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ABSTRACT

This review summarizes recent research on the design of polymer material systems based on
biomimetic concepts and reports on the medical devices that implement these systems.
Biomolecules such as proteins, nucleic acids, and phospholipids, present in living organisms,
play important roles in biological activities. These molecules are characterized by heterogenic
nature with hydrophilicity and hydrophobicity, and a balance of positive and negative charges,
which provide unique reaction fields, interfaces, and functionality. Incorporating these mole-
cules into artificial systems is expected to advance material science considerably. This approach
to material design is exceptionally practical for medical devices that are in contact with living
organisms. Here, it is focused on zwitterionic polymers with intramolecularly balanced charges
and introduce examples of their applications in medical devices. Their unique properties make
these polymers potential surface modification materials to enhance the performance and
safety of conventional medical devices. This review discusses these devices; moreover, new
surface technologies have been summarized for developing human-friendly medical devices
using zwitterionic polymers in the cardiovascular, cerebrovascular, orthopedic, and ophthal-

mology fields.
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1. Introduction I . : L
relationship between a medical device and living tissues

Medical devices are indispensable for treatment and
diagnosis in current healthcare. Artificial organs that
replace some of the functions of the living system and
diagnostic test kits that capture and diagnose molecules
present in the body have made significant contributions
to medical care to sustain human life and improve qual-
ity of life. They have been developed based on materials
science and bioengineering [1]. However, the large gap
between living systems and artifacts can result in medical
devices causing disorders in living organisms [2-4].
Physicians and patients must weigh the effects of the
treatment against its impact on the organism and make
choices regarding its use. To evaluate the effects, it is
essential to create an interface that mediates the

[5,6]. Living tissues are embryologically divided by cells
to produce the necessary properties and functions, form-
ing unique shapes and features to suit the individual [7].
Additionally, these tissues can precisely express their role
in a fluid-mediated environment and have specific
mechanical properties. Furthermore, natural tissue can
be processed without causing damage to the living sys-
tem when it is no longer needed, and can partially be
regenerated [8]. These features are challenging to imitate
with artificial material systems that are used to fabricate
medical devices. In other words, in medical devices,
which are formed by combining multiple parts made
from industrially standardized and straightforward
materials, there is concern that loss of function will not
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be repaired and the device will further damage living
systems [9]. The fabrication of materials that appropri-
ately mediate the interface between different biological
tissues and medical devices is a central theme in bioma-
terials research [10].

In living systems, cells are highly organized to main-
tain their biological activity. Cells produce energy
through molecular reactions and are responsible for
accurate transmission and control of information. If
the information transfer fails, biological activities may
cease [11]. For suitable molecular recognition, the reac-
tivity with the target molecules must be enhanced,
while unwanted molecular reactions must be prevented.
Characteristic properties of the cell surface play an
essential role in this function [12]. The concept of
improving the performance of materials and equipment
by mimicking the superior properties of biological sys-
tems is scientifically termed ‘biomimetics’ [13,14].
Mlustrative examples include morphological mimicry
of water-repellent lotus leaves and molecular mimicry
of energy production, as in the molecular mechanism of
photosynthesis. This review focuses on polymer mole-
cular design methods based on functional mechanisms
relating to antifouling and lubricious interfaces, using
biomimetics at the molecular level.

The interface between living and artificial systems
often induces disturbances owing to their very differ-
ent properties [15-17]. For example, biological fouling
by marine organisms such as shellfish and algae that
adhere to boats, fishing nets, and window surfaces of
giant aquarjum tanks is a phenomenon commonly
observed in ecosystems [18,19]. This can lead to the
complete loss of functions of the observation equip-
ment, sensors, and other devices, making it impossible
to respond in an emergency. The removal of these
contaminants requires a significant amount of time
and money. In the atmosphere, the contamination of
materials and paints reduces the energetic efficiency of
solar panels and wind power generation equipment
and induces secondary problems such as freezing [20].
Such phenomena occur on common material surfaces,
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and chemicals and paints that leak metal ions have
been used to prevent them. However, these metal ions
induce environmental pollution.

Various biological responses and infections may
impair medical devices used in vivo; this may reduce
the effectiveness of treatment and increase infected
tissue, which can endanger lives [21-24]. These results
are based on a series of biological reactions that are
strongly related to various biomolecules and cellular
systems present in living systems. Figure 1 shows
representative biological reactions at the surface of
materials. When medical devices are used to treat
patients, they invade the living body. Living organisms
undergo a healing process to repair this invasion and
maintain life [25]. A change in the equilibrium state
(homeostasis) is known as a disease. Homeostasis is a
dynamic state in which the coordination of biomole-
cules occurs in a time-dependent manner. If the mate-
rial in contact with the dynamic state of the biological
tissue is static or its properties are very different from
those of the biological tissue, a new biological reaction
occurs that eliminates the two without applying them
to each other.

Here, the focus is on the polymers produced by
biomimetic concepts that result in biomaterials due
to the unique structure and properties of living organ-
isms. The development and characteristics of medical
devices using these polymers have also been discussed.

Recently, the validity of biomimetic concepts has
been confirmed in various fields, contributing to
society [26,27]. Figure 2 shows a schematic represen-
tation of the biomimetic concept. Biomimetics can be
classified into three types according to their levels:
morphological mimetics that are based on the mor-
phology of living organisms, molecular chemical
mimetics based on the structure of biomolecules, and
biofunctional mimetics that artificially reproduce the
necessary elements by elucidating the functions
expressed by living organisms at the molecular level.
Development of low aerodynamic drag inspired by the
form of a bird’s bill and the form of a ship that mimics
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Figure 1. Representative biological reactions of medical devices and their required surface properties.
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Figure 2. Biomimetic concepts for materials design.

the shape of a fish are examples of morphological
mimicry. Examples of biomimicry at the molecular
level include the synthesis of polyesters, polyamides,
and polypeptides that mimic the scientific structures
and formation processes of proteins and nucleic acids.
In contrast, mimicking biological functions requires
an understanding of the root causes of functional
expression. The key is to achieve a complex system
in which many biomolecules form sophisticated reac-
tion systems and structures using a simple artificial
system structure. Furthermore, simplifying this pro-
cess is essential for implementing functional biomimi-
cry in devices.

For the development of biomimetic polymers, atten-
tion has been paid to the polar groups of phospholipid
molecules present on the surfaces of cell membranes
[28-30]. Figure 3 shows a schematic representation of
the cell membrane structure, including various biomo-
lecules and their functions. The cell membrane basically
takes a phospholipid bilayer membrane structure; the
polar groups of the phospholipid molecules that form
this bilayer membrane are asymmetric [31]. Most phos-
pholipid molecules inside the cell membrane have
weakly acidic phosphatidylethanolamine or acidic
phosphatidylserine as polar groups. These regulate the
ion balance in the cell membrane and are responsible
for the transmission of information. In contrast, phos-
phatidylcholine and sphingomyelin, which have a

phosphorylcholine group with a neutral charge state,
occupy most of the surface in contact with the extra-
cellular aqueous phase. Glycoproteins and membrane
proteins are present on the cell membrane surface,
accurately capturing signal molecules from the outside
and transmitting information into the cell. Currently,
the non-specific capture of information molecules on
the cell membrane surface causes a significant decrease
in cell function and additionally generates an unfavor-
able biological reaction as a secondary stimulus. The
normal outer membrane itself has a structure that sup-
presses non-specific reactions with biological compo-
nents, and it is considered that the phosphorylcholine
group plays a role at the functional group level [32,33].
Therefore, biomimetic polymers, in which phospholi-
pid molecules are introduced into polymers, have been
studied [34-36]. It has been found that the introduction
of these polymers to surfaces of medical devices can
prevent biological contamination and inhibit the reac-
tion of biological tissues, thus extending the life of
medical devices [37-41].

2. Biomimetic polymers with zwitterionic
polar groups

Biomacromolecules play a significant role in biological
reactions and regulation in living organisms. They are
produced mainly by amino acid derivatives or

Phospholipid double layered membrane (Molecular assembly of lipids)
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Inner cell membrane : phosphatidylethanolamines, and phosphatidylserines
Inside of cell membrane : cholesterols for controlling membrane fluidity

Interface of bioreactions
Resistance of unfavorite reactions
Promotion of selective reactions

, Proteins

Glycoproteins
Glycolipids
(Polysaccharide chains)

Molecular recognition
Signal transfer

Surface lubrication

Proteins : poly(amino acid) with peptide bond
Membrane proteins for regulating
signal transfer and cellular reactions

Figure 3. Biological components and their characteristics of the cell membrane surface.
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phosphoric acid derivatives through polycondensation.
The composition, structure, and sequence of each unit
determine the primary structure, and intramolecular
interactions give a specific morphology of the whole
molecules. In terms of the chemical structure of these
biomacromolecules, amino acids have carboxyl and
amino groups, and phospholipid molecules have phos-
phate and ammonium groups. Therefore, both anions
and cations exist in the molecules; these structures are
termed ‘zwitterionic’ structures. In recent years, zwit-
terionic polymers have become the subject of consider-
able research in synthetic polymers, based on a
molecular design inspired by the structure of bioma-
cromolecules. Their synthesis, physical properties, and
functional evaluations have been extensively studied
[42-44]. In particular, their ability to generate novel
polymers through addition polymerization is highly
advantageous in research and subsequent practical
applications because of the stability of the molecules
and ease of molecular design when adding functions.
Therefore, the creation of monomers with functional
properties is indispensable. A variety of monomers
have been synthesized with various changes in the
structures of polymerizable and zwitterionic groups
for use as raw materials for zwitterionic polymers
[45-47]. The typical chemical structures of monomer
are shown in Figure 4. Combinations of various poly-
merizable and zwitterionic groups that can undergo
addition polymerization are shown. Also monomers
have been synthesized to produce polymers via poly-
condensation, polyaddition, or ring-opening polymer-
ization, and there is a growing variety of these
compounds. The most studied monomer is a com-
pound with a zwitterionic phosphorylcholine group
attached to its side chain [48]. As shown in Figure 4,
the phosphorylcholine group has a phosphate anion
and trimethylammonium cation, both of which are

Polymerizable groups
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well-balanced in the molecule, therefore the overall
charge is neutral.

In 1987, Ishihara et al. developed efficient proce-
dures for the synthesis and purification of 2-metha-
cryloyloxyethyl  phosphorylcholine (MPC), a
methacrylate monomer with a phosphorylcholine
group [49]. Figure 5 shows the molecular design and
chemical structure of MPC and its polymer. Based on
this process, the Japanese chemical company NOF Co.
has been producing high-purity MPC since 1999.
Currently, MPC is readily available as a reagent to
researchers worldwide, resulting in considerable
advances in the field. MPC can easily be polymerized
by a normal radical reaction and copolymerization
with other vinyl monomers [50,51]. Therefore, poly-
mers with various properties can be obtained by chan-
ging the chemical structure and composition of the
monomer unit and controlling the molecular weight.
Furthermore, as recent living radical polymerization
methods can be applied, polymers having a precisely
defined molecular structure, including block-type and
graft-type copolymers, have been synthesized [52-56].
The most representative MPC polymer for surface
coating on substrates is poly(MPC-co-n-butyl metha-
crylate (BMA)), which is random polymer with a 30
mol% MPC unit composition (PMB) [48,49,57].

The hydration state of zwitterionic polymers pro-
vides an essential insight into their unique functions
and has been abundantly researched [58,59]. The
phosphorylcholine group of MPC polymers exhibits
a characteristic hydration state in aqueous mediums
[60]. Figure 6 shows the hydration structure around
the phosphorylcholine group of the assumed poly
(MPC) (PMPC) (Figure 6(a)) and the results of the
simulation of the molecular structure in water (Figure
6(b)). The PMPC takes rod-like molecular morphol-
ogy in an aqueous medium and a cross-section of a
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molecular chain seems fully covered by the main chain
with bulky phosphorylcholine groups. The number of
hydrogen bonds in the surrounding water molecules
was analyzed by Raman spectroscopy of aqueous solu-
tions of the PMPC, and it was found that the number
of hydrogen bond defects per MPC unit was approxi-
mately —0.1 [61]. This is significantly smaller than the
1.0 value found for poly(ethylene glycol) (PEG), a
representative non-electrolyte-based water-soluble
polymer, and the 4.5 value for poly(acrylic acid)
(PAA), a polyelectrolyte. The dissolution of water-
soluble polymers generally requires the hydration of

water molecules into the polymer chain; therefore,
hydration affects the structure of the surrounding
water molecules. However, in the case of PMPC,
hydration is considered to occur with little or no effect.
As described above, the chemical structure of the
phosphorylcholine group suggests the possibility of
hydrophobic hydration, rather than strong hydrogen
bonding or ionic hydration [29,62]. This is explained
by the clustering of water molecules by hydrogen
bonding with each other. As the MPC unit is electri-
cally neutral, the phosphate anion and trimethylam-
monium cation are close together, resulting in an
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outward orientation of the three methyl groups
attached to the nitrogen atom. This provides a suitable
site for hydrophobic hydration. It is energetically
advantageous for water molecules to adopt a clustered
structure around hydrophobic functional groups as
they hydrogen bond to other water molecules instead
of interacting with the hydrophobic functional groups.
Therefore, it can be inferred that the MPC unit has a
minimum number of hydrating water molecules
around the charged groups. In contrast, water mole-
cules take on a cluster structure equivalent to bulk
water, owing to hydrophobic hydration in the sur-
rounding the phosphorylcholine groups. It is reported
that the state of water molecules at the phosphatidyl-
choline-aligned interface is similar to that of the bulk
water phase. The mobility of water molecules is not
affected by the interface, as measured by two-dimen-
sional heterodyne-detected vibrational sum-frequency
generation (2D HD-VSFG) spectroscopy [63].
Molecular dynamics calculations also indicate that
the NH 4+ ions of phosphatidylethanolamine cleave
hydrogen bonds between water molecules in the sec-
ond hydration layer. However, the N(CH;)4+ ion of
phosphatidylcholine has been reported to weakly bind
to water molecules in both the primary and secondary
hydration layers, increasing the hydrogen bonds
between water molecules [64]. Recently, precise ther-
mal analysis has been performed using aqueous zwit-
terionic polymer solutions, and the relationship
between the water structure and polymer structure
was reported. According to this, the PMPC aqueous
solution contains more anti-freeze and intermediate
water than the aqueous solutions containing carbox-
ybetaine polymer or sulfobetaine polymer [65].
PMPC does not undergo significant changes in
molecular morphology or solubility with pH or ionic
strength in aqueous solutions [66]. This feature differs
significantly from that of common polyelectrolytes
[67]. Specifically, in polyelectrolyte solutions, a rapid
increase in viscosity is generally observed when the
polymer concentration is lowered. This is because the
counterions bind to the charged functional group and
become electrically neutral, creating an electrostatic
shielding effect, leaving the functional group when
the concentration is low and increasing the effective
charge of the polymer chain. As a result, the molecular
chain spreads due to electrostatic repulsion. However,
because phosphorylcholine groups do not have coun-
terions, the polymer state can only partially depend on
the polymer concentration. From the neutron scatter-
ing results of PMPC-grafted interfaces, Takahara et al.
deduced that PMPC chains spread in water and that
their state is independent of changes in ionic strength
[68]. The in vivo environment does not change sig-
nificantly; therefore, analysis of the surface using the
in vivo environment is required. MPC and several
representative MPC polymers, including PMB, are
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commercially available as reagents, and their functions
are being studied worldwide [48]. In addition, many
researchers have synthesized vinyl monomers with
phosphorylcholine groups on the side chain and
reported their polymerization and polymer solubility
(see Figure 4) [69].

