solvent evaporation, the optimization of the molar ratio between lipids and proteins for the
formation of the domains, and the optimization of ionic strength and/or size; they also required
an extremely clean environment. The native membrane may be a good candidate to overcome
these barriers as it still contains most of the compartments within the sub-domains, their innate
functionalities, and the self-assembled bilayers. In addition, no further modification is required
to form the SLBs on the glass substrates. In this review, the preparation of SLBs was achieved
by a fusion through adsorbed the membrane-derived vesicles of 100 nm on the glass substrates
under an ionic strength (i.e., 50–100 mM), as reported in the literatures [113–115]. The mobility
of the phospholipids in the RBC membranes has been confirmed with FCS techniques (Leica TCS
SP8 STED, Leica Microsystems). Figure 5a shows the FCS curves of rhodamine 6G free dye, two
different SLBs made of 1,2-dimyristoyl-sn-glycerol-3-phosphocholine (DMPC) and the RBC ghost
cells. The membranes were labeled with 2 µM of a DMPE-RhB fluorescence dye. The FCS analysis in
this review is based on the fluorescent-labeled phospholipid analog molecules (DMPE-RhB) diffusing
laterally in SLBs. Under the geometry of the confocal microscopy, the time traces of the fluorescent
bursts of individual molecules entering and leaving the excitation area in the confocal volume
(approximately 10−15 L) will result in fluctuations of fluorescence intensity as a function of time.
The autocorrelation function, g(t), of the fluorescent molecules in the beam parameter (i.e., radial
radii), (ωo), can be described by the ensemble average of the product of fluorescence intensity at time t,
I(t), and that after a delay time τ. The function is generally normalized by the square of an average
intensity. In addition, the transit time, τD, which the time required for the fluorescent probe to pass
through the confocal volume, can be expressed through the diffusivity or mobility of the molecules (D)
within the confocal volume as shown in Equation (2).

g(t) =
< δI(t)·δI(t + τ) >t

< I(t) >2
t

, τD =
ω2

o
4D

(2)

Based on previous research [93,102], the transit time of molecules is determined by the time
at which half of the g(t) values have been achieved. As the diffusion time is dependent on the
types of molecules (i.e., concentration and molecular weight) and its environment, the correlation of
fluorescence fluctuation can also be expressed as Equation (3) in order to characterize the fluorescent
molecules. The fitting parameter, α shown in Equation (3) in the autocorrelation function, can decipher
the type of diffusion of molecules, such as Brownian (α = 1) and sub-diffusive/anomalous (0 < α < 1).

g(t) =
1
N

(
1 +

[
t

τD

]α)−1(
1 +

1
s2

[
t

τD

]α)−1/2

(3)

where N is the concentration of the molecules and s is the structure factor or the axial ratio of
the focus [97].

Figure 5a shows that the transit time of SLB has a sluggish diffusion behavior (approximately
milliseconds) of more than one order compared to the free dye (Rh6G) in solutions (approximately
sub-milliseconds).

The type of diffusion of molecules in the planar membrane can be delineated by mean squared
displacement (MSD) of molecules in Equation (4).

< r2(t) > = < (r(t)–r(0))2 > = 4 Dtα (4)

where <r2(t)> is the mean square displacement (MSD), r(t) is the position of each molecule in
determined time t, r(0) is the reference position of each molecule, α is anomalous diffusion exponent,
and D is the diffusion coefficient.
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Figure 5. (a) The FCS curves of three different systems. Free dye (Rh6G) is in gray, supported lipid
bilayers (SLB) composed of the DMPC are in black and extracted ghost RBC membranes are in the red
labeled with DMPE-RhB (2 µM); (b) The effect of the total protein contents on the sub-diffusiveness
(α) of supported RBC membranes. The protein contents were confirmed with a bicinchoninic acid
assay (BCA).

When Brownian diffusion happened (α = 1), the lipid molecules performed a two-dimensional
random walk in planar membranes that depended on the frictions in surrounding phases or
domains [116,117]. Nevertheless, the ideal case for the Brownian diffusion does not often occur
in the case of natural membranes and living cells, since the movement of the molecules is occasionally
restricted or changed by the environmental heterogeneities (e.g., different lipid phases or rafts) or
non-specific interactions of diffusing molecules with other proteins or cellular structures [94,118].
They may have an altered topology during the formation of SLBs on the glass substrates due to the
complex compositions in cell membranes. This frequently resulted in sub-diffusive (sluggish) behaviors
with 0 < α <1. In cases using free dyes (Rh6G) in the solution, as shown in [119]]. Figure 5a, Brownian
diffusion (α = 1) was confirmed after FCS fitting analysis, where the displacement of dye molecules
in the confocal volume was proportional to the measurement time, t. Nevertheless, anomalous
sub-diffusive behavior (α < 1) was observed in the case of the two SLBs after FCS analysis, as shown
in Equation (3), suggesting that the displacement of lipid molecules under the confocal volume
exhibited a fractal time dependence. In addition, this further indicated the presence of domains or
non-specific interactions with lipids in both SLBs. The dependence of the sub-diffusive behavior
was examined on the protein compositions in the SLBs using two different protein contents were
exploited with 0.42 mg/mL and 0.84 mg/mL of the RBC related proteins in 10 vol. % of RBC
membranes in PBS solutions, respectively. After the extracted RBC membrane, the total protein
concentrations in the RBC membranes were confirmed by a typical bicinchoninic acid assay [119].
Figure 5b shows that the increased protein contents in SLBs resulted in a reduced α of sub-diffusiveness
(α < 1), further suggesting that the anomalous sub-diffusion was strongly affected by the factions
of proteins in the SLBs. Therefore, this FCS analysis approach can be extended to elucidate unique,
non-specific interactions between a variety of membrane-associated proteins and the other domains,
because any behavior that cannot hold the Brownian diffusion will perturb the diffusion statistics of
the molecules, such as in-situ changes of diffusion coefficients during protein folding or unfolding.
Recently, a super-resolution technique has been applied to FCS such that the transit time of the
solutes in STED-FCS enables the determination of molecular mobility for observation spot sizes below
50 nm in diameter, [120–122] further opening new opportunities to unravel the complex dynamics of
native membranes.
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4. Conclusions

