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1. Introduction

Bioinspired by cell membranes: functional
polymeric materials for biomedical applications

Xingyu Chen (2 *°® and Jianshu Li {2 *°

The delicate compositions, structures, and functions of natural cell membranes provide ideal prototypes
for the development of functional biomedical polymers. First, the cell membranes, e.g., the red blood
cell membrane, can be directly utilized to coat the functional polymeric materials, achieving an excellent
biocompatibility and long-term circulation in blood. Second, the lipids (particularly the phospholipids)
and glycosylated molecules on the cell membranes help the design of anti-fouling and biocompatible
biomaterials, which may also have high affinities to some specific molecules after a secondary
modification. An interesting choline phosphate with the reverse order of phosphate choline in the cell
membrane will be specifically discussed here. Third, the transmembrane/peripheral proteins and the
channel structure of the cell membrane can also be used as prototypes of biomaterials with various
functions, such as the recognition, separation, immobilization, and capture of biomolecules. This review
describes such cell membrane bioinspired functional polymers for a variety of biomedical applications
including drug/gene delivery, tissue engineering, implant materials, and molecular recognition and
diagnosis. The structure—function relationships of these polymeric materials are discussed in detail. Finally,
the challenges associated with these cell membrane bioinspired polymeric biomaterials are summarized.

manufacturability into various shapes, sterilizing capability, and
ease of modification with multiple functionalities, etc."® Currently,

Polymeric materials have been widely applied in the biomedical
field such as in dental/bone materials, implants, wound dressing,
prosthetic materials, drug carriers, and tissue engineering scaf-
folds, owing to their desired mechanical and physical properties,
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the development of biomedical materials demands extremely high
standards regarding their biocompatibility, functionality, and
bioactivity.'®™"® Researchers have attempted to partially or simulta-
neously fulfill these requirements using numerous strategies,
among which biomimetic or bioinspired methods have shown
the best potential because the molecules, structures, and
systems in living organisms exhibit nature-based time-tested
strategies for achieving attractive material properties.'®>?
Based on an increasing fundamental understanding of the
synthesis, self-assembly, and hierarchical structure of natural
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living organisms, interdisciplinary bioinspired materials have
been developed with numerous beneficial properties for various
biomedical applications.>*** For instance, biomineralization is a
typical prototype used for bioinspiration, and is a biomolecule-
guided process for producing minerals in algae, invertebrates, and
vertebrates. Thus, numerous bioinspired strategies have been
explored to prepare hierarchically functional biomaterials by
controlling the growth of the inorganic phase through the
regulation of biomolecules or their analogues. These biomineralized
materials have been successfully utilized for dental/bone materials,
drug delivery, and disease diagnosis, among other uses.**"°
Meanwhile, many other bioinspired prototypes, e.g., extracellular
matrices, plants, insects, and mussel-proteins, have also been
widely investigated for the development of functional polymers
with tailorable chemical compositions and structures for bio-
medical applications.®”**

Cell membranes are a nanostructured molecular assembly
and have become one of the most ideal prototypes for bio-
inspired polymeric biomaterials. The main reason for this is
that the interaction at the cell-material level plays an important
role in the biocompatibility and biofunctionality of biomaterials,
and this interaction mainly takes place through the chemical
components and structure of the cell membranes. It is well
known that cell membranes are mainly composed of membrane
lipids,*® glycoproteins,® transmembrane proteins, and peripheral
proteins.”” They play different physiological roles in living
organisms. For example, the amphipathic phospholipid bilayer
can separate the intracellular components from the extracellular
environment, and its zwitterionic phosphate choline component
has well-known anti-fouling and anti-thrombogenic properties.
Meanwhile, the hydrated glycocalyx located on the outside of the
cell surface also prevents the adsorption of undesirable non-
specific proteins, whereas its main function is directing various
specific molecular recognition processes. Thus, the zwitterionization
and glycosylation strategies bioinspired by cell membranes can be
utilized to prepare a variety of biocompatible and anti-fouling
polymeric materials. At the surfaces of such materials, non-
specific protein adsorption is largely suppressed, and thus they
can form a general platform for secondary decoration to obtain
further useful functions such as molecular recognition, diagnosis,
bioimaging, separation, and cell culturing, which have wide
applications in the biomedical field.

It should be noted that in this review, the functional
biomedical polymers bioinspired by cell membranes have
several aspects: (1) the polymers themselves are directly bio-
inspired by cell membranes, e.g., phospholipid polymers;*®
(2) the chemical components do not exist on the cell membrane,
but interact with the components on cell membranes, e.g.,
choline phosphate based biomedical polymers;**>" (3) the bio-
medical polymers are bioinspired from the structure/function
of cell membranes, e.g., polymeric membranes with inserted
natural or artificial channels;*”** (4) the functional biomedical
polymers are coated by cell membranes (e.g., red blood cell
membrane®) or other cell membrane bioinspired units (e.g.,
glycocalyx*®). Although some strategies inspired by the cell
membrane have been separately reviewed before, such as

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

View Article Online

Materials Chemistry Frontiers

G ~—_
/ & - \
W vevey

Delivery
LD
Molecular I
Recognition
9 Specific Recognition

Proteins

&
600 Glycocalyx  Whole
o, Membrane

Tissue
Engineering  Cell
\

Proteins
% Sensors

- 37

~———

Fig. 1 General overview of the natural prototypes, structure—property
relationship, and extensive biomedical applications of cell membrane
bioinspired polymeric materials. Components reproduced with copyright
permissions cited in Fig. 3, 7, 9, 11, 13, 14 and 17.

phospholipid polymers based bioinspired interface,*® biomimetic
glycosylated membranes® >* and membrane protein inserted
materials,”” and other reviews have focused on specific bio-
inspired materials, e.g., bioinspired coatings and membranes,*>*
this review focuses on those models that the cell membrane
can provide to the design of bioinspired polymers and their
various biomedical applications (Fig. 1). The design rationality,
structure-property relationship, and challenges of these cell
membrane bioinspired biomedical polymers are specifically
discussed. Meanwhile, although there are quite a few excellent
related studies on ‘artificial cells’ for fundamental research and
biomedical applications,>™® they are not discussed in this
specific review.

2. Cell membrane: Ideal prototype for
bioinspired materials

A human body has a total membrane area of approximately 10" m”
of as calculated based on ~10' cells and a ~63000 pm?
membrane area per cell.>® It is well known that cell membranes
are a nanostructured molecular assembly, and are mainly
composed of membrane lipids, glycoproteins, glycolipids,
transmembrane proteins, and peripheral proteins. In general,
many characteristics of cell membranes, such as the chemical
components, shape, membrane channels, physiological receptors,
and their various functions, may be ideal prototypes for the design
of bioinspired polymeric biomaterials, or can provide numerous
interaction sites for biomedical polymers.>””**47**% During the
past decades, quite a few functional polymeric materials have
been developed based on various cell membrane bioinspired
strategies, which will be discussed in the following.

2.1 Directly using cell membranes

Cell membranes provide stable and functional compartments,
preserve the cell architecture, and support signaling and a
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selective transport mediated by the membrane proteins. Cell
membranes have been widely applied to various biomedical
applications, such as drug/gene delivery (known as cell membrane-
derived vesicles), biosensors, and even biomineralization.'®%176¢
Whole cell membranes can be used directly to carry drugs or
nanoparticles for cell-based drug delivery or other purposes. In the
development of cell membrane-derived nanovesicles, the nano-
vesicles can be derived from various types of cells. For instance,
Malhotra et al. derived nanovesicles (NVEs) from red blood cells
and loaded them with the hydrophobic drug camptothecin
(CPT). Dynamic light scattering (DLS) showed that CPT-NVEs
have a hydrodynamic diameter and zeta potential of 189.3 +
3 nmand —8.24 =+ 0.92 mV, respectively. Drug release patterns of
CPT-NVs indicated 5.5, 30, 50, and 80% of CPT release within
1, 2, 6, and 24 h, respectively. These formulated nanovesicles
have a potential to treat lung carcinoma (Fig. 2).°” In another
work, Dong et al. derived nanovesicles from neutrophils and
loaded them with Resolvin D2 (RvD2-HVs) for brain damage
recovery during an ischemic stroke. These RvD2-HVs have a
hydrodynamic diameter and zeta potential of ~200 nm and
—14 mV, respectively. An in vitro study showed that RvD2-HVs
have a much higher ability to bind to the activated endothelial
cells than to the non-activated cells. In addition, another in vivo
study supported the superior localization of HVs to an injured
brain, as shown by a higher fluorescent intensity compared to
the control. More importantly, RvD2-HVs treatment in MCAO
mice can inhibit the ICAM-1 expression and inflammatory
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Fig. 2 (A) Structure of RBCs derived nanovesicles; (B) pharmacokinetics

and biodistribution of the fluorophore-labeled camptothecin loaded vesi-

cles in mice. Reproduced from ref. 67 with permission from American
Chemical Society, Copyright 2019.
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cytokines, including tumor necrosis factor alpha (TNF-u),
interlukin-6 (IL-6), and interlukin-1 beta (IL-1).%®

As mentioned before, whole cells also have a potential to be
used as drug carriers. For instance, Xue et al. developed
neutrophil (NE)-based delivery vehicles to diminish glioma in
the brain after tumor surgery.”® They designed sub 100 nm-
paclitaxel-loaded cationic liposomes (PTX-CL) loaded into NEs to
obtain NE-based delivery vehicles (PTX-CL/NEs). The inflammatory
factors, such as interleukin-8 (IL-8) and tumor necrosis factor o
(TNF-0), which present after tumor removal, activate NEs for
migration to the inflamed brain.”® An in vitro study showed that
PTX-CL was biocompatible for NEs with a loading capacity of
18 pg PTX per 10° cells. PTX-CL/NEs showed a high penetration
ability (nearly 80%) in a three-dimensional (3D) multicellular
tumor spheroid model. Further study in vivo revealed that this
cell-based drug delivery can prolong the survival rate by
approximately a month longer than commercial Taxol treatment.
There were no significant changes in the bodyweight of the
treated mice or other side effects.