In response to research results on polymers with
phosphorylcholine groups, there have been many stu-
dies on varying zwitterionic polymers and their medical
applications [70-78]. These are sulfobetaine and car-
boxybetaine groups, which are derived from biomole-
cules such as sulfated polysaccharides and amino acids,
respectively. With both positive and negative charges in
a single molecule, these polymers are thought to exhibit
properties equivalent to those of phosphorylcholine
groups; however, they exhibit different characteristics
depending on the type of functional group and struc-
ture of the substituent. For example, sulfobetaine com-
pounds have a very low water solubility [79,80]. This
may be due to the intramolecular sulfonate anion and
trimethylammonium cation acting individually, result-
ing in strong intermolecular electrostatic interactions.
The solubility of sulfobetaine compounds in aqueous
NaCl solutions is high, and the electrostatic shielding
effect of counter ions is remarkable. In other words,
sulfobetaine-based polymers show good aqueous solu-
bility under high ionic strength, such as in biological
environments. The formation of ionic bonds within and
between sulfobetaine groups has attracted attention
[81]. The effects of salt precipitation and deposition by
multivalent jons in living organisms may be considered
for future research when these sulfobetaine compounds
are used as biomaterials in biological environments for
extended periods. Carboxybetaine compounds have a
high water solubility, and this feature is maintained in
polymers. When considered in the same way as phos-
phorylcholine groups, the zwitterionic ionic structure of
weak acids and strong bases maintains the ion balance
within the molecule, resulting in a good hydration state
[82]. Additional zwitterionic groups, such as phosphor-
ylserine [83-85], choline phosphate [65,66,86,87], and
amine-oxide [88], can be introduced into the polymer
chain, and their fundamental functions are reported in
Figure 4. These polymers have unique functions
depending on their chemical structures. Additionally,
charge-balanced polymer systems based on the equili-
brium combination of polyanions and polycations
(polyampholytes) have been investigated [89-92]. The
application of polymerization and copolymerization of
the corresponding vinyl monomers is also advanta-
geous because the chemical structure, composition,
and molecular weight of the monomer units can be
easily controlled, allowing for the complexation of func-
tions. Advanced living radical polymerization methods
have been applied to precisely define polymer struc-
tures, making it possible to guarantee safety and other
factors [90].
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3. Zwitterionic polymers at the interface of
biomaterials

The interfacial properties required of materials to con-
trol reactions with biomolecules and cells can be deter-
mined by assuming that the material is a water
medium that is exposed to a dynamic environment
[93,94]. Interfaces that do not allow cells to adhere
must either not adsorb adhesion proteins using the cell
adhesion mechanism or not reveal peptide sequences
that serve as adhesion ligands through conformational
changes in the adsorbed proteins. There have been
many reports on the effects of zwitterionic polymers
on these interfacial properties [35,69,95,96].
Whitesides et al. examined the protein adsorption
behavior of self-assembled membranes with various
functional groups and provided molecular insights
into the chemical structure of the surfaces that prevent
protein adsorption [97]. They have proposed four
requirements for inhibition of protein adsorption,
these are hydrophilicity, charge neutrality, the pre-
sence of hydrogen-bonding acceptor groups, and the
absence of hydrogen-bonding donor groups.
Phosphorylcholine and carboxybetaine groups satisfy
these conditions. Although the carboxybetaine group
is pH-dependent, it is electrically neutral under biolo-
gical conditions. These facts indicate the potential use
of zwitterionic polymers as biomaterials.

Compared to PEG-immobilized surfaces, which are
generally considered to be able to inhibit protein
adsorption, the polymer structure enables stable sur-
face treatment with functional groups. These groups
have an affinity to the surface and simple surface
treatment processes [98-100], exploiting the fact that
the monomer unit expresses the function and thus has
a wider range of applications. PEG is a polyether and is
therefore easily oxidized [101,102]. Therefore,
although PEG is widely used to inhibit protein adsorp-
tion at the research level, there are few examples of its
application in medical devices for clinical use.

When zwitterionic polymers are used to modify
material surfaces, it is necessary to bind them to the
surface stably using a simple process. These methods
have varied applications, depending on the surface
modification process and nature of the surface to be
modified. Recently, biomimetic processes have
attracted considerable attention as shown in Figure 7
[107]. The corresponding reactions revealed that the
molecular chemical mechanism of mussel adhesion to
rocks mimics that of the chemical structure of the
dopamine groups. Therefore, by introducing aromatic
polyhydric-hydroxyl groups into the polymer chain,
stable polymer-modified layers can be formed. This is
done via hydrogen bonding and chelate formation
through oxidation reactions between polyhydric
hydroxyl-substituted aromatic substituents, which
introduces surface crosslinking via the hydroxyl
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group. This method can be applied to several base
materials and may simplify the surface treatment pro-
cess in cases where not only polymers but also metals
and ceramics are used, such as in medical devices
[108,109]. It will become an effective surface treatment
method in the future when more detailed studies have
been conducted on its stability and safety. The binding
strength of polyhydric-hydroxyl-substituted aromatic
compounds to a wetted surface depends on the num-
ber of hydroxyl groups attached to the aromatic ring.
To apply this biomimetic process as a surface treat-
ment for zwitterionic polymers, the introduction of
polyhydric-hydroxyl-substituted aromatic functional
groups has been investigated [107,109,110]. The sim-
plest method is the condensation of dopamine into a
zwitterionic polymer with carboxyl groups (Figure 7
(a)) [103]. MPC polymers synthesized using this
method have been found to reduce cell and bacterial
adhesion to metals, such as titanium and silicon sub-
strates [111]. The molecular structure cannot be
defined because of the difficulty of 100% substitution
in polymeric reactions.

Copolymerization with polyhydric-hydroxyl-sub-
stituted aromatic monomers has recently been studied
(Figure 7(b)) [104]. Because polyhydric-hydroxyl-sub-
stituted aromatic compounds have large radical chain
transfer constants, they exhibit poor addition poly-
merization ability and do not increase in molecular
weight. However, this has been overcome using sol-
vents and initiators. Living polymerization techniques
can also be applied, and polymers with well-defined
structures have been successfully synthesized
[112,113]. There are also methods to create more
stable and highly functional surfaces, such as introdu-
cing reactive polymers to dopamine by forming an
oxidative polymerization film on the base material
(Figure 7(c)) [105], or graft polymerization by intro-
ducing an initiator for living radical polymerization
(Figure 7(d)) [106]. These have potential as methods
for modifying the surfaces of medical devices, and
further research is expected.

As a surface treatment for metals and ceramics, the
stable chemical fixation of polymer chains by silane
coupling reactions is also effective in manufacturing
medical devices. Because this reaction is industrially
established and monomers with silane coupling
groups are readily available, many studies have been
reported [114,115]. MPC polymers with silane cou-
pling groups are synthesized to improve the resistance
of protein adsorption and lubricity of the substrates
[116,117]. Silane coupling groups and hydroxyl
groups are introduced into the polymer chains for
the surface treatment of stainless-steel substrates, and
intermolecular cross-linking reactions are performed
[118]. In both cases, stable surfaces can be obtained
near the biological environment.
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Figure 7. Biomimetic surface immobilization procedure with zwitterionic polymers. (a) MPC polymer with catechol moiety
prepared by polymer reaction and the atom force micrographic images at the surfaces titanium substrate before and after
surface treatment. Reprinted with permission from [103]. Copyright (2011) elsevier. (b) Copolymerization of MPC with dopamine
methacrylamide (DMA). Reprinted with permission from [104]. Copyright (2019) American chemical society. (c) Coating procedure
on the substrate by polymer reaction with MPC polymer with the epoxy group following dopamine polymerization. Reprinted with
permission from [105]. Copyright (2022) elsevier. (d) Surface-initiated atom transfer radical polymerization (SI-ATRP) after
immobilization of the initiator by dopamine chemistry. Reprinted with permission from [106]. Copyright (2015) American chemical

society.

In addition to the formation of a stable surface-
modified layer, chemical durability in a sterilization
environment is an essential factor when applied to
medical devices. Ethylene oxide gas, high-pressure
steam, and radiation sterilizations are currently used,
and the effects of these conditions on zwitterionic
polymers have been reported [119]. Although the sta-
bility of the surface-modified layer on the substrate
varies, and the results do not represent the effect of
sterilization conditions alone, it has been reported that
the thickness of the surface-modified layer on sulfobe-
taine polymers changes less than 5% after sterilization
using an electron beam and approximately 30% when
hydrogen peroxide is used. The hydrolysis of ester
bonds in the side chains of a representative sulfobetaine
polymer, 2-methacryloyloxyethyl)-dimethyl-(3-sulfo-
propyl)ammonium hydroxide (SBMA) polymer, when
autoclaved, is reported to be improved by alternating it
with an amide bond [120]. To resolve this problem,
poly(4-vinylpyridine)-based sulfobetaine polymers
have been synthesized (Figure 4) [121]. However, y-
ray radiation sterilization is mainly used for MPC
polymers when used in actual medical devices.

4. Medical application of zwitterionic
polymers

Research is underway to improve the blood and tissue
compatibility of various medical devices using zwitter-
ionic polymers molecularly designed based on biomi-
metic concepts. Some of these medical devices have
been approved by organizations and are used clinically
to improve the quality of life of patients. The results
are summarized in Table 1 [75,122-136], and several
examples of these studies are described in this section.

4.1. Medical devices in contact with blood

4.1.1. Cardiovascular devices

Most cardiovascular medical devices are used in an
environment in which they are in long-term contact
with blood. Therefore, it is important to prevent blood
coagulation, which is suppressed through the com-
bined use of anticoagulant therapy. A coronary stent
is a medical device that utilizes metal strands to patent
anarrowed portion of a blood vessel [137]. A coronary
stent is an endovascular treatment that is placed at a
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Table 1. List of medical devices using biomimetic zwitterionic polymers.
Zwitterionic group Polymers Functions Surface modification mode Medical devices Ref.
Phosphorylcholine  PMPC Lubricity Grafting on cross-linked UHMWPE  Atrtificial hip joint [122]
Approved
Poly(MPC-co-BMA)  Blood compatibility Solution casting on titanium Implantable blood pump [123]
(PMB) (LVAD)
Approved
Anti-infection Solution casting on poly(glycolic ~ Suture [124]
acid) fibers Approved
Protein adsorption resistance Solution casting on polyurethane Implantable glucose sensor  [125]
for wearable artificial
pancreas
Approved
Anti-infection Solution casting on PDMS Central venous catheter [126]
Tissue compatibility Approved
Poly(MPC-co-DMA)  Blood compatibility Solution casting on polypropylene Oxygenator (Artificial lung)  [127]
(PMD) porous membrane Approved
Poly(MPC-co-DMA-  Blood compatibility Solution casting and reacting on  Cardiovascular stent; polymer [128]
HPMA-co- stainless steel wire coating stent
TMSPMA) Approved
Blood compatibility Solution casting and reacting on  Cardiovascular stent; drug [129]
Drug reservoir stainless steel wire eluting stent
Approved
Blood compatibility Solution casting and reacting on  Flow diverter device [130]
Lubricity titanium wire Approved
Poly(MPC-co- Protein adsorption resistance Hydrogel formation Soft contact lens [131]
HEMA-co- (Omafilcon A)
EGDMA) Approved
Poly(MPC-co- Anti-biofouling Reaction to silicone hydrogel with Silicone hydrogel contact [132]
AEMA) Lubricity carboxy group lens (Lehfilcon A)
Tissue compatibility Approved
Wetting property
Sulfobetaine Poly(SBMA-co- Anti-biofouling Cross-linking reaction with Blood separation device [133]
GMA) ethylene diamine on Approved
polypropylene fiber
PSBMA Cell adhesion control for Graft polymerization on initiator-  Intraocular lens [134]
preventing posterior capsular immobilized PMMA surface Under research
opacification
Lubricity Photoinduced Graft Cochlear implant [75]
polymerization on PDMS Under research
Carboxybetaine Poly(CBAAm-co- Anti-biofouling Solution casting on plasticized Blood circuit [135]
BPAAmM) Prevention of elution of PVC tubing Under research
plasticizer
Poly(CBMA-co- Blood compatibility Solution casting on polypropylene Oxygenator [136]

SMA)

hollow fibers Under research

Abbreviations: PMPC: poly(2-methacryloyloxyethyl phosphorylcholine), MPC: 2-methacryloyloxyethyl phosphorylcholine, BMA: n-butyl methacrylate, DMA:
n-dodecyl methacrylate, HPMA: 2-hydroxypropyl methacrylate, TMSPMA: 3-trimetoxysilylpropyl methacrylate, EGDMA: ethylene glycol dimethacrylate,
AEMA: 2-aminoethyl methacrylate, SBMA: 2-(methacryloyloxy)ethyl)-dimethyl-(3-sulfopropyl)-ammonium hydroxide, GMA: glycidyl methacrylate,
PSMBA: poly((2-methacryloyloxy)ethyl-dimethyl-(3-sulfopropyl)Jammonium hydroxide), CBAAm: 1-carboxy-N,N-dimethyl-N-(3"-acrylamidopropyl) etha-
naminium inner salt, BPAAm: N-(4-benzoylphenyl) acrylamide, SMA: n-stearyl methacrylate.

predetermined site by a catheter attached to a guide-
wire from the blood vessel of the thigh. When first
developed, the metal surface of the strands was
exposed (metal-bearing stent). However, with
advances in technology, over the years, the surface
was gradually coated with polymers (polymer-coated
stent), and now, the polymer layer is even incorpo-
rated with drugs (drug-eluting stent). The polymer
coating layer acts as a reservoir for drugs that prevent
thrombus formation immediately after attachment
and the thickening of blood vessels.

Since the 1990s, coronary stents coated with MPC
polymer (BiodivYsio stents, Biocompatibles Ltd.) have
been developed and clinically applied [128,137-139].
This is the first example of a long-term in vivo implan-
table medical device that uses an MPC polymer. MPC
polymers are quaternary copolymers of MPC, hydro-
phobic n-dodecyl methacrylate (DMA), reactive 3-tri-
methoxysilylpropylryl methacrylate (TMSPMA), and
2-hydroxypropylryl methacrylate (HPMA), which

react directly with the metal oxide layer on the metal
surface or between polymer chains through the
TMSPMA units [140]. The chemical structure of the
MPC polymer (Figure 8(a)), shape, and coating state
of the MPC polymer on the stainless-steel stent
(Figures 8(b,c)) are seen in Figure 8. The monomer
unit composition ratio of the polymer MPC/DMA/
TMSPMA/HPMA was 23/47/25/5. An extremely
stable polymer coating layer was formed owing to
the reaction described earlier. BiodivYsio stents are
safe and effective primary devices for the treatment
of native coronary artery lesions. No thrombotic
events in small-diameter blood vessels have been
reported and good clinical results have been obtained
[142]. On the surface coated with MPC polymer, 91%
of the surface was covered with endothelial cells 5 days
after implantation. After 30 days, the surface was com-
pletely transferred from the endothelial cell layer to
the smooth muscle cell tissue, and the inner surface of
the blood vessels was normal. It was confirmed that
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Figure 8. (a) Chemical structure of cross-linkable MPC polymer. (b) Morphology of cardiovascular stent treated with the MPC
polymer and (c) fluorescence image of it after staining with rhodamine 6G. Reprinted with permission from [140]. Copyright (2005)
Wiley. (d) in vitro blood coagulation test of a cerebrovascular stent using blood circuit method and (e) SEM image of the stent
without and with MPC polymer treatment after 60-min contact with whole blood. (f) the concentration of thrombin-antithrombin
complex (TAT) in blood after 60-min contact with whole blood. (d), (e), () are reprinted with permission from [141]. Copyright

(2005) Wiley.

the stent was stably present in the vascular tissue even
after 6 months. Cell adhesion is unlikely to occur on
the MPC polymer surface. Therefore, it is suggested
that the process of covering the BiodivYsio stent with
endothelial tissue must be done such that the strands
pass through the endothelial cell layer and slip into the
tissue, due to the tension of the stent.