The cell membrane is composed of multiple compartments such as lipids, glycans, and
membrane-associated proteins. This review looks at its applications in various fields, such as the
biomedical and physical chemistry-associated sciences. In addition to bottom-up techniques with
synthetic biomolecules, the rapid development of cell membrane-coated nanocarriers breaks down the
limitations involved in the efficiency and compatibility of drug delivery and broadens their biomedical
applications due to their inherited multi-functionality. Thanks to the abundant cell sources and its
dynamic diversity, there are many opportunities to explore the various new nano-bio interfaces in
membrane-coated substrates and multi-length scales, which could provide important clues to the
intermolecular forces in cell-mimicking platforms. Further studies could analyze how molecular
interactions induce the mobility of individual bio-molecules in different membrane domains and how
substrates can be further incorporated with bio-membranes and advanced analytic techniques such
as STED-FCSs.

Supplementary Materials: Supplementary materials are available online. Video S1: A low surface cover ratio of
RBC membranes to Si particles. Video S2: A high surface cover ratio of RBC membranes to Si particles with the
successful translocation of the RBC membrane onto the surface of particles.

Acknowledgments: This work was supported by Institute for Basic Science (IBS-R020-D1).

Conflicts of Interest: The author declares no conflict of interest.

References

1. Simons, K.; Toomre, D. Lipid rafts and signal transduction. Nat. Rev. Mol. Cell Biol. 2000, 1, 31–39. [CrossRef]
[PubMed]

2. Bao, G.; Suresh, S. Cell and molecular mechanics of biological materials. Nat. Mater. 2003, 2, 715–725.
[CrossRef] [PubMed]

3. Chowdhury, S.; Smith, K.W.; Gustin, M.C. Osmotic stress and the yeast cytoskeleton: Phenotype-specific
suppression of an actin mutation. J. Cell Biol. 1992, 118, 561–571. [CrossRef] [PubMed]

4. Akinlaja, J.; Sachs, F. The breakdown of cell membranes by electrical and mechanical stress. Biophys. J. 1998,
75, 247–254. [CrossRef]

5. Verstraeten, S.V.; Mackenzie, G.G.; Oteiza, P.I. The plasma membrane plays a central role in cells response to
mechanical stress. Biochim. Biophys. Acta (BBA) Biomembr. 2010, 1798, 1739–1749. [CrossRef] [PubMed]

6. Matthews, B.D.; Overby, D.R.; Mannix, R.; Ingber, D.E. Cellular adaptation to mechanical stress: Role of
integrins, Rho, cytoskeletal tension and mechanosensitive ion channels. J. Cell Sci. 2006, 119, 508–518.
[CrossRef] [PubMed]

7. Tieleman, D.P.; Leontiadou, H.; Mark, A.E.; Marrink, S.-J. Simulation of pore formation in lipid bilayers by
mechanical stress and electric fields. J. Am. Chem. Soc. 2003, 125, 6382–6383. [CrossRef] [PubMed]

8. Crowley, J.M. Electrical breakdown of bimolecular lipid membranes as an electromechanical instability.
Biophys.J. 1973, 13, 711–724. [CrossRef]

9. Teissie, J.; Golzio, M.; Rols, M. Mechanisms of cell membrane electropermeabilization: A minireview of
our present (lack of?) knowledge. Biochim. Biophys. Acta (BBA) Gen. Subj. 2005, 1724, 270–280. [CrossRef]
[PubMed]

10. Schmaljohann, D. Thermo- and pH-responsive polymers in drug delivery. Adv. Drug Deliv. Rev. 2006, 58,
1655–1670. [CrossRef] [PubMed]

11. Tsvetkova, N.M.; Horváth, I.; Török, Z.; Wolkers, W.F.; Balogi, Z.; Shigapova, N.; Crowe, L.M.; Tablin, F.;
Vierling, E.; Crowe, J.H.; et al. Small heat-shock proteins regulate membrane lipid polymorphism. Proc. Natl.
Acad. Sci. USA 2002, 99, 13504–13509. [CrossRef] [PubMed]

12. Ferrari, M. Nanovector therapeutics. Curr. Opin. Chem. Biol. 2005, 9, 343–346. [CrossRef] [PubMed]
13. Burrows, M. Biomechanics: Froghopper insects leap to new heights. Nature 2003, 424, 509. [CrossRef]

[PubMed]
14. Reimhult, E.; Kumar, K. Membrane biosensor platforms using nano- and microporous supports.

