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Abstract

Medical devices are indispensable in modern medicine for saving patients with injuries or illnesses and improving their
quality of life. The development of polymers that elicit minimal biological reactions upon contact with tissues or biological
components is critical for the safe and effective use of these devices. 2-Methacryloyloxyethyl phosphorylcholine (MPC)
polymers, invented in Japan, represent a milestone in bioinspired materials science because they have been designed to
mimic the phosphorylcholine groups naturally present on cell membranes, endowing them with excellent biocompatibility
and resistance to nonspecific protein adsorption. Diverse MPC polymer architectures have been synthesized to optimize
functional expression and tailor surface properties. Moreover, molecular designs have enabled the modification of
conventional polymers, metals, and ceramics, thereby expanding their utility in diverse biomedical applications. This review
highlights the molecular design concept, interfacial properties, and current status of MPC polymers as highly reliable surface
treatment materials and summarizes their broad implementation in medical devices.

Molecular design of bioinspired
2-methacryloyloxyethyl phosphorylcholine
polymers for obtaining biocompatible
surfaces

phospholipids containing phosphorylcholine (PC) groups,
whereas the inner leaflet is predominantly composed of
acidic lipids such as phosphatidylserine and phosphatidy-
lethanolamine [3]. This asymmetry contributes to various
biological functions, including signal transduction and

Molecular assembly of phospholipid molecules as
biointerfaces

Understanding and controlling intermolecular interactions
are important for the development of biocompatible poly-
meric materials. From the standpoint of the interfaces that
interact with biological systems, cell membranes constitute
a critical model [1, 2]. A notable feature of the cell mem-
brane is the asymmetric lipid distribution between the inner
and outer leaflets. The outer leaflet is enriched in
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selective molecular recognition. Nonspecific adsorption of
extracellular molecules can disrupt cellular homeostasis and
impair function. Thus, the outer membrane must exhibit
selective interactions that suppress nonspecific binding.
PC group-bearing phospholipids possess zwitterionic head
groups comprising phosphate esters and trimethylammonium
moieties covalently linked via ethylene chains. The close spa-
tial arrangement of these oppositely charged groups yields
intramolecular ion pairing, neutralizing the net charge of the
functional group. Because this zwitterionic character underlies
the nonfouling and biocompatible properties of these lipids,
phosphatidylcholine is widely used in drug delivery systems,
including liposomes and lipid-based microspheres [4, 5]. These
systems facilitate the dispersion of hydrophobic drugs in aqu-
eous environments and enable their in vivo administration. In
the 1970s and 1980s, the Ringsdorf and Chapman groups made
significant efforts to improve the stability of phospholipid
aggregates by synthesizing polymerizable phospholipids and
optimizing polymerization techniques in combination with self-
assembled membrane (SAM) preparation techniques [6, 7].
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MPC as a new monomer for biocompatible polymers

Research on bioinspired polymers was initiated in 1987 by
Ishihara and coworkers to obtain excellent biocompatibility
on the basis of the chemical structures of phospholipid
molecules [8]. Many studies have shown that the PC group
is a candidate for weak interactions with biological systems
[7, 9]. To enhance the physical stability and freedom of
polymer preparation, a polymerizable group must be intro-
duced into the molecule. Therefore, the target molecule was
determined to be 2-methacryloyloxyethyl phosphorylcho-
line (MPC). The chemical structure of MPC is simple; the
PC group is bound to a polymerizable methacrylate group
with only two methylene groups, as shown in Fig. 1 [8, 10].
However, the synthesis of MPC is difficult because of its
moisture sensitivity and deliquescence. Thus, it is necessary
to prevent the inclusion of moisture in the synthesis process
and establish a purification process in a completely dehy-
drated system. In the early stages of synthesis research, it
took time to create a completely dehydrated solvent and
devise an apparatus that prevented water from being mixed
during the synthesis procedure. It was particularly difficult
to devise a method to obtain pure trimethylamine from an
aqueous solution, which was available as a reagent at that
time. It took more than four months to complete the process
by individually improving the series of operational steps.
The product was recrystallized in a flask to obtain a white
powder with a melting point (mp) of approximately 140 °C.
This synthetic process was reported in the Polymer Journal
in 1990 [8] and was applied for the industrialization of MPC
in Japan by NOF Co. after a slight modification in 1999,
supported by the Japan Science and Technology Agency
(JST) [10].

The polymerization ability of MPC results in its homo-
polymer, poly(MPC), and copolymers with various vinyl
monomers using a conventional radical polymerization proce-
dure [8, 11]. In addition, advanced living radical