In the development of a biosensor, cell membranes are
engineered with biochemical sensors for various purposes,
such as pathogen detection and tissue engineering.”"”> Recently,
Qiu et al. developed cell membrane-based biosensors using
diacyllipid-DNA conjugates that can self-assemble on the cell
membrane based on a hydrophobic interaction between the
lipophilic tail and the cellular phospholipid layer. Engineered
DNAzymes can cleave their substrates into two fragments
and separate the quencher from the fluorescent probe, which
subsequently released the fluorescence signals. An additional
in vitro study showed that approximately 85% of the DNAzymes
remained on the cell membrane for 2 h, suggesting its stability.
The PEG linker helps to reduce the nonspecific interaction
between the cell membrane and the oligonucleotide, which
maintains its shape.”®

With the development of numerous cell membrane related
technologies, the direct use of whole cell membranes may be
applied in an increasing number of biomedical applications.
For example, Kim et al. reported a bioorthogonal copper-free
click chemistry for in vivo tumor targeted delivery. They intro-
duced targetable glycans (unnatural sialic acids with azide
groups) onto the tumor cells through metabolic glycoengineering.
Then, the nanoparticles decorated with dibenzyl cyclooctyne were
able to chemically bind to the tumor cells with these unnatural
sialic acids through in vivo bioorthogonal click chemistry.”
Another similar example was also reported by Cheng’s group.
After introducing an oxyamine group (as the artificial target
moiety) onto breast cancer cells, and preparing polymeric nano-
particles with aldehyde groups as the targeting ligands, they
obtained an improved cancer targeting performance using the
bioorthogonal oxime ligation.”> Some other studies not directly
related to mammalian cell membranes are also extremely inter-
esting. For example, the biomimetic cell wall prepared using a
DNA-templated molecular assembly and crosslinking of poly-
peptides and polysaccharides, which was bioinspired from plant
and microbial cell walls, can act as a shield to encapsulate and
protect live mammalian cells from both physical and biological
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https://doi.org/10.1039/c9qm00717b

Published on 30 December 2019. Downloaded on 1/9/2026 11:12:06 AM.

Review
4 4
¢ ¢
~ S 2 ~
] &%
) Koo
309996 'S TS
Template
4 - 4 A
< < < o
St =3
i L B ~Sof~
oo~ T TP
g S S 8
Template BCW
HCR: hybridization chain reaction ¢ oy egiargi.pr § DM1 ~ Alginate-DM2 Polylysine
PC: polyelectrolyte complexation ) o}

Fig. 3 Schematic illustration of the preparation process of biomimetic
cell wall for the protection of mammalian cells. Reproduced from ref. 76
with permission from Springer Nature, Copyright 2019.

assault (Fig. 3).”° This effective protection strategy may broaden
the biomedical applications of cell membranes.

2.2 Membrane lipids

It is known that eukaryotic cells utilize approximately 5% of
their genes to produce thousands of different lipids and fulfil
three main functions:*>’” (1) store energy, ie., as anhydrous
reservoirs of caloric reserves, fatty acid, and sterol components
for membrane biogenesis; (2) form a matrix of cellular membranes
by polar lipids (with both hydrophobic and hydrophilic portions);
(3) act as messengers during the processes of molecular
recognition and signal transduction. Amphipathic lipids, e.g.,
phospholipids, glycolipids, and cholesterols construct the
important structure of cell membranes through a self-assembly
process.””*>*® In addition to their barrier function (separating
the intracellular cytoplasm from the outside), membrane lipids
are also essential in the stages of germination, tubulation,
fission and fusion, which are important for cell division and
reproduction. The hydrophobic moieties of phospholipids are
integrated and buried into planar lipid bilayers (entropically
driven by water), whereas the hydrophilic moieties are oriented
toward an aqueous environment. As a major phospholipid in
cell membrane, the zwitterionic phosphatidylcholine has been
well known for its excellent non-thrombogenic and non-fouling
properties, which provides a good prototype for the design
of biomaterials with similar functions.”®®° A typical example
is mimicking the structure of phosphatidylcholine in the
cell membrane and facilitating the preparation of polymers or
copolymers, of which the 2-methacryloyloxyethyl phosphoryl-
choline (MPC) has been extensively studied.”®3°~%°

The structure of MPC polymers is electrically neutral and
with high hydrophilicity, which is due to their zwitterionic
properties. It has been reported that MPC polymers have an
extremely low friction in an aqueous environment, and their
conformation is quite stable in a high salt solution in a wide
range of pH values. A thick hydration shell with numerous
highly mobile free water is formed around the zwitterionic
phosphorylcholine groups.” MPC and MPC-based polymers

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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have been widely reported owing to their non-thrombogenic
and non-fouling performance. For example, MPC polymers
have been grafted onto various material surfaces, e.g., cellulose
membranes and hollow fiber membranes, achieving a non-
thrombogenic property and without any side effect on their
functions, to fabricate various blood-contact biomedical devices such
as dialysis membranes and implantable biosensors.”>”®8%8292-97
They also have excellent resistance to the adsorption of various
proteins and cells, and are capable of forming a general anti-
fouling interface.>*®”*® In addition, tissue immunoreactions
do not occur on an MPC polymer modified surface, e.g., an
extremely low angiogenesis and thin encapsulation around the
subcutaneously implanted MPC-coated substrates after 28
days.*:81:88:997101 Thyg the modification of various biomater-
ials with the MPC polymers or direct fabrication MPC-based
functional polymers provide a bioinert platform that has similar
properties as cell membranes. For example, Kawaguchi et al.
grafted the MPC polymer onto a polyethylene surface to prevent
the periprosthetic osteolysis of artificial joints. They found that
the friction and amount of wear can be significantly decreased in
a hip-joint simulator mechanical study through a 3 x 10° cycles
of gravimetric loading (equivalent to 3-10 years of physical
walking). The PE-MPC surface was also proved to be biologically
inert by investigating the macrophages phagocytosis and further
bone resorptive response.’' Moreover, further modification or
copolymerization of PC or MPC-decorated polymeric biomaterials
with other moieties such as specific peptides/proteins or poly-
saccharides can endow them with more interesting functions
for biomedical applications.*®*°>'%® For instance, Zhu et al.
prepared a cell membrane mimicking conducting copolymer
with both a PC grafted block (anti-nonspecific adsorption of
proteins and cells) and a peptide ligand grafted block (to mimic
the specific interaction between the integrin and extracellular
matrix). This copolymer can obviously promote neural cell
growth (along with protein secretion) and neurite outgrowth
on the electrical stimulation.*®*

There is also another notable cell membrane bioinspired
zwitterionic moiety. Brooks et al. first reported an interesting
‘PC-reverse’ choline phosphate (CP) structure.*® The CP group
is bioinspired from the PC structure, which is the headgroup of
phospholipids widely existing in eukaryotic cell membranes.
CP is also electrically neutral, similar to several other zwitter-
ionic groups such as sulfobetaine, PC, and caboxybetaine. It
was proved that the specific CP-PC interaction is through
electrostatic interactions, ie., they form a heterodimer by the
two quaternary nitrogen-phosphorous pairs to bind with each
other. CP was decorated on hyperbranched polyglycerols
through a click chemistry to obtain a functional polymer
(HPG-CP) with a high density of the CP groups. The interaction
between HPG-CP and the PC on the cell membrane was further
confirmed by excluding the effects of membrane proteins and
glycoproteins using a PC-based liposome model. HPG-CP can
effectively bind and cause the aggregation of human red blood
cells (RBCs), and the apparent association constant was
50 times higher than the PC control sample. It was also noted
that this cell surface binding or cell aggregation function was
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more effective for a CP-based polymer with multiple CPs**'%
because a single hydrated CP-PC interaction is not strong
enough. Overall, bioinspired CP-based polymers with a cell
membrane adhesive capability can achieve wide biomedical
applications, such as drug delivery and tissue engineering,
which are separately discussed in detail in the following
sections.