Based on this stent, a new-type Endeavor stent
and Endeavor Sprint stent were developed by
Medtronic [143]. These drug-eluting stents can sus-
tain the release of zotarolimus, which has an inhibi-
tory effect on cell proliferation. Zotarolimus has
antiproliferative and anti-inflammatory effects, and
the zotarolimus-sustained-release stent significantly
reduced the angiographic restenosis rate compared
with the metal stent. The MPC polymer used is a
cross-linkable polymer on a metal stent surface. And
drug loading is carried out during the coating pro-
cedure. In the case of the Endeavor stent, the
amount of zotarolimus loaded was controlled at 10
mg/mm-stent length. The MPC polymer layer acts
as both a drug reservoir and rate-limiting membrane
for releasing the drug [144,145]. The zotarolimus
sustained-release stent was adjusted so that 94% of
zotarolimus eluted from the MPC polymer layer in
4 weeks [144]. The incidence of stent thrombosis
between 2009 and 2020 was as low as 0.28%. It is
shown that the suppression of early thrombus for-
mation plays a role in the effectiveness of the MPC
polymer layer, minimal invasiveness to intravascular
tissues, and drug sustained-release rate control
properties.

As for cardiovascular medical devices, artificial
hearts have been primarily developed in the United
States since the 1970s. Initially, artificial hearts aimed
at the same pulsation as a living heart were studied,
but the durability of the required elastic material was
problematic. Segmented polyurethane (SPU) was
developed as a potential material [146]. resulting in a
fully transplantable artificial heart in the late 1980s
[147]. However, blood compatibility problems and
mechanical properties have not been resolved; there-
fore, it is only widely applied clinically as an auxiliary
blood pump outside the body. Studies have also been
conducted on surface modifications with zwitterionic
polymers to improve blood compatibility [148-152].

However, research on centrifugal pumps that push
blood with a propeller rotating under a magnetic field
is progressing and these pumps may replace pulsatile
flow pumps. With this mechanism, metals can be used
for housing and rotating propeller parts to solve
mechanical problems. In addition, considering the
rotating propeller’s shape, it is relatively easy to con-
trol the blood flow; moreover, the system has the
advantage of not requiring a valve.

An implantable ventricular assistive heart having a
titanium centrifugal pump surface treated with an
MPC polymer (PMB) has been developed
(EVAHEART; Sun Medical Technology Research
Co., Japan) [153]. Safety and operational stability
were examined in initial large animal studies. The
MPC polymer coating layer remained stable after
180 days of implantation. It was operated for more
than 800 days without anticoagulation therapy, and
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there were no significant changes in blood flow or
composition. Clinical trials began in 2005, and
implantation procedures were performed in patients
with dilated cardiomyopathy [154]. This process,
combined with anticoagulation therapy using drugs,
has shown significant improvement in cardiac func-
tion, enabling patients to attain normalcy rapidly. In
2010, the artificial heart described here became the
first implantable artificial heart in Japan for clinical
use and more than 230 implantation surgeries have
been performed since. Observations of artificial hearts
removed from patients undergoing heart transplanta-
tion approximately three years after implantation
showed that the MPC polymer treatment kept the
inner surface of the pump clean and prevented the
formation of blood clots. The MPC polymer used was
molecularly designed to coat the inner surface of the
pump and the SPU cannula that connects to the blood
vessels through solvent evaporation [153]. PMB has a
hydrophobic BMA unit with a relatively low glass
transition temperature; hence, a stable thin film is
formed on different substrates and the polymer is
stable in the biological environment.

Furthermore, the molecular weight was set to 500
kDa or higher to prevent dissolution in aqueous
media, including blood plasma. However, PMB dis-
solves in alcohol and is easily coated on the substrate
using solvent evaporation [48]. It is also secure and
registered with the Master Access File of the Food
Drug Administration (FDA), US.A (MAF2103;
LIPIDURE-CM5206).

4.1.2. Cerebrovascular device

Cerebral aneurysms can lead to a subarachnoid
hemorrhage, which is a life-threatening condition.
Depending on the size of the aneurysm, treatment
methods include clipping the aneurysm directly by
craniotomy or inserting a metal coil through a catheter
to form a thrombus inside the aneurysm, thereby low-
ering arterial pressure and preventing rupture.
However, clipping via craniotomy is a highly invasive
procedure and treatment with coil embolization has
complications, such as a low healing rate in approxi-
mately 20% of cases [155].

A new treatment device, the flow diverter system
which applies stent technology, has been developed.
This involves the insertion and implantation of a metal
stent in the affected area. It significantly reduces blood
flow into the cerebral aneurysm while maintaining
blood flow in the artery and promoting thrombus
formation of the blood accumulated inside the aneur-
ysm to occlude the aneurysm [156]. In 2015, flow-
diverting devices were approved in Japan (Pipeline
Flex Embolization Device, Medtronic), and several
devices were introduced and established as a standard
treatment method. To facilitate the insertion of this
flow diverter device and reduce initial thrombus
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formation, the surface of the device was treated with
an MPC polymer (Pipeline with Shield Technology™,
Medtronic) [157,158]. The MPC polymer (poly(MPC-
co-DMA-co-HPMA-co-TMSPMA) (Figure 8(a)) con-
tains monomer units with silane coupling groups and
hydroxyl groups that react with the metal strands and
form a stable coating layer. The thickness of the sur-
face coating layer is reported to be 3 nm, suggesting
that it is approximately a monolayer. In vitro and ex
vivo experiments have shown that the device has good
antithrombotic properties, and in vivo experiments
have also confirmed that the surface is covered with
endothelial tissue [159-161]. Representative in vitro
blood circulating circuit model results are shown in
Figures 8(d,e) [141]. Severe thrombus formation was
not observed in the MPC polymer-treated stents. In
addition, there was decreased production of the
thrombin - antithrombin complex (TAT) in the
blood sample after 60 min of contact with the MPC
polymer-treated stent (Figure 8(f)). Flow diverter
devices generally require a certain period of antiplate-
let administration until endothelial tissue covers the
surface.

4.1.3. Blood purification devices

Polymer biomaterials are essential in blood separation
technology that extracts wuseful components.
Hemodialysis is a life-prolonging treatment for renal
failure. Recently, higher-quality blood purification
therapy has been introduced that combines the separa-
tion processes of dialysis and filtration [162]. In the
1970s, the main materials used were cellulosic materi-
als such as natural polymers. Later, the removal of low
molecular weight proteins, such as $2-microglobulin
in addition to low molecular weight substances such as
creatinine, from the blood was considered important
to reduce the incidence of carpal tunnel syndrome
caused by long-term hemodialysis treatment. There
has been a shift in separation materials to polysul-
fone-based materials that can easily produce solute-
permeable porous membranes [163]. Since polysul-
fone is a hydrophobic polymer, a hydrophilic polymer
is blended with polysulfone to improve the hydrophi-
licity of the hollow fiber surface when manufacturing
hollow fibers used in hemodialysis. Poly(N-vinylpyr-
rolidone) (PVPy) is a commonly used as the hydro-
philic polymer [164,165]. Iwasaki et al. investigated
the use of water-soluble MPC polymers to simulta-
neously improve the hydrophilicity and hemocompat-
ibility of polysulfone hollow fiber membranes [166]. In
the manufacturing of hollow fibers, a double-tube
nozzle is used to extrude a polymer solution into the
coagulation layer. The coagulation solution inside the
nozzle is an aqueous MPC polymer solution that pro-
motes the physical adherence of MPC polymer chains
to the inner surface of the produced hollow fiber.
When the MPC polymer-treated polysulfone hollow
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fiber created by this method was passed through the
blood as a mini-module, no thrombus formation
occurred, even in an anticoagulant—free environment.
In contrast, polysulfone and PVPy-treated polysulfone
hollow fiber modules clotted, particularly polysulfone
hollow fibers, completely occluding the hollow fiber
with thrombus. It was simultaneously observed that
low-molecular-weight protein permeation could be
maintained at a high level. This is attributed to the
effective suppression of the protein adsorption layer
formation on the surface of the hollow fiber in contact
with blood.

Regarding the surface modification of blood purifi-
cation membranes, there have been many studies on
the application of zwitterionic polymers [167,168]. In
addition to polysulfone, sulfobetaine-based polymers
have been applied to cellulose acetate and poly(vinyli-
dene fluoride) as base polymer materials to improve
the hemocompatibility [169-172]. These, as well as
MPC polymer-treated polysulfone hollow fibers, have
shown good performance. To further develop wear-
able blood purification devices, research has been con-
ducted on bio-hybrid artificial kidneys, in which
kidney cell layers and vascular endothelial cell layers
are constructed on the membrane surface [173].
However, the application of new membrane materials
in medical devices used for blood purification therapy
is currently pending because of the medical economic
perspective and the high cost of their quality control
during manufacturing.

In contrast, a large market is expected for blood
separation filters to collect stem cells from cord blood
or remove immune cells from blood. This requires fine
filter components that match the cell size. As a
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technique for producing nanofibers, the electrospin-
ning deposition (ESD) method, which involves spin-
ning a polymer solution in a high electric field, is used
in many polymer systems. The polymers generally
applied are relatively hydrophobic. Therefore, to use
them as filters for separating biomolecules and cells, it
is required to make the fiber surface hydrophilic, per-
form antifouling treatments, and induce it to interact
appropriately with cells. Seo et al. studied the cross-
linking and solubilization of a polymer by UV irradia-
tion after producing nanofibers by the ESD method
using a photoreactive amphoteric MPC polymer,
(Figure 9(a)) [174]. This enables creation of a nanofi-
ber filter that controls mesh density over a large area.

Leukocyte immunity can be a significant obstacle
when transfusing blood. In particular, when blood is
donated from an unspecified number of people,
stored, and used for transfusion, it is necessary to
remove leukocytes. Non-woven filters have been
developed as leukocyte removal filters, which must
be able to pass platelets and red blood cells while
capturing leukocytes at a high processing speed.
Leukocytes tend to adhere to cationic polymers. A
polymer system was thus developed that enables the
surface coating of inert nonwoven polypropylene fab-
rics (Figure 9(b)) [175]. It involves a sulfobetaine
polymer with epoxy groups, poly(SBMA-co-glycidyl
methacrylate (GMA)). When mixed with ethylenedia-
mine in an aqueous solution of the polymer and cast
on non-woven fabric, the polymer is cross-linked
through the reaction between the epoxy group in the
GMA unit and amino groups at 60°C, making it inso-
luble. A homogeneous polymer coating can then be
obtained on the fine non-woven fabric fibers. No

(b) Chemical crosslinking at membrane surface

Bioinert interface:
Physical retention of WBCs

Figure 9. (a) Procedure of MPC polymer (PMBA) nanofiber fabrication by electrospinning deposition (ESD) method and following
photoirradiation. Chemical structure of photoreactive PMBA and SEM image of nanofiber membrane are indicated. Reprinted with
permission from [174]. Copyright (2017) American chemical society. (b) Surface treatment procedure on polypropylene non-
woven membrane with chemically cross-linkable sulfobetaine polymer, poly(gma-co-SBMA). Reprinted with permission from
[175]. Copyright (2019) elsevier.
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substrate pretreatment was required for the reaction,
and the reaction process was simple due to the con-
tinuous heat immobilization reaction. The separation
of blood cell components depends on the size of the
blood cells, and leukocytes are removed without pas-
sing them through a filter. It is also believed that the
amino groups generated by the reaction contribute to
the separation efficiency. This process was incorpo-
rated into the manufacture of leukocyte removal filters
by PuriBlood Co. Compared with conventional filters,
these filters has improved platelet and leukocyte
removal rates, while the time required for blood recov-
ery is considerably reduced.

4.1.4. Oxygen enrichment device for extracorporeal
blood circulation

When living organisms cannot inhale sufficient
oxygen due to respiratory failure or when the
heart is temporarily stopped due to cardiovascular
surgery, it is necessary to artificially supply oxygen
and remove carbon dioxide from the blood using
an extracorporeal circulation circuit. In this case, a
membrane material that combines gas-exchange
capability and hemocompatibility is required. The
extracorporeal membrane oxygenation (ECMO)
treatment has been extremely effective in the treat-
ment of COVID-19 and has saved many patients’
lives [176]. A thin layer of PDMS is formed on a
porous hollow fiber obtained from a polyolefin or
poly(vinylidene fluoride) base to increase the per-
meability of oxygen gas while preventing the leak-
age of water from the plasma [177]. Efficient
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modification of the PDMS surface with hydrophilic
polymers inhibits protein adsorption suppression
and enables the maintenance of high oxygen per-
meability over a long period [178].

Heparin acts effectively on the blood coagulation
system and plays a role in preventing blood clotting.
Furthermore, it can be expected to reduce the effect on
patients by inhibiting the reduction in cell function
and activation reactions when blood encounters it.
Generally, membrane oxygen-enriched devices sur-
face-treated with heparin are used to prevent throm-
bus [179]. A substantial amount of heparin is
administered to the blood during extracorporeal
blood circulation therapy, and coagulation system
activity is inhibited in the blood. However, platelet-
related coagulation reactions occur on the surface of
the membrane material; thus, adhesion and activation
of blood cells must be prevented. Although hepari-
nized surfaces are expected to decrease the number of
blood cell adhesions due to increased hydrophilicity,
they do not prevent platelet adhesion or activation
[180]. Therefore, the efficacy of MPC polymers that
actively inhibit platelet-based coagulation has been
investigated, and poly(MPC-co-DMA) (PMD) was
applied to the surface treatment of membrane oxy-
gen-enriched devices (Figure 10(a)) [127,179-183].
The Sorin Group was the first to clinically develop it
and the device has been shown to inhibit platelet
coagulation on the membrane surface and maintain
good blood quality in patients after treatment.
Subsequently, JMS Co., Japan, also put it into practical
use in Japan.
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Figure 10. Surface treatment on blood circuit devices. (a) Coating procedure and platelet adhesion examined on PVC treated with
MPC polymer (PMD). Reprinted with permission from [181]. Copyright (1994) Walters Kluwer. (b) Photoreaction of carboxybetaine
polymer with photoreactive benzophenone group (PCB) on plasticized PVC and reduction of elution of plasticizer by PCB
treatment. Reprinted with permission from [135]. Copyright (2020) American chemical society.
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The surface of a blood circuit is an important aspect
of extracorporeal therapy. Membrane-type devices
have a large surface area and are more prone to reac-
tions with blood on blood-contacting surfaces. In
addition to the responses at the contact surfaces of
the blood circuit, reactions with blood cells and their
components must also be considered. Typically, blood
circuits consist of plasticized (vinyl chloride) (PVC)
tubing and polycarbonate joints. In extracorporeal
therapy, the blood is anticoagulated to prevent throm-
bus formation during the treatment period.