Fig. 1 A Synthesis of (A)
2-methacryloyloxyethyl

phosphorylcholine (MPC)
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polymerization techniques have been used to obtain well-
defined MPC polymers [12-18]. The introduction of other
monomer units into the MPC polymers alters its solubility. The
MPC unit composition of the polymer is easily regulated by
adjusting the monomer feed ratio. When MPC is copolymer-
ized with various alkyl methacrylates such as n-butyl
methacrylate (BMA) (forming poly(MPC-co-BMA [PMB))) or
n-dodecyl methacrylate (DMA) (forming poly(MPC-co-DMA
[PMD])), the polymerization proceeds smoothly, resulting in a
statistically random sequence [11]. The solubility of MPC
polymers in the solvent depends on the MPC unit composition,
the hydrophobicity of the alkyl methacrylate unit, and the
molecular weight of the polymer. For example, PMB with
30 mol% MPC, whose molecular weight is 2500 kDa, enhan-
ces stability under biological conditions, preventing easy
detachment from the substrate even when the solution casting
process is applied. It remains stable in sterilized environments
such as y-rays, ethylene oxide gas, and autoclave sterilization,
making it suitable for use in medical devices. This polymer is
registered in the Master Files for Devices of the US Food and
Drug Administration as Lipidure@—CM5206 (NOF Co) [10].
Conversely, when the molecular weight of the PMB is less than
approximately 50 kDa, it is water soluble despite the MPC unit
mole fraction being the same [19]. This is a unique property of
the PC group; a small fraction of the MPC units (30 mol%) in
the polymer can dissolve a large fraction of the hydrophobic
BMA units (70 mol%).

Various MPC derivatives and MPC polymers with other
functional monomer units have been synthesized and stu-
died worldwide [20-22].

Another crucial MPC reaction involves Michael addition
of thiol or amine compounds. In addition, the hydrosilyla-
tion reaction between the silane compounds and the
methacrylate group in MPC proceeds well. These reactions
allow for the introduction of PC groups into compounds
with various functional groups, including silane couplings,
diols, and primary amino groups [23-25].
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Comments on misleading research reports in older
MPC polymer studies

A research group at Tokyo Medical and Dental University
first reported the synthesis of MPC and its polymers in 1978
in Kobunshi Ronbunshu, the official journal of the Society
of Polymer Science, Japan [26]. They synthesized MPC by
condensing 2-hydroxyethyl methacrylate (HEMA) with
2-bromoethyl phosphoryl dichloride, followed by qua-
ternization with trimethylamine. Water was required to
convert phosphoryl chloride to a PC group; however, its
presence hindered crystallization and resulted in low yields.
Owing to the high water absorption and deliquescent nature
of MPC, the physical and biological properties of both MPC
and its polymers are often misunderstood. For example,
both MPC and poly(MPC) strongly induce hemolysis of red
blood cells. Additionally, cell culture tests revealed that
fibroblasts proliferated well on plates coated with
poly(MPC-co-methyl methacrylate (MMA)), similar to
those on uncoated controls. When poly(MPC-co-MMA)
was exposed to whole blood, platelets adhered and became
deformed [27]. These observations are inconsistent with the
typical characteristics of MPC polymers.

Another report in Polymer Journal noted that poly(MPC)
behaves like a polyelectrolyte, exhibiting increased viscosity
upon dilution at low ionic strength [28]. This behavior, which is
typically observed in polyelectrolytes, is typically attributed to
the dissociation of counterions from the polymer chains at low
concentrations, leading to changes in polymer conformation
[29]. Howeyver, this interpretation conflicts with the known
properties of poly(MPC), as such viscosity changes are unlikely
because of the covalently bonded internal salt formed between
the phosphate anion and the trimethylammonium cation. At that
time, the reported melting point of MPC was 15 °C, suggesting
that the MPC used in the experiment was of insufficient purity.

Today, reliable synthesis methods for MPC have been
established, enabling the worldwide availability of high-
purity MPC (with reagent-grade purity exceeding 97%). As
a result, previously reported anomalous phenomena are no
longer observed.

If incorrect information had remained uncorrected, it
could have hindered the progress of research that may
have led to new medical device applications and
improvements in patients’ quality of life. Therefore, sci-
entific information must be continuously updated. In the
biotechnology industry, new materials and reagents are
constantly being developed, and innovative analytical
methods and techniques are emerging. As such, it is
essential to verify and validate new findings by comparing
them with existing data. This process helps ensure that
research contributes effectively to advancements in health
care and the enhancement of patients’ “quality of life

(QOL)™.

Control of interfacial physicochemical
properties on the MPC polymer surface
under aqueous conditions

Surface modification techniques using MPC
polymers

Obtaining manufacturing approval from a national organi-
zation is extremely important in the development of medical
devices. Thus, confirming the performance, therapeutic
effect, and safety of medical devices, as well as the safety and
stability of the materials, is necessary. From an engineering
perspective, it is also necessary for medical devices to be easy
to mold and assemble. An important strategy is to treat the
surfaces of medical devices made from existing materials
using biocompatible polymers [30, 31]. In other words,
dividing the functions between the bulk and surface can
enable the synthesis of a composite functional material that
combines moldability, mechanical strength, and biocompat-
ibility. Therefore, MPC polymers have been surface-treated
on substrates with a proven track record in medical devices.
Table 1 summarizes the surface treatment methods used for
MPC polymers on various substrates [32—62]. Copolymer-
ization with HEMA and a small amount of a crosslinker
provides a hydrogel for soft contact lenses [32]. Additionally,
some MPC polymers with hydrophobic monomer units are
water insoluble but soluble in organic solvents and can be
applied in the coating process [37-44]. Water-soluble and
amphiphilic MPC polymers can adsorb onto natural tissues
and retain moisture or exhibit antifouling properties [33-36].
Therefore, they are commonly used as tissue treatment
solutions. The simplest surface treatment method involves
coating a surface with a polymer solution. In this case, it is
necessary to use a solvent that does not affect the substrate so
that the polymer does not aggregate during the solvent eva-
poration process and the coating layer does not peel off
easily, even in the wet state. As mentioned above, PMB and
PMD have been used to coat conventional medical devices.