2.3 Glycocalyx

As the outer layer of the cell membrane, glycocalyx is dominated
by glycosylated molecules such as glycoproteins, glycolipids, and
other glyco-conjugates, along with the exposure of carbohydrate
groups. Glycocalyx mainly directs the specific intercellular inter-
action such as the cell-cell recognition, and plays an important
role in many molecular recognition processes such as cancer
cell metastasis, pathogen invasion, bacterial infection, innate
immunity, and specific enzymes recognition. Meanwhile, it
can also prevent an undesirable non-specific adhesion of
biomolecules and cells through a steric repulsion and high
hydrophilicity. Thus, the preparation of a biomimetic glycocalyx-
like surface can provide a general strategy to obtain biomedical
materials with good hydrophilicity, biocompatibility, and speci-
fic biomolecule recognition.*>'°*"*! In general, the preparation
routes of a glycocalyx-like surface, i.e., glycosylation methods, can
be divided into physical methods (e.g:, physical adsorption and dip-
coating), chemical methods (e.g., surface modification by glyco-
polymers, surface initiated polymerization of glycomonomers, and
synthesis glycopolymers to prepare the substrates), and bio-
chemical methods (e.g., enzymatic transglycosylation).>**>>7?7
For example, Bojarova et al. reviewed the preparation routes and
biomedical applications of glycomaterials (e.g., glyconano-
particles and glycodendrimers) based on the specific lectin—
carbohydrate interactions.'” It should be noted that, in the
present review, the physical self-assembly or dip-coating of
natural polysaccharides (e.g., chitosan and dextransulfate, or
polyelectrolytes with different charges) with other polymeric
substrates is not emphasized.'**'*°

Holland et al. first reported a glycocalyx-like surface on
graphite using oligosaccharide surfactant polymers.*® The polymer
structure has a flexible poly(vinyl amine) with dextran and alkanoyl
side chains, which can provide a dense and confluent oligo-
saccharide layer similar to that of natural glycocalyx. Finally,
the surface can suppress the non-specific adsorption of plasma
proteins at more than 90%. Thus, this glycocalyx-like surface
with a high surface density of oligosaccharides has potential for
preventing the thrombosis on implantable medical devices
caused by the non-specific adsorption of plasma proteins.
Some further studies have also revealed that a higher grafting
density of a glycocalyx-like polymer on a surface may result in a
better resistance to non-specific protein adsorption.'® Huang
et al. also prepared a series of polypeptide block copolymers
through the sequential ring-opening polymerization of benzyl-
t-glutamate and propargylglycine. They then decorated the block
copolymer using subsequent glycosylation through a click reaction
with azide-functionalized galactose. These amphiphilic glyco-
polypeptides can self-assemble into biologically active micelles
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Fig. 4 (A) Schematic illustration of the preparation of Glyco-SCNPs with
different glucose moieties; (B) confocal images of Hela cells incubated
with different Glyco-SCNPs for 4 h (green for Glyco-SCNPs, blue for nuclei
and membrane, red for cell compartment). Reproduced from ref. 130 with
permission from American Chemical Society, Copyright 2019.

(spherical or worm-like) or polymersomes under different
conditions. The bioactive galactose moieties can be displayed
on the shell and specifically bind to lectin in a rapid fashion.
These glycosylated materials have exhibited a significant
potential for targeted drug delivery systems."*®

The specific cellular targeting property of glycopolymers to
various cells has been widely studied. For example, Paulusse
et al. prepared a series of single-chain glycopolymer nano-
particles (glyco-SCNPs) through the intramolecular crosslinking
of a single polymer chain with linear and cyclic glucose units
(Fig. 4). In quantitative binding testes using Concanavalin A
(ConA, a type of lectin with four binding sites and specifically
sensitive to glucose), the authors revealed a positional depen-
dency of glucose functionalization on the molecular recognition,
i.e., the strongest binding while at the C6 position of glucose
remained accessible. The cellular uptake in HeLa cells, which
predominantly expresses glucose transporters GLUT1 and
GLUTS3, also exhibits their potential for ligand-based target drug
delivery and imaging."*° A very recent work also reported a series
of pentavalent biotinylated poly(ethyleneimine) (PEI) glycopolymers
(Fig. 5)."*" This interesting biohybrid structure can remain stable
for weeks after the polyassociation process. The tumor cell targeting
capability of the biohybrid structure is also controllable as
indicated through cellular uptake studies using several cell
lines (e.g., HEK293T, HT-29, and SBC-2).

2.4 Membrane proteins

Cell membrane proteins include integral membrane proteins
and peripheral membranes proteins.?®*”**? Their main function

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Society, Copyright 2019.

is to form various biological transport channels (e.g., numerous
aquaporins and ion channel proteins).’®'**'** Many cell
membrane protein bioinspired polymeric materials have been
developed for biomedical applications, mainly based on two
types of strategies: (1) the reconstitution of natural cell
membrane proteins or biopores (e.g., pore-forming peptides)
in polymeric materials to form a hybrid membrane through
insertion, encapsulation, and attachment, etc.;*”""?*7'3°
(2) fabrication of smart polymers to mimic specific functions
of cell membrane proteins.*>'**'*” Through these methods,
quite a few membrane proteins or their biomimetic analogues
have been utilized to develop various functional biomedical
materials. It should be noted that such biomedical applications
based on targeting of the cell membrane proteins (e.g., targeting
the folate receptor on cancer cells'®>'*¥) are not specifically
discussed in this review.

For example, the cell membrane protein aquaporin (AqpZ)
is a highly selective water channel, which can transport
~4 billion water molecules per second per aquaporin, but
reject other molecules such as salts at the same time. After
being inserted into synthetic membranes, AqpZ helps obtain a
much higher water permeability than commercial available
products.”*® Aleman et al. also reported a poly(N-methyl-pyrrole)
membrane immobilized with a B-barrel membrane protein
(Omp2a) to form ion channels. Its passive ion transport was
tested in the presence of Na" and K with similar concentrations
to that in blood. In addition to the good biocompatibility and
biodegradability, this film exhibited clear resistance changes in
response to the changes in ion concentration, exhibiting great
potential for biosensors and bioinspired channels.'*?

The outer membrane protein F (OmpF porin) is a well-
known ionic channel with high selectivity, gating, and rectification
properties.’*® To mimic its functions, an asymmetric block
copolymer membrane, ie., polystyrene-b-poly(4-vinylpyridine),
was combined with a porous anodic alumina membrane to form
a multifunctional heterogeneous membrane (Fig. 6). The OmpE
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Fig. 6 Schematic illustration of the heterogeneous membrane bioinspired
from the cell membrane protein OmpF porin, exhibiting ultrahigh ionic
rectification and selective ionic gating in response to pH changes. Repro-
duced from ref. 52 with permission from John Wiley and Sons, Copyright
2015.

porin bioinspired membrane exhibited a ultrahigh ionic rectification
ratio (~489). In addition, it has a high efficiency for selective
ionic gating, i.e., anion- or cation-selective gating, by tuning the
pH-sensitive groups, similar to that of the natural OmpE porin.>>
Using a similar strategy, this research group recently developed a
bioinspired heterogenous ion pump membrane using block
copolymers with unidirectional selective ion pumping and
pH-responsive gating properties for biosensing."*”

3. Biomedical applications of

functional polymeric materials
bioinspired by cell membrane
3.1 Drug/gene delivery

Significant efforts have been made in the enhancement of the
in vivo nanoparticle resident time for target and effective drug
delivery through a surface modification to bypass the macro-
phage uptake and systemic clearance. A large number of drug
delivery systems are made from polymers including dendrimers,
micelles, nanoparticles and polymer-drug conjugates, as well as
liposomes, etc. It is well-known that cancer drug delivery systems
require a tight retention of the drug during the circulation,
efficient targeting of the tumor, quick penetration into the
tumor tissue, quick internalization into the tumor cells, and a
fast intracellular release of the drug within the tumor cells."*"*>
To fulfill these requirements, various interesting and effective
drug/gene delivery systems bioinspired from cell membranes
have been developed, specifically owing to their anti-fouling,
disease targeting properties, and excellent biocompatibility.

A top-down approach to camouflage natural circulating cells
has recently received significant attention in the biomedical
field. By coating nanoparticles with natural cell membranes
derived from various types of cells (e.g., red blood cells, platelets,
macrophages, and cancer cells), a long circulation of the cargo
delivery and self-recognition by the host cells can be achieved.'**
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The cell membranes can be isolated through ultracentrifugation
and coated on nanoparticles using extrusion, sonication, or
electroporation methods.******> This allows the membrane
proteins from the source cells to be transferred onto the surface
of the enveloped nanoparticles. Among them, red blood cells are
the gold standard for cell membrane coating and are possible for
further functionalization using different types of techniques
such as lipid insertion, biotin-avidin, EDC/NHS coupling, anti-
body/ligand-receptor conjugation, and passive adsorption
(hitchhiking) for theranostic purposes.'*®

The RBC membrane coating technique was pioneered by
Zhang’s group in 2011. They used an extrusion technique to
fuse poly(lactic-co-glycolic acid) (PLGA) nanoparticles and RBC
membrane vesicles based on electrostatic interactions between
cell membranes and negative-charged PLGA nanoparticles
(RBCNPs) (Fig. 7).'*” They also demonstrated the successful
coating of a platelet membrane on PLGA nanoparticles (platelet
membrane-cloaked nanoparticles (PNPs)). An in vitro study of
the NP adhesion properties to type IV collagen showed that the
PNPs have enhanced collagen-specific targeting abilities com-
pared with bare NPs and RBCNPs, indicating a similar feature
with platelets. Interestingly, a Western blot analysis confirmed
that the platelet membrane immunomodulatory proteins (CD47,
CD55, and CD59), the platelet integrin (oIIb, a2, a5, a6, f1, and
B3), and other transmembrane proteins (GPIba, GPIV, GPV,
GPVI, GPIX, and CLEC-2) can be successfully transferred onto
PNPs. An in vivo study of the therapeutic potential of PNPs on
coronary restenosis-model rats revealed that docetaxel-loaded
PNPs (PNP-Dtxl) show a selective adherence to the damaged
vasculatures and effectively inhibit neointima growth in balloon-
denuded rats after 2 weeks of treatment.'*®

