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ABSTRACT

Phosphorus is a ubiquitous and one of the most common elements found in living organisms.
Almost all molecules containing phosphorus in our body exist as analogs of phosphate salts or
phosphoesters. Their functions are versatile and important, being responsible for forming the
genetic code, cell membrane, and mineral components of hard tissue. Several materials
inspired from these phosphorus-containing biomolecules have been recently developed.
These materials have shown unique properties at the biointerface, such as nonfouling ability,
blood compatibility, lubricity, mineralization induction capability, and bone affinity. Several
unfavorable events occur at the interface of materials and living organisms because most of
these materials have not been designed while taking host responses into account. These
unfavorable events are directly linked to reducing functions and shorten the usable periods
of medical devices. Biomimetic phosphorus-containing polymers can improve the reliability of
materials in biological systems. In addition, phosphorus-containing biomimetic polymers are
useful not only for improving the biocompatibility of material surfaces but also for adding new
functions due to the flexibility in molecular design. In this review, we describe the recent
advances in the control of biointerfacial phenomena with phosphorus-containing polymers.
We especially focus on zwitterioninc phosphorylcholine polymers and polyphosphoesters.
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A biointerface is the interface between materials and
living organisms or biological substances. Most reac-
tions in biology are triggered at the interface when
materials are in contact with biological environments.
Therefore, controlling biointerfacial phenomena is
important for the design of biomaterials. However,
most materials used in medical and diagnostic applica-
tions are not selected with a consideration of the events
occurring at the biointerface. Therefore, unfavorable
host reactions with the biomaterials often occur, limit-
ing the application of medical and diagnostic devices.
One of the most typical biointerfacial events is

biofouling. Protein adsorption is the first phenomenon
when artificial materials come in contact with biological
environments [1]. The interactions recognized as
occurring in protein adsorption are mostly noncovalent
such as, H-bonding, electrostatic, and hydrophobic
interactions [2]. Therefore, the adsorption mode of
proteins on a material surface is very complex phenom-
enon and affected by chemical and physical properties
of the material surface. The adsorbed proteins subse-
quently trigger several host responses at the cellular
level, such as thrombus formation, capsulation, inflam-
mation, and infection [3]. They also affect the physical
and biochemical functions of medical and diagnostic
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devices. To improve the reliability of such devices,
bioinertness, which can reduce nonspecific biofouling,
is strongly required for the surfaces. In addition, bio-
functional activity, which induces a specific biological
reaction, sometimes becomes necessary, particularly in
tissue engineering and bioadhesive applications. In
other words, an appropriate surface function in
a specific application is needed for materials.

Various surface modification processes of materials
have been proposed physically and chemically [4].
Biomimetic phosphorus-containing polymers are con-
sidered reliable candidates for improving the surface
properties of materials [5]. Phosphorus existing in the
physiological environment forms analogs of phos-
phate salts or phosphoesters [6]. Phosphorus-
containing biomolecules have versatile and important
functions, being responsible for forming the genetic
code, cell membrane, and mineral components of hard
tissue. Therefore, they are believed to have high poten-
tial for the development of biofunctional materials. In
fact, zwitterionic phosphorylcholine (PC) polymers
have been used to resolve the biointerfacial problems
mentioned before and are also used in practical and
clinical applications [7]. In addition, pentavalent
phosphorus of the phosphoester linkage allows versa-
tile molecular design and immobilization [8]. Thanks
to the structural flexibility of these polymers, their
alternative functions for biomedical applications
have been actively studied [5].

Reverse zwitterionic choline phosphate (CP)-
substituted polymers [9,10] are interesting because
they provide polymers bearing versatile functional
zwitterions. In addition, polyphosphoesters (PPEs)
are considered alternative biodegradable polymers
[11-13]. A certain kind of PPE shows similar proper-
ties as poly(ethylene glycol) (PEG) [14]. The chemi-
cal structure and molecular weight of PPEs can be
well tuned [15,16]. Therefore, the control of the phy-
sicochemical properties of PPEs and molecular con-
jugation are flexible. According to versatile molecular
design capabilities, unique materials such as trans-
dermal penetrating emulsions [17] and bone-
targeting macromolecular vehicles [18] have been
proposed.

Phosphorus-containing polymers are robust
polymers with versatile functions of not only con-
trolling biointerfacial phenomena but also generat-
ing alternative functional materials. In this review,
we describe the recent advances in the control of
biointerfacial phenomena with phosphorus-
containing  polymers.  Typical  phosphorus-
containing polymers are surveyed, and their basic
structure, properties, and advantageous aspects in
the biomaterials field are introduced. In addition,
the surface modification of materials with photo-
reactive zwitterionic PC polymers to reduce non-
specific biofouling is discussed.
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2. Phosphorus-containing polymers

Phosphorus-containing polymers can be mainly
divided into two groups (Figure 1): polymers with
phosphorus in their side chains and those with phos-
phorus in the main chain. Phospholipid-mimetic zwit-
terionic polymers are typical polymers in the former
category. One of the most robust monomers in the
biomedical field is 2-methacryloyloxyethyl phosphor-
ylcholine (MPC). The synthesis route of highly pur-
ified MPC was established by Ishihara and coworkers
in 1990 [19], and numerous research publications on
MPC polymers have been written since then. MPC
polymers are applied in several biomedical devices
such as soft contact lenses [20], high-performance
coronary stents [21], artificial heart [22], artificial
joints [23,24], and biosensors [25,26] to improve
their biointerfacial properties. The reduction in non-
specific biofouling is the most attractive surface phe-
nomenon of MPC polymers. Some recent examples
are shown in the next section.