For medical devices that may be subjected to mechanical
stress, such as friction and deformation, stabilizing the
surface treatment layer through chemical reactions is
effective [46—49]. Specifically, chemical bonds can form
between the substrate and the surface-treated polymer, or
the polymer can be crosslinked within the coating layer.
With the molecular design of MPC polymers, photoreactive
polymers can be obtained by introducing phenylazide
groups into some of the PMB or surface-bonded polymers
by introducing catechol groups. Photoreactive MPC poly-
mers are used as antifouling agents in dental dentures [49].

After the surface-treated polymer is dissolved in the base
polymer solution to obtain a homogeneous solution, the
surface-treated polymer is concentrated near the surface by
controlling the solvent evaporation [56]. By dissolving the
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Table 1 Surface modification methods of MPC polymer on various substrates

Surface modification methods Substrates MPC polymers Applicable medical devices References
Copolymerization Hydrogel Crosslinked poly(MPC-co- Soft contact lens [32]
HEMA)
Adsorption Natural tooth Water-soluble amphiphilic Mouthwash: Dental treatment [33]
MPC polymer
Naked eye Water-soluble amphiphilic Eye drop: Dry eye prevention [34]
MPC polymer
Naked skin Water-soluble amphiphilic Skin care: Moisturizer [35, 36]
MPC polymer
Solution casting Ti and Ti alloy PMB Implantable artificial heart [37]
SUS PMB Dental prosthesis [38]
PLA PMB Suture [39]
PP PMD Oxygenator (artificial lung) [40]
PU PMB Catheter [41]
Needle-type implantable glucose [42]
sensor
SPU PMB Cannula [43, 44]
Cellulose Water-soluble poly(MPC)- Hemodialyzer [45]
graft-cellulose Hemofilter
Reacting Co-Cr alloy PMHS Cardiovascular stent [46, 47]
Drug eluting stent
Co-Cr alloy MPC with primary amino group Neurovascular stent [48]
Composite resin MPC polymer with phenylazide Dental prosthesis [49]
group
Grafting
“Grafting from” UHMWPE poly(MPC) Atrtificial hip joint [50]
Cellulose poly(MPC) Hemodialyzer [51]
PEEK poly(MPC) Orthopedic prosthesis [52]
“Grafting to” Silicone hydrogel =~ MPC polymer with amino group Contact lens [53]
Blending SPU PMEH Small diameter vascular prosthesis  [54]
PSf PMBU Hemodialyzer [55]
Hemofilter
Cellulose triacetate PMBU Hemodialyzer [56]
Hemofilter
PE poly(MPC) Blood bag without plasticizer [57]
In situ coating PSt Water-soluble amphiphilic Medical hollow fiber membrane [58]
MPC polymer
Cellulose acetate ~ Water-soluble amphiphilic Medical hollow fiber membrane [59]
MPC polymer
PLA Water-soluble amphiphilic Nanoparticles for diagnosis [60]
MPC polymer
Internal penetrating network Silicone hydrogel  poly(MPC)/ crosslinker Silicone hydrogel contact lens [61]
formation
SPU PMEH/cross-linker Blood bag without plasticizer [62]

MPC 2-methacryloyloxyethyl phosphorylcholine, HEMA 2-hydroxyethyl methacrylate, PMB poly(MPC-co-n-butyl methacrylate), PMD
poly(MPC-co-n-dodecyl methacrylate (DMA)), SUS stainless steel, PU polyurethane,

PMHS poly(MPC-co-DMA-co-2-hydroxypropyl methacrylate-co-3-trimethylsilylpropyl methacrylate),
PEEK polyetheretherketone, PMBU poly(MPC-co-2-methacryloyloxyethyl butylurethane), PMEH poly(MPC-co-2-ethylhexyl methacrylate)

poly(MPC) and polyethylene (PE) in a mixture of xylene
and n-butanol, the solvent evaporation process can make a
blend membrane composed of these polymers with
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good transparency. It is quite unusual because the solubility
parameters of these two polymers differ significantly [57].
Also, when the MPC polymer and segmented polyurethane



Invention and global impact of bioinspired 2-methacryloyloxyethyl phosphorylcholine polymers.... 307

(SPU) dissolved in a mixed solvent of methylene chloride/
ethanol and then spread on a glass substrate, the MPC
polymer was concentrated on the glass surface side. It is due
to the difference in the evaporation rate of the solvent and
solubility of these polymers. This allowed for the MPC
polymer to be concentrated on the inner surface by the
solvent casting method using a glass rod, and a tube whose
overall mechanical properties were dominated by SPU
could be obtained [54]. To create a small-diameter artificial
blood vessel, patency was examined in animal experiments,
which revealed superior performance compared with that of
the untreated SPU. Moreover, surface modification of cel-
lulose acetate and polysulfone (PSf) is possible through
polymer blending [58, 59].