It was further demonstrated that a right-side-out assembly of
the cell membrane coating can only be achieved by a repulsion
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Fig. 7 (A) The preparation route of RBC membrane coated PLGA nano-
particles; (B) fluorescence microscopy images of the RBC membrane
(green) and PLGA cores (red) after being internalized by Hela cells.
Reproduced from ref. 147 with permission from National Academy of
Sciences, Copyright 2011.
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between negatively-charged nanoparticle cores and the cell
membranes. Meanwhile, the attraction between positively-
charged cores and the cell membranes induced an aggregation.'*’
In addition, Xie et al. proposed a “molecular affinity” strategy using
an intracellular domain of band 3 transmembrane receptors as
“grippers” during the coating process. By using a peptide ligand
attached to the surface of nanoparticles, the specific interaction
between P4.2-derived peptide ligands and band 3 receptors form a
“hidden peptide button” that establishes the correct orientation."*

Interestingly, polymeric-core nanoparticles with different
sizes ranging from 65 to 340 nm have been successfully
wrapped using RBC membranes.'*® However, the size of
RBCm-cloaked nanoparticles greatly influences their circulation
and biodistribution in the liver. The larger the particle size is, the
more they tend to be entrapped in the liver and the shorter their
half-life.">" Over the last decade, biomimetic nanoparticles using
cell membrane coating have shown considerable outcomes in
treating various types of diseases, such as cancer and cardio-
vascular diseases.

In cancer drug delivery, several designs of RBCm-cloaked
nanoparticles have shown excellent targeting, imaging, and
theranostic abilities."*®">* For instance, Guo et al. developed
RBCm-enveloped PLGA nanoparticles encapsulating antigenic
peptide (hgp100,5_33) and monophosphoryl lipid A to function
as immune cell activation with redox-sensitive linkers. To
enhance its targeting ability, the RBCm shell was functionalized
with mannose through a lipid insertion. These complex nano-
vaccines have the capability to target dendritic cells in the
lymphatic organ, and the redox-sensitive property can enhance
the release of antigens in the tumor area. An in vivo study
showed a successful tumor growth inhibition of 76.6% and a
suppression of tumor metastasis in prophylactic, therapeutic,
and metastatic melanoma models.">

The research group of Feng and Zhang reported a series of
highly effective tumor therapy systems coated by cracked
cancer cell membranes (CCCM).">* ™" The rationality is that
the tumor cell membrane surface has numerous specific proteins
such as focal adhesion proteins/kinase and integrin to make
them aggregate and form solid tumors,"”®'® and thus the
CCCM-coated nanoparticles prefer to recognize homotypic cancer
cells.”® This strategy was applied in the preparation of highly
tumor-selective targeting drug/gene delivery systems (for homo-
logous tumors rather than heterologous tumors), along with
other functions such as MR imaging. Most recently, they
combined immunotherapy and traditional oncotherapy by fusing
the cytomembranes of both cancer and dendritic cells (Fig. 8).""
The fused cell cytomembrane exhibited an efficient expression of
the cancer antigens in the form of an antigen peptide-major
histocompatibility complex (pMHC), which was discerned,
processed and presented by dendritic cells. It could also express
the immunological co-stimulatory molecules. Thus, the fused cell
cytomembranes could induce a very strong and durable immune
response. Finally, the authors presented a successful combined
irradiation-mediated photodynamic therapy and fused cell
membrane induced immunotherapy for both primary and
distant tumors. Several other groups have also successfully
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Fig. 8 (A) Schematic illustration of the preparation process of drug
delivery nanoparticles coated by the cytomembrane of fused cancer cells
and dendritic cells for combined tumor therapy. (B) CLSM images of the
stained cancer cells (4T1), dendritic cells (DC), and fused cells (FC).
Reproduced from ref. 157 with permission from John Wiley and Sons,
Copyright 2019.

applied this cancer cell membrane coating strategy to develop
various tumor-homing drug delivery systems for precise cancer
targeting therapy.'®?

Biomimetic nanotherapy can also be used to treat
cardiovascular-related diseases. Wang et al., for instance, designed
RBCm-cloaked PLGA nanoparticles encapsulating rapamycin
drugs (RBC/RAP@PLGA) to treat atherosclerosis (Fig. 9).> The
RBC/RAP@PLGA was delivered to the atherosclerosis plaques
through the EPR effect-mediated passive targeting. The dynamic
light scattering (DLS) showed that the uncoated NPs had a
hydrodynamic size of 81.5 + 4.5 nm, whereas the coated NPs
indicated a larger size (97.4 + 2.4 nm), as proved by TEM. In
addition, the zeta potential of the coated NPs showed a lower value
than the uncoated NPs (—28.7 £+ 1.7 mV versus —21.4 £+ 0.6 mV),
which indicated that the coated NPs had a similar surface charge
as the RBC membrane vesicles (—31.0 £ 2.7 mV). A Western
blot analysis showed that the CD47 glycoproteins, which
are responsible for inhibiting macrophage phagocytosis, were
successfully transferred to RAP@PLGA. Ex vivo fluorescent
imaging demonstrated the superior targeting ability of RBC/
RAP@PLGA to the atherosclerotic plaques. After treatment for
1 month, the biomimetic nanotherapy significantly reduced the
lesion area to 6.24% compared to the control (20.13%) and
the plaque area by ~17%, as quantified from Oil Red O (ORO)
staining of the aorta. More importantly, RBC/RAP@PLGA
showed in vivo biocompatibility with no significant toxicity to
the main organs and body weight changes, which suggest its
potential for clinical trials. In the near future, combining a
biomimetic design with stimuli-responsive nanoparticles will
amplify its efficacy to treat various types of diseases.'®*

As a phospholipid polymer, 2-methacryloyloxyethyl phos-
phorylcholine (MPC) based polymers have been widely used in
gene/drug delivery systems due to their excellent biocompatibility,
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Fig. 9 (A) lllustrations displaying the preparation of RBC/RAP@PLGA for
the treatment of atherosclerosis. (B) The ex vivo fluorescence images of
the aorta of ApoE ™/~ mice after injection of 5% sucrose (control), DiD@PLGA,
and RBC/DiD@PLGA. (C) The en face ORO stained images of aortas from
each group (a, control; b, free drug; c, RAP@PLGA; d, RBC/RAP@PLGA).
Reproduced from ref. 53 with permission from the Authors (open access),
Wiley-VCH, Copyright 2019.

and even called an ‘artificial cell membrane’.*>'*"%® It was
reported that the MPC polymer coated liposomes can increase
the transfection efficiency of plasmid DNA by up to two orders of
magnitude owing to the enhanced cellular uptake and post-
nuclear delivery. The coating of MPC polymer reduced the
{-potential of the liposome, helping the display of functional
negatively charged peptide (GALA, for endosomal escape) on the
cationic liposome by providing shielding effect from electrostatic
interactions."® A series of diblock copolymers with cationic
segment (primary amine) and MPC segment were also synthesized
for gene delivery, in which the MPC polymers served as a stealth
layer, exhibiting low protein adsorption, minimum toxicity and
high gene transfection efficiency.'’® In addition, MPC-based
polymers can be more effective in gene delivery when designing
the composition, size, and chain topologies of a non-viral gene
vector in an optimum way.'®”

Drug carriers based on the MPC polymer can also be
combined with various stimuli sensitivities. For example,
Emrick et al. designed disulfide cross-linked micelles containing
an MCP block, which can be stable in a solution for weeks.'”* In
this system, camptothecin (CPT) was conjugated to the hydro-
phobic block of the copolymer through a disulfide linkage as a
prodrug micelle. While being treated with dithiothreitol (DTT) as
the reducing agent, the micelle can release CPT in a triggered
manner. Shen et al also reported an enzyme-responsive
dendrimer for anti-cancer drug delivery."”> The dendrimer
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was intentionally modified with MPC units to achieve a long
blood circulation time by reducing the nonspecific binding of
the plasma proteins. When exposed to phospholipase C, which
is overexpressed in cancer cells, the dendrimer can be degraded
to release the encapsulated Doxorubicin (DOX). Thus, the
enzyme-responsive DOX delivery system is safe for normal cells
while highly toxic to cancer cells. Recently, an MPC block was
also designed as a zwitterionic shell for a polymeric prodrug of
DOX, which uses folate as the cancer cell targeting moiety and a
Schiff base bond (benzoic-imine, formed by the aldehyde group
of the polymer and the amino group of the DOX) as the
pH-responsive moiety.'®> The DOX accumulative release from
this prodrug is up to 70% at pH 5.0 after the cleavage of the
benzoic-imine bond. Another research group also synthesized
a series of pH/redox dual-responsive amphiphilic polymers
containing zwitterionic PMPC (as a hydrophilic block), poly-
(e-caprolactone) (PCL, as a hydrophobic block), poly(N,N-
diethylaminoethyl methacrylate) (PDEA, as a pH-responsive
block), and disulfide bonds as the redox-responsive unit. The
location of the PDEA and disulfide bond in this copolymer was
varied to investigate the effect on the encapsulation, blood
circulation, and tumor site accumulation/release of DOX as an
anti-cancer drug."”?