Trends Biotechnol. 2008, 26, 82–89. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/35036052
http://www.ncbi.nlm.nih.gov/pubmed/11413487
http://dx.doi.org/10.1038/nmat1001
http://www.ncbi.nlm.nih.gov/pubmed/14593396
http://dx.doi.org/10.1083/jcb.118.3.561
http://www.ncbi.nlm.nih.gov/pubmed/1639843
http://dx.doi.org/10.1016/S0006-3495(98)77511-3
http://dx.doi.org/10.1016/j.bbamem.2010.06.010
http://www.ncbi.nlm.nih.gov/pubmed/20599684
http://dx.doi.org/10.1242/jcs.02760
http://www.ncbi.nlm.nih.gov/pubmed/16443749
http://dx.doi.org/10.1021/ja029504i
http://www.ncbi.nlm.nih.gov/pubmed/12785774
http://dx.doi.org/10.1016/S0006-3495(73)86017-5
http://dx.doi.org/10.1016/j.bbagen.2005.05.006
http://www.ncbi.nlm.nih.gov/pubmed/15951114
http://dx.doi.org/10.1016/j.addr.2006.09.020
http://www.ncbi.nlm.nih.gov/pubmed/17125884
http://dx.doi.org/10.1073/pnas.192468399
http://www.ncbi.nlm.nih.gov/pubmed/12368478
http://dx.doi.org/10.1016/j.cbpa.2005.06.001
http://www.ncbi.nlm.nih.gov/pubmed/15967706
http://dx.doi.org/10.1038/424509a
http://www.ncbi.nlm.nih.gov/pubmed/12891345
http://dx.doi.org/10.1016/j.tibtech.2007.11.004
http://www.ncbi.nlm.nih.gov/pubmed/18191259


Molecules 2017, 22, 2197 10 of 14

15. Rahn, C.D.; Kier, W.M.; Walker, I.D. Soft robotics: Biological inspiration, state of the art, and future research.
Appl. Bionics Biomech. 2008, 5, 99–117.

16. Martinez, R.V.; Branch, J.L.; Fish, C.R.; Jin, L.; Shepherd, R.F.; Nunes, R.; Suo, Z.; Whitesides, G.M. Robotic
tentacles with three-dimensional mobility based on flexible elastomers. Adv. Mater. 2013, 25, 205–212.
[CrossRef] [PubMed]

17. Langer, R. Drug Deliveryand Targeting. Nature 1998, 392, 5–10. [PubMed]
18. Katsaras, J.; Harroun, T.; Pencer, J.; Nieh, M.-P. “Bicellar” Lipid Mixtures as used in Biochemical and

Biophysical Studies. Naturwissenschaften 2005, 92, 355–366. [CrossRef] [PubMed]
19. Szoka, F., Jr.; Papahadjopoulos, D. Comparative properties and methods of preparation of lipid vesicles

(liposomes). Annu. Rev. Biophys. Bioeng. 1980, 9, 467–508. [CrossRef] [PubMed]
20. Brandl, M. Liposomes as drug carriers: A technological approach. Biotechnol. Annu. Rev. 2001, 7, 59–85.

[PubMed]
21. Sanders, C.R.; Prestegard, J. Magnetically orientable phospholipid bilayers containing small amounts of a

bile salt analogue, CHAPSO. Biophys.J. 1990, 58, 447–460. [CrossRef]
22. Palchik, O.; Kataby, G.; Mastai, Y.; Gedanken, A. New Method for Nanofabrication of Structures Analogous

to “Core–Shell” Vesicles. Adv. Mater. 1999, 11, 1289–1292. [CrossRef]
23. Tiwari, A. Nanomaterials in Drug Delivery, Imaging, and Tissue Engineering; Wiley: Hoboken, NJ, USA, 2013.
24. Malmsten, M. Surfactants and Polymers in Drug Delivery; Marcel Dekker: Basel, NY, USA, 2002.
25. Discher, B.M.; Won, Y.-Y.; Ege, D.S.; Lee, J.C.; Bates, F.S.; Discher, D.E.; Hammer, D.A. Polymersomes: Tough

vesicles made from diblock copolymers. Science 1999, 284, 1143–1146. [CrossRef] [PubMed]
26. Bayburt, T.H.; Grinkova, Y.V.; Sligar, S.G. Self-assembly of discoidal phospholipid bilayer nanoparticles with

membrane scaffold proteins. Nano Lett. 2002, 2, 853–856. [CrossRef]
27. Bayburt, T.H.; Sligar, S.G. Membrane protein assembly into Nanodiscs. FEBS Lett. 2010, 584, 1721–1727.

[CrossRef] [PubMed]
28. Harroun, T.A.; Koslowsky, M.; Nieh, M.-P.; de Lannoy, C.-F.; Raghunathan, V.A.; Katsaras, J. Comprehensive

Examination of Mesophases Formed by DMPC and DHPC Mixtures. Langmuir 2005, 21, 5356–5361.
[CrossRef] [PubMed]

29. Mura, S.; Nicolas, J.; Couvreur, P. Stimuli-responsive nanocarriers for drug delivery. Nat. Mater. 2013, 12, 991.
[CrossRef] [PubMed]

30. Ganta, S.; Devalapally, H.; Shahiwala, A.; Amiji, M. A review of stimuli-responsive nanocarriers for drug
and gene delivery. J. Control. Release 2008, 126, 187–204. [CrossRef] [PubMed]

31. Nishiyama, N.; Kataoka, K. Current state, achievements, and future prospects of polymeric micelles as
nanocarriers for drug and gene delivery. Pharmacol. Ther. 2006, 112, 630–648. [CrossRef] [PubMed]