Surface grafting can maximize the surface density of
MPC polymers [52, 53]. Specifically, two types of reaction
patterns are considered: “graft from,” where the poly-
merization reaction proceeds from the substrate surface, and
“graft to,” where reactive functional groups are introduced
near the ends of the MPC polymer and react with the sur-
face. Polymer-grafted surfaces can be fabricated by
adsorbing benzophenone onto a polyethylene surface in an
aqueous monomer solution and irradiating it with light [49].
This method is particularly effective when polyethylene
does not contain reactive functional groups. UHMWPE
particles grafted with poly(MPC) were used in liners to
form the sliding surfaces of artificial hip joints [63]. In
addition, the hydrophilicity and antifouling properties of
silicone hydrogel surfaces have been improved by surface
treatment with reactive MPC polymers to obtain enhanced
contact lens materials [61]. The grafting of these MPC
polymers was applied as a surface treatment for medical
devices, as described below.

To clarify the antifouling properties of MPC polymers,
many researchers have fabricated high-density polymer
brush surfaces using surface-initiated living radical poly-
merization reactions and elucidated the mechanisms by
which these surfaces inhibit biological responses such as
protein adsorption and cell adhesion [64—67]. Furthermore,
research has been conducted on the process by which the
MPC polymer naturally and firmly coats the surface during
coagulation when the polymer solution phase comes into
contact with an aqueous MPC polymer solution, utilizing
the formation of aggregates of water-soluble, amphiphilic
MPC polymers in water [58—60].

Unique hydration states of the MPC polymers for
preventing biological reactions

The excellent hydrophilicity of MPC polymers has attracted
considerable attention in the study of interfacial phenomena
[10, 20, 30, 63]. Surface modification using solvent-cast
MPC  polymers, especially copolymers containing

hydrophobic alkyl methacrylate units, is affected by several
factors, including the type of substrate, polymer con-
centration, and solvent evaporation time. In MPC polymers
with hydrophobic side chains, the hydrophobic groups
preferentially orient and concentrate at the air interface
during solvent evaporation. When hydrophilic substrates
such as glass are used, MPC units tend to accumulate at the
substrate interface, whereas hydrophobic alkyl groups
concentrate at the air interface, resulting in an increased
water contact angle. However, once fully hydrated, the
inherent hydrophilicity of the MPC units reduces the water
contact angle to less than 20°, resulting in a highly hydro-
philic surface. This behavior can be tuned by varying the
structure of the hydrophobic groups. For example, incor-
porating rigid hydrophobic units such as naphthalene
groups restricts the mobility and orientation of the polymer
chains, allowing for the MPC units to remain exposed to the
surface even during solvent evaporation, significantly
decreasing the time required for hydration and equilibration
[68]. Importantly, the surface properties of the substrate
must also be considered to achieve stable deposition of the
MPC polymer layer. Once solvent-cast polymer layers
reach hydration equilibrium, they exhibit stable interfacial
properties, as discussed below. In contrast, grafting MPC
polymers to substrates enhances chain mobility, facilitating
equilibration and further shortening hydration times. For
example, poly(MPC) brush layers formed on surfaces
exhibit water contact angles of less than 5° [69], demon-
strating the high hydrophilicity of the MPC units. Further-
more, such surfaces prohibit air bubble and oil droplet
attachment in aqueous environments. The contact angles of
hexadecane and silicone oil on poly(MPC) brush surfaces
exceed 170°.

Furthermore, the surface { potential of a substrate treated
with an MPC polymer has a very small negative value,
almost 0 mV, regardless of the substrate. This is a major
characteristic not observed in other hydrophilic polymers.
In other words, in the MPC polymer, even if the PC groups
have negative and positive charges, their effects are shielded
from each other. This is due to the zwitterionic structure, in
which the charges in the molecule are exactly balanced such
that they cancel each other. These interfacial properties
provide strong evidence for the hypothesis that MPC
polymers bearing PC groups maintain small interactions
with nearby water molecules, which has been discussed in
the literature [70-74] as a unique hydration state of MPC
polymers (see Supporting Information).

Whitesides and colleagues proposed a key hypothesis
regarding the characteristics of functional groups on a
material surface that can prevent protein adsorption
[75, 76]. Protein adsorption was observed using SAMs with
different terminal functional groups; the following four
characteristics were found to be associated with surfaces
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Table 2 Representative medical
devices using the MPC
polymers

Medical device

Product name

Year of clinical
introduction

Modification process

Artificial heart

Left ventricular assist EVAHEART Coating 2011

device

Centrifugal blood pump Mixflow Coating 2018

Stent

Cardiovascular BiodivYsio Reacting 2000

Drug eluting Endeavor/Endeavor Sprint ~ Reacting 2010

Neurovascular Pipeline with Shield Reacting 2020
Technology

Artificial lung Synthesis Coating 2005
OxiaACN Coating 2014

Artificial hip joint Aquala Grafting-from 2011

Gide wire/Catheter Hunter Reacting 1997
Orphis CV Kit Coating 2018

Contact lens
Soft hydrogel
Silicone hydrogel

Proclear (Omafilcon A)
Total 30 (Lefilcon A)

Copolymerization 2005
Grafting-to 2022

that resist protein adsorption: (1) hydrophilicity; (2) neutral
charge; (3) the presence of hydrogen bond acceptors; and
(4) the absence of hydrogen bond donors. According to
these findings, the behavior of surrounding water molecules
significantly ~ affects  protein  adsorption at the
substrate—water interface. In other words, the intermolecular
interactions mediated by water molecules, such as hydrogen
bonds, as well as electrostatic and hydrophobic interactions,
make significant contributions. The chemical properties of
the PC group fully align with Whiteside’s hypothesis,
making it a potential candidate for the suppression of pro-
tein interactions.