Some other interesting functions have also been collaborated
with MPC polymer to obtain multifunctional drug delivery
systems. For instance, tetraphenylethene is a typical molecule
with an aggregation induced emission (AIE) phenomenon. It is
conjugated to an MPC-based pH-responsive zwitterionic copolymer,
ie., poly(2-methacryloyloxyethyl phosphorylcholine-co-2-(4-formyl-
phenoxy)ethyl methacrylate), via the acid-cleavable hydrazone
bond."”* The micelles formed have a good physiological stability
with low nonspecific protein adsorption, which is contributed by
the zwitterionic property of the MPC block. After being loaded
with DOX, the micelles have simultaneous AIE imaging and
pH-responsive chemotherapy capabilities for cancer theranostics.
In an acidic environment (pH 5.0) of the tumor tissues, the
micelles exhibit an obvious swelling after cleavage of the hydro-
phobic TPE moiety, leading to a pH-triggered DOX release profile
and high-quality AIE imaging. Another interesting anti-cancer
drug delivery system was also reported by combining chemo-
therapy and photodynamic therapy based on an MPC-containing
hydrogel-like polyprodrug.'”® The authors synthesized MPC with
a platinum(iv) complex-based monomer, which can generate a
highly toxic Pt(u) in situ to act as a chemotherapeutic species.
Meanwhile, the system can also produce the reactive oxygen
species (ROS) at a high level while being exposed to light for only
5 min, without any photosensitizer or the presence/consumption
of endogenous oxygen. The prolonged circulation time, sustained
drug release profile, and even reversing drug resistance property
of the system make it a potential candidate for anti-tumor
therapy.

Variable diseases can be treated using MPC-based polymeric
drug delivery systems, not only cancer therapy. For instance,
although local drug treatment is effective for the healing of
bone fracture, it still requires systemic administration in some
complex clinic fractures such as an osteoporotic vertebral
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compression fracture owing to an access restriction. Recently,
Yang et al. reported an MPC-based nanocapsule for the systemic
administration of the bone growth factor (BMP-2),”® to overcome
its usual shortcomings such as the in vivo instability, insufficient
distribution at the bone fracture site, and the side effects of
overused growth factors. This interesting strategy was based on
two key points. First, the MPC polymeric shell can effectively
stabilize BMP-2, prolonging its circulation time by reducing the
nonspecific protein adsorption, and facilitate the drug accumula-
tion at the bone fracture sites through leaky blood vessels. Second,
the introduced bisacryloylated VPLGVRTK peptide is enzyme-
responsive, ie., it can be cleaved by over-expressed matrix
metalloproteinases at the bone fracture sites. In this way, the
bioactivity of BMP-2 is well maintained, and the circulation time is
prolonged with a half-life of approximately 48 h, and thus the
nanocapsule can be passively delivered to the bone fracture site
after systemic administration. Next, the polymeric shell was
degraded through the enzyme-responsive mechanism to release
the growth factor, leading to an effective bone repair, e.g., the bone
volume / total volume of data was around double that of the
control group (60.13% versus 32.09%).

CP-Based polymers bioinspired from cell membrane lipids
have also been investigated for drug delivery. It should be noted
that drug delivery strategies based on ‘PC-reversed ’ CP polymers
are quite different from those based on PC-based polymers. Yu
et al. first designed a thermosensitive random copolymer using
oligo(ethylene oxide)methacrylate and 2-(2-methoxyethoxy)ethyl
methacrylate (p(OEOMA-co-MEMA)), and then introduced CP
groups to the backbone.'”® The polymer has a tunable lower
critical solution temperature (LCST), and the adhesion of the
polymer on the cell membrane can be reversed, because the
accessibility of CP groups to the cell membrane is decreased
after the polymer exhibiting hydrophobicity and aggregating
together above the LCST. They then developed a pH and thermo-
responsive CP-based drug carrier capable of targeting the
acidic microenvironment of solid tumors.’”” The polymer was
synthesized from CP-decorated tetraethoxymethacrylate (providing
thermosensitivity) and dimethylaminoethyl methacrylate (DMAE,
providing pH sensitivity). Adhesion to the tumor cells was still
based on a CP-PC interaction. When the DMAE block was
uncharged at pH 7.4, the copolymer showed a LCST. However,
while the DMAE block was charged at the acidic tumor environment
(pH 6.8), LCST did not occur because of the ionization hydro-
philicity. Overall, this polymer exhibits an interesting behavior in
that it can bind tightly to tumor cells at pH 6.8 but does not bind
to normal cells at pH 7.4. Recently, CP-based polymeric drug
carriers have been further designed with multiple functions such
as with a bioreducible disulfide bond, or conjugation to doxorubicin
as a prodrug, to obtain an enhanced cellular uptake and rapid
internalization for the controlled release of anti-tumor drugs."”*™%°

Quite a few cell membrane bioinspired glycopolymers have
also been developed as effective gene delivery systems.'8''%
For instance, Reineke et al. reported a series of glycopolymers,
i.e., poly(glycoamidoamine), as vehicles for the delivery of
plasmid DNA. Through a cellular delivery test with pharmaco-
logical endocytosis inhibitors, they revealed the cellular
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internalization mechanism of these glycopolymers, which are
mainly mediated by caveolae, while also involving clathrin-
coated vesicles and macropinosomes, i.e., a so-called caveolae/
raft-mediated endocytosis. This pathways is not identical to
that of polyethyleneimine (PEL the gold-standard of non-viral
gene vector), indicating a different cellular internalization
mechanism of the glycopolymers.'®" When the poly(glycoamido-
amine) was applied to deliver oligodeoxynucleotide decoys to
cardiomyoblasts and a mouse heart, it could mediate high
levels of DNA nuclear uptake (~90%) and effectively block
the activation of the related transcription factor.'®”> Glycopolymers
can also be designed into a dendritic structure by functionalizing
with hyperbranched PEL'®* or complexing with PEI'®* to obtain
functional gene delivery systems. In particular, the glycopolymers/
PEI can form a serum-tolerant gene vector to hepatocytes with
improved efficiency. In this study, the comb-shaped dextran-g-
poly(2-dimethylaminoethyl methacrylate-co-2-lactobionamidoethyl
methacrylate) was synthesized and complexed with PEI and
plasmid DNA. The polyplex exhibited better stability and gene
transfection efficiency (two orders of magnitude higher than that
of PEI alone) in a serum-containing medium, which was mainly
due to the serum-tolerant property of the glycopolymer.'®*
Notably, Ji et al. combined the biomimetic strategies of both
phospholipids and glycolipids in cell membranes (Fig. 10).
They first prepared a chitosan oligosaccharide modified by
zwitterionic phosphorylcholine to mimic the hydrophilic head
groups on lipids, and then grafted hydrophobic stearic acid
to mimic the lipid fatty acids. The copolymer was able to
self-assemble into zwitterionic micelles with cell membrane
bioinspired properties such as a high stability in a protein-
containing, high salt content medium within a wide pH range.
The anti-cancer drug DOX can be encapsulated and delivered
into cancer cells with sustained drug release profiles.'®® Several
research groups have also reported glycocalyx-biomimicking
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Fig. 10 Schematic illustration of the cell membrane bioinspired polymeric
micelles for anti-cancer drug delivery. The glycopolymer is bioinspired
from both phospholipids and glycolipids in cell membranes. Reproduced
from ref. 186 with permission from The Royal Society of Chemistry, Copy-
right 2015.
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nanoparticles, which can be loaded with a platinum anti-cancer
drug,"®” or act on the macrophages/T cells,"**'® for a targeted
and effective anti-tumor therapy.

Glycocalyx bioinspired glycopolymers also have wide bio-
medical applications other than in tumor therapy. For instance,
a key factor to maintaining the integrity and barrier function
of ocular surface epithelial glycocalyx is the galectin-3 multi-
merization and recognition of lactosyl residues. Thus, two
membrane-anchored glycopolymers, ie., cellobiose- and lactose-
containing glycopolymers were synthesized to effectively modulate
the barrier function of ocular surface glycocalyx. They can be
therapeutically applied to transiently enhance the efficiency of
topical drug delivery."”® Most recently, Ratner et al. also reported
the synthesis of mannosylated ciprofloxacin polymeric prodrugs,
which can be delivered in a targeted fashion and internalized by
alveolar macrophages through a mannose receptor (CD206)
mediated internalization after pulmonary administration. This
targeting antibiotic prodrug was effective for alveolar macro-
phage infection, i.e., the mice survival was 87.5% based on a
treatment regimen with infection.'**

3.2 Implant materials

Implant materials require antibiofouling surface for decreased
inflammation and fibrosis which lead to the failure of implantion,
to obtain long-term biocompatibility in vivo. Although poly(2-
hydroxyethyl methacrylate) (HEMA) and N-vinyl-2-pyrrolidinone
(NVP) have already been used for fabricating the antibiofouling
coating for implant materials, cell membrane bioinspired
polymers with excellent antifouling property, i.e., anti-protein
and anti-thrombosis adsorption, as well as high hydrophilicity,
can provide a general platform to construct functional coatings
with excellent blood compatibility and tissue compatibility,
through their resistance to proteins and cells. For example,
various MPC-based polymeric coatings have been designed for
various implant materials such as intravascular stents, corneal
substitutes, tympanostomy tube implants, small-diameter vascular
grafts, hollow fiber membrane based artificial lungs, artificial joint
cartilage, tooth adhesives, implantable drug release devices, and
implantable sensors,*>?%%1927199