However, plasticizers in the PVC compound used
in the blood circuit may leach out. In an aqueous
environment, this effect is negligible. In contrast, the
solubilization of the plasticizer due to the high lipo-
philic substances in the blood is problematic [184].
The application of MPC and carboxybetaine polymers
have been studied to solve this problem. The first
example is the application of amphiphilic water-inso-
luble PMD for coating medical materials including
PVC and polycarbonate (Figure 10(a)). Fibrinogen
adsorption and platelet adhesion can be efficiently
suppressed by MPC polymer coating. However, the
reduction in plasticizer from PVC is not sufficient
after coating with PMD [185]. This may be due to
the amphiphilic nature of PMD, as the swelling of
the polymer layer maintains the plasticizer’s perme-
ability. Another example is the application of a photo-
induced cross-linkable carboxybetaine polymer
containing benzophenone groups (PCB) (Figure 10
(b)). The polymer is coated onto the surface, and a
UV irradiation-induced cross-linking reaction is per-
formed on the plasticized PVC substrate. This has a
more pronounced inhibitory effect on plasticizer elu-
tion than untreated PVC [135]. These results indicate
that the highly hydrophilic carboxybetaine polymer
prevents solubilization of the plasticizer from PVC to
the polymer layer. The crosslinking of the polymer
chain effectively inhibits the diffusion of the plasticizer
and stabilizes the substrate’s polymer layer. As the
duration of ECMO treatment increases, this technol-
ogy is expected to become increasingly critical.

4.2. Orthopedic devices

Orthopedic surgery has repeatedly utilized artificial
materials to replace biological tissues, whose functions
have been degraded. Metal medical devices, such as
bone fixation plates and screws, have been used to
immobilize the affected part and assist in the func-
tional restoration of bone after fractures [186].
Artificial joints are also important medical devices
that can dramatically improve patients’ mobile func-
tions and are already being used to improve the func-
tion of artificial hip and knee joints, shoulders, and
fingers. They are composed of metal parts for fixing to
the bone, and polymer parts to form sliding surfaces,

K. ISHIHARA

taking advantage of their material properties. As joint
replacement surgery immediately improves a patient’s
mobility, thousands of joint replacement surgeries are
performed each year. Stainless steel and cobalt — chro-
mium alloys, which have a high affinity for natural
bone, have been used for metal parts. Recently, tita-
nium alloys and materials sprayed with hydroxyapa-
tite, a bone component, have been used to increase
bone affinity [187]. Although there have been signifi-
cant advances in materials for bone immobilization,
the effective treatment period for artificial joint repla-
cement is estimated to be approximately 10 years.
Osteolysis and resorption around the bone tissue can
immobilize the joint prosthesis, resulting in loss of
mechanical fixation or loosening [188].

The cause of loosening has been debated for many
years. In the 1990s, advances in molecular bone meta-
bolism indicated that it was caused by the materials
used [189]. In other words, a ‘particle disease’ is
caused by the body’s reaction to submicron-sized
wear particles generated around the artificial hip
joint. These particles are generated from the sliding
surfaces of the joint as it moves during walking and
other joint movements. These particles are recognized
as foreign substances by macrophages and then pha-
gocytosed. Even small amounts of these particles are
subjected to a signal amplification mechanism that is
unique to biological reactions. Macrophages secrete
cytokines such as tumor necrosis factor (TNF-a),
interleukin-6 (IL-6), and prostaglandin E2 (PGE2).
These bioactive substances act on the surrounding
mesenchymal cells and induce the expression of recep-
tor activator of NF-kB ligand (RANKL), an osteoclast
differentiation factor. Consequently, the formation
and activity of osteoclasts that absorb (dissolve) bone
are promoted, resulting in osteolysis around the arti-
ficial hip joint and subsequent laxity of the artificial
hip joint [190]. This implies that the material at the
joint sliding surface is the cause of the loosening. Until
now, polyethylene (PE) has been used for sliding sur-
faces of artificial joints because of its mechanical prop-
erties and inertness under biological conditions [191].
Therefore, a cross-linking reaction is applied to PE
liners to increase material strength and reduce wear.
However, this causes significant failure, resulting in
liner chipping and cracking. In contrast, when ultra-
high molecular weight polyethylene (UHMWPE) is
used as a liner material, it is found that wear is
reduced; cross-linked UHMWPE with mild cross-
linking of PE also shows good performance [192].
Highly cross-linked UHMWPE liners irradiated with
y-rays or electron beams of 50 to 100 kGy have been in
practical use since the late 1990s and in Japan since
1999, and good clinical results 10 to 15years after
surgery have been reported. According to a compar-
ison of annual linear deformation in a review of these
reports, the wear was reduced by 65% with cross-
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linked UHMWPE (0.042 mm/year compared to 0.137
mm/year with conventional non-cross-linked
UHMWPE) [193], although the problem of wear pow-
der inducing bone dissolution has not been resolved.
In biological joints, the cartilage on sliding surfaces
is known to play an important role in smooth move-
ment. Anatomical studies have shown that on this
surface, hydrophilic proteins and polysaccharides
(proteoglycans) form a complex with an additional
phospholipid molecular membrane covering the top
surface (Figure 11(a)) [194,197]. This structure fixes
the joint fluid at the joint interface to avoid direct and
indirect contact and allows for easy movement of the
joint fluid when a load is applied, followed by restora-
tion of the joint fluid membrane when the load is
removed. It is assumed that this fluid lubrication
mechanism can be applied to joint prosthesis sliding
surfaces. In such cases, wear can be suppressed and
osteolysis caused by wear debris and loosening of the
joint prosthesis can be prevented. Several studies have
shown that surfaces grafted with zwitterionic poly-
mers have better hydrophilicity and lubrication prop-
erties [198-203]. However, there are reports that even
highly water-absorbent polymers can increase the
coefficient of friction [204]. The use of polyelectro-
lytes, which are expected to act electrostatically, can
contribute to an increase in the coefficient of friction.
A method of photoinduced graft polymerization of
MPC from the surface of polymer substrates has been
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devised, and surface modifications were applied to PE
[205], UHMWPE [195], PDMS [206,207], and poly(p-
xylene) (parylene) [208]. In the cases of UHMWPE, a
PMPC graft layer can be efficiently formed on the
surface by pre-applying benzophenone, immersing
the substrate in an aqueous monomer solution, and
irradiating it with ultraviolet light (Figure 11(b))
[195]. The graft layer was 100-150 nm. The density
of the polymer chains and thickness of the polymer
graft layer depended on the photoirradiation time.
Moro et al. applied this method to the surface of a
cross-linked UHMWPE liner and developed an artifi-
cial hip joint liner with excellent surface hydrophilicity
and lubrication properties [122]. However, physical-
sorption or chemical bonding of MPC polymers on
the surface did not significantly improve the lubrica-
tion properties against continuous loading [117]. This
suggests that the presence of a high density of movable
polymer graft chains near the interface plays an
important role in the interfacial structure that controls
water mobility and that the molecular structure of the
PMPC chain is relatively rigid due to the bulky phos-
phorylcholine groups in the side chains and hydro-
philic so that in water, the PMPC chains stand up on
the surface because of their hydrophilic nature. In
other words, the PMPC graft layer on the surface
cooperatively forms a hydration layer with water
molecules, creating a good lubrication mechanism
(surface hydration gel lubrication mechanism) on the
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Figure 11. (a) Schematic representation of the surface structure of natural cartilage. Reprinted with permission from [194].
Copyright (2021) Wiley. (b) Photoinduced grafting of PMPC on cross-linked UHMWPE and transmission electron microscope image
at the grafting surface. (c) Relationship between static water-contact angle and dynamic friction coefficient of PMPC grafted cross-
linked UHMWPE surface. (b) and (c) are reprinted with permission from [195]. Copyright (2008) Wiley. (d) X-ray photo images of
PMPC-grafted cross-linked UHMWPE liner installed artificial hip joint implanted into the patient during various implant periods.

Reprinted with permission from [196]. Copyright (2017) Wiley.
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joint sliding surfaces [195]. As shown in Figure 11(c),
the dynamic friction coefficient on the surface was
linearly related to the water contact angle. When the
static water contact angle was approximately 20°, due
to the sufficient density of the grafted PMPC chains,
the dynamic friction coefficient decreased below 0.02.
This value is approximately 1/7 of that of untreated
UHMWPE and is minimal compared to the coefficient
of friction observed on biological cartilage sur-
faces [195].

Osteolysis is known to depend on the number of
submicron-sized wear particles that macrophages can
phagocytose [209]. Long-term sliding tests in a simu-
lation tester simulating human walking motion (in the
presence of bovine serum and under a load of 280 kgf)
have shown that after 20 million sliding cycles, PMPC-
treated cross-linked UHMWPE liners still suppressed
the number of wear particles to less than 1% compared
to that of the cross-linked UHMWPE [210]. This
means that PMPC-treated liners have a very low
potential for sagging due to osteolysis. The effect of
wear particles produced from PMPC-treated cross-
linked UHMWPE liners on bone tissue was examined
using macrophages cultured using PMPC-grafted
polyethylene particles (0.5 pm, which is the average
particle size of the wear powder). In the cell experi-
ments, no production of cytokines or prostaglandins
involved in the osteolysis process was observed. These
findings can be understood to be the result of a new
interface creation technology that simultaneously pre-
vents material wear and significant biological reac-
tions triggered by wear on the sliding surfaces of
joint prostheses, thereby extending the life of joint
replacement surgery.

This surface technology was implemented in joint
prostheses as Aquala Technology by Kyocera Co. in
2011. By June 2022, it has been applied to over 80,000
patients in Japan. Figure 11(d) shows an example of
the implantation of an artificial hip joint using the
PMPC-treated cross-linked UHMWPE liner [196].
Before the surgery, the patient’s hip joint had limited
mobility. After implantation of the artificial hip joint,
the joint performance recovered well, and there were
no significant problems surrounding the implant for 5
years. The functional improvement index (Japan
Orthopedic Association Score) has increased from
approximately 43 before surgery to more than 91
after one year, and this value was maintained after
10 years. A single osteolysis case occurred 13-15
years after surgery on the sliding surface. The annual
linear deformation is also approximately 0.002 mm/
year, which is significantly smaller than that of con-
ventional cross-linked UHMWPE liners, which is an
average of 0.042 mm/year, as reported by Kurz et
al [193].

Surfaces grafted with zwitterionic polymers with
good hydrophilicity exhibited properties similar to
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the surface structure of biological cartilage.
Furthermore, it has been reported that the state of
the phospholipid layer on the surface of natural carti-
lage changes with disease, suggesting that the PMPC
graft layer, which provides stable phospholipid polar
groups, plays an important role [211]. The develop-
ment of Aquala technology can also offer an advantage
when using large-diameter heads with a lower risk of
dislocation. This surface modification technology can
be used for vitamin E-incorporated liners, which have
been applied to reduce functional degradation owing
to the oxidation of UHMWPE [212]. The increased
longevity of hip arthroplasty is also expected to pave
the way for its application to younger patients and
bring about significant benefits, such as improved
patient quality of life.

Recently, zwitterionic polymers were investigated
for the preparation of lubricating surfaces on sub-
strates [198,201,213-218]. They successfully con-
trolled the state of the polymer layer at the interface,
thus making it multifunctional. For example, in Figure
12(a), an interpenetrating network structure is
formed, which is considered one of the most promis-
ing ways to generate a robust hydrogel and improve
the load-carrying properties of the sliding interface
[198]. Research has been conducted to enhance the
durability of polymer brushes by introducing photo-
reactivity into the polymer brush layer, which achieves
high lubrication through a hydration lubrication
mechanism and by bridging the polymer brushes
(Figure 12(b)) [213]. Silica nanoparticles covered
with a zwitterionic polymer brush layer can act as a
lubricant that stores drugs to decrease inflammation in
joints (Figure 12(c)) [214]. As shown in Figure 12(d),
this study mimicked the conditions at the joint inter-
face, focusing on polysaccharide molecules present in
the joints and utilizing hybrids with zwitterionic poly-
mers [215]. The aforementioned studies have created
materials based on a detailed understanding of the
biological properties of joints and the low-friction
properties they exhibit and used biomimetic concepts
to fabricate these materials. A high-density polymer
brush layer was prepared by fixing the zwitterionic
polymer to the surface using terminal functional
groups or applying surface-initiated polymerization.
Suitable solvents expand the polymer chains and the
surface achieves fluid lubrication. From these studies,
it is expected that new technologies that contribute to
mechanical engineering, such as the improvement of
energy efficiency owing to low friction and durability
by reducing material wear, will be created regardless of
medical devices.

4.3. Ophthalmology devices

The application of medical devices in the field of
ophthalmology began relatively early [38,219].
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Figure 12. Various stable lubricious surfaces using zwitterionic polymers. (a) PMPC interpenetrating network system. Reprinted
with permission from [198]. Copyright (2018) elsevier. (b) Photoreactive cross-linking system to enhance the stability of lubrication
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from [215]. Copyright (2022) Wiley.

Spectacles to assist visual function, contact lenses,
intraocular lenses to replace lenses, and intraocular
drains to regulate intraocular pressure are several
examples. Among these, intraocular and contact
lenses, which require light transmission and lens func-
tion, have been manufactured based on poly(methyl
methacrylate) (PMMA) and applied clinically.
Intraocular lenses are effective in treating cataracts,
and PMMA-based lenses are placed in the eye using
polypropylene wire. Several methods for surface mod-
ification of MPC polymers have been reported to pre-
vent the progression of corneal cells during this
process [220]. In addition, to minimize surgical inva-
sion at the time of placement, a soft acrylic lens was
folded and inserted with an applicator, which has
become the mainstream method. Recently, intraocular
contact lenses made of a collagen and poly(2-hydro-
xyethyl methacrylate (HEMA)) (PHEMA) composite
that does not require lens removal have been clinically
used [38].

However, the development of contact lens materials
has become increasingly competitive. From the early
PMMA-based hard contact lenses, PHEMA-based
hydrophilic contact lens materials were developed,
considering the wettability on the surface and the
suitability of the mechanical properties for soft tissues
[221,222]. Generally, cross-linked PHEMA is used as
the base material, and water-soluble polymers, such as

PAA and PVPy, are combined to balance the water
content and mechanical strength factors. In 1995, a
cross-linked copolymer composed of HEMA and
MPC was developed as a soft contact lens material
(Omafilcon A) [131,223]. The FDA has evaluated
this lens material as one that can be used for dry eye
syndrome because it does not have a beam to the
corneal tissue and has good tear fluid circulation.

Contact lenses made of silicone hydrogel-based
materials with improved oxygen permeability have
been developed [221,224-226]. Many contact lenses
can be used continuously from one day to two weeks
with ready-for-use pre-packing, increasing user con-
venience. The oxygen permeability of the lens material
is key to continuous wear. When absorbing oxygen
from tear fluid, there are two possible methods. First,
increasing the diffusion and solubility coefficients. In
the case of general hydrogel contact lenses, oxygen
dissolution is dependent on dissolution in the water
area rather than in the polymer portion [227].
Therefore, the oxygen permeability is a function of
the water content of the material.