32. Angell, C.; Xie, S.; Zhang, L.; Chen, Y. DNA Nanotechnology for Precise Control over Drug Delivery and
Gene Therapy. Small 2016, 12, 1117–1132. [CrossRef] [PubMed]

33. Zhang, P.; Cheng, F.; Zhou, R.; Cao, J.; Li, J.; Burda, C.; Min, Q.; Zhu, J.J. DNA-hybrid-gated multifunctional
mesoporous silica nanocarriers for dual-targeted and microRNA-responsive controlled drug delivery.
Angew. Chem. Int. Ed. 2014, 53, 2371–2375. [CrossRef] [PubMed]

34. Aderem, A.; Underhill, D.M. Mechanisms of phagocytosis in macrophages. Annu. Rev. Immunol. 1999, 17,
593–623. [CrossRef] [PubMed]

35. Elwing, H. Protein absorption and ellipsometry in biomaterial research. Biomaterials 1998, 19, 397–406.
[CrossRef]

36. Liu, Y.; Li, M.; Yang, Y.; Xia, Y.; Nieh, M.-P. The effects of temperature, salinity, concentration and PEGylated
lipid on the spontaneous nanostructures of bicellar mixtures. Biochim. Biophys. Acta (BBA) Biomembr. 2014,
1838, 1871–1880. [CrossRef] [PubMed]

37. Peer, D.; Karp, J.M.; Hong, S.; Farokhzad, O.C.; Margalit, R.; Langer, R. Nanocarriers as an emerging platform
for cancer therapy. Nat. Nanotechnol. 2007, 2, 751–760. [CrossRef] [PubMed]

38. Denisov, I.G.; Sligar, S.G. Nanodiscs for structural and functional studies of membrane proteins. Nat. Struct.
Mol. Biol. 2016, 23, 481–486. [CrossRef] [PubMed]

39. Hu, C.-M.J.; Zhang, L.; Aryal, S.; Cheung, C.; Fang, R.H.; Zhang, L. Erythrocyte membrane-camouflaged
polymeric nanoparticles as a biomimetic delivery platform. Proc. Natl. Acad. Sci. USA 2011, 108, 10980–10985.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/adma.201203002
http://www.ncbi.nlm.nih.gov/pubmed/22961655
http://www.ncbi.nlm.nih.gov/pubmed/9579855
http://dx.doi.org/10.1007/s00114-005-0641-1
http://www.ncbi.nlm.nih.gov/pubmed/16021408
http://dx.doi.org/10.1146/annurev.bb.09.060180.002343
http://www.ncbi.nlm.nih.gov/pubmed/6994593
http://www.ncbi.nlm.nih.gov/pubmed/11686049
http://dx.doi.org/10.1016/S0006-3495(90)82390-0
http://dx.doi.org/10.1002/(SICI)1521-4095(199910)11:15&lt;1289::AID-ADMA1289&gt;3.0.CO;2-W
http://dx.doi.org/10.1126/science.284.5417.1143
http://www.ncbi.nlm.nih.gov/pubmed/10325219
http://dx.doi.org/10.1021/nl025623k
http://dx.doi.org/10.1016/j.febslet.2009.10.024
http://www.ncbi.nlm.nih.gov/pubmed/19836392
http://dx.doi.org/10.1021/la050018t
http://www.ncbi.nlm.nih.gov/pubmed/15924461
http://dx.doi.org/10.1038/nmat3776
http://www.ncbi.nlm.nih.gov/pubmed/24150417
http://dx.doi.org/10.1016/j.jconrel.2007.12.017
http://www.ncbi.nlm.nih.gov/pubmed/18261822
http://dx.doi.org/10.1016/j.pharmthera.2006.05.006
http://www.ncbi.nlm.nih.gov/pubmed/16815554
http://dx.doi.org/10.1002/smll.201502167
http://www.ncbi.nlm.nih.gov/pubmed/26725041
http://dx.doi.org/10.1002/anie.201308920
http://www.ncbi.nlm.nih.gov/pubmed/24470397
http://dx.doi.org/10.1146/annurev.immunol.17.1.593
http://www.ncbi.nlm.nih.gov/pubmed/10358769
http://dx.doi.org/10.1016/S0142-9612(97)00112-9
http://dx.doi.org/10.1016/j.bbamem.2014.02.004
http://www.ncbi.nlm.nih.gov/pubmed/24560838
http://dx.doi.org/10.1038/nnano.2007.387
http://www.ncbi.nlm.nih.gov/pubmed/18654426
http://dx.doi.org/10.1038/nsmb.3195
http://www.ncbi.nlm.nih.gov/pubmed/27273631
http://dx.doi.org/10.1073/pnas.1106634108
http://www.ncbi.nlm.nih.gov/pubmed/21690347


Molecules 2017, 22, 2197 11 of 14

40. Pornpattananangkul, D.; Zhang, L.; Olson, S.; Aryal, S.; Obonyo, M.; Vecchio, K.; Huang, C.M.; Zhang, L.
Bacterial toxin-triggered drug release from gold nanoparticle-stabilized liposomes for the treatment of
bacterial infection. J. Am. Chem. Soc. 2011, 133, 4132–4139. [CrossRef] [PubMed]

41. Hu, C.M.J.; Fang, R.H.; Luk, B.T.; Zhang, L. Nanoparticle-detained toxins for safe and effective vaccination.
Nat. Nanotechnol. 2013, 8, 933–938. [CrossRef] [PubMed]