Intravascular stents have been widely used as implantable
medical devices in coronary, carotid, renal, peripheral, and
intracranial arteries. Usually, these stents are made of metals
such as stainless steel and various alloys. Although drug eluting
stents have significantly reduced the restenosis, they can cause
a late stent thrombosis, which results from the proinflammatory
characteristic of the polymeric coating and the incomplete
endothelialization. Thus, the stent surface modification using
cell membrane bioinspired polymers provides an effective
method to solve this problem.®*>'%>*°%**! for example, drug
eluting stents have a simultaneous requirement of a sustained
inhibition of the proliferation of smooth muscle cells (SMCs) but
a promotion of the endothelial cells (ECs). Ji et al. prepared a
zwitterionic MPC-based methacrylate coating on the stent surface
to load rapamycin and introduced an EC-specific ligand peptide
(Arg-Glu-Asp-Val, REDV). Their interesting results showed that the
coating can resist the nonspecific adsorption of SMCs while
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enhancing the attachment of ECs after 8 days of drug release. In
their work, a rabbit iliac injury experiment was carried out using
this coated stainless steel stent, resulting in a significantly
enhanced re-endothelialization without neointimal hyperplasia.***
Hotta et al. also developed a drug-eluting coating for stents using
MPC polymer as the non-thrombogenic unit, and a micropatterned
hydrogenated amorphous carbon as the cell-compatible unit. The
stent surface can effectively suppress the platelet adhesion and
promote the proliferation of endothelial cells.**

Most recently, an MPC polymer was grafted onto the surface
of 316L stainless steel through a photo-induced radical poly-
merization to endow it osteogenic and antibacterial properties
for orthopedic applications.>**> Ghosh et al. also modified
the commonly used a titanium alloy (Ti6Al4V) with an MPC
polymer with a uniform surface, less roughness, and low cell
attachment to fulfill the requirement of hip arthroplasty.>*®

Implantable glucose sensors are very useful for monitoring
the blood glucose level of diabetics; however, they still lack
in vivo long-term reliability owing to the inflammation and
fibrosis around the sensors, which both decrease their sensitivity
(blocking glucose transportation) and shorten their lifetime. To
address this problem, Wang et al. developed a hydrogel coating
incorporated with pH-sensitive molecularly imprinted polymer
(MIP) nanospheres.’® The MIP nanospheres (4 wt%) are loaded
with the anti-inflammatory drug, dexamethasone-21 phosphate
disodium (DXP). This coating shows a faster release profile of
DXP at a lower pH value, which has potential for the successful
suppression of the inflammation and an improvement in
their lifetime.

A glycocalyx-like polymeric layer can also provide an effective
anti-fouling surface for implant biomaterials to suppress
protein adsorption, reduce platelets, and bacterial and mammalian
cell adhesion.”®?% For example, Marchant et al synthesized
dendritic saccharide surfactant polymers using poly(amidoamine)
and maltose dendron, which can form a dense protective layer,
similar to glycocalyx, to effectively decrease platelet adhesion by
more than 90%.7°" A similar strategy can also be applied to a
silicone elastomer, i.e., polydimethylsiloxane, to achieve non-
adhesive glycocalyx-like properties.*®” Interestingly, after being
coated on the surface of commercial totally implantable venous
access ports (TIVAPs) in a rat model with a biofilm infection
from two biofilm-forming pathogens, the biomimetic glycocalyx-
like polymer helped to effectively prevent the initial adhesion of
the pathogens. In this way, the coated TIVAPs could result in
a 4-log reduction of biofilm formation and the associated
occlusion, which exhibited significant potential to minimize
the clinic complications caused by implantable medical devices.>*®
Stupp et al. also reported supramolecular sulfated glycopeptide
nanostructures with a filamentous shape and an internal B-sheet
backbone. The nanostructures can display trisulfated monosac-
charide on the surface to bind specific proteins. They were
designed to amplify the signaling of bone morphogenetic
protein 2 (BMP-2, important growth factor for bone repair) by
utilizing the specific affinity between the polysaccharides and
proteins. Finally, they can promote the bone regeneration in
the spine at a 100-fold lower dose than expected.>*”
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3.3 Tissue engineering

It is well known that tissue engineering is based on three main
factors: cells, scaffolds and growth factors. Scaffold materials
play very important roles in the development of tissue engineering
to repair or replace various tissues such as bone, skin and blood
vessels. Different from traditional implant materials, tissue
engineering scaffolds require material surface properties for cell
adhesion and proliferation, in addition to the non-fouling and
biocompatibility properties. However, a dilemma occurs because
cell adhesion is mostly guided by cell adhesion-mediating
proteins/peptides,**®*?°® and non-fouling material surfaces,
e.g., poly(ethylene glycol) modified or traditional zwitterionized
surfaces, may thus inhibit cell adhesion after suppressing
protein adsorption.”’**'" Specifically, for the purpose of com-
mercializing cell-based biomedical products in the regenerative
medicine fields, it is necessary for stem cells to be cultured in a
serum-free and animal-derived component free cell culture to
ensure biological safety. Thus, to fulfill the simultaneous anti-
protein non-fouling and cell adhesion requirements of tissue
engineering, quite a few cell membrane bioinspired strategies
have been developed in recent years.

As addressed above, traditional antifouling polymeric blocks, e.g.,
zwitterionic MPC, must be combined with other cell-adhesive units
(with delicately controlled ratios) to be capably applied as tissue
engineering scaffolds.>'*>'> For example, Wachiralarpphaithoon
et al., reported a PMCP based porous hydrogel, acting as a 3D
cell cultivation environment as cell/tissue matrices.>'® In this
system, the cytocompatible MPC was crosslinked with poly-
phosphoesters, which provided tunable degradation sites and
promoted the adhesion and proliferation of mouse osteoblastic
cells (MC3T3-E1). Collagen is another commonly used component
endowing a cell-adhesive property to MPC-based polymers.'**"”
For instance, Liu et al, prepared an interpenetrating network
hydrogel using collagen and MPC."®* The hydrogel exhibited a
well-enhanced mechanical strength and enzymatic stability.
Meanwhile, although MPC is an anti-adhesive to cells, the
reported hydrogel still exhibited good growth of the corneal
cells and nerves owing to the cell friendly property of collagen.
After a 12 month implantation of artificial corneas in mini-pigs,
the hydrogel successfully induced the regeneration of the corneal
tissue, tear film, and sensory nerves. Recently, an MPC block was
also fabricated with benzoxaborole and catechol side-groups,
separately, forming a self-healing hydrogel with a dynamic
covalent for 3D cell encapsulation as a potential tissue engineering
scaffold.*'®

Another interesting and effective strategy has been reported
to address this dilemma based on the previously described
choline phosphate (CP),*® which was bioinspired by the structure
of phosphate choline (PC) of a cell membrane. The CP>'®>'°
or CP-based polymer®*>' modified surfaces can promote cell-
adhesion through the CP-PC interaction while suppressing
protein adsorption owing to their zwitterionic property (Fig. 11).
The glass surface was first decorated by CP molecules through
click reaction.”'®*'® This significantly decreases the non-specific
adsorption of proteins such as BSA, collagen, fibrinogen and
serum (p < 0.01). Meanwhile, the CP-modified surface can
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Fig. 11 (A) Schematic illustration of the CP polymer decorated surface
with simultaneous protein-resistant and cell adhesive properties for tissue
engineering. (B) Significantly reduced adsorption of various proteins (BSA,
fibrinogen, collagen and serum) on the surface of PCL-PMCP (**p < 0.01).
(C) The illustration of adhesion, proliferation, osteogenic differentiation of
BMSCs on the PCL-PMCP surface, also with slow degradation phenom-
enon. (D) Fluorescence image of BMSCs adhered on the PCL-PMCP film at
4 day (200x). (E) Alizarin red staining assay showing the mineralized
calcium nodules on the PCL-PMCP film at 21 day (100x). (F) Slow
hydrolytic/enzymatic degradation behaviors of PCL-PMCP films. Repro-
duced from ref. 50 and 51 with permission from American Chemical
Society, Copyright 2017, and with permission from John Wiley and Sons,
Copyright 2019.

improve cell adhesion by almost 3 times more than the control
sample while using human umbilical vein endothelial cells
(HUVECs), HeLa, and L929 cells. It is important to note that
the cell adhesion on the CP-modified surface under the serum-
free condition shows no significant difference compared with
that of serum-containing conditions during the initial 3 h,
indicating that the cell adhesion is mainly mediated by the
CP-PC interaction instead of by the adsorbed ECM proteins. A
comparative study between pMCP- and pMPC-modified surfaces
also revealed their similar protein-resistant but very different
cell-adhesive properties, although they had similar zwitterionic
structures with only the headgroups of reverse orientations.**
Then, a multilayer CP polymer brush modified surface was
prepared by introducing CP groups via post ring opening reac-
tion on a surface pre-grafted with poly(dimethylamino)ethyl
methacrylate (pDMAEMA) via surface-initiated atom-transfer
radical polymerization (SI-ATRP).>" Although the percentage of
CP group was only 24.6%, the multilayer CP polymer modified
surface still had around 5-times more CP groups than the
monolayer surface, and thus it exhibited better protein resistance
and cell adhesion. Recently, polycaprolactone (PCL), a typical
biodegradable biomaterial used in tissue engineering, was
successfully modified with poly[2-(methacryloyloxy)ethyl choline
phosphate] (PMCP) via SI-ATRP.*® The hydrophobic PCL surface
was modified into a hydrophilic state, and the non-specific
protein adsorption was significantly decreased, e.g., up to
91.7% for BSA. Bone marrow mesenchymal stem cells (BMSCs)
adhered well on the surface of the PCL-PMCP films with good
proliferation profiles. For PCL-PMCP films, the activity of
alkaline phosphatase (ALP), and the expression of osteogenic
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differentiation genes (ALP, osteocalcin (OC), collagen I (COL-1),
and Runx2) were significantly higher than that of the PCL film,
even without osteogenesis-inducing supplements, indicating
that PCL-PMCP can promote the differentiation of BMSCs into
osteoblasts due to the phosphate group in the MCP molecule.
Another interesting phenomenon was that the degradation of
PCL-PMCP films was slowed down during the early stage
although they showed a better hydrophilicity, exhibiting great
potential particularly in hard tissue repair. Overall, the
CP-based functional polymers have simultaneous protein-
resistant and cell adhesive properties for the requirements of
tissue engineering scaffolds.