However, the use of PDMS, which has a higher
solubility coeflicient of oxygen than water, can be
expected to increase the oxygen supply to the eye
tissues. Therefore, attempts have been made to intro-
duce PDMS segments into contact lens materials, and
many materials have been developed [228,229]. A
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technique was established to make PDMS domains
continuous in the cross-sectional direction to increase
solubility. Compositing hydrophilic polymers have
improved the wearing comfort, which contributes to
the hydrophobic nature of PDMS. In addition, these
polymers can improve surface water wettability and
lubricity, but oxygen permeability tends to decrease
with increasing water content. This correlates the
volume fraction of PDMS in the contact lens material
with the introduction of hydrophilic polymers and the
corresponding increase in the water content.
Focusing on the structure of the biological corneal
surface, the corneal cell surface is covered with bound
mucin [230]. Figure 13(a) shows an electron micro-
graph of the tear film contacting the surface of the
conjunctival epithelium. Epithelial cells have a rough
endoplasmic reticulum, are synthetically active, and
contain small secretory vesicles in the apical cyto-
plasm. The cell membrane has raised folds, called
microplicas, which form regular undulations in the
cross-section. These cells express and produce a thick
glycocalyx along with membrane-bound mucins,
which are important components of the epithelial-
lacrimal interface. Figure 13(b) shows a schematic
representation of biomolecules at the corneal surface.
Free mucin is also present at relatively high concen-
trations in the tear fluid. These compounds inhibit the
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Figure 13. (a) Microstructure of surface of the conjunctiva
epithelium observed with a transmission electron microscope.
(b) Schematic representation of biomolecules at the surface of
the conjunctiva epithelium. Reprinted with permission from
[230]. Copyright (2003) elsevier.
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evaporation of water from the corneal tissue and pre-
vent dry eye syndrome. If the function of these hydro-
philic molecules in a small portion of the surface can
be applied to silicone-based contact lens materials, it is
thought that both surface properties and oxygen per-
meability can be solved simultaneously. Although still
in the basic stage, research is underway to coat the
surface of contact lenses with biomolecules such as
mucin and hyaluronic acid to increase lubricity and
improve the wearing experience [231,232].s

By applying the biomimetic concept to material
design, new contact lens materials in which MPC
polymers are grafted onto a silicone hydrogel surface
have been developed (Lehfilcon A) (Figure 14(a))
[234]. The lens material consisted of a PDMS macro-
monomer base, a small amount of hydrophilic mono-
mer, and a cross-linking agent. Poly(methacrylic acid)
was used to prepare an interpenetrated polymer in a
small layer near the base material’s surface, introdu-
cing a reactive MPC polymer [233]. In this process, the
chemical structure and molecular weight of the MPC
polymer are precisely controlled and designed such
that the MPC units do not penetrate the substrate.
As shown in Figure 14(b), the MPC polymer was
concentrated at approximately 200 nm from the sur-
face and phase-separated from the PDMS substrate.
There was a water content gradient in the film thick-
ness direction, showing a nonuniform feature. It was
observed that surface water wettability was main-
tained, and the mechanical properties were approxi-
mately consistent with those of corneal tissue. The
coefficient of kinetic friction was less than 0.05,
which is comparable to that of the lubricated surface
of biological tissue. The oxygen permeation coefficient
was higher than that of conventional silicone hydrogel
contact lenses, while the overall water content was
shown to be more significant. These characteristics
apply to a different area than that of conventional
contact lens materials. As shown in Figure 14(c), the
MPC polymer treatment on the silicone hydrogel con-
tact lens provided almost the same elastic modulus as
that of the natural cornea even when it was worn on
the human eye for 30days continuously [132].
Observation of the microstructure of this contact
lens surface using environmental SEM showed that
hydrated MPC polymer chains appeared to cover the
surface, similar to the surface of natural corneal tissue
(Figure 14(c)) [132]. Thus, it is possible to construct a
surface with a similar structure and properties by
grafting MPC polymers onto the surface of a hydro-
phobic silicone hydrogel substrate with high mechan-
ical strength. MPC polymer-treated silicone hydrogel
material suppresses lipid absorption, protein adsorp-
tion, and cell and bacterial adhesion [235]. Therefore,
MPC polymer-treated silicone hydrogel materials are
expected to be new materials that can be worn con-
tinuously for an extended period. These characteristics
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were attributed to the hydrophilic MPC polymer graft
layer on the surface.

5. Conclusions and future perspective

Advances in materials science based on biomimetic
concepts will contribute significantly to the develop-
ment of new materials and the creation of new devices.
Research and applications of morphological biomi-
metics and chemical mimetics are advancing at a fast
pace. In addition, clarifying the expression of specific
functions of living organisms from the viewpoint of
molecular structure and reproducing them in artificial
systems can be considered one of the major sciences in
the creation of functional materials. In biological sys-
tems where various molecular reactions occur in a
complex manner, there is a strong need to construct
biointerfaces that are compatible at the interface of the
biological system, rather than using a single material.
Polymers that can modify the surface of the base mate-
rial at the nanometer scale with excellent morphoge-
netic mechanical properties play an essential role in the
development of medical devices. This will not only
reduce damage to the biological tissues of in vivo
medical devices for an extended period, but will also
lead to sustained therapeutic effects and improved
quality of life for patients. Furthermore, materials that
are compatible with the living body can be considered
consistent with the ecosystem and have the potential to

provide a means to solve future environmental and
energy-related equipment issues. Thus, it is reasonable
to apply the biomimetic concept to material design.
This review summarizes the progress of research on
biomimetic zwitterionic polymers as biomaterials for
their application in medical devices. MPC polymers
are the first to be systematically studied and applied to
medical devices. The science of MPC polymers has
matured, with many researchers conducting funda-
mental studies. In addition, researches on various
zwitterionic polymers are expected to progress further,
and new applications in medical devices will be devel-
oped. As shown in the several examples discussed in
this review, zwitterionic polymers exhibit excellent
lubricity and antifouling properties at water interfaces.
This may provide important strategies for solving
ecological and environmental challenges. For example,
possible reduced adhesion of marine organisms
[236,237], oil staining prevention [238-240], and the
separation of oil from aqueous systems [105,241].
Additionally, particular focus has been placed on the
application of zwitterionic polymers as an ion-con-
ducting matrix [242-244]. These material technolo-
gies are attractive research targets and can effectively
solve future environmental and energy problems.

Disclosure statement

No potential conflict of interest was reported by the author.



Sci. Technol. Adv. Mater. 23 (2022) 517

Notes on contributor

Kazuhiko  Ishihara,  specially
appointed professor of Osaka University
and emeritus professor of the University
of Tokyo has been researching functional
polymers, especially biocompatible poly-
mers that can be applied to the medical
and biotechnology fields, based on the
molecular design and synthesis of poly-
mers. He is the inventor of 2-methacryloyloxyethyl phosphor-
ylcholine (MPC) polymers, their biomaterials, and several
medical devices using the MPC polymers. Based on these
researches, he has opened the science of biomimetic and bioin-
spired polymers. He has been awarded by many academic
societies and government organizations.

ORCID

Kazuhiko Ishihara
5488

http://orcid.org/0000-0002-4196-

References

[1] Aronson JK, Heneghan C, Ferner RE. Medical
devices: definition, classification, and regulatory
implications. Drug Saf. 2020;43(2):83-93.

[2] Pacheco KA. Allergy to surgical implants. Clin Rev
Allergy Immunol. 2019;56(1):72-85.

[3] Hong JK, Gao L, Singh J, et al. Evaluating medical
device and material thrombosis under flow: current
and emerging technologies. Biomater Sci. 2020;8
(21):5824-5845.

[4] Percival SL, Suleman L, Vuotto C, et al. Healthcare-
associated infections, medical devices and biofilms:
risk, tolerance and control. J Med Microbiol.
2015;64(Pt 4):323-334.

[5] Dinca V. Advanced functional bio-interfaces engi-
neering for medical applications: from drug delivery
to bio-scaffolds. Curr Med Chem. 2020;27(6):836—
837.

[6] Kerch G. Polymer hydration and stiffness at biointer-
faces and related cellular processes. Nanomedicine.
2018;14(1):13-25.

[7] Narkar AR, Tong Z, Soman P, et al. Smart biomaterial
platforms: controlling and being controlled by cells.
Biomaterials. 2022;283:121450.

[8] Davidson MD, Burdick JA, Wells RG. Engineered
biomaterial platforms to study fibrosis. Adv Healthc
Mater. 2020;9(8):e1901682.

[9] Ratner BD. Biomaterials: been there, done that, and
evolving into the future. Annu Rev Biomed Eng.
2019;21(1):171-191.

[10] Dutra GVS, Neto WS, Dutra JPS, et al. Implantable
medical devices and tissue engineering: an overview
of manufacturing processes and the use of polymeric
matrices for manufacturing and coating their sur-
faces. Curr Med Chem. 2020;27(10):1580-1599.

[11] Stidhof TC. The cell biology of synapse formation. J
Cell Biol. 2021;220(7):€202103052.

[12] Wang H, Liu Y, He R, et al. Cell membrane biomi-
metic nanoparticles for inflammation and cancer tar-
geting in drug delivery. Biomater Sci. 2020;8(2):552-
568.

K. ISHIHARA

[13] Huang LL, Nie W, Zhang J, et al. Cell-membrane-
based biomimetic systems with bioorthogonal func-
tionalities. Acc Chem Res. 2020 Jan 21;53(1):276-287.
DOI:10.1021/acs.accounts.9b00559

[14] Li Y, Gan Y, Li C, et al. Cell membrane-engineered
hybrid soft nanocomposites for biomedical applica-
tions. ] Mater Chem B. 2020;8(26):5578-5596.

[15] Zafar MS, Amin F, Fareed MA, et al. Biomimetic
aspects of restorative dentistry biomaterials.
Biomimetics (Basel). 2020;5(3):34.

[16] Souza JCM, Sordi MB, Kanazawa M, et al. Nano-scale
modification of titanium implant surfaces to enhance
osseointegration. Acta Biomater. 2019;94:112-131.

[17] Yu L, Wei M. Biomineralization of collagen-based
materials for hard tissue repair. Int ] Mol Sci.
2021;22(2):944.

[18] Dahms HU, Dobretsov S. Antifouling compounds
from marine macroalgae. Mar Drugs. 2017;15(9):265.

[19] Leonardi AK, Ober CK. Polymer-based marine anti-
fouling and fouling release surfaces: strategies for
synthesis and modification. Annu Rev Chem Biomol
Eng. 2019;10(1):241-264.

[20] Vellwock AE, Su P, Zhang Z, et al. Reconciling the
conflict between optical transparency and fouling
resistance with a nanowrinkled surface inspired by
zebrafish’s cornea. ACS Appl Mater Interfaces.
2022;14(6):7617-7625.

[21] Fathi F, Sadrnia M, Arjomandzadegan M, et al. In
vitro and in vivo evaluation of antibacterial and anti-
biofilm properties of five ethnomedicinal plants
against oral bacteria by TEM. Avicenna J Phytomed.
2021;11(2):180-189.

[22] Schmalz G, Cieplik F. Biofilms on restorative materi-
als. Monogr Oral Sci. 2021;29:155-194.

[23] TJaffer IH, Weitz JI. The blood compatibility challenge.
Part 1: blood-contacting medical devices: the scope of
the problem. Acta Biomater. 2019;94:2-10.

[24] Brash JL, Horbett TA, Latour RA, et al. The blood
compatibility challenge. Part 2: protein adsorption
phenomena governing blood reactivity. Acta
Biomater. 2019;94:11-24.

[25] Zheng Z, Ao X, Xie P, et al. The biological width
around implant. ] Prosthodont Res. 2021;65(1):11-
18.

[26] Bhushan B. Biomimetics: lessons from nature-an
overview. Philos Trans a Math Phys Eng Sci.
2009;367(1893):1445-1486.

[27] Barhoum A, Garcia-Betancourt ML, Jeevanandam J,
et al. Review on natural, incidental, bioinspired, and
engineered nanomaterials: history, definitions, classi-
fications, synthesis, properties, market, toxicities,
risks, and regulations. Nanomaterials (Basel).
2022;12(2):177.

[28] Rahimnejad M, Rabiee N, Ahmadi S, et al. Emerging
phospholipid nanobiomaterials for biomedical appli-
cations to lab-on-a-chip, drug delivery, and cellular
engineering. ACS Appl Bio Mater. 2021;4(12):8110-
8128.

[29] Ishihara K. Blood-compatible surfaces with phos-
phorylcholine-based polymers for cardiovascular
medical devices. Langmuir. 2019;35(5):1778-1787.

[30] Lin W, Kampf N, Goldberg R, et al. Poly-
Phosphocholinated liposomes form stable superlu-
brication vectors. Langmuir. 2019;35(18):6048-6054.

[31] London E. Membrane structure-function insights
from asymmetric lipid vesicles. Acc Chem Res.
2019;52(8):2382-2391.


https://doi.org/10.1021/acs.accounts.9b00559

Sci. Technol. Adv. Mater. 23 (2022) 518

[32] Ananthanarayanan B, Little L, Schaffer DV, et al.
Neural stem cell adhesion and proliferation on phos-
pholipid bilayers functionalized with RGD peptides.
Biomaterials. 2010;31(33):8706-8715.

[33] Kaladhar K, Sharma CP. Supported cell mimetic
monolayers and their interaction with blood.
Langmuir. 2004;20(25):11115-11122.

[34] Monge S, Canniccioni B, Graillot A, et al
Phosphorus-containing polymers: a great opportu-
nity for the biomedical field. Biomacromolecules.
2011;12(6):1973-1982.

[35] Hiranphinyophat S, Iwasaki Y. Controlled biointer-
faces with biomimetic phosphorus-containing poly-
mers. Sci Technol Adv Mater. 2021;22(1):301-316.

[36] Xu Y, Takai M, Ishihara K. Phospholipid polymer
biointerfaces for lab-on-a-chip devices. Ann Biomed
Eng. 2010;38(6):1938-1953.

[37] Iwasaki Y, Ishihara K. Phosphorylcholine-containing
polymers for biomedical applications. Anal Bioanal
Chem. 2005;381(3):534-546.

[38] Goda T, Ishihara K. Soft contact lens biomaterials
from bioinspired phospholipid polymers. Expert Rev
Med Devices. 2006;3(2):167-174.

[39] Iwasaki Y, Ishihara K. Cell membrane-inspired phos-
pholipid polymers for developing medical devices
with excellent biointerfaces. Sci Technol Adv Mater.
2012;13(6):064101.

[40] Ishihara K. Bioinspired phospholipid polymer bioma-
terials for making high performance artificial organs.
Sci Technol Adv Mater. 2000;1(3):131-138.

[41] Lewis AL, Lloyd AW. Biomedical applications of bio-
mimetic polymers: the phosphorylcholine-containing
polymers in biomimetic, bioresponsive, and bioactive
materials: an introduction to integrating materials
with tissues. In: Santin M. Phillips G, editors.
Chapter 4, John Wiley & Sons; 2012. p. 95-140.