Applications of MPC polymers in medical
devices

The fundamental properties of MPC polymers and their
biological functionalities have been reported [10, 77-80].
These properties can be easily and systematically controlled
using conventional polymerization techniques. Polymer
molecules have numerous functions, resulting in their
increased use in biomedical and clinical applications.
Table 2 presents representative examples of medical devices
approved and treated with MPC polymers [74]. Moreover,
new medical devices employing MPC polymers have been
developed [41, 81]. These medical devices utilize the
unique properties expressed at interfaces treated with MPC
polymers to improve biocompatibility, achieve high lubri-
city, and sustain long-term therapeutic effects, thereby
improving patients’ QOL.
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Blood-contacting devices

Providing a surface that inhibits blood coagulation is
important for medical devices that come in contact with
blood. Anticoagulant drug therapies, such as heparin, have
become extremely successful. Thus, antithrombogenic
function is not as important for extracorporeal circulation
system medical devices, including artificial kidneys and
lungs, used at the bedside. On the other hand, these medical
devices require the transport of substances through a
membrane; a problem arises when the decrease in solute
permeability caused by the adhesion of blood components
to the hollow fiber membrane surface reduces the ther-
apeutic effect. Efforts have been made to improve the
function of artificial lungs by coating them with MPC
polymers. PMD can be easily coated on the membrane
surface after the artificial lung is assembled, allowing for
surface modification [82]. PMD treatment suppresses pla-
telet adhesion and activation.

When anticoagulants cannot be administered con-
tinuously, blood compatibility on the surface becomes even
more crucial. In general, aspirin is orally administered to
suppress platelet activation. This allows for patients to be
free from bed restraints and is expected to significantly
enhance their QOL. The development of artificial hearts has
a long history dating back to the 1950s. The first artificial
heart implanted in patients in clinical practice was of the
pulsatile-flow type, with an air-driven SPU diaphragm and
discharge pulsating flow similar to a living heart. However,
it did not work for a long period owing to mechanical
movement and material issues. This type of artificial heart is
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Fig. 2 A Illustration of the total setup of the implantable artificial heart
(EVAHEART). Reprinted with permission from [83], copyright 2019
Wiley. B SEM image of platelet adhesion on the original Ti substrate
and 2-methacryloyloxyethyl phosphorylcholine polymer-coated Ti

currently used as a pump to maintain blood circulation
outside the body.

Instead of the diaphragm-driven artificial heart, a con-
tinuous flow left ventricular assist system has been devel-
oped. The rotating disk-shaped propeller creates blood flow,
with a rate controlled by a motor. In this process, metals are
used, particularly lightweight titanium (Ti)-based materials
(Fig. 2A) [83]. Ti-based materials are relatively resistant to
blood clotting when polished to a mirror finish. Additionally,
patients with artificial heart implants take antiplatelet drugs to
suppress blood clotting. However, microthrombi may form
depending on the state of blood flow and reactions with the
surface, potentially blocking blood vessels, particularly in
the brain. To avoid this risk, the inner and outer surfaces of
the pump, as well as the cannula connecting the pump made
by SPU to the living heart, can be coated with the MPC
polymer [37, 83]. High-molecular-weight PMB (500 kDa or
more) adheres to the Ti substrate via van der Waals forces,
forming a stable coating layer even in aqueous environments,
including through polymer chain entanglement. On the other
hand, even with the same MPC unit fraction, PMB with a
molecular weight of approximately 100kDa exhibits good
adhesion in static environments. However, when it is sub-
jected to fluid flow (3—4 L/min, as in an artificial heart), shear
forces tend to cause defects in the coating layer. These
findings demonstrate that molecular weight plays a crucial

(©)

substrate. C Photograph of the pump interior after 35 days of
implantation in a cow without anticoagulant therapy. Reprinted with
permission from [37], copyright 2003 Wiley

role in this application. As shown in Fig. 2B, the adhesion of
platelets to the Ti substrate was significantly reduced by the
MPC polymer coating. In vivo animal experiments were
repeated in the US and Japan, confirming that the device
could function for more than 800 days without antic-
oagulation therapy [84]. The pump interior after implantation
for 35 days in a cow without anticoagulation therapy is
shown in Fig. 2C. The surfaces of both parts of the pump
were clean, with no observed thrombi. After these in vitro and
in vivo animal experiments were performed, clinical trials
began in 2005; in 2011, it became registered and available for
clinical use as Japan’s first implantable artificial heart
(EVAHEART"). Patients who have had this artificial heart
implanted have been able to return to society. According to
the literature, there were more than 207 cases in Japan by
October 2021 and more than 15 cases in China, with a
function duration of up to 10 years [85, 86]. Although its
main purpose is to support blood circulation in patients with
dilated cardiomyopathy, the use of EVAHEART® has
enabled patients to return from hospital care back to their
social activities.