42. Fang, R.H.; Hu, C.M.J.; Luk, B.T.; Gao, W.; Copp, J.A.; Tai, Y.; O’Connor, D.E.; Zhang, L. Cancer cell
membrane-coated nanoparticles for anticancer vaccination and drug delivery. Nano Lett. 2014, 14, 2181–2188.
[CrossRef] [PubMed]

43. Hu, C.M.J.; Fang, R.H.; Wang, K.C.; Luk, B.T.; Thamphiwatana, S.; Dehaini, D.; Nguyen, P.; Angsantikul, P.;
Wen, C.H.; Kroll, A.V.; et al. Nanoparticle biointerfacing by platelet membrane cloaking. Nature 2015, 526,
118–121. [CrossRef] [PubMed]

44. Hu, C.M.J.; Fang, R.H.; Zhang, L. Erythrocyte-inspired delivery systems. Adv. Healthc. Mater. 2012, 1,
537–547. [CrossRef] [PubMed]

45. Hu, C.M.J.; Fang, R.H.; Luk, B.T.; Chen, K.N.H.; Carpenter, C.; Gao, W.; Zhang, K.; Zhang, L. ‘Marker-of-self’
functionalization of nanoscale particles through a top-down cellular membrane coating approach. Nanoscale
2013, 5, 2664–2668. [CrossRef] [PubMed]

46. Oldenborg, P.-A.; Zheleznyak, A.; Fang, Y.-F.; Lagenaur, C.F.; Gresham, H.D.; Lindberg, F.P. Role of CD47 as
a Marker of Self on Red Blood Cells. Science 2000, 288, 2051. [CrossRef] [PubMed]

47. Oldenborg, P.A.; Gresham, H.D.; Lindberg, F.P. CD47-signal regulatory protein α (SIRPα) regulates Fcγ and
complement receptor-mediated phagocytosis. J. Exp. Med. 2001, 193, 855–861. [CrossRef] [PubMed]

48. Hsu, Y.-C.; Acuña, M.; Tahara, S.M.; Peng, C.-A. Reduced Phagocytosis of Colloidal Carriers Using Soluble
CD47. Pharm. Res. 2003, 20, 1539–1542. [CrossRef] [PubMed]

49. Luk, B.T.; Zhang, L. Cell membrane-camouflaged nanoparticles for drug delivery. J. Control. Release 2015,
220, 600–607. [CrossRef] [PubMed]

50. Parodi, A.; Quattrocchi, N.; Van De Ven, A.L.; Chiappini, C.; Evangelopoulos, M.; Martinez, J.O.; Brown, B.S.;
Khaled, S.Z.; Yazdi, I.K.; Enzo, M.V.; et al. Synthetic nanoparticles functionalized with biomimetic leukocyte
membranes possess cell-like functions. Nat. Nanotechnol. 2013, 8, 61–68. [CrossRef] [PubMed]

51. Chu, Y.W.; Engebretson, D.A.; Carey, J.R. Bioconjugated magnetic nanoparticles for the detection of bacteria.
J. Biomed. Nanotechnol. 2013, 9, 1951–1961. [CrossRef] [PubMed]

52. Amstad, E.; Kohlbrecher, J.; Müller, E.; Schweizer, T.; Textor, M.; Reimhult, E. Triggered release from
liposomes through magnetic actuation of iron oxide nanoparticle containing membranes. Nano Lett. 2011, 11,
1664–1670. [CrossRef] [PubMed]

53. Wu, Z.; Li, T.; Gao, W.; Xu, T.; Jurado-Sánchez, B.; Li, J.; Gao, W.; He, Q.; Zhang, L.; Wang, J.
Cell-Membrane-Coated Synthetic Nanomotors for Effective Biodetoxification. Adv. Funct. Mater. 2015, 25,
3881–3887. [CrossRef]

54. Lee, S.-F.; Zhu, X.-M.; Wang, Y.-X.J.; Xuan, S.-H.; You, Q.; Chan, W.-H.; Wong, C.-H.; Wang, F.; Yu, J.C.;
Cheng, C.H. Ultrasound, pH, and magnetically responsive crown-ether-coated core/shell nanoparticles as
drug encapsulation and release systems. ACS Appl. Mater. Interfaces 2013, 5, 1566–1574. [CrossRef] [PubMed]

55. Hsieh, C.-C.; Kang, S.-T.; Lin, Y.-H.; Ho, Y.-J.; Wang, C.-H.; Yeh, C.-K.; Chang, C.-W. Biomimetic
acoustically-responsive vesicles for theranostic applications. Theranostics 2015, 5, 1264. [CrossRef] [PubMed]

56. Ge, J.; Neofytou, E.; Cahill, T.J.; Beygui, R.E.; Zare, R.N. Drug release from electric-field-responsive
nanoparticles. ACS Nano 2011, 6, 227–233. [CrossRef] [PubMed]

57. He, J.; Liu, Y.; Babu, T.; Wei, Z.; Nie, Z. Self-assembly of inorganic nanoparticle vesicles and tubules driven
by tethered linear block copolymers. J. Am. Chem. Soc. 2012, 134, 11342–11345. [CrossRef] [PubMed]

58. Yan, B.; Boyer, J.-C.; Branda, N.R.; Zhao, Y. Near-infrared light-triggered dissociation of block copolymer
micelles using upconverting nanoparticles. J. Am. Chem. Soc. 2011, 133, 19714–19717. [CrossRef] [PubMed]