[42] Erfani A, Seaberg J, Aichele CP, et al. Interactions
between biomolecules and zwitterionic moieties: a
review. Biomacromolecules. 2020;21(7):2557-2573.

[43] Cao B, Tang Q, Cheng G. Recent advances of zwit-
terionic carboxybetaine materials and their deriva-
tives. J Biomater Sci Polym Ed. 2014;25(14-15):
1502-1513.

[44] Sin MC, Chen SH, Chang Y. Hemocompatibility of
zwitterionic interfaces and membranes. Polym J.
2015;46(8):436-443.

[45] Racovita S, Trofin MA, Loghin DF, et al. Polybetaines
in biomedical applications. Int J Mol Sci. 2021;22
(17):9321.

[46] Chang Y. Design of zwitterionic polymers. J Polym
Res. 2022;29(7):286.

[47] Zheng L, Sundaram HS, Wei Z, et al. Applications of
zwitterionic ~ polymers. React Funct Polym.
2017;118:51-61.

[48] Ishihara K. Revolutionary advances in 2-methacry-
loyloxyethyl phosphorylcholine polymers as bioma-
terials. ] Biomed Mater Res A. 2019;107(5):933-943.

[49] Ishihara K, Ueda T, Nakabayashi N. Preparation of
phospholipid polymers and properties as hydrogel
membranes. Polym J. 1990;22(5):355-360.

[50] Ueda T, Oshida H, Kurita K, et al. Preparation of 2-
methacryloyloxyethyl phosphorylcholine copolymers
with alkyl methacrylates and their blood compatibility.
Polym J. 2002;24:1259-1269.

[51] Ishihara K, Fukazawa K. 2-Methacryloyloxyethyl
phosphorylcholine polymer. In: Monge S, and David
G, editors. Phosphorus-based polymers: from

K. ISHIHARA

synthesis to applications. Cambridge, UK: RSC
Publishing; 2014. p. 68-96.

[52] Ma IY, Lobb EJ, Billingham NC, et al. Synthesis of
biocompatible polymers. 1. Homopolymerization of
2-methacryloyloxyethyl phosphorylcholine via ATRP
in protic solvents: an optimization study.
Macromolecules. 2002;35(25):9306-9314.

[53] Chantasirichot S, Inoue Y, Ishihara K. Photoinduced
atom transfer radical polymerization in a polar sol-
vent to synthesize a water-soluble poly(2-methacry-
loyloxyethyl phosphorylcholine) and its block-type
copolymers. Polymer. 2015;61:55-60.

[54] Feng W, Zhu S, Ishihara K, et al. Adsorption of
fibrinogen and lysozyme on silicon grafted with poly
(2-methacryloyloxyethyl phosphorylcholine) via sur-
face-initiated atom transfer radical polymerization.
Langmuir. 2005;21(13):5980-5987.

[55] Ishihara K, Suzuki K, Inoue Y, et al. Effects of mole-
cular architecture of photoreactive phospholipid
polymer on adsorption and reaction on substrate sur-
face under aqueous condition. ] Biomater Sci Polym
Ed. 2021;32(4):419-437.

[56] Inoue Y, Watanabe J, Takai M, et al. Synthesis of
sequence-controlled copolymers from extremely
polar and apolar monomers by living radical poly-
merization and their phase-separated structures. J
Polym Sci Part A. 2005;43(23):6073-6083.

[57] AsifS, Asawa K, Inoue Y, et al. Validation of an MPC
polymer coating to attenuate surface-induced cross-
talk between the complement and coagulation sys-
tems in whole blood in in vitro and in vivo models.
Macromol Biosci. 2019;19(5):e1800485.

[58] Chen Z. Surface hydration and antifouling activity of
zwitterionic polymers. Langmuir. 2022;38(15):4483-
4489.

[59] Higaki Y, Kobayashi M, Takahara A. Hydration state
variation of polyzwitterion brushes through interplay
with ions. Langmuir. 2020;36(31):9015-9024.

[60] Ishihara K, Mu M, Konno T, et al. The unique hydra-
tion state of poly(2-methacryloyloxyethyl phosphor-
ylcholine). J Biomater Sci Polym Ed. 2017;28(10-
12):884-899.

[61] Kitano H. Characterization of polymer materials
based on structure analyses of vicinal water. Polym
J. 2016;48(1):15-24.

[62] Yaminsky VV, Vogler EA. Hydrophobic hydration.
Curr Opin Colloid Interface Sci. 2001;6(4):342-349.

[63] Inoue KI, Singh PC, Nihonyanagi S, et al. Cooperative
hydrogen-bond dynamics at a zwitterionic lipid/
water interface revealed by 2D HD-VSFG spectro-
scopy. ] Phys Chem Lett. 2017;8(20):5160-5165.

[64] Higuchi Y, Asano Y, Kuwahara T, et al. Rotational
dynamics of water at the phospholipid bilayer depend-
ing on the head groups studied by molecular dynamics
simulations. Langmuir. 2021;37(17):5329-5338.

[65] Shiomoto S, Inoue K, Higuchi H, et al
Characterization of hydration water bound to choline
phosphate-containing polymers. Biomacromolecules.
2022;23(7):2999-3008.

[66] Nguyen TL, Mukai M, Thara D, et al. Association
behavior of a homopolymer containing choline phos-
phonate groups in aqueous solutions. Chem Lett.
2022;51(2):103-106.

[67] Neitzel AE, De Hoe GX, Tirrell MV. Expanding the
structural diversity of polyelectrolyte complexes and
polyzwitterions. Curr Opin Solid State Mater Sci.
2021;25(2):100897.



Sci. Technol. Adv. Mater. 23 (2022) 519

[68] Kobayashi M, Ishihara K, Takahara A. Neutron
reflectivity study of the swollen structure of polyzwit-
terion and polyeletrolyte brushes in aqueous solution.
J Biomater Sci Polym Ed. 2014;25(14-15):1673-1686.

[69] Ishihara K, Fukazawa K. Cell-Membrane-Inspired
polymers for constructing biointerfaces with efficient
molecular recognition. ] Mater Chem B. 2022;10
(18):3397-34109.

[70] Leigh BL, Cheng E, Xu L, et al. Antifouling photo-
graftable zwitterionic coatings on PDMS substrates.
Langmuir. 2019;35(5):1100-1110.

[71] Wu], Xiao Z, Chen A, et al. Sulfated zwitterionic poly
(sulfobetaine methacrylate) hydrogels promote com-
plete skin regeneration. Acta Biomater. 2018;71:293-
305.

[72] Shen N, Cheng E, Whitley JW, et al. Photograftable
zwitterionic coatings prevent Staphylococcus aureus
and Staphylococcus epidermidis adhesion to PDMS
surfaces. ACS Appl Bio Mater. 2021;4(2):1283-1293.

[73] Qiu X, Zhang ], Cao L, et al. Antifouling antioxidant
zwitterionic dextran hydrogels as wound dressing
materials with excellent healing activities. ACS Appl
Mater Interfaces. 2021;13(6):7060-7069.

[74] Igbal Z, Kim S, Moyer J, et al. In vitro and in vivo
hemocompatibility assessment of ultrathin sulfobe-
taine polymer coatings for silicon-based implants. J
Biomater Appl. 2019;34(2):297-312.

[75] Bennion DM, Horne R, Peel A, et al. Zwitterionic
photografted coatings of cochlear implant biomater-
ials reduce friction and insertion forces. Otol
Neurotol. 2021;42(10):1476-1483.

[76] Ga DH, Lim CM, Jang Y, et al. Surface-Modifying
effect of zwitterionic polyurethane oligomers com-
plexed with metal ions on blood compatibility.
Tissue Eng Regen Med. 2022;19(1):35-47.

[77] Zhang M, Yu P, Xie ], et al. Recent advances of
zwitterionic-based topological polymers for biomedi-
cal applications. ] Mater Chem B. 2022;10(14):2338-
2356.

[78] Suo D, Rao J, Wang H, et al. A universal biocompa-
tible coating for enhanced lubrication and bacterial
inhibition. Biomater Sci. 2022;10(13):3493-3502.

[79] Mary P, Bendejacq DD, Labeau MP, et al. Reconciling
low- and high-salt solution behavior of sulfobetaine
polyzwitterions. ] Phys Chem B. 2007;111(27):7767-
7777.

[80] Berlinova IV, Dimitrov IV, Kalinova RG, et al.
Synthesis and aqueous solution behaviour of copoly-
mers containing sulfobetaine moieties in side chains.
Polymer. 2000;41(3):831-837.

[81] Ahmed ST, Madinya JJ, Leckband DE. Ionic strength
dependent forces between end-grafted Poly (sulfobe-
taine) films and mica. J Colloid Interface Sci.
2022;606:298-306.

[82] Xiang Y, Xu RG, Leng Y. Molecular understanding of
ion effect on polyzwitterion conformation in an aqu-
eous environment. Langmuir. 2020;36(26):7648-
7657.

[83] Nakagawa Y, Saitou A, Aoyagi T, et al. Apoptotic cell
membrane-inspired polymer for immunosuppression.
ACS Macro Lett. 2017;6(9):1020-1024.

[84] Ebara M. Apoptotic cell-mimetic polymers for anti-
inflammatory therapy. Chonnam Med J. 2019;55
(1):1-7.

[85] Nakagawa Y, Lee J, Liu Y, et al. Microglial immunor-
egulation by apoptotic cellular membrane mimetic

K. ISHIHARA

polymeric particles. ACS Macro Lett. 2022;11
(2):270-275.

[86] Hu G, Emrick T. Functional choline phosphate poly-
mers. ] Am Chem Soc. 2016;138(6):1828-1831.

[87] Mukai M, Ihara D, Chu CW, et al. Synthesis and hydra-
tion behavior of a hydrolysis-resistant quasi-choline
phosphate zwitterionic polymer. Biomacromolecules.
2020;21(6):2125-2131.

[88] Li B, Jain P, Ma J, et al. Trimethylamine N-oxide-
derived zwitterionic polymers: a new class of ultralow
fouling bioinspired materials. Sci Adv. 2019;5(6):
eaaw9562.

[89] Li H, Li X, Ji J. Mixed-charge bionanointerfaces:
opposite charges work in harmony to meet the chal-
lenges in biomedical applications. Wiley Interdiscip
Rev Nanomed Nanobiotechnol. 2020;12(3):e1600.

[90] Sakata S, Inoue Y, Ishihara K. Precise control of sur-
face electrostatic forces on polymer brush layers with
opposite charges for resistance to protein adsorption.
Biomaterials. 2016;105:102-108.

[91] Lin S, Li Y, Zhang L, et al. Zwitterion-like, charge-
balanced ultrathin layers on polymeric membranes
for antifouling property. Environ Sci Technol.
2018;52(7):4457-4463.

[92] Tai FI, Sterner O, Andersson O, et al. Interaction
forces on polyampholytic hydrogel gradient surfaces.
ACS Omega. 2019;4(3):5670-5681.

[93] Shelef Y, Bar-On B. Interfacial indentations in biolo-
gical composites. ] Mech Behav Biomed Mater.
2021;114:104209.

[94] Jurak M, Wigcek AE, Ladniak A, et al. What affects
the biocompatibility of polymers? Adv Colloid
Interface Sci. 2021;294:102451.

[95] Han X, Leng C, Shao Q, et al. Absolute orientations of
water molecules at zwitterionic polymer interfaces
and interfacial dynamics after salt exposure.
Langmuir. 2019;35(5):1327-1334.

[96] Chen SH, Chang Y, Lee KR, et al. Hemocompatible
control of sulfobetaine-grafted polypropylene fibrous
membranes in human whole blood via plasma-
induced surface zwitterionization. Langmuir.
2012;28(51):17733-17742.

[97] Holmlin RE, Chen X, Chapman RG, et al
Zwitterionic SAMs that resist nonspecific adsorption
of protein from aqueous buffer. Langmuir. 2001;17
(9):2841-2850.

[98] Hoffman AS. The early days of PEG and PEGylation
(1970s-1990s). Acta Biomater. 2016;40:1-5.

[99] Del Grosso CA, Leng C, Zhang K, et al. Surface
hydration for antifouling and bio-adhesion. Chem
Sci. 2020;11(38):10367-10377.

[100] Xing CM, Meng EN, Quan M, et al. Quantitative
fabrication, performance optimization and compari-
son of PEG and zwitterionic polymer antifouling
coatings. Acta Biomater. 2017;59:129-138.

[101] Hildebrandt C, Joos L, Saedler R, et al. The “new
polyethylene glycol dilemma”: polyethylene glycol
impurities and their paradox role in mAb crystalliza-
tion. ] Pharm Sci. 2015;104(6):1938-1945.

[102] Hecht ES, Yeh GK, Zhang K. Evidence of free radical
generation from the interaction of polyethylene glycol
with PVC medical tubing. J Pharm Biomed Anal.
2021;197:113955.

[103] Yao Y, Fukazawa K, Huang N, et al. Effects of 3, 4-
dihydrophenyl groups in water-soluble phospholipid
polymer on stable surface modification of titanium



Sci. Technol. Adv. Mater. 23 (2022) 520

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

alloy. Colloid Surf B: Biointerfaces. 2011;88(1):215-
220.

Asha AB, Chen Y, Zhang H, et al. Rapid mussel-
inspired surface zwitteration for enhanced antifouling
and antibacterial properties. Langmuir. 2019;35
(5):1621-1630.

Kumar A, Nayak K, Miinch AS, et al. Mussel primed
grafted zwitterionic phosphorylcholine based super-
hydrophilic/underwater superoleophobic antifouling
membranes for oil-water separation. Sep Purif Tech.
2022;290:120887.

Pranantyo D, Xu LQ, Neoh KG, et al. Tea stains-
inspired initiator primer for surface grafting of anti-
fouling and antimicrobial polymer brush coatings.
Biomacromolecules. 2015;16(3):723-732.

Asha AB, Chen Y, Narain R. Bioinspired dopamine
and zwitterionic polymers for non-fouling surface
engineering. Chem Soc Rev. 2021;50(20):11668-
11683.

Saiz-Poseu J, Mancebo-Aracil J, Nador F, et al. The
chemistry behind catechol-based adhesion. Angew
Chem Int Ed Engl. 2019;58(3):696-714.

Shin CM, Cho S, Kim DH, et al. Zwitterionic poly-
dopamine coatings suppress silicone implant-induced
capsule formation. Biomater Sci. 2021;9(9):3425-
3432.

Golabchi A, Wu B, Cao B, et al. Zwitterionic polymer/
polydopamine coating reduce acute inflammatory tis-
sue responses to neural implants. Biomaterials.
2019;225:119519.

Yao Y, Fukazawa K, Ma W, et al. Platelet adhesion-
resistance of titanium substrate with mussel-inspired
adhesive polymer bearing phosphorylcholine group.
Appl Surf Sci. 2012;258(14):5418-5423.

Wang J, Zhu H, Chen G, et al. Controlled synthesis
and self-assembly of dopamine-containing copolymer
for honeycomb-like porous hybrid particles.
Macromol Rapid Commun. 2014;35(11):1061-1067.
Kim JY, Lee BS, Choi ], et al. Cytocompatible polymer
grafting from individual living cells by atom-transfer
radical polymerization. Angew Chem Int Ed Engl.
2016;55(49):15306-15309.