Several MPC analogs with varying chain lengths and
structures between PC and polymerizable groups have
been synthesized [27,28]. The amphiphilic nature [29]
and mobility [30] of the polymer chains could be con-
trolled by a change in the structure of the spacers. In
addition, CP-based polymers as reverse PC zwitterions
have been recently designed to obtain polymers with
versatile functional zwitterions. The CP monomer can
be synthesized by the reaction of 2-dimethylaminoehyl
methacrylate (DMAEMA) with cyclic phosphates hav-
ing various functional groups. The functional CP poly-
mers are converted to polymer prodrugs and hydrogels
through photo- or click reactions [10]. Recently, Emrick
and coworkers reported that a competitive reaction
occurs with 2-methoxy-2-oxo-1,3,2-dioxaphosphorane
as a cyclic phosphate and a phosphate salt is easily
formed with a zwitterionic CP compound [9]. They
successfully inhibited salt formation by using a cyclic
phosphate with a butoxy group and clarified that the CP
polymer resembles an MPC polymer with the absence
of any significant cytotoxicity, hemolytic activity, red
blood cell aggregation, and immunogenicity, opening
up opportunities for these polymers in biology. When
an undesired phosphate salt is formed as a by-product
of a CP monomer, separation with an anion-exchange
resin is effective [31].

As mentioned before, phosphatidylcholine-
mimetic polymers show biological inertness. In
contrast, new zwitterionic polymers that can reg-
ulate immune reaction have been identified.
Translocation of phosphatidylserine to the
exposed membrane surface is an early event in
apoptosis. In addition, phosphatidylserine, an ‘eat
me’ signal present in apoptotic cells, is effectively
recognized by specific receptors on professional
phagocytes, facilitating the clearance of apoptotic
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Figure 1. Structures of typical phosphorus-containing polymers.

cells [32]. Phosphatidylserine also downregulates
pro-inflammatory  cytokine production [33].
Ebara and coworkers synthesized a methacrylate-
bearing phosphoryl serine (MPS) and reported
that the MPS polymer with MPC (P(MPS/MPC))
can suppress macrophage activation [34].
Interestingly, the suppression effect of P(MPS/
MPC) was more remarkable than that of MPS
homopolymer because the polar group composi-
tion of P(MPS/MPC) might be similar to that of
the apoptotic cell membrane. They also suggested
a possible beneficial effect of polymeric nanopar-
ticles bearing phosphatidylserine groups for anti-
inflammatory therapies [35].

Vinyl monomers bearing phosphoric and phospho-
nic acids are also essential in the biomedical field, espe-
cially for dental applications [5,36]. These monomers
show high affinity for mineral components of teeth and
have mild self-etching ability, which is required for
dental adhesion. In addition, these monomers have
a normally hydrophobic part, such as a long alkyl
chain or a phenyl group, to represent their amphiphilic
nature. The amphiphilicity encourages penetration of
methyl methacrylate (MMA), which is a typical resin
monomer used in dental adhesives, in the dental tissue
[37,38]. Phosphoric and phosphonic acids containing
polymers are also favorable for nucleation in biominer-
alization [39]. To improve the compatibility of bioma-
terials with hard tissues, the surface modification of
biomaterials with these polymers would be effective.

The second category of phosphorus-containing
polymers (Figure 1) includes polymers with

Phosphoramidate Phosphate

phosphorus in the main chain. Polyphosphazene is
one of the most historical phosphorus-containing
polymers and was originally synthesized by Stokes
[40,41]. Polyphosphazene is known as inorganic rub-
ber, which is a type of organic-inorganic hybrid high-
molecular polymer whose main chain contains alter-
nating single and double bonds of phosphorus and
nitrogen and is endowed with excellent flame-
retardant synergies. In recent years, polyphosphazene
has attracted interest not only in the industrial field but
also in the biomedical field, such as matrices for drug
delivery [42], tissue engineering [43], and immune
adjuvant [44].

PPEs are also attracting interest as polymers that have
phosphorus in the main chain. The chemical structure of
PPEs resembles that of the nucleic acid backbone, and
PPEs show biodegradability and biocompatibility. The
phosphorus in PPEs can form three stable and divergent
bonds, in addition to the P = O bond, which offers
advantages over conventional biodegradable polymers
such as aliphatic polyesters and polycarbonates and
means that side-chain functionalization of PPEs is pos-
sible even if two bonds are used in the formation of the
polymer backbone [12]. In addition, end functionaliza-
tion of PPE:s is also easy by changing the initiator [45] or
by performing postpolymerization modification [46].
Although there are several synthesis routes for PPEs
[47], ring-opening polymerization (ROP) is the most
reliable route to obtain PPEs with an ideal structure.
Previously, we established a synthesis route for PPEs by
ROP with an organocatalyst [15]. Due to mild reactivity,
the catalyst can be easily handled compared with
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organometallic catalysts. In addition, ROP proceeds in
a living manner, resulting in a very narrow molecular
weight distribution. Clément et al. subsequently
improved the polymerization condition by adding
thiourea to the reaction system, allowing a narrow mole-
cular weight distribution to be maintained with a high
yield (>60%) [16]. Today, most studies use organocata-
lysts for the synthesis of PPEs by ROP.