Other blood-contacting medical devices with surface
treatment using MPC polymers or MPC derivatives are in
clinical use, including coronary artery stents implanted in
the body for long periods and stents for treating cerebral
aneurysms as flow diverter devices [48, 87—-89].
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Fig. 3 A Chemical structure of poly(2-methacryloyloxyethyl phos-
phorylcholine [MPC])-grafted CLPE and corresponding FE-TEM
image of the interface. Reprinted with permission from [77], copyright
2022 Taylor & Francis. B Mechanical wear test results of conventional

Orthopedic devices

In particular, a decline in motor function due to joint disease
significantly reduces a patient’'s QOL and affects the
maintenance of health thereafter. Thus, a fundamental
treatment involves replacing the entire joint with an artificial
joint. Artificial joints are medical devices that have not
changed significantly in shape or material over the past 60
years. They form a sliding surface between a polymer liner
and a metal or ceramic femoral head.

The loosening of artificial hip joints is the greatest pro-
blem with artificial hip joint replacement. This occurs
because the wear on the sliding surface of the artificial joint
activates the surrounding cells and dissolves the bone.
Therefore, to simultaneously improve the lubrication prop-
erties and biocompatibility of the surface, a method for the
photoinduced graft polymerization of an MPC onto the
surface of PE was developed using benzophenone chem-
istry in 1999 [90]. This process was applied to treat a
slightly crosslinked UHMPE (CLPE) liner of an artificial
hip joint [50, 91]. The treatment thickness ranged from
approximately 100-150nm (Fig. 3A) [91]. During the
photochemical grafting process, the molecular weight of the
resulting poly(MPC) graft chains can be controlled by
adjusting the monomer concentration. In addition, the
density of the grafted polymer chains can be tuned by
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CLPE and poly(MPC)-grafted CLPE. Reprinted with permission from
[92], copyright 2014 Wiley. C Relationship between the implantation
period and the Japanese Orthopedic Association (JOA) hip score,
which represents patient QOL

varying the irradiation time. In our fundamental studies, a
systematic investigation of these parameters and their
effects on surface wettability revealed that stable lubricating
properties are achieved when the graft layer thickness
reaches at least 100 nm.

The hip joint of a living body is subjected to loads that
are several times its body weight from various directions
during the walking cycle. To observe the wear resistance
effect in an environment closer to that in the body, a
mechanical hip joint simulator test under a 280 kgf load of
20 million consecutive cycles (equivalent to approximately
20 years of normal life) was performed using a Co-Cr-Mo
alloy femoral head (Fig. 3B) [91]. The original CLPE sur-
face was hydrophobic; however, by treating the surface with
a hydrophilic poly(MPC) grafting layer, a water-lubrication
mechanism was generated on the sliding surface of the joint.
The friction torque of the sliding surface of the poly(MPC)-
grafted CLPE joint was reduced to approximately 1/10 that
of the untreated CLPE. When the weight change of the liner
was measured over time, the effect of poly(MPC) grafting
on the amount of wear was evident, being 1/40 that of
untreated UHMWPE and 1/4 that of CLPE. Analysis of the
sliding surface after the test using an X-ray photoelectron
spectrometer and a field-emission transmission electron
microscope (FE-TEM) indicated the presence of phos-
phorus and nitrogen atoms in the MPC unit. By optimizing
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the poly(MPC) grafting procedure, significant wear resis-
tance was observed even after more than 70 million con-
tinuous cycles of walking load, and the treatment effect was
maintained [92]. Analysis of the CLPE wear debris col-
lected from the medium during the mechanical simulation
tests revealed that the number of wear debris particles from
the poly(MPC)-grafted CLPE was less than 1/100 that of
the untreated CLPE. Furthermore, biological experiments
using macrophage suspensions demonstrated that untreated
polymer microparticles significantly increased cytokine and
prostaglandin levels and induced osteoclast differentiation.
These results suggest that even when wear debris is gen-
erated from poly(MPC)-grafted CLPE, it is unlikely to
induce subsequent biological responses. These basic
research studies have led to the development of long-lasting
artificial joints that dramatically extend the lifespan of hip
implants. It has also enabled the creation of a ground-
breaking new technology named “Aquala’ Technology
(Kyocera, Co., Japan),” which has expanded treatment
options, such as the use of artificial hip joint surgery in
younger patients for whom surgical intervention was pre-
viously considered challenging. After clinical trials invol-
ving medical engineering and industry-academia
collaboration, the product was approved for manufacturing
in April 2011 and introduced into clinical practice in
October of the same year. As of September 2025,
approximately 110,000 artificial hip joint replacement sur-
geries have been performed using poly(MPC)-grafted CLPE
liners. A recent 15-year follow-up study revealed that the
Japanese Orthopedic Association (JOA) hip score, an
indicator of patient QOL, increased from approximately 43/
100 before surgery to more than 92/100 at 1 year after
surgery and remained at a value of greater than 94/100 for
the next 15 years (Fig. 3C) [93].

Recently, vitamin E has been mixed with UHMWPE to
prevent oxidation reactions caused by residual radicals
generated during the radiation sterilization process, and
MPC has been graft-polymerized onto this substrate, mak-
ing it suitable for use in artificial hip joints as a more stable
linear material [94-96].

Ophthalmic devices

In ophthalmology, various polymer materials are used in
medical devices. In particular, the use of contact lenses for
vision correction has also significantly improved, providing
good safety and comfort, even for long-term wear. Various
hydrophilic monomers have been used for copolymerization
with HEMA to make hydrogel soft contact lenses. MPC has
also been used as one of the components worldwide for more
than 25 years under the contact lens material Omafilcon A
(United States Adopted Name: USAN) [34], which is referred
to in reviews of the evolution of contact lens materials [97-99].