Kristensen EM, Nederberg F, Rensmo H, et al.
Photoelectron spectroscopy studies of the functiona-
lization of a silicon surface with a phosphorylcholine-
terminated polymer grafted onto (3-aminopropyl)tri-
methoxysilane. Langmuir. 2006;22(23):9651-9657.
Nishida M, Nakaji-Hirabayashi T, Kitano H, et al.
Optimization of the composition of zwitterionic
copolymers for the easy-construction of bio-inactive
surfaces. ] Biomed Mater Res A. 2016;104(8):2029-
2036.

Xu Y, Takai M, Konno T, et al. Microfluidic flow
control on charged phospholipid polymer interface.
Lab Chip. 2007;7(2):199-206.

Kyomoto M, Moro T, Iwasaki Y, et al
Superlubricious surface mimicking articular cartilage
by grafting poly(2-methacryloyloxyethyl phosphoryl-
choline) on orthopaedic metal bearings. ] Biomed
Mater Res A. 2009;91(3):730-741.

Lewis AL, Furze JD, Small S, et al. Long-term stability
of a coronary stent coating post-implantation. |
Biomed Mater Res. 2002;63(6):699-705.

Igbal Z, Moses W, Kim S, et al. Sterilization effects on
ultrathin film polymer coatings for silicon-based
implantable medical devices. ] Biomed Mater Res B
Appl Biomater. 2018;106(6):2327-2336.

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

K. ISHIHARA

Yang CC, Lo CT, Luo YL, et al. Thermally stable
bioinert zwitterionic sulfobetaine interfaces tolerated
in the medical sterilization process. ACS Biomater Sci
Eng. 2021;7(3):1031-1045.

Venault A, Lai MW, Jhong JF, et al. Superior bioinert
capability of zwitterionic poly(4-vinylpyridine pro-
pylsulfobetaine) withstanding clinical sterilization
for extended medical applications. ACS Appl Mater
Interfaces. 2018;10(21):17771-17783.

Moro T, Takatori Y, Ishihara K, et al. Surface grafting
of artificial joints with a biocompatible polymer for
preventing periprosthetic osteolysis. Nat Mater.
2004;3(11):829-836.

Kihara S, Yamazaki K, Litwak KN, et al. In vivo
evaluation of a MPC polymer coated continuous
flow left ventricular assist system. Artif Organs.
2003;27(2):188-192.

Kaneko T, Saito T, Shobuike T, et al. 2-
Methacryloyloxyethyl phosphorylcholine polymer
coating inhibits bacterial adhesion and biofilm for-
mation on a suture: an in vitro and in vivo study.
Biomed Res Int. 2020;2020:5639651.

Nishida K, Sakakida M, Ichinose K, et al
Development of a ferrocene-mediated needle-type
glucose sensor covered with newly designed biocom-
patible membrane, 2-methacryloyloxyethyl phos-
phorylcholine-co-n-butyl methacrylate. Med Prog
Technol. 1995;21(2):91-103.

Iida Y, Hongo K, Onoda T, et al. Use of catheter with
2-methacryloyloxyethyl phosphorylcholine polymer
coating is associated with long-term availability of
central venous port. Sci Rep. 2021;11(1):5385.
Pappalardo F, Della Valle P, Crescenzi G, et al.
Phosphorylcholine coating may limit thrombin for-
mation during high-risk cardiac surgery: a rando-
mized controlled trial. Ann Thorac Surg. 2006;81
(3):886-891.

Lewis AL, Stratford PW. A review on phosphorylcho-
line-coated stents. ] Long Term Eff Med Implants.
2017;27(2-4):233-252.

Abizaid A, Lansky AJ, Fitzgerald PJ, et al
Percutaneous coronary revascularization using a tri-
layer metal phosphorylcholine-coated zotarolimus-
eluting stent. Am J Cardiol. 2007;99(10):1403-1408.
Pasarikovski CR, Waggass G, Cardinell ], et al.
Pipeline embolisation device with shield technology
for the treatment of ruptured intracranial aneurysm.
Neuroradiol J. 2019;32(3):189-192.

Lemp MA, Caffery B, Lebow K, et al. Omafilcon a
(Proclear) soft contact lenses in a dry eye population.
Clao J. 1999;25(1):40-47.

Shi X, Sharma V, Cantu-Crouch D, et al. Nanoscaled
morphology and mechanical properties of a biomi-
metic polymer surface on a silicone hydrogel contact
lens. Langmuir. 2021;37(47):13961-13967.

Chou YN, Wen TC, Chang Y. Zwitterionic surface
grafting of epoxylated sulfobetaine copolymers for the
development of stealth biomaterial interfaces. Acta
Biomater. 2016;40:78-91.

Wang R, Xia J, Tang J, et al. Surface modification of
intraocular lens with hydrophilic poly(sulfobetaine
methacrylate) brush for posterior capsular opacifica-
tion prevention. J] Ocul Pharmacol Ther. 2021;37
(3):172-180.

Lin X, Wu K, Zhou Q, et al. Photoreactive carbox-
ybetaine copolymers impart biocompatibility and
inhibit plasticizer leaching on polyvinyl chloride.



Sci. Technol. Adv. Mater. 23 (2022) 521

[136]

[137]

[138]

[139]

[140]

(141]

(142]

[143]

(144]

[145]

[146]

(147]

[148]

[149]

[150]

[151]

ACS Appl Mater Interfaces. 2020;12(37):41026-
41037.

Venault A, Ye CC, Lin YC, et al. Zwitterionic fibrous
polypropylene assembled with amphiphatic carboxy-
betaine copolymers for hemocompatible blood filtra-
tion. Acta Biomater. 2016;40:130-141.

McKavanagh P, Zawadowski G, Ahmed N, et al. The
evolution of coronary stents. Expert Rev Cardiovasc
Ther. 2018;16(3):219-228.

Zheng H, Barragan P, Corcos T, et al. Clinical experi-
ence with a new biocompatible phosphorylcholine-
coated coronary stent. J Invasive Cardiol. 1999;11
(10):608-614.

Shinozaki N, Yokoi H, Iwabuchi M, et al. Initial and
follow-up results of the BiodivYsio phosphorylcho-
line coated stent for treatment of coronary artery
disease. Circ J. 2005;69(3):295-300.

Wang JH, Bartlett JD, Dunn AC, et al. The use of
rhodamine 6G and fluorescence microscopy in the
evaluation of phospholipid-based polymeric bioma-
terials. ] Microsc. 2005;217(3):216-224.

Girdhar G, Andersen A, Pangerl E, et al
Thrombogenicity assessment of pipeline flex, pipeline
shield, and FRED flow diverters in an in vitro human
blood physiological flow loop model. ] Biomed Mater
Res A. 2018;106(12):3195-3202.

Whelan DM, van der Giessen, W], Krabbendam SC,
et al. Biocompatibility of phosphorylcholine coated
stents in normal porcine coronary arteries. Heart.
2000;83(3):338-345.

Kandzari DE. Development and performance of the
zotarolimus-eluting endeavor coronary stent. Expert
Rev Med Devices. 2010;7(4):449-459.

Lewis AL, Willis SL, Small SA, et al. Drug loading and
elution from a phosphorylcholine polymer-coated cor-
onary stent does not affect long-term stability of the
coating in vivo. Biomed Mater Eng. 2004;14(4):355-370.
Collingwood R, Gibson L, Sedlik S, et al. Stent-Based
delivery of ABT-578 via a phosphorylcholine surface
coating reduces neointimal formation in the porcine
coronary model. Catheter Cardiovasc Interv.
2005;65(2):227-232.

Boffito M, Sartori S, Mattu C, et al. Polyurethanes for
cardiac applications. In: Cooper SL, and Guan J, editors.
Advances in polyurethane biomaterials. Duxford, UK:
Woodhead Publishing; 2016. p. 387-416.

Yang M, Zhang Z, Hahn C, et al. Totally implantable
artificial hearts and left ventricular assist devices:
selecting impermeable polycarbonate urethane to
manufacture ventricles. ] Biomed Mater Res.
1999;48(1):13-23.

Kim S, Ye SH, Adamo A, et al. A biostable, anti-
fouling zwitterionic polyurethane-urea based on
PDMS for use in blood-contacting medical devices. J
Mater Chem B. 2020;8(36):8305-8314.

Chang Y, Chen S, Yu Q, et al. Development of bio-
compatible interpenetrating polymer networks con-
taining a sulfobetaine-based polymer and a
segmented polyurethane for protein resistance.
Biomacromolecules. 2007;8(1):122-127.

Yuan J, Zhang J, Zhou J, et al. Platelet adhesion
onto segmented polyurethane surfaces modified
by carboxybetaine. ] Biomater Sci Polym Ed.
2003;14(12):1339-1349.

Liu Y, Inoue Y, Mahara A, et al. Durable modification
of segmented polyurethane for elastic blood-contact-
ing devices by graft-type 2-methacryloyloxyethyl

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

K. ISHIHARA

phosphorylcholine copolymer. ] Biomater Sci Polym
Ed. 2014;25(14-15):1514-1529.

Asanuma Y, Inoue Y, Yusa S, et al. Hybridization of
poly(2-methacryloyloxyethyl  phosphorylcholine-
block-2-ethylhexyl methacrylate) with segmented
polyurethane for reducing thrombogenicity. Colloids
Surf B Biointerfaces. 2013;108:239-245.

Snyder TA, Tsukui H, Kihara S, et al. Preclinical
biocompatibility assessment of the EVAHEART ven-
tricular assist device: coating comparison and platelet
activation. ] Biomed Mater Res A. 2007;81(1):85-92.
Ushijima T, Tanoue Y, Hirayama K, et al. A case of
conversion of a NIPRO ventricular assist system to an
EVAHEART left ventricular assist system. J Artif
Organs. 2013;16(2):248-252.

Owen CM, Montemurro N, Lawton MT. Microsurgical
management of residual and recurrent aneurysms after
coiling and clipping: an experience with 97 patients.
Neurosurgery. 2015;62(Suppl 1):92-102.

Briganti F, Leone G, Marseglia M, et al
Endovascular treatment of cerebral aneurysms
using flow-diverter devices: a systematic review.
Neuroradiol J. 2015;28(4):365-375.

Caroff J, Tamura T, King RM, et al
Phosphorylcholine surface modified flow diverter
associated with reduced intimal hyperplasia. ]
Neurointerv Surg. 2018;10(11):1097-1101.

Marosfoi M, Clarencon F, Langan ET, et al. Acute
thrombus formation on phosphorilcholine surface
modified flow diverters. ] Neurointerv Surg.
2018;10(4):406-411.

Matsuda Y, Jang DK, Chung J, et al. Preliminary
outcomes of single antiplatelet therapy for surface-
modified flow diverters in an animal model: analysis
of neointimal development and thrombus formation
using OCT. ] Neurointerv Surg. 2019;11(1):74-79.
Yeomans J, Sandu L, Sastry A. Pipeline flex embolisa-
tion device with shield technology for the treatment
of patients with intracranial aneurysms: periproce-
dural and 6 month outcomes. Neuroradiol ]J.
2020;33(6):471-478.

Martinez-Galddmez M, Lamin SM, Lagios KG, et al.
Treatment of intracranial aneurysms using the pipe-
line flex embolization device with shield technology:
angiographic and safety outcomes at 1-year follow-
up. ] Neurointerv Surg. 2019;11(4):396-399.

Ronco C. Evolution of technology for continuous
renal replacement therapy: forty years of improve-
ment. Contrib Nephrol. 2018;194:1-14.

Roumelioti ME, Trietley G, Nolin TD, et al. Beta-2
microglobulin clearance in high-flux dialysis and con-
vective dialysis modalities: a meta-analysis of published
studies. Nephrol Dial Transplant. 2018;33(6):1025-1039.
Zawada AM, Melchior P, Erlenkétter A, et al.
Polyvinylpyrrolidone in hemodialysis membranes:
impact on platelet loss during hemodialysis.
Hemodial Int. 2021;25(4):498-506.

Sato Y, Horiuchi H, Fukasawa S, et al. Influences of
the priming procedure and saline circulation condi-
tions on polyvinylpyrrolidone in vitro elution from
polysulfone membrane dialyzers. Biochem Biophys
Rep. 2021;28:101140.

Iwasaki Y, Nakabayashi N, Ishihara K. In vitro and
ex vivo blood compatibility study of 2-methacry-
loyloxyethyl phosphorylcholine (MPC) copolymer-
coated hemodialysis hollow fibers. J Artif Organs.
2003;6(4):260-266.



Sci. Technol. Adv. Mater. 23 (2022) 522

[167] Li D, Gao C, Wang X, et al. Zwitterionic polysulfone
copolymer/polysulfone blended ultrafiltration mem-
branes with excellent thermostability and antifouling
properties. Membranes (Basel). 2021;11(12):932.

[168] Xiang T, Lu T, Xie Y, et al. Zwitterionic polymer
functionalization of polysulfone membrane with
improved antifouling property and blood compatibil-
ity by combination of ATRP and click chemistry. Acta
Biomater. 2016;40:162-171.

[169] Mollahosseini A, Abdelrasoul A. Zwitterionization of
common hemodialysis membranes: assessment of dif-
ferent immobilized structure impact on hydrophili-
city and biocompatibility of poly aryl ether sulfone
(PAES) and cellulose triacetate (CTA) hemodialysis
membranes. Struct Chem. 2022. DOI:10.1007/
$11224-022-01940-0

[170] Chang Y, Chang W], Shih Y], et al. Zwitterionic
sulfobetaine-grafted poly(vinylidene fluoride) mem-
brane with highly effective blood compatibility via
atmospheric plasma-induced surface copolymeriza-
tion. ACS Appl Mater Interfaces. 2011;3(4):1228-
1237.

[171] Li Q, Lin HH, Wang XL. Preparation of sulfobetaine-
grafted PVDF hollow fiber membranes with a stably
anti-protein-fouling  performance. Membranes
(Basel). 2014;4(2):181-199.

[172] Xiang T, Zhang LS, Wang R, et al. Blood compatibil-
ity comparison for polysulfone membranes modified
by grafting block and random zwitterionic copoly-
mers via surface-initiated ATRP. ] Colloid Interface
Sci. 2014;432:47-56.

[173] Ueda H, Watanabe J, Konno T, et al. Asymmetrically
functional surface properties on biocompatible phos-
pholipid polymer membrane for bioartificial kidney. J
Biomed Mater Res A. 2006;77(1):19-27.

[174] Seo ], Seo JH. Fabrication of an anti-biofouling
plasma-filtration membrane by an electrospinning
process using photo-cross-linkable zwitterionic phos-
pholipid polymers. ACS Appl Mater Interfaces.
2017;9(23):19591-19600.

[175] Lien C-C, Chen P-J, Venault A, et al. A zwitterionic
interpenetrating network for improving the blood com-
patibility of polypropylene membranes applied to leuko-
depletion. ] Membrane Sci. 2019;584:148-160.

[176] Akil A, Ziegeler S, Rehers S, et al. Blood purification
therapy in patients with severe COVID-19 requiring
veno-venous ECMO therapy: a retrospective study.
Int J Artif Organs. 2022;45(7):615-622.

[177] Abada EN, Feinberg BJ, Roy S. Evaluation of silicon
membranes for extracorporeal membrane oxygena-
tion (ECMO). Biomed Microdevices. 2018;20(4):86.

[178] Mousavi M, Ghaleh H, Jalili K, et al. Multi-layer
PDMS films having antifouling property for biome-
dical applications. ] Biomater Sci Polym Ed. 2021;32
(5):678-693.