Polyphosphonates have a similar structure as PPEs,
and the alkyl-phosphonic acid linkage of phosphonate
makes it more stable than the corresponding phosphoe-
ster with three ester groups [48]. Wurm and coworkers
synthesized polyphosphonates from phostones in
a single step without toxic reagents [49]. The phosphoe-
ster linkage of PPEs and polyphosphonates is easily
broken under basic conditions [11,49,50] but is relatively
stable under physiological and acidic conditions. To
prepare acid-labile phosphorus-containing polymers,
polyphosphoramidates were developed. Cleavage of
phosphoramidate bonds in the side chains of polypho-
sphoramidates in an acidic environment generates phos-
phodiester PPEs [51]. In contrast, polyphosphoramidates
that can be quickly degraded under acidic conditions are
obtained by inserting a phosphoramidate linkage in the
polymer backbone [52].

Poly(phosphate) (polyP) is the only physiologi-
cally observed phosphorus-containing polymer dis-
cussed in this review and plays diverse roles in
nature. PolyP can be obtained from not only
a Dbiological process but also chemical synthesis
[53]. Miiller et al. reported that polyP has the poten-
tial to encourage bone regeneration [54], and Wang
et al. reported that polyP can be a metabolic fuel for
bone mineralization [55]. As polyP is physiologically
synthesized in bone-forming osteoblast cells and
blood platelets, it strongly affects the coagulation
pathway and enhances fibrin formation [56].
Although it is useful for bone tissue regeneration,
polyP may not be suitable for injection into blood
circulation.
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3. Antibiofouling and antimicrobial
properties

Biofouling is the most considerable event when bioma-
terials come in contact with physiological environ-
ments, because it causes undesired host reactions such
as thrombus formation, inflammation, and infection.
These reactions normally occur due to nonspecific pro-
tein adsorption. Therefore, the design of biomaterial
surfaces that can control protein adsorption is essential
in order to obtain reliable biomaterials. Zwitterionic
MPC polymers are most effective for satisfying this
demand. Preservation of the high content of free water
in the hydrated polymer chains and zero zeta potential
of the polar unit are considered dominant factors for
nonfouling behavior of MPC polymers [57]. MPC poly-
mers are used in cardiovascular and orthopedic medical
devices to solve biointerfacial problems [7]. Various
surface modification techniques are proposed for
MPC polymers. Recently, surface modification with
photoreactive MPC polymers has become an attractive
trend because of universalness, control of the reaction
area, reaction at low temperature, and low cost. Figure 2
shows several photoreactive MPC polymers that are
used to generate nonfouling surfaces. Methacrylate-
bearing phenyl azide (Figure 2(a)) and benzophenone
are suitable candidates as comonomers for the prepara-
tion of photoreactive polymers. Ishihara and coworkers
synthesized MPC polymers with 2-methacryloylox-
yethyl-4-azidobenzoate (MPAz) by conventional radi-
cal polymerization. The polymers were modified by
photoreaction on the surface of various polymer base
materials, such as polyethylene and polystyrene, and
alkylated glass and titanium. The surface wettability
after modification significantly improved in all MPC
polymers. In particular, in the case of a binary copoly-
mer, an MPC polymer containing about 20%-30% of
MPAz unit was effective for surface modification. By
addition of n-butyl methacrylate (BMA) unit as the
third comonomer, the efficacy of the MPAz unit
improved. The nonfouling ability of P(MPC/MPAz)

P(MPC/MPAZ)

Cell adhesion on polyethylene

Figure 2. (a) Chemical structure of P(MPC/BMA/MPAz). (b) Cell adhesion on pattern-modified polyethylene with P(MPC/MPAz).
Reprinted with permission from [58]. Copyright (2013) American Chemical Society. MPC, 2-methacryloyloxyethyl phosphorylcho-
line; BMA, n-butyl methacrylate; MPAz, 2-methacryloyloxyethyl-4-azidobenzoate.
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(MPC:MPAz = 70:30 [mol%]) and cell adhesion was
effectively inhibited on the surface modified with the
polymer (Figure 2(b)) [58]. A similar trend was
observed after using MPC polymers having benzophe-
none moieties.

Tyrosine is another candidate with a photoreactive
moiety. MPC was copolymerized with N-methacryloyl-
()-tyrosinemethylester (MAT) (P(MPC/MAT) (Figure 3
(a)) and spin-coated on silicon (Si) wafers [59]. Photo-
assisted surface modification of Si wafers with MPC
polymers was performed and affected not only polymer
adhesion to a solid surface but also protein conjugation.
The conjugation of regiospecific protein immobilization
could be achieved through the use of a photomask, while
nonspecific protein adsorption was reduced on non-
irradiated regions. In addition, mammalian cell adhesion
was regulated by the types of proteins coated on the P
(MPC/MAT) surface [60].