Glycocalyx-like polymeric surfaces have been widely studied
for tissue engineering scaffolds owing to their good biocompatibility,
degradability, and anti-nonspecific adhesion of biomolecules
and cells, while with a desirable adhesive interaction achieved
by the specific interaction between cell membrane glycoprotein
receptor molecules.”’ > For instance, the alginate-amino acid
derivatives were synthesized to modify poly(lactic acid) (PLA)
membranes.?*" They could form a glycocalyx-like surface to promote
chondrocyte adhesion and proliferation, ie., chondrogenesis.
Because PLA is a biocompatible material but lacks functional
groups to realize cell adhesion for tissue engineering, this study
provides a good solution to this problem. Meanwhile, 3D tissue
engineering scaffolds have been widely investigated for the
regeneration of tendon, bone, skin, blood vessels, and cartilage,
etc. PCL is a common electrospun biodegradable material for
these 3D scaffolds, but lacks cell-adhesive groups. Becer et al.
synthesized a series of A,B-miktoarm copolymers with two PCL
segments and one glycopolymer segment. After being electro-
spun to form a 3D membrane, the miktoarm copolymers with
glucose units could effectively improve the cellular interaction
with tenocytes (also enhanced their cell activity) and bio-
compatibility (Fig. 12).>* They further fabricated these glyco-
polymers into highly aligned electrospun membranes to offer
patterning to guide the cell organization for tissue regeneration.**

Cell membrane coated materials may also be applied as
tissue engineering scaffolds to promote the cell proliferation
and their functions. For instance, Zhang et al. coated polymeric
nanofibers (a mixture of polycaprolactone and poly-lysine) with
pancreatic beta cell membranes.””® The resulting nanofibers
exhibited important characteristics as that of the pancreatic
beta cells, i.e., a strong interaction among beta cells in the
pancreas. The proliferation rate and functions of the cultured
beta cells on these nanofibers were significantly increased.
Moreover, the glucose-dependent secretion of insulin from
these cells are 5-fold higher than those cells cultured on
unmodified nanofibers.

3.4 Molecular recognition, diagnosis and imaging

Cell membrane bioinspired polymers are widely applied to
molecular recognition, and for disease diagnosis and imaging,
mainly based on four types of strategies: (1) the cell membrane
bioinspired polymers themselves have molecular recognition
capabilities such as glycocalyx-like polymers that provide recognition
sites for many molecular interaction processes and for the capturing
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Fig. 12 ) Chemical structure of the A;B-miktoarm glycopolymer with
glucose m0|et|es, (B) 3D electrospun membrane constructed by the
glycopolymer for the cellular interaction with tenocytes. Reproduced from
ref. 223 with permission from American Chemical Society, Copyright 2017.

of specific cells,"””">1%207226233 aq well as some specific inter-

actions between proteins (e.g:, C-reactive protein) and phosphoryl-
choline;***?*® (2) The cell membrane bioinspired polymers provide
an anti-fouling platform to resist the adsorption of nonspecific
biomolecules, and other functional moieties are introduced to
realize the recognition of specific biomolecules (e.g:, biotin to avidin,
prefoldin to amyloid B oligomer, antibody to antigen, and peptide
nucleic acid to DNA) or have a diagnosis/imaging function (e.g:, red
fluorescence, AIE, and CT/MR);>*°%193237247 (3) the polymeric
materials are capable of detecting the physical/biological changes
by the incorporated or biomimetic cell membrane channel
proteins;***”'*® (4) the natural or engineer cell membranes are
applied to coat various polymeric materials to obtain cell membrane
biomimetic disease diagnosis and imaging systems.***

The detection of lectin binding is extremely important for
glycobiology and carbohydrate-based nanotechnologies. Kim
et al. reported the recognition and monitoring of interfacial
lectin binding with a very high sensitivity at the nanomolar
level using immobilizing glycopolymers on the surface of a
plasmonic field effect transistor (FET, Fig. 13).>° The glyco-
polymer immobilized FET can simulate the glycocalyx on the
cell membrane to bind and detect lectin within a wide range
of 107'° to 10* M. After being functionalized with pendant
p-glucose residue, it also exhibits a selective binding affinity
toward glucose-binding lectins (concanavalin A, ConA),
whereas the solution also contains various other lectins such
as peanut agglutinin (PNA) and galanthus nivalis agglutinin
(GNA). Most recently, Shan et al. also reported an interesting
glycopolymer-brush interface for the rapid and naked-eye sensing
of lectin (anti-Jadhesion."*’

Human C-reactive protein (CRP) is an annular pentameric
protein, which is generated by hepatocytes in the liver. It is an
inflammatory biomarker in blood plasma, and its circulation
concentration can increase up to 1000-fold within 24-48 h after
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Fig. 13 (A) The Au nanoparticle—glycopolymer conjugates coated FET to
monitor lectin (glucose-binding ConA in this work); (B) detected voltage
signal for different target proteins at 500 and 600 nm excitations, and
also at different protein concentrations. Reproduced from ref. 226 with
permission from The Royal Society of Chemistry, Copyright 2016.

injury (the normal level is approximately 0.8 mg L™ "). Because
there is a well-known specific interaction between CRP and PC
headgroups in the presence of calcium ions, quite a few studies
have investigated the CPR-PC interaction mechanism, or
fabricated various biosensors to monitor the circulation CRP
levels using an MPC-based polymeric surface.>***® For example,
Shimada et al. prepared a thiolated MPC (MPC-SH) to modify the
surface of nanowires through a self-assembly. The resulting
nanowire can reduce the nonspecific biomolecule adsorption
and specifically capture CRP in the presence of calcium ions.**®
Recently, Jiang et al. reported an interesting copolymer film for
the selective capture and purification of CRP in biological fluids
(Fig. 14).>** The highly hydrophilic copolymer film was made
from MPC, providing an anti-nonspecific protein adsorption
characteristic and CRP affinity property, as well as a hydrophilic
N,N’-methylenebisacrylamide as a crosslinker. The film exhibits
a high CRP recognition specificity and selectivity, e.g., in the
SDS-PAGE image, all six other test proteins were detected in the
washing fraction whereas only CRP was observed in the elution
fraction, with the recovery of CRP at nearly 100%. In addition,
when the film was used to purify CRP from a rat serum with
185 mg mL ™" of total proteins, the purity of the obtained CRP
was as high as 95%. Meanwhile, the structural integrity and
functionality of the CRP were maintained well during this
procedure. This newly developed one-step CRP purification
process from complex biological fluids can provide numerous
advantages over traditional multi-step methods.

In a surface protein-imprinted magnetic microsphere bio-
sensor based on polydopamine, a MPC polymer was further
introduced using the ATRP method. The anti-protein nonspecific
adsorption surface could significantly increase the imprinting
factor from 1.53 to 5.74, with only a slight decrease in adsorption
of the target protein (BSA as a model, from 9.39 mg g *
8.26 mg g~ ).>** Most recently, Shi et al. designed a zwitterionic
dendrimer, which was complexed using gadolinium(m) and
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Fig. 14 (A) Schematic illustration of the cell membrane biomimetic polymeric
film for the selective capture of C-reactive protein by the specific PC—CRP
interaction in the presence of calcium ions; (B) chemical structure of the
polymeric film; (C) specificity and selectivity of the polymeric film for CRP using
SDS-PAGE analysis. Reproduced from ref. 234 with permission from American
Chemical Society, Copyright 2018.

entrapped with gold nanoparticles as a dual mode contrast agent
for the enhanced CT/MR imaging of lung cancer metastasis.”®
In this report, a G5.0 dendrimer of poly(amidoamine) (PAMAM)
was modified with several zwitterionic molecules including
MPC, which helped construct a non-fouling surface to obtain
improved pharmacokinetics by avoiding the clearance of the
reticuloendothelial system. The half-decay time could be
prolonged by up to 37.07 h using this strategy, along with a
high r; relaxivity of 13.17 mM s~ .

Recently, Qing et al. reported a biomimetic ionic nanochannel
that can be modulated using cyclic 3’,5'-adenosine mono-
phosphate (cAMP)."*® It was bioinspired by the natural Na“/Ca*
transmembrane behaviors modulated by the binding between
cAMP and the cyclic nucleotide-gating channel proteins in the
cell membrane. The arginine-based copolymer film can selectively
adsorb cAMP by a specific hydrogen bonding, leading to a
precisely cAMP-modulated dynamic gating performance. The
sensitivity is extremely high (10 pmol L") for the fabrication of
potential biosensors.