Required properties for long-wear contact lenses include
oxygen permeability and water content. In addition to
ensuring the mechanical properties of the lens material,
controlling the adhesion of the biological components to the
lens surface is a key challenge. Furthermore, it is essential
to consider the mechanical properties (elastic modulus and
friction coefficient) of the lens material and its ability to
withstand corneal tissue damage. To meet these stringent
requirements, a technology for grafting hydrophilic poly-
mers onto the surface of silicone hydrogel contact lenses
has been developed [53, 100]. MPC polymers with reactive
functional groups at the terminal region of the polymer
chain were used for surface treatment of the silicone
hydrogel substrate by the “grafting-to” procedure [53].
Because a chemical bond must form between the reactive
functional groups introduced into the MPC polymer and the
substrate, the molecular weight of the MPC polymer is a
critical parameter for establishing an effective graft layer. In
particular, higher molecular weights generally yield lower
graft layer densities, whereas lower molecular weights
result in higher densities. However, excessive density can
alter the thickness of the thin water layer, which is essential
for properties such as lubricity and strain resistance, ulti-
mately decreasing these performance characteristics. Con-
sequently, the molecular structure of the MPC polymer
should be determined by carefully optimizing these factors.

The MPC polymer chains are uniformly and covalently
bonded to the surface of the silicone hydrogel substrate,
forming a grafted layer. This procedure is named “Celligent”
Technology” (Alcon Inc., Switzerland) [100]. Because only
the surface serves as the active site during this reaction, the
mechanical strength and optical transparency of the silicone
hydrogel material remain unchanged before and after the
reaction. Environmental SEM was used to confirm the for-
mation of a hydrated MPC polymer layer on the surface of the
silicone hydrogel [53]. Observations of the near-surface area
using atomic force microscopy and an FE-TEM revealed that
the MPC polymer layer on the surface of the silicone
hydrogel material was approximately 200-nm thick and
uniformly covered the surface (Fig. 4A). Although untreated
silicone hydrogel materials have a high elastic modulus near
the surface (350kPa), surface modification with the MPC
polymer reduced the elastic modulus to approximately
40 kPa, approximately one-ninth the original value [101].
This value was comparable to the elastic modulus of the
human cornea. The surface friction coefficient of the MPC
polymer-modified silicone hydrogel material was approxi-
mately 0.05, a small value comparable to that of the surface
of the living cornea [102]. These phenomena are attributed to
the high mobility of water in the MPC polymer graft layer.
Specifically, grafting the surface with the MPC polymer to
mimic the corneal surface reduced the elastic modulus and
friction near the contact lens surface, achieving values

SPRINGER NATURE



312 K. Ishihara

1) MPC polymer layer =) ‘ r ‘

A 4k 4

Conventional silicone  \pc polymer grafted
hydrogel lens silicone hydrogel lens
(Samfilcon A) (Lehfilcon A)

Cross
section

Conventional silicone MPC polymer grafted
silicone hydrogel lens

hydrogel lens

(Samfilcon A) (Lehfilcon A)

Fig. 4 A FE-TEM image of the interface between the silicone hydrogel
substrate and the grafted 2-methacryloyloxyethyl phosphorylcholine
(MPC) polymer layer. Reprinted with permission from [101], copy-
right 2021 American Chemical Society. B Optical view of conven-
tional and MPC polymer-grafted silicone hydrogel contact lenses

comparable to those of living tissue. This significantly
reduces the impact of contact lenses on the cornea and eyelids
during wear, improves comfort, and protects living tissues.
This silicone hydrogel material is called Lehfilcon A
(USAN), with an MPC polymer graft layer on its surface, and
is used in contact lenses that can be worn for 14 days in Japan
(Total 14™, Alcon J apan) and 30 days overseas (Total 30™,
Alcon) [98].

One of the characteristics required for extended-wear
contact lenses is strain resistance. They must effectively
resist the adsorption of tear components, such as proteins
and lipids, and allow for easy removal of contaminants such
as cosmetic residues and airborne particles through simple
daily cleaning. Lipid adsorption affects the long-term bio-
compatibility of silicone hydrogel lenses as the contact lens
wear time increases and as the amount of adsorption from
the tear fluid increases. Initial lipid absorption is important
for promoting contact lens lubrication. However, as the
number of blinking friction cycles increases, the unsaturated
fatty acid moieties in the adsorbed lipids become insoluble.
These hydrophobic molecules displace water molecules
hydrated with hydrophilic functional groups on the contact
lens surface, reducing the water wettability and increasing
the friction coefficient of the lens surface. Therefore,
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stained with Sudan Black B. Reprinted with permission from [103],
copyright 2025 American Chemical Society. C Lipid adsorption and
absorption of conventional and MPC polymer-grafted silicone
hydrogel contact lenses. Reprinted with permission from [99], copy-
right 2023 American Chemical Society

reducing lipid absorption is a key requirement for the
development of contact lens materials that can be worn over
extended periods of time.