For all these surface modifications, ultraviolet (UV)
light was used. Recently, however, surface modification
with P(MPC/MAT) using visible light has also been
reported [61]. For this technique, a ruthenium complex
(Ru(II)bpy32+) and ammonijum persulfate (APS) were
used as a catalyst. A schematic of the visible light—
assisted surface modification is shown in Figure 3(b).
Two MPC polymers, namely P(MPC/MAT) (MPC:
MAT = 70:30 [mol%]) and P(MPC/BMA/MAT)
(MPC:BMA:MAT = 30:40:30 [mol%]), were used. P
(MPC/BMA/MAT) is insoluble in water and so was
used to form the base layer. A P(MPC/BMA/MAT)
ethanol solution was spin-coated onto a Si wafer, with
the thickness of the resultant P(MPC/BMA/MAT)
layer being ~15 nm, which was determined using
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ellipsometry. A P(MPC/MAT) aqueous solution con-
taining appropriate concentrations of Ru(I)bpy;>* and
APS was subsequently spin-coated on the P(MPC/
BMA/MAT)-coated Si wafer. Visible light was irra-
diated on the surface for 15 s. Finally, the surface was
rinsed with distilled water. Figure 3(c) shows
a schematic of multiprotein patterning on a solid sur-
face. On a P(MPC/BMA/MAT) base layer, P(MPC/
MAT) in a phosphate-buffered saline (PBS) solution
containing rhodamine-labeled bovine serum albumin
(Rh-BSA), Ru(Il)bpys**, and APS was spin-coated.
Visible light was irradiated through a transmission elec-
tron microscopy (TEM) mesh for 15 s. To remove
unreacted substances, the surface was rinsed with PBS.
Next, a P(MPC/MAT) solution containing fluorescein
isothiocyanate (FITC)-labeled BSA (FITC-BSA), rather
than Rh-BSA, was spin-coated on the surface, and the
surface was again exposed to visible light through the
TEM mesh for 15 s. Then surface was then rinsed with
PBS and water and observed under a fluorescence
microscope (Figure 3(d)). A well-defined feature of
multiprotein immobilization was observed. The protein
immobilization in P(MPC/MAT) layer would be per-
formed through the dimerization of tyrosine residues
between P(MPC/MAT) and the protein. The Because of
the lowermost P(MPC/BMA/MAT) layer, nonspecific
protein immobilization was completely reduced on the
non-irradiated regions of the surface. Surface modifica-
tion with an antibody instead of albumin was also
demonstrated. In addition, antibody-immobilized sur-
faces can be applicable for immunoassay platforms.
Streptavidin immobilized in the P(MPC/MAT) layer
well captured biotinylated primary antibody.

P(MPC/MAT)

2.
Ru(ihopy?* Visible light

Rinse

—

P(MPC/MAT) Spin-coat
+ 2" protein

Visible light
15s

y-— -2

Figure 3. Surface modification of a Si wafer with photoreactive PC polymers. (a) Chemical structure of P(MPC/BMA/MAT). (b)
Schematic of the visible light-assisted surface modification process. (c) Schematic of the visible light-assisted multiprotein
patterning process. (d) Fluorescence micrographs of an Rh-BSA- and FITC-BSA-patterned surface. Reproduced with permission
from [61]. Copyright (2020) The Royal Society of Chemistry. MPC, 2-methacryloyloxyethyl phosphorylcholine; BMA, n-butyl
methacrylate; MAT, N-methacryloyl-(L)-tyrosinemethylester; PC, phosphorylcholine; Rh-BSA, rhodamine-labeled bovine serum
albumin; FITC, fluorescein isothiocyanate.
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The blood compatibility of MPC polymers is one of
their attractive surface properties [7,62]. The mechan-
ism for nonthrombogenicity of MPC polymers was
well characterized with attention to the interaction
between the polymers and blood components, includ-
ing blood cells [63,64], proteins [57,65], and water
[57]. The concrete applications of MPC polymers for
cardiovascular devices are well summarized elsewhere
[7,62,66]. The antimicrobial adhesive property of
MPC polymers is also important for the surface mod-
ification of biomedical materials. Long-term use of
biomaterials in the human body is threatened by the
adhesion and proliferation of bacteria on the implant
substrate, which secrete their own matrix on the archi-
tectural structure of the film hosted by multiple types
of microorganisms. The primary biofilms are proble-
matic because the associated fungal and bacterial cells
evolve rapidly and become significantly more resistant
to antimicrobial treatment. Therefore, the biofilms
give rise to a wide range of bacterial infections on
human tissue (lungs, wounds, or the middle ear) and
those related to medical devices (vascular catheters,
orthopedic prostheses, or dental carries), which are
difficult to eradicate and negatively affect the patient’s
quality of life and mortality rate [67,68].