59. Fomina, N.; Sankaranarayanan, J.; Almutairi, A. Photochemical mechanisms of light-triggered release from
nanocarriers. Adv. Drug Deliv. Rev. 2012, 64, 1005–1020. [CrossRef] [PubMed]

60. Cheow, W.S.; Hadinoto, K. Lipid-polymer hybrid nanoparticles with rhamnolipid-triggered release
capabilities as anti-biofilm drug delivery vehicles. Particuology 2012, 10, 327–333. [CrossRef]

61. Fang, R.H.; Hu, C.-M.J.; Chen, K.N.; Luk, B.T.; Carpenter, C.W.; Gao, W.; Li, S.; Zhang, D.-E.; Lu, W.;
Zhang, L. Lipid-insertion enables targeting functionalization of erythrocyte membrane-cloaked nanoparticles.
Nanoscale 2013, 5, 8884–8888. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/ja111110e
http://www.ncbi.nlm.nih.gov/pubmed/21344925
http://dx.doi.org/10.1038/nnano.2013.254
http://www.ncbi.nlm.nih.gov/pubmed/24292514
http://dx.doi.org/10.1021/nl500618u
http://www.ncbi.nlm.nih.gov/pubmed/24673373
http://dx.doi.org/10.1038/nature15373
http://www.ncbi.nlm.nih.gov/pubmed/26374997
http://dx.doi.org/10.1002/adhm.201200138
http://www.ncbi.nlm.nih.gov/pubmed/23184788
http://dx.doi.org/10.1039/c3nr00015j
http://www.ncbi.nlm.nih.gov/pubmed/23462967
http://dx.doi.org/10.1126/science.288.5473.2051
http://www.ncbi.nlm.nih.gov/pubmed/10856220
http://dx.doi.org/10.1084/jem.193.7.855
http://www.ncbi.nlm.nih.gov/pubmed/11283158
http://dx.doi.org/10.1023/A:1026114713035
http://www.ncbi.nlm.nih.gov/pubmed/14620504
http://dx.doi.org/10.1016/j.jconrel.2015.07.019
http://www.ncbi.nlm.nih.gov/pubmed/26210440
http://dx.doi.org/10.1038/nnano.2012.212
http://www.ncbi.nlm.nih.gov/pubmed/23241654
http://dx.doi.org/10.1166/jbn.2013.1701
http://www.ncbi.nlm.nih.gov/pubmed/24266251
http://dx.doi.org/10.1021/nl2001499
http://www.ncbi.nlm.nih.gov/pubmed/21351741
http://dx.doi.org/10.1002/adfm.201501050
http://dx.doi.org/10.1021/am4004705
http://www.ncbi.nlm.nih.gov/pubmed/23402574
http://dx.doi.org/10.7150/thno.11848
http://www.ncbi.nlm.nih.gov/pubmed/26379791
http://dx.doi.org/10.1021/nn203430m
http://www.ncbi.nlm.nih.gov/pubmed/22111891
http://dx.doi.org/10.1021/ja3032295
http://www.ncbi.nlm.nih.gov/pubmed/22746265
http://dx.doi.org/10.1021/ja209793b
http://www.ncbi.nlm.nih.gov/pubmed/22082025
http://dx.doi.org/10.1016/j.addr.2012.02.006
http://www.ncbi.nlm.nih.gov/pubmed/22386560
http://dx.doi.org/10.1016/j.partic.2011.08.007
http://dx.doi.org/10.1039/c3nr03064d
http://www.ncbi.nlm.nih.gov/pubmed/23907698


Molecules 2017, 22, 2197 12 of 14

62. Xuan, M.; Shao, J.; Dai, L.; He, Q.; Li, J. Macrophage cell membrane camouflaged mesoporous silica
nanocapsules for in vivo cancer therapy. Adv. Healthc. Mater. 2015, 4, 1645–1652. [CrossRef] [PubMed]

63. Li, J.; Ai, Y.; Wang, L.; Bu, P.; Sharkey, C.C.; Wu, Q.; Wun, B.; Roy, S.; Shen, X.; King, M.R. Targeted drug
delivery to circulating tumor cells via platelet membrane-functionalized particles. Biomaterials 2016, 76,
52–65. [CrossRef] [PubMed]

64. Gao, W.; Zhang, L. Engineering red-blood-cell-membrane-coated nanoparticles for broad biomedical
applications. AIChE J. 2015, 61, 738–746. [CrossRef]

65. Krishnamurthy, S.; Gnanasammandhan, M.; Xie, C.; Huang, K.; Cui, M.; Chan, J. Monocyte cell
membrane-derived nanoghosts for targeted cancer therapy. Nanoscale 2016, 8, 6981–6985. [CrossRef]
[PubMed]

66. Li, L.-L.; Xu, J.-H.; Qi, G.-B.; Zhao, X.; Yu, F.; Wang, H. Core–shell supramolecular gelatin nanoparticles for
adaptive and “on-demand” antibiotic delivery. ACS Nano 2014, 8, 4975–4983. [CrossRef] [PubMed]

67. He, W.; Frueh, J.; Wu, Z.; He, Q. Leucocyte membrane-coated janus microcapsules for enhanced photothermal
cancer treatment. Langmuir 2016, 32, 3637–3644. [CrossRef] [PubMed]