The lipid adsorption state of the silicone hydrogel contact
lenses immersed in a lipid solution is shown in Fig. 4B
[99, 103]. Cholesterol esters and triglyceride lipids were
detected using fluorescence staining. In silicone hydrogel
materials, lipids adsorb on the surface and diffuse into the
interior of the material. This is because the silicone phase
present within the silicone hydrogel substrate, which
increases the oxygen permeability, is exposed on the sur-
face, providing a pathway for lipid adsorption and diffusion.
In conventional lenses, strong fluorescence associated with
lipid absorption is observed on the lens surface. Observation
of the lens cross-section revealed fluorescence within the
material, indicating that the lipids had diffused into the
interior. Conversely, in the case of Lehfilcon A, fluores-
cence associated with lipid absorption was observed on the
surface or interior of the lens. The antibacterial adhesion
resistance observed on the surface of Lehfilcon A is another
important feature of long-wear contact lenses [104, 105].
Furthermore, the surface removes dirt such as cosmetic
contaminants [106], pollen, and fine dust [107]. The stain-
ing evaluated using a hydrophobic dye (Sudan Black B) on
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a silicone hydrogel contact lens is shown in Fig. 4C [103].
The dye remained on the surface of the conventional sili-
cone hydrogel contact lens, whereas the surface of the
Lehfilcon A silicone hydrogel contact lens was clean.

Concluding remarks and future perspective

On the basis of the research findings on MPC polymers,
numerous studies have examined related zwitterionic
polymers and their biomedical applications
[31, 76, 77, 80, 108—111]. Representative examples include
polymers bearing sulfobetaine groups (sulfobetaine metha-
crylate, SBMA: 2-(N-3-sulfopropyl-N, N-dimethylamnnmo-
nium)ethyl methacrylate) or carboxybetaine groups
(carboxybetaine methacrylate, CBMA: 3-((2-(methacryloy-
loxy)ethyl)dimethylammonio)propanoate), whose mono-
mers are commercially available as reagents. These
polymers possess both positive and negative charges within
a single molecule and are expected to exhibit properties
similar to those of phosphorylcholine groups; however,
their specific characteristics vary with the functional group
and the structure of the substituent. For example, sulfobe-
taine compounds display very low water solubility [112],
which is attributed to strong intermolecular electrostatic
interactions arising from the independent action of the
sulfonate anion and trimethylammonium cation. In contrast,
their solubility increases markedly in aqueous NaCl solu-
tions, where counterion shielding mitigates electrostatic
interactions. Thus, SBMA-based polymers show good
water solubility under high-ionic-strength conditions such
as those in physiological environments. The possibility of
ionic bond formation between sulfobetaine groups has also
been noted. Because these compounds may be present in the
body for extended periods, further investigation is war-
ranted to clarify potential issues such as precipitation or
adsorption induced by multivalent ions. Nevertheless,
SBMA polymers have been applied as surface coatings for
leukocyte separation filters used in blood product prepara-
tion [113], and their use in blood-contacting devices [114]
is under active study. Carboxybetaine compounds, by
contrast, possess high water solubility and are retained even
after polymerization. Like phosphorylcholine groups, the
zwitterionic structure of a weak acid combined with a strong
base maintains the internal ionic balance and promotes
extensive hydration [115]. Although medical devices
incorporating CBMA polymers are not yet clinically
available, their application to blood separation filters [116]
and extracorporeal blood circuits is being explored [117].
However, reports of immunogenicity indicate that a more
detailed evaluation is needed before their use as soluble
polymers or modifiers on liposomes [118]. In addition,
polymers containing a choline phosphate group, in
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Fig. 5 Annual trend in the number of papers containing the keywords
“phosphorylcholine and polymer” and “zwitterion and polymer” in the
Web of Science Database

which the anionic and cationic groups of the phosphor-
ylcholine moiety are reversed, have been synthesized and
characterized [119, 120]. Unlike poly(MPC), polymers
containing choline phosphate groups are significantly
affected by external ionic strength, resulting in the stretch-
ing of polymer chains. Comparative studies of their struc-
tural properties with those of SBMA and CBMA polymers
have been conducted, but concerns remain regarding their
potential for strong interactions with red blood cell mem-
branes [121].

The temporal trends in publications retrieved from the
Web of Science database using the search terms “phosphor-
ylcholine and polymer” and “zwitterion and polymer” are
shown in Fig. 5. Research on MPC polymers has been active
since 2000, when MPC first became readily available as a
reagent. This body of work has expanded globally to
encompass polymer synthesis, the development of novel
polymer architectures and interfaces, their characterization,
and investigations into their medical performance as well as
new medical, pharmaceutical, and biomedical applications.
Inspired by studies on polymers bearing phosphorylcholine
groups, research on zwitterionic polymers has increased
markedly since 2007. Beyond polymers containing sulfobe-
taine or carboxybetaine groups, increasing attention has been
given to newly designed zwitterionic polymers that feature a
well-balanced distribution of positively and negatively
charged functional groups within each polymer molecule.

In addition to their medical functionality, research on
strain [122—-124] and frost resistance [125, 126], as well as
ionic conductivity and other electrical properties [127-132],
has become a new field that exploits the characteristics of
MPC polymers. Research using MPC has expanded because
of many factors, including the fact that MPC is a relatively
easy compound to handle, polymerization is simple, raw
materials are steadily being supplied, and MPC has become
recognized as a common monomer. Further research will
likely attract wide interest and continue the advancement of
exploration in this field.
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