Here, recent research reports on antimicrobial adhe-
sion for dental applications are introduced. The devel-
opment of an MPC-based polymer containing Ca®*-
binding moieties for stronger binding with hydroxya-
patite (HA) of the tooth surface has been reported [69],
and 2-methacryloyloxyethylphosphate (MOEP) was
copolymerized with MPC (PMP) by free-radical poly-
merization. The authors found that HA surface-coated
with PMP containing around 50% MPC unit showed
the best performance in preventing protein adsorption

Bacteria  Proteins

a) an-# <

Biofilm
Q Non-coating {

Hydroxyapatite

%OC‘%/Z?/
/-”o/h:o%
’%, - e Anti-
@ 90 P/,, e biofouling
= L \
£ e

o o *ed @ Q

( ¢ - 0
Q d —ee . P
0P-0 OAP\’D = Ak

o o e

Polymer coated
hydroxyapatite

(o Biofiim formation and \ L l°°8 g°° ? 3 8
RO surface resorption by acid Vs ? %o % o°% %
P g%g % &£ 8 gé’

S. HIRANPHINYOPHAT AND Y. IWASAKI

and downstream cell and bacterial adhesion (Figure 4
(a)). Susita et al. [70] first synthesized PPEs with pen-
dant PC moieties via thio-yne click chemistry of thiol-
terminated PC with a phosphodiester PPE polymer
(PEP-PC) (Figure 4(b)). PEP-PC showed high affinity
for the HA surface, preventing acid erosion of the HA at
pH 5. In addition, PEP-PC shows efficient performance
in preventing the adhesion of Streptococccus mutans
and inhibiting biofilm formation on the HA surface.
We believe PEP-PC can be used in dental applications.
Thongthai et al. [71] synthesized MPC polymers
with 12-methacryloyloxydodecylpyridinium bromide
(MDPB) and BMA and coated them on the surface of
a resin for controlling bacterial growth in the oral
environment (Figure 5(a,b)). This coating provided
a more hydrophilic surface than that coated by MDPB
and reduced the adsorption of BSA and salivary protein.
In addition, a sparse biofilm and dead bacteria in the
biofilm on the surface coated with P(MPC/BMA/
MDPB) (MPC:BMA:MDPB = 15:70:15 [mol%]) were
also observed after 48 h incubation in a S. mutans sus-
pension (Figure 5(c)).

4. Lubrication

In addition to the antifouling property, lubricity is
another interesting property of surfaces modified with
zwitterionic MPC polymers [72]. To achieve super-low-
friction phenomena, comb-like graft chains of the MPC
homopolymer (P(MPC)) should be formed on the sur-
face [73,74]. Therefore, surface-initiated graft polymer-
ization of MPC is the most effective way for surface
modification [75]. Moro et al. and Ishihara et al. were
pioneers of improving the lubricity of the surface of
cross-linked ultra-high-molecular weight polyethylene
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Figure 4. (a) MPC-based polymer coating on HA disks to prevent the attachment of proteins and oral bacteria and SEM images of
noncoated, PMP50-coated, and PMPC-coated surfaces of HA disks. Reprinted with permission from [69]. Copyright (2016) Elsevier.
(b) Bacterial adhesion effect of HA surface with and without immobilization of zwitterionic PEP: the proposed mechanism of PEP-
PC. The CLSM biofilm structure in top and side views of Streptococcus mutans on HA and PEP-PC-immobilized HA (scale
bar = 10 pum). Reprinted with permission from [70]. Copyright (2019) CSJ. MPC, 2-methacryloyloxyethyl phosphorylcholine; HA,
hydroxyapatite; PEP-PC, phosphorylcholine with a polyphosphoester copolymer; SEM, scanning electron microscopy; CLSM,

confocal laser scanning microscopy.
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Figure 5. (a) Chemical structure of P(MPC/BMA/MDPB). (b) Dual functions of protein repellent property and antibacterial effect of
MDPB/MPC polymer against Streptococcus mutans and effective inhibition of biofilm formation. (c) CLSM of S. mutans biofilm
formed after 48 h incubation on the surface of the coated specimen. The biofilm was stained with LIVE/DEAD® BacLight bacterial
viability kits. The percentage of live and dead bacteria is shown under the images. (i) Control, (i) MPC/BMA, (iii) MDPB/MPC/BMA,
and (iv) MDPB/BMA. Scale bars = 30 pm. Reprinted with permission from [71]. Copyright (2020) Wiley. MPC, 2-methacryloylox-
yethyl phosphorylcholine; BMA, n-butyl methacrylate; MDPB, 12-methacryloyloxydodecylpyridinium bromide; CLSM, confocal

laser scanning microscopy.