68. Peng, J.; Sun, Y.; Zhao, L.; Wu, Y.; Feng, W.; Gao, Y.; Li, F. Polyphosphoric acid capping
radioactive/upconverting NaLuF 4: Yb, Tm, 153 Sm nanoparticles for blood pool imaging in vivo.
Biomaterials 2013, 34, 9535–9544. [CrossRef] [PubMed]

69. Ding, H.; Lv, Y.; Ni, D.; Wang, J.; Tian, Z.; Wei, W.; Ma, G. Erythrocyte membrane-coated NIR-triggered
biomimetic nanovectors with programmed delivery for photodynamic therapy of cancer. Nanoscale 2015, 7,
9806–9815. [CrossRef] [PubMed]

70. Anselmo, A.; Modery-Pawlowski, C.; Menegatti, S.; Kumar, S.; R Vogus, D.; Tian, L.; Chen, M.; Squires, T.M.;
Gupta, A.; Mitragotri, S. Platelet-like Nanoparticles (PLNs): Engineering Shape, Flexibility and Surface
Chemistry of Nanocarriers to Target Vascular Injuries. ACS Nano 2014, 8. [CrossRef] [PubMed]

71. Wu, Z.; Li, T.; Li, J.; Gao, W.; Xu, T.; Christianson, C.; Gao, W.; Galarnyk, M.; He, Q.; Zhang, L.
Turning erythrocytes into functional micromotors. ACS Nano 2014, 8, 12041–12048. [CrossRef] [PubMed]

72. Rao, L.; Bu, L.L.; Cai, B.; Xu, J.H.; Li, A.; Zhang, W.F.; Sun, Z.J.; Guo, S.S.; Liu, W.; Wang, T.H. Cancer Cell
Membrane-Coated Upconversion Nanoprobes for Highly Specific Tumor Imaging. Adv. Mater. 2016, 28,
3460–3466. [CrossRef] [PubMed]

73. Wu, Z.; Li, J.; de Ávila, B.E.F.; Li, T.; Gao, W.; He, Q.; Zhang, L.; Wang, J. Water-Powered Cell-Mimicking
Janus Micromotor. Adv. Funct. Mater. 2015, 25, 7497–7501. [CrossRef]

74. Haney, M.J.; Klyachko, N.L.; Zhao, Y.; Gupta, R.; Plotnikova, E.G.; He, Z.; Patel, T.; Piroyan, A.; Sokolsky, M.;
Kabanov, A.V. Exosomes as drug delivery vehicles for Parkinson’s disease therapy. J. Control. Release 2015,
207, 18–30. [CrossRef] [PubMed]

75. Gao, C.; Lin, Z.; Jurado-Sánchez, B.; Lin, X.; Wu, Z.; He, Q. Stem Cell Membrane-Coated Nanogels for Highly
Efficient In Vivo Tumor Targeted Drug Delivery. Small 2016, 12, 4056–4062. [CrossRef] [PubMed]

76. Angsantikul, P.; Thamphiwatana, S.; Gao, W.; Zhang, L. Cell membrane-coated nanoparticles as an emerging
antibacterial vaccine platform. Vaccines 2015, 3, 814–828. [CrossRef] [PubMed]

77. Gao, W.; Fang, R.H.; Thamphiwatana, S.; Luk, B.T.; Li, J.; Angsantikul, P.; Zhang, Q.; Hu, C.-M.J.; Zhang, L.
Modulating antibacterial immunity via bacterial membrane-coated nanoparticles. Nano Lett. 2015, 15,
1403–1409. [CrossRef] [PubMed]

78. Lai, P.-Y.; Huang, R.-Y.; Lin, S.-Y.; Lin, Y.-H.; Chang, C.-W. Biomimetic stem cell membrane-camouflaged iron
oxide nanoparticles for theranostic applications. RSC Adv. 2015, 5, 98222–98230. [CrossRef]

79. Jiang, W.; KimBetty, Y.S.; Rutka, J.T.; ChanWarren, C.W. Nanoparticle-mediated cellular response is
size-dependent. Nat. Nanotechnol. 2008, 3, 145–150. [CrossRef] [PubMed]

80. Boisselier, E.; Astruc, D. Gold nanoparticles in nanomedicine: Preparations, imaging, diagnostics, therapies
and toxicity. Chem. Soc. Rev. 2009, 38, 1759–1782. [CrossRef] [PubMed]

81. Hild, W.A.; Breunig, M.; Goepferich, A. Quantum dots—Nano-sized probes for the exploration of cellular
and intracellular targeting. Eur. J. Pharm. Biopharm. 2008, 68, 153–168. [CrossRef] [PubMed]

82. Lozano, N.; Al-Jamal, W.T.; Taruttis, A.; Beziere, N.; Burton, N.C.; Van den Bossche, J.; Mazza, M.; Herzog, E.;
Ntziachristos, V.; Kostarelos, K. Liposome—Gold nanorod hybrids for high-resolution visualization deep in
tissues. J. Am. Chem. Soc. 2012, 134, 13256–13258. [CrossRef] [PubMed]