[179] Biran R, Pond D. Heparin coatings for improving
blood compatibility of medical devices. Adv Drug
Deliv Rev. 2017;112:12-23.

[180] Keuren JF, Wielders SJ, Willems GM, et al. Fibrinogen
adsorption, platelet adhesion and thrombin generation
at heparinized surfaces exposed to flowing blood.
Thromb Haemost. 2002;87(4):742-747.

[181] Campbell EJ, O’Byrne V, Stratford PW, et al
Biocompatible  surfaces  using  methacryloyl
phosphorylcholine laurylmethacrylate copolymer.
Asaio J. 1994;40(3):M853-857.

K. ISHIHARA

[182] Katayama R, Tanaka N, Takagi Y, et al
Characterization of the hydration process of phos-
pholipid-mimetic polymers using air-injection-
mediated liquid exclusion methods. Langmuir.
2020;36(20):5626-5632.

[183] Myers GJ, Johnstone DR, Swyer W], et al. Evaluation
of mimesys phosphorylcholine (PC)-coated oxygena-
tors during cardiopulmonary bypass in adults. ] Extra
Corpor Technol. 2003;35(1):6-12.

[184] Erythropel HC, Maric M, Nicell JA, et al. Leaching of
the plasticizer di(2-ethylhexyl)phthalate (DEHP)
from plastic containers and the question of human
exposure. Appl Microbiol Biotechnol. 2014;98
(24):9967-9981.

[185] Minch F, Hoéllerer C, Klapproth A, et al. Effect of
phospholipid coating on the migration of plasticizers
from PVC tubes. Chemosphere. 2018;202:742-749.

[186] Ding YF, Li RW, Nakai M, et al. Osteoanabolic
implant materials for orthopedic treatment. Adv
Healthc Mater. 2016;5(14):1740-1752.

[187] Jaafar A, Hecker C, Arki P, et al. Sol-gel derived
hydroxyapatite coatings for titanium implants: a
review. Bioengineering (Basel). 2020;7(4):127.

[188] Holt G, Murnaghan C, Reilly J, et al. The biology of
aseptic  osteolysis. Clin Orthop Relat Res.
2007;460:240-252.

[189] Ingham E, Fisher J. Biological reactions to wear debris
in total joint replacement. Proc Inst Mech Eng H.
2000;214(1):21-37.

[190] Stannard JP, Harris HW, Volgas DA, et al. Functional
outcome of patients with femoral head fractures asso-
ciated with hip dislocations. Clin Orthop Relat Res.
2000;377:44-56.

[191] Affatato S, Freccero N, Taddei P. The biomaterials
challenge: a comparison of polyethylene wear using a
hip joint simulator. ] Mech Behav Biomed Mater.
2016;53:40-48.

[192] Endo MM, Barbour PS, Barton DC, et al.
Comparative wear and wear debris under three dif-
ferent counterface conditions of crosslinked and non-
crosslinked ultra high molecular weight polyethylene.
Biomed Mater Eng. 2001;11(1):23-35.

[193] Kurtz SM, Gawel HA, Patel JD. History and systema-
tic review of wear and osteolysis outcomes for first-
generation highly crosslinked polyethylene. Clin
Orthop Relat Res. 2011;469(8):2262-2277.

[194] Lin W, Klein J. Recent progress in cartilage lubrica-
tion. Adv Mater. 2021;33(18):e2005513.

[195] Kyomoto M, Moro T, Miyaji F, et al. Effect of 2-
methacryloyloxyethyl phosphorylcholine concentra-
tion on photo-induced graft polymerization of poly-
ethylene in reducing the wear of orthopaedic bearing
surface. ] Biomed Mater Res A. 2008;86(2):439-447.

[196] Moro T, Takatori Y, Tanaka S, et al. Clinical safety
and wear resistance of the phospholipid polymer-
grafted highly cross-linked polyethylene liner. ]
Orthop Res. 2017;35(9):2007-2016.

[197] Kyomoto M, Moro T, Yamane S, et al. Hydrated
phospholipid polymer gel-like layer for increased
durability of orthopedic bearing surfaces. Langmuir.
2019;35(5):1954-1963.

[198] Milner PE, Parkes M, Puetzer JL, et al. A low friction,
biphasic and boundary lubricating hydrogel for carti-
lage replacement. Acta Biomater. 2018;65:102-111.

[199] Deng Y, Xiong D, Shao S. Study on biotribological
properties of UHMWPE grafted with MPDSAH.


https://doi.org/10.1007/s11224-022-01940-0
https://doi.org/10.1007/s11224-022-01940-0

Sci. Technol. Adv. Mater. 23 (2022) 523

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

Mater Sci Eng C Mater Biol Appl. 2013;33(3):1339-
1343.

Klein C, Iacovella CR, McCabe C, et al. Tunable
transition from hydration to monomer-supported
lubrication in zwitterionic monolayers revealed by
molecular dynamics simulation. Soft Matter. 2015;11
(17):3340-3346.

Deng Y, Xiong D, Wang K. The mechanical proper-
ties of the ultra high molecular weight polyethylene
grafted with 3-dimethy (3-(N-methacryamido)pro-
pyl) ammonium propane sulfonate. ] Mech Behav
Biomed Mater. 2014;35:18-26.

Adibnia V, Olszewski M, De Crescenzo G, et al.
Superlubricity of zwitterionic bottlebrush polymers
in the presence of multivalent ions. ] Am Chem Soc.
2020;142(35):14843-14847.

Kyomoto M, Moro T, Saiga K, et al. Biomimetic
hydration lubrication with various polyelectrolyte
layers on cross-linked polyethylene orthopedic bear-
ing materials. Biomaterials. 2012;33(18):4451-4459.
XiY, Sharma PK, Kaper HJ, et al. Tribological proper-
ties of micropored poly(2-hydroxyethyl methacrylate)
hydrogels in a biomimetic aqueous environment.
ACS Appl Mater Interfaces. 2021;13(35):41473-
41484.

Ishihara K, Iwasaki Y, Ebihara S, et al. Photoinduced
graft polymerization of 2-methacryloyloxyethyl phos-
phorylcholine on polyethylene membrane surface for
obtaining blood cell adhesion resistance. Colloids
Surf B Biointerfaces. 2000;18(3-4):325-335.

Goda T, Konno T, Takai M, et al. Biomimetic phos-
phorylcholine polymer grafting from polydimethylsi-
loxane surface using photo-induced polymerization.
Biomaterials. 2006;27(30):5151-5160.

Goda T, Matsuno R, Konno T, et al. Photografting of
2-methacryloyloxyethyl phosphorylcholine from
polydimethylsiloxane: tunable protein repellency
and lubrication property. Colloids Surf B
Biointerfaces. 2008;63(1):64-72.

Goda T, Konno T, Takai M, et al. Photoinduced
phospholipid polymer grafting on parylene film:
advanced lubrication and antibiofouling properties.
Colloids Surf B Biointerfaces. 2007;54(1):67-73.

Taki N, Tatro JM, Nalepka JL, et al. Polyethylene and
titanium particles induce osteolysis by similar, lym-
phocyte-independent, mechanisms. J Orthop Res.
2005;23(2):376-383.

Moro T, Takatori Y, Kyomoto M, et al. Long-term hip
simulator testing of the artificial hip joint bearing
surface grafted with biocompatible phospholipid
polymer. ] Orthop Res. 2014;32(3):369-376.

Pawlak Z, Yusuf KQ, Pai R, et al. Repulsive surfaces
and lamellar lubrication of synovial joints. Arch
Biochem Biophys. 2017;623-624:42-48.

Kyomoto M, Moro T, Yamane S, et al. A phospholi-
pid polymer graft layer affords high resistance for
wear and oxidation under load bearing conditions. ]
Mech Behav Biomed Mater. 2018;79:203-212.
Nakano H, Noguchi Y, Kakinoki S, et al. Highly
durable lubricity of photo-cross-linked zwitterionic
polymer brushes supported by poly(ether ether
ketone) substrate. ACS Appl Bio Mater. 2020;3
(2):1071-1078.

Chen H, Sun T, Yan Y, et al. Cartilage matrix-inspired
biomimetic superlubricated nanospheres for treat-
ment of osteoarthritis. Biomaterials. 2020;242:119931.

K. ISHIHARA

[215] Yue Q, Lei L, Gu Y, et al. Bioinspired polysaccharide-
derived zwitterionic brush-like copolymer as an
injectable biolubricant for arthritis treatment. Adv
Healthc Mater. 2022;11(13):2200090.

[216] Zhao W, Wang H, Han Y, et al. Dopamine/phosphor-
ylcholine copolymer as an efficient joint lubricant and
ROS scavenger for the treatment of osteoarthritis.
ACS Appl Mater Interfaces. 2020;12(46):51236-
51248.

[217] ZhengY, Yang ], Liang J, et al. Bioinspired hyaluronic
acid/phosphorylcholine polymer with enhanced
lubrication and anti-inflammation.
Biomacromolecules. 2019;20(11):4135-4142.

[218] Osaheni AO, Mather PT, Blum MM. Mechanics and
tribology of a zwitterionic polymer blend: impact of
molecular weight. Mater Sci Eng C Mater Biol Appl.
2020;111:110736.

[219] Werner L. Biocompatibility of intraocular lens mate-
rials. Curr Opin Ophthalmol. 2008;19(1):41-49.

[220] Okajima Y, Saika S, Sawa M. Effect of surface coating
an acrylic intraocular lens with poly(2-methacryloy-
loxyethyl phosphorylcholine) polymer on lens epithe-
lial cell line behavior. J Cataract Refract Surg. 2006;32
(4):666-671.

[221] Musgrave CSA, Fang F. Contact lens materials: a
materials science perspective. Materials (Basel).
2019;12(2):261.

[222] Nicolson PC. Continuous wear contact lens surface
chemistry and wearability. Eye Contact Lens. 2003;29
(1 Suppl):S30-32.

[223] Court JL, Redman RP, Wang JH, et al. A novel phos-
phorylcholine-coated contact lens for extended wear
use. Biomaterials. 2001;22(24):3261-3272.

[224] Guillon M. Are silicone hydrogel contact lenses more
comfortable than hydrogel contact lenses? Eye
Contact Lens. 2013;39(1):86-92.

[225] Jacob JT. Biocompatibility in the development of
silicone-hydrogel lenses. Eye Contact Lens. 2013;39
(1):13-19.

[226] Tighe BJ. A decade of silicone hydrogel development:
surface properties, mechanical properties, and ocular
compatibility. Eye Contact Lens. 2013;39(1):4-12.

[227] Young M, Benjamin WJ. Calibrated oxygen perme-
ability of 35 conventional hydrogel materials and
correlation with water content. Eye Contact Lens.
2003;29(2):126-133.

[228] Chien HW, Kuo CJ. Preparation, material properties
and antimicrobial efficacy of silicone hydrogel by
modulating silicone and hydrophilic monomer. J
Biomater Sci Polym Ed. 2019;30(12):1050-1067.

[229] Rex ], Knowles T, Zhao X, et al. Elemental composi-
tion at silicone hydrogel contact lens surfaces. Eye
Contact Lens. 2018;44(2):5221-S226.

[230] Gipson IK, Argiieso P. Role of mucins in the function
of the corneal and conjunctival epithelia. Int Rev
Cytol. 2003;231:1-49.

[231] Rickert CA, Wittmann B, Fromme R, et al. Highly
transparent covalent mucin coatings improve the wett-
ability and tribology of hydrophobic contact lenses. ACS
Appl Mater Interfaces. 2020;12(25):28024-28033.

[232] Korogiannaki M, Samsom M, Matheson A, et al.
Investigating the synergistic interactions of surface
immobilized and free natural ocular lubricants for
contact lens applications: a comparative study
between hyaluronic acid and proteoglycan 4
(Lubricin). Langmuir. 2021;37(3):1062-1072.



Sci. Technol. Adv. Mater. 23 (2022) 524

[233] Shi X, Cantu-Crouch D, Sharma V, et al. Surface
characterization of a silicone hydrogel contact lens
having bioinspired 2-methacryloyloxyethyl phos-
phorylcholine polymer layer in hydrated state.
Colloids Surf B Biointerfaces. 2021;199:111539.

[234] Papas E, Ishihara K, Mack C, et al. Water gradient
technology: evolution through biomimicry. Contact
Lens Spectrum. 2021;36:16-20.

[235] Ishihara K, Fukazawa K, Sharma V, et al. Antifouling
silicone hydrogel contact lenses with a bioinspired 2-
methacryloyloxyethyl phosphorylcholine polymer
surface. ACS Omega. 2021;6(10):7058-7067.

[236] Higaki Y, Nishida J, Takenaka A, et al. Versatile
inhibition of marine organism settlement by zwit-
terionic polymer brushes. Polym J. 2015;47
(12):811-818.

[237] Qiu H, Feng K, Gapeeva A, et al. Functional polymer
materials for modern marine biofouling control. Prog
Polym Sci. 2022;127:101516.

[238] He K, Duan H, Chen GY, et al. Cleaning of oil fouling
with water enabled by zwitterionic polyelectrolyte
coatings: overcoming the imperative challenge of
oil-water separation membranes. ACS Nano. 2015;9
(9):9188-9198.

K. ISHIHARA

[239] Chen S, Xie Y, Chinnappan A, et al. A self-cleaning
zwitterionic nanofibrous membrane for highly effi-
cient oil-in-water separation. Sci Total Environ.
2020;729:138876.

[240] Qi L, Jiang T, Liang R, et al. Enhancing the oil-fouling
resistance of polymeric membrane ion-selective elec-
trodes by surface modification of a zwitterionic poly-
mer-based oleophobic self-cleaning coating. Anal
Chem. 2021;93(18):6932-6937.

[241] Zhao ], Li D, Han H, et al. Hyperbranched zwitterionic
polymer-functionalized underwater superoleophobic
microfiltration membranes for oil-in-water emulsion
separation. Langmuir. 2019;35(7):2630-2638.

[242] Baig N, Arshad Z, Ali SA. Synthesis of a biomimetic
zwitterionic pentapolymer to fabricate high-perfor-
mance PVDF membranes for efficient separation of
oil-in-water nano-emulsions. Sci Rep. 2022;12(1):5028.

[243] Jones SD, Nguyen H, Richardson PM, et al. Design of
polymeric zwitterionic solid electrolytes with superionic
lithium transport. ACS Cent Sci. 2022;8(2):169-175.

[244] Liu Y, Sheri M, Cole MD, et al. Combining fullerenes
and zwitterions in non-conjugated polymer inter-
layers to raise solar cell efficiency. Angew Chem Int
Ed Engl. 2018;57(31):9675-9678.



	Abstract
	1. Introduction
	2. Biomimetic polymers with zwitterionic polar groups
	3. Zwitterionic polymers at the interface of biomaterials
	4. Medical application of zwitterionic polymers
	4.1. Medical devices in contact with blood
	4.1.1. Cardiovascular devices
	4.1.2. Cerebrovascular device
	4.1.3. Blood purification devices
	4.1.4. Oxygen enrichment device for extracorporeal blood circulation

	4.2. Orthopedic devices
	4.3. Ophthalmology devices

	5. Conclusions and future perspective
	Disclosure statement
	Notes on contributor
	ORCID
	References