(CLPE) to prolong the lifetime of the artificial hip joint
[23,76]. For graft polymerization, the photo-initiator
benzophenone (BP) was coated on CLPE from the
acetone solution. BP-coated CLPE was soaked in an
aqueous solution containing MPC. Finally, graft poly-
merization of MPC was performed under UV
(=350 nm) photo-irradiation. Surface modification
with P(MPC) significantly reduced the surface friction
of CLPE. Lubrication of the modified surface was due to
hydration lubrication [77]. A P(MPC) graft layer of
~100 nm thickness accumulated water molecules,
which play an important role in lubrication. Even
under load, the water molecules might be preserved in
the polymer layer and superior lubrication could be
observed. The molecular motion of P(MPC) chains is
also an important factor in high lubricity. Surface-
initiated graft polymerization is a suitable way to gen-
erate a polymer brush structure having flexible free
chain ends. Currently, an innovative hip joint system
with a P(MPC)-grafted CLPE liner, Aquala® (Kyocera
Co, Kyoto, Japan), was used in Japan; the hip joint is
expected to last longer than conventional artificial hip
joints [24].

Poly(ether ether ketone) (PEEK) is gaining atten-
tion as an orthopedic implant material because of
suitable mechanical properties compared with other
metals [78,79]. Although the bulk properties of PEEK
are sufficient for medical application, its surface prop-
erty is not because PEEK has not been designed con-
sidering biocompatibility [80]. Furthermore, high
surface friction is one of the limitations of PEEK and
may induce wear, device lifetime shortening, and tis-
sue irritation. Nonspecific biofouling phenomena on
neat PEEK should be diminished because they induce
unfavorable bioreactions and infections at the surface

of PEEK-based implants. To improve the interfacial
properties of PEEK, surface modification with
P(MPC) has been studied. Due to the structure of
the PEEK backbone, which contains an alkyl ketone
(a benzophenone unit), self-initiated graft polymeriza-
tion of an acrylic (methacrylic) monomer can be
performed without any photo-initiator. Kyomoto
et al. first reported the surface modification of
PEEK with MPC via self-initiated graft polymeriza-
tion without any additional photo-initiator [81].
PEEK specimens were soaked in an aqueous solution
containing MPC and irradiated with UV light for
appropriate periods. This method is simple, clean,
and reliable. Surface properties, such as lubricity
and antifouling, significantly improved. Recently,
Nakano et al. successfully improved the wear resis-
tance of P(MPC) brush layers generated on PEEK
[82]. A photoreactive zwitterionic monomer,
2-[2-(methacryloyloxy)ethyldimethylanmmonium]
ethyl benzophenoxy phosphate (MBPP; Figure 6(a)),
was newly synthesized. MBPP is water soluble even
though it has a hydrophobic BP unit. By adding only
0.5-0.75 mol% of MBPP to an MPC aqueous solu-
tion for polymerization, the stability of polymer
brush layers formed on the PEEK surface signifi-
cantly improved (Figure 6(b)). As mentioned before,
the superior lubrication of the P(MPC) brush layer is
due to hydration of the polymer chains. Therefore,
the dehydration of P(MPC) brushes under compres-
sion was monitored by Fourier transform infrared
spectroscopy with attenuated total reflection.
Addition of a small amount of MBPP and the for-
mation of a cross-linked structure in polymer
brushes effectively preserved the hydration state
under compressive loading.
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Figure 6. (a) Chemical structure of MBPP and (b) continuous friction test for PEEK and that grafted with P(MPC) with or without
MBPP. Reprinted with permission from [82]. Copyright (2019) American Chemical Society. MBPP, 2-[2(methacryloyloxy)ethyldi-
methylammonium]ethyl benzophenoxy phosphate; PEEK, poly(ether ether ketone).

5. Mineralization

Mineralization is one of the promising ways to improve
the hard-tissue compatibility of materials. Several sur-
face modification processes have been proposed for
polymer and metal implants [83-85]. The introduction
of anionic groups on material surfaces is an attractive
approach to inducing mineralization due to the affinity
to calcium ions dissolved in media. Especially, phos-
phorus-containing polymers are recognized to be
a trigger of nucleation of calcium salts, such as calcium
phosphates and calcium carbonates.

Wentrup-Byrne and coworkers immobilized an
MOEP polymer (P[MEOP]) on the surface of an
expanded polytetrafluoroethylene (ePTFE) membrane
for optimum mineralization [86] and observed the
induction of mineralization on the surface-modified
ePTFE membrane. However, the characterization of
P(MEOP) grafted was unclear. So they synthesized well-
defined, non-crosslinked and crosslinked P(MOEP)
via reversible addition-fragmentation chain transfer
(RAFT)-mediated polymerization [87] and demon-
strated that the amount of phosphate groups and the
degree of cross-linking, as well as accessibility of the
phosphates themselves, play an important role in both
the amount and the type of mineral formed. They also
highlighted the importance of accessible ionic

phosphate groups for calcium ion chelation and subse-
quent calcium phosphate nucleation.

Penczek et al. synthesized amphiphilic phosphory-
lated polyethylene and studied the effect of polymer
additives on the crystallization of inorganic salts, such
as the frequently studied CaCO; and Ca3(PO,),, crystal-
lized in water solutions from the soluble salts, bearing
Ca®" cations and the corresponding soluble salts with
required anions [88]. They found that phosphorylated
polyethylene attaches to inorganic salt crystals and
forms a polymer-salt hybrid under appropriate condi-
tions. They also used triblock copolymers consisting of
PEG and poly(alkylene phosphate) to modify CaCO;
crystallization [89]. The size and structure of crystals
varied with a change in the concentration of the triblock
copolymers. Moreover, unusual semi-open empty
spheres were obtained when the crystallization was
performed under specific conditions [90]. These results
indicate that phosphate groups of polymers intervene in
the process of crystallization, and they have been sum-
marized in several review articles [91,92].