83. Chen, H.; Kou, X.; Yang, Z.; Ni, W.; Wang, J. Shape-and size-dependent refractive index sensitivity of gold
nanoparticles. Langmuir 2008, 24, 5233–5237. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/adhm.201500129
http://www.ncbi.nlm.nih.gov/pubmed/25960053
http://dx.doi.org/10.1016/j.biomaterials.2015.10.046
http://www.ncbi.nlm.nih.gov/pubmed/26519648
http://dx.doi.org/10.1002/aic.14735
http://dx.doi.org/10.1039/C5NR07588B
http://www.ncbi.nlm.nih.gov/pubmed/26975904
http://dx.doi.org/10.1021/nn501040h
http://www.ncbi.nlm.nih.gov/pubmed/24716550
http://dx.doi.org/10.1021/acs.langmuir.5b04762
http://www.ncbi.nlm.nih.gov/pubmed/27023433
http://dx.doi.org/10.1016/j.biomaterials.2013.07.098
http://www.ncbi.nlm.nih.gov/pubmed/24011713
http://dx.doi.org/10.1039/C5NR02470F
http://www.ncbi.nlm.nih.gov/pubmed/25962428
http://dx.doi.org/10.1021/nn503732m
http://www.ncbi.nlm.nih.gov/pubmed/25318048
http://dx.doi.org/10.1021/nn506200x
http://www.ncbi.nlm.nih.gov/pubmed/25415461
http://dx.doi.org/10.1002/adma.201506086
http://www.ncbi.nlm.nih.gov/pubmed/26970518
http://dx.doi.org/10.1002/adfm.201503441
http://dx.doi.org/10.1016/j.jconrel.2015.03.033
http://www.ncbi.nlm.nih.gov/pubmed/25836593
http://dx.doi.org/10.1002/smll.201600624
http://www.ncbi.nlm.nih.gov/pubmed/27337109
http://dx.doi.org/10.3390/vaccines3040814
http://www.ncbi.nlm.nih.gov/pubmed/26457720
http://dx.doi.org/10.1021/nl504798g
http://www.ncbi.nlm.nih.gov/pubmed/25615236
http://dx.doi.org/10.1039/C5RA17447C
http://dx.doi.org/10.1038/nnano.2008.30
http://www.ncbi.nlm.nih.gov/pubmed/18654486
http://dx.doi.org/10.1039/b806051g
http://www.ncbi.nlm.nih.gov/pubmed/19587967
http://dx.doi.org/10.1016/j.ejpb.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17869074
http://dx.doi.org/10.1021/ja304499q
http://www.ncbi.nlm.nih.gov/pubmed/22852749
http://dx.doi.org/10.1021/la800305j
http://www.ncbi.nlm.nih.gov/pubmed/18435552


Molecules 2017, 22, 2197 13 of 14

84. Nishiyama, N. Nanomedicine: Nanocarriers shape up for long life. Nat. Nanotechnol. 2007, 2, 203. [CrossRef]
[PubMed]

85. Salatin, S.; Dizaj, S.M.; Khosroushahi, A.Y. Effect of the surface modification, size, and shape on cellular
uptake of nanoparticles. Cell Biol. Int. 2015, 39, 881–890. [CrossRef] [PubMed]

86. Mailänder, V.; Landfester, K. Interaction of nanoparticles with cells. Biomacromolecules 2009, 10, 2379–2400.
[CrossRef] [PubMed]

87. Schauer, R. Sialic acids as regulators of molecular and cellular interactions. Curr. Opin. Struct. Biol. 2009, 19,
507–514. [CrossRef] [PubMed]

88. Mager, M.D.; LaPointe, V.; Stevens, M.M. Exploring and exploiting chemistry at the cell surface. Nat. Chem.
2011, 3, 582–589. [CrossRef] [PubMed]

89. Evans, W.H.; Graham, J.M. Membrane Structure and Function; IRL Press at Oxford University Press: Cambridge,
UK, 1989.

90. Luk, B.T.; Jack Hu, C.M.; Fang, R.H.; Dehaini, D.; Carpenter, C.; Gao, W.; Zhang, L. Interfacial interactions
between natural RBC membranes and synthetic polymeric nanoparticles. Nanoscale 2014, 6, 2730–2737.
[CrossRef] [PubMed]

91. Tan, S.; Wu, T.; Zhang, D.; Zhang, Z. Cell or cell membrane-based drug delivery systems. Theranostics 2015,
5, 863. [CrossRef] [PubMed]

92. Steck, T.L. The band 3 protein of the human red cell membrane: A review. J. Cell. Biochem. 1978, 8, 311–324.
[CrossRef] [PubMed]

93. Schwille, P.; Haupts, U.; Maiti, S.; Webb, W.W. Molecular dynamics in living cells observed by fluorescence
correlation spectroscopy with one- and two-photon excitation. Biophys. J. 1999, 77, 2251–2265. [CrossRef]

94. Schwille, P.; Korlach, J.; Webb, W.W. Fluorescence correlation spectroscopy with single-molecule sensitivity
on cell and model membranes. Cytom. Part A 1999, 36, 176–182. [CrossRef]

95. Zhang, L.; Granick, S. Slaved diffusion in phospholipid bilayers. Proc. Natl. Acad. Sci. USA 2005, 102,
9118–9121. [CrossRef] [PubMed]

96. Takahashi, Y.; Bark, N.; Kinjo, M.; Rigler, R. Fluorescence Correlation Spectroscopy (FCS) Analysis of Human
Red Blood Cell System. Opt. Rev. 2003, 10, 596–599. [CrossRef]

97. Wawrezinieck, L.; Rigneault, H.; Marguet, D.; Lenne, P.-F. Fluorescence Correlation Spectroscopy Diffusion
Laws to Probe the Submicron Cell Membrane Organization. Biophys. J. 2005, 89, 4029–4042. [CrossRef]
[PubMed]
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