As previously discussed, cancer cell membrane coated nano-
particles have a specific targeting capability to homologous
tumors.">*'>>™7 Recently, this strategy was also applied to the
preparation of a cancer cell membrane coated nanoprobe for
intravital tumor near-infrared (NIR) fluorescence imaging by
Tian and coworkers (Fig. 15).>*® The nanoparticle has a very
interesting NIR-incoming and NIR-outgoing characteristic
(720 nm emission upon 800 nm excitation), which was
endowed by the conjugated polymer with specific two-photon
absorption and Forster resonance energy transfer (FRET) properties.
In this system, the cancer cell membrane provides excellent
biocompatibility, selective targeting to homologous tumors, and
an effective protection of the encapsulated photoactive polymers
(i.e., retaining the fluorescent property in a physiological
environment). In this way, the polymeric nanoprobe achieved
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Fig. 15 The cancer cell membrane coated fluorescent nanoprobe con-
structed by the functional polymer with two-photon absorption and FRET
characters, for the intravital NIR fluorescence imaging of tumors. Repro-
duced from ref. 248 with permission from American Chemical Society,
Copyright 2018.

many excellent features such as a long-term structural integrity, high
NIR fluorescence quantum yield, photostability (retaining >90%
after 30 min exposure to an 800 nm pulse laser), as well as a
prolonged in vivo circulation time.

3.5 Other biomedical applications

There are many other biomedical applications using these cell
membrane bioinspired functional polymers. For instance, soft
contact lenses, which are usually made of poly(2-hydroxyethyl
methacrylate) (polyfHEMA])-based hydrogels (for the disposable
type) and high oxygen-permeable silicone hydrogels (for the
continually wear type). As for the latter, phospholipid polymers
containing MPC units have been utilized to improve the water
wettability and biocompatibility, while retaining the high oxygen
permeability.”*® Another example was reported by Ziener et al.
through the embedding of non-leaching silver nanoparticles into
a poly(HEMA-co-MPC) film. The resulting film has combined
antifouling (biopassive) and long-term antibacterial (bioactive)
properties. The film exhibited a long-acting antifouling property
even at 2.5 x 10° CFU mL ' of E. coli for 7 days. Meanwhile,
at a very low concentration of embedded Ag nanoparticle
(3.8 ng cm™?), the film could kill more than 99% of E. coli
within 1 h. The mechanism of the long-acting performances of
both antifouling and antibacterial properties was attributed to
the MPC structure as follows: MPC has strong hydrophilicity
to form a hydration layer, which can facilitate the gradual
dissolution of AgNPs into Ag'; and the Ag" could be retained
with the hydration layer without leaching.**°

Cell membrane bioinspired polymers also have great
potential in the field of cell-based biomedical applications. In
these applications such as cell therapy, cell-based assays, and
regenerative medicine, it is necessary to use cells in different
places and occasions, e.g., from a laboratory bench to a clinic
bedside. However, the current cryopreservation of cells at
—196 °C in liquid nitrogen, or at —80 °C/—20 °C for short
distances and timeframes, is inconvenient for clinical operation.
Thus, the hypothermic storage (i.e., 1-35 °C) of the cells is more
desirable. For this purpose, a multifunctional hydrogel was
fabricated using an MPC-based polymer (Fig. 16).>°" The zwitter-
ionic MPC polymer formed a cell-membrane-biomimetic surface
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Fig. 16 Cell-membrane-biomimetic polymeric hydrogel in the microchip
for the hypothermic storage of cells. (A) The formation and dissolution of
the functional hydrogel. (B) The cell-laden hydrogel in the microchip.
(C) The merged fluorescence image (live: green; dead: red) of L929 cells
after being stored in the hydrogel within microchip for 16 days (scale bar:
100 pm). Reproduced from ref. 251 with permission from American
Chemical Society, Copyright 2015.
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with excellent cytocompatibility. A small amount of high mole-
cular weight poly(vinyl alcohol) was also added to cross-link the
MPC-based polymer between the boronic acid group and hydro-
xyl group. The boronic acid groups in the hydrogel could also
provide the binding sites for a gelation-dissolution behavior,
through the addition of low molecular weight sugar molecules
such as p-galactose or p-fructose, for the reversible entrapment/
release of the cells. The cell-membrane-biomimetic polymeric
hydrogel can thus be used for the spontaneous packaging and
hypothermic storage of cells. Its storage capability was investi-
gated using 1929 cells for up to 16 days, and it was found that
the cells can be stored at 4 °C for more than 1 week and at 25 °C
for at least 4 days, with a high cell viability, cell membrane
integrity and intracellular esterase activity. Finally, the cells
released from the hydrogel after several days of storage still
had good cell adhesion and proliferation capabilities under
standard culture conditions of cells.

As discussed before, the cell membrane proteins usually
serve as transport units. Kumar et al. reported a biomimetic
channel-inserted lamellar membrane for ion selective separation.>*>
In this work, artificial and natural model channels, ie., peptide-
appended pillar[5Jarene (PAP5) and gramicidin A, respectively, were
co-assembled with BAB block copolymers to form a multilayered
lamellar membrane (Fig. 17). This nanofiltration membrane
exhibited high selectivity and permeability for different ions,
which could also be well controlled at the molecular level. It
should be noted that this work provides general methods to
prepare a channel-inserted membrane with synthetic or natural
channels for various functions such as ion separation, biosensors
and stimuli-sensitive nanodevices.

The oral healthcare of children and adolescents is challenged
by their brushing habits and orthodontic fixed appliances. To
prevent the demineralization of their teeth and decrease the
occurrence of caries and white spots, topical fluoride treatments
such as a fluoride varnish are widely applied. Most recently,

764 | Mater. Chem. Front., 2020, 4, 750-774

View Article Online

Review

=
o=

1
1
:
1
Channel-inserted lamellar membrane :
|
1
|

g L9282 .
B

Artificial Natural «

channel channel

AT A
BAB triblock copolymer

Fig. 17 Schematic illustration of the bioinspired channel-inserted func-
tional membrane. Reproduced from ref. 252 with permission from Amer-
ican Chemical Society, Copyright 2019.

MPC was added into a light-curable fluoride varnish to obtain a
novel anti-fouling product to prevent tooth enamel deminer-
alization. While at a low MPC concentration (3 wt%), it can
maintain the anti-demineralization property of the fluoride
varnish, and also significantly reduce the adsorption of
proteins. Meanwhile, it obviously decrease the adhesion of various
bacteria such as Streptococcus mutans, Actinomyces naeslundii and
Streptococcus sanguinis. Thus the MPC-containing fluoride varnish
exhibits great potential for oral healthcare owing to its low
bacterial adhesion and demineralization depth, as well as its high
microhardness retention rate.>>* This strategy may also be applied
to quite a few polymeric materials for dental applications.’

4. Challenges and future outlook

Looking into the future, functional polymers bioinspired from
cell membranes may have increasing applications in the bio-
medical field. Their interesting properties such as biocompatibility,
non-specific protein/cell resistance, and specific biomolecules/cell
recognition and interaction, endow them with desired and effective
capabilities in drug/gene delivery, tissue engineering, implants,
molecular recognition and other biomedical applications. However,
most of these cell membrane bioinspired functional polymers are
quite complex and require dedicated preparation procedures. Thus,
how to scale up these functional polymers, ie., improve their
producibility to become clinic biomaterials or medical devices,
remains a significant challenge. Meanwhile, there have only been
a few reports'®® on how to combine several cell membrane
bioinspired units together and obtain a synergistic effect of their
functions in biomedical applications, leaving a large challenge for
material design strategies.

Several points might be helpful to address the above problems.
First, more interdisciplinary cooperation with other basic science
such as biology and medicine can obtain a more deeper under-
standing of the relationship among the chemical components,
physical structure, and functions of cell membranes. Thus, it is
possible to further simplify the bioinspired design of functional
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polymers and focus more on its key points. Second, these
advanced polymerization (e.g., ATRP and interfacial poly-
merization®®*) and preparation methods (e.g., LbL) should be
taken into consideration when designing these functional
polymers with a controllable molecular weight, molecular
weight distribution, and functional groups. Finally, it is desirable
to investigate their biocompatibility, bioactivity, and biofunctions
to achieve the optimum performance in a large-scale model based
on a cell membrane simulation, and thus accelerate the research
process before potential use in medical products.

It is known that some MPC-based polymeric materials have
been clinically applied after FDA authorization, such as the
coatings of intravascular guide wires, intravascular stents, soft
contact lenses, and oxygenators.®"**> As another example of
recent progress in this field, Fujiwara et al. reported a single-
blind, randomized, placebo-controlled and crossover clinical
trial of an MPC polymer in 2019.>°° In this clinical trial using
20 healthy subjects, a 5% MPC polymer mouthwash was
applied during two treatment periods separated by a 2-week
washout period. As compared with the control group
(PBS treated), the MPC-containing mouthwash significantly
decreased the number of total bacteria (including oral strepto-
cocci), as well as the DNA amounts of the total bacteria and
Fusobacterium nucleatum. Thus, the MPC polymer may become
a real mouthwash product in the near future for controlling the
oral microflora by suppressing the bacterial adhesion. Overall,
we would anticipate an increasing number of cell membrane
bioinspired functional polymers, e.g., zwitterionic polymers
and some glycosylated polymers, will advance into clinic bio-
medical materials and devices after lengthy research.
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