PPEs also encourage mineralization on material sur-
faces. We synthesized phosphodiester macromonomers
and immobilized them onto a PEEK surface [93]. As
mentioned before, PEEK has been gaining interest in
the orthopedic field due to its similar mechanical prop-
erties as natural bone tissue. However, the surface of
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pristine PEEK does not harmonize with bone tissue,
and surface modification is required to enhance com-
patibility. A PPE macromonomer was synthesized via
ROP using N-(2-hydroxypropyl) methacrylamide
(HPMA) as an initiator. Phosphodeister macromono-
mers (PEPMA-Na, Figure 7(a)) are grafted on PEEK by
photo-induced self-initiated graft polymerization with-
out any photo-initiator. To enhance calcium phosphate
nucleation and biomineralization on a PEEK surface,
PEPMA:Na was synthesized and immobilized on
a PEEK substrate via self-initiated surface graft poly-
merization. Mineralization on the PEEK-g-poly
(PEPMA-Na) substrate in x1.5 simulated body fluid
(SBF) [94] was significant compared to that on a non-
modified PEEK surface (Figure 7(b)).
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6. Bone targeting

Bone targeting is one of the unique aims for phos-
phorus-containing polymers. It is well known that
polymeric prodrugs are effective for prolonging the
blood circulation of drugs due to the excluded volume.
By adding bone-targeting moieties into prodrugs,
bone-specific drug delivery can be performed.
Previous studies have reported immobilization of
bisphosphonates into water-soluble polymers as an
advantageous approach. Kopedek and coworkers pre-
pared an HPMA polymer bearing bisphosphonates
[95]. Drugs and imaging probes could be easily incor-
porated into this polymer through simple chemical
ligations [96]. An HPMA polymer bearing FITC and
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Figure 7. (a) Schematic of the surface modification of PEEK specimens and (b) SEM images of bare PEEK and PEEK-g-poly
(PEPMA-Na) after soaking in x1.5 SBF for 28 days. Reprinted with permission from [93]. Copyright (2019) Taylor & Francis. PEEK,
poly(ether ether ketone); SEM, scanning electron microscopy; PEPMA:-Na, phosphodeister macromonomers; SBF, simulated body

fluid.
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TNP-470 decreased the growth and vascularity of pri-
mary tumors and metastases in several human tumor
xenografts [97]. The authors targeted both tumor and
endothelial compartments of bone metastases and cal-
cified neoplasms with a single administration. The
HPMA polymer substantially inhibited osteosarcoma
growth.

PEG is commonly used as a water-soluble polymer
to design polymeric drug carriers. Satchi-Fainaro et al.
synthesized heterobifunctionalized PEG with alendro-
nate and paclitaxel (PTX) for targeted treatment of
breast cancer bone metastases [98]. The heterobifunc-
tionalized PEG formed self-assembled micelles, and
the elimination half-life was longer than that of free
PTX. The intravenously injected micelles accumulated
in tumors well and displayed substantial antitumor
effects in both murine syngeneic and human xeno-
geneic mouse models of bone metastases of mammary
carcinomas.

In contrast, studies have reported accelerated blood
clearance for some water-soluble polymers, including
PEG, and lower antigenicity of zwitterionic polymers
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[99]. Therefore, a bone-targeting drug carrier was pro-
duced by introducing osteotropic bisphosphonate alen-
dronate (ALN) units into an amphiphilic MPC polymer
(Figure 8(a)) [100]. This polymer, P(MPC/BMA/
N-methacryloylalendronate  [NMA]) (MPC:BMA:
NMA = 40:55:5 [mol%]), could well solubilize hydro-
phobic anticancer drugs such as PTX and docetaxel
(DTX) as shown in Figure 8(b). The nanosized particles
generated from the amphiphilic polymers with DTX
showed anticancer activities against several breast can-
cer cell lines, and particle formation did not hamper the
pharmacological effect of DTX. Fluorescence observa-
tions evaluated by an in vivo imaging system and fluor-
escence microscopy showed that the addition of ALN to
the Rho-P(MPC/BMA/NMA) enhanced bone accumu-
lation (Figure 8(c)). Bone-targeting phospholipid poly-
mers are potential solubilizing excipients used to
formulate DTX and deliver the hydrophobic drug to
bone tissues by blood administration.

Methacrylic and acrylic polymers allow conjuga-
tion of multiple components because of the variety of
functional monomers established. However, the main

C)  BALB/c, %, 14-weekold
IV administration of 100 pL agent solutions

* Rho-P(MPC/BMA)/PBS (25 mg/mL)
A+ Rho-P(MPC/BMA/NMA)/PBS (25 mg/ml)

Rho-P(MPC/BMA/NMA)

Rho-P(MPC/BMA)

Figure 8. (a) Chemical structure of P(MPC/BMA/NMA)-Rho. (b) Solubility curve of DTX in the P(MPC/BMA/NMA) solution. The
picture of DTX placed (i) in PBS and (ii) in the P(MPC/BMA/NMA) solution. The concentrations of DTX and P(MPC/BMA/NMA) are 5
and 200 mg/ml, respectively (n = 3, mean = SD). (c) The biodistribution of P(MPC/BMA)-Rho or P(MPC/BMA/NMA)-Rho 3 days after
intravenous injection. A sagittal section of the proximal end of the tibia was observed using confocal microscopy. Nuclei (blue) and
Rho-labeled polymer (red) were excited at 405 nm (emission collected from 417 to 477 nm) and at 561 nm (emission collected
from 571 to 1,000 nm), respectively. Magnification x20. Bar = 100 pm. Reprinted with permission from [100]. Copyright (2020)
Wiley. MPC, 2-methacryloyloxyethyl phosphorylcholine; BMA, n-butyl methacrylate; NMA, N-methacryloylalendronate; Rho,

rhodamine; DTX, docetaxel.
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chain of these polymers is nondegradable. To avoid
accumulation of carrier materials at the target site,
the molecular design of polymers having a degradable
backbone might be required. As described before,
a PPE with phosphodiester linkages in the polymer
backbone shows high mineral affinity. Therefore, stu-
dies investigated bone affinity in vivo [18,101]. To
track the biodistribution of phosphodiester PPE
(PEPeNa) in vivo, fluorescence-labeled PEPeNa
(Cy5-PEPeNa) was synthesized and Cy5-PEP«Na or
Cy5-azide (Cy5-Az) was injected into the tail veins of
Institute of Cancer Research (ICR)
Immediately after intravenous injection, strong fluor-
escence signals were observed from the whole body of
each mouse, suggesting that both Cy5-PEPeNa and
Cy5-Az rapidly spread throughout the body via the
bloodstream. However, after 30 h, the total radiant
efficiencies of the spines of Cy5-Az-treated mice
returned to the same levels, almost extinguished, as
before the injection, whereas fluorescence signals
from the spines of Cy5-PEPeNa-treated mice were
still observed 75 h after injection [101]. Because the
observations were made in the dorsal position, fluor-
escence signals from the bone located near the surface
were significant. Recently, studies have reported that
PEP«Na affects the differentiation of bone cells, such
as osteoblastic [102] and osteoclastic [103] cells.
Phosphodiester PPEs may have the potential to con-
trol bone remodeling and be an alternative material
for macromolecular bone therapeutics.

mice.

7. Particle-stabilized emulsion for topical and
transdermal drug delivery

Particle-stabilized emulsions (PEs) are surfactant-
free emulsions stabilized with solid particles, which
constitute an interesting strategy for the encapsula-
tion and transport of drugs in pharmaceutical and
cosmetic formulations [104]. PEs show improved
long-term stability, even without the addition of
a conventional surfactant, are more environmen-
tally friendly than other kinds of emulsions, and
cause less toxicity to human bodies [105,106]. Such
properties make PE systems promising candidates as
drug carriers for controlled drug delivery [107].
Solid emulsifiers decorated with different PPEs
have been recently proposed as green particle emulsi-
fiers to improve the properties of PE systems, includ-
ing biocompatibility and biodegradability, which are
often required in biomedical applications. For
instance, Che et al. [108] introduced a hydrophobic
PPE containing an amino group at the end of the
chain, poly[2-(but-3-yn-1-yloxy)-2-oxo0-1,3,2-dioxa-
phospholane] (PBYP-NH,), onto the surface of cellu-
lose nanocrystals (CNCs) via combining the
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) oxida-
tion of CNCs, ROP of a BYP monomer, and amidation

S. HIRANPHINYOPHAT AND Y. IWASAKI

to improve the surface properties and amphipathic
properties of CNCs and proposed using it as the sole
particle stabilizer to prepare an oil-in-water (O/W)
emulsion and to perform the emulsion polymerization
of styrene. The styrene-in-water emulsion could be
simply described as mixing the styrene monomer
and a CNC-PBYP-COOH aqueous dispersion in
a 30:70 (v/v) ratio. The PPE-modified CNCs (CNC-
PBYP-COOH) had a higher ability to stabilize emul-
sions compared with pristine CNCs due to the intro-
duction of hydrophobic PPE chains on the CNC
surface. The formed emulsions were stable when the
concentration of modified CNCs was >5.0 mg/mL,
and the droplet sizes of the formed emulsions were
~500 nm. In addition, the emulsions could be poly-
merized to yield nanosized latexes and displayed good
stability in the polymerization. Recently, we reported
an O/W emulsion stabilized by CNCs modified with
a thermoresponsive PPE, poly(2-isopropoxy-2-oxo-
1,3,2-dioxaphospholane) (PIPP), to form (CNC-
g-PIPP) via ROP to improve the emulsification effi-
cacy (Figure 9(a)). We found that CNC-g-PIPP dis-
played better surface activity and interfacial properties
compared with pristine CNCs at 4°C and helped
enhance emulsion stabilization by using a slight
amount of grafted particles (~0.4 wt%). O/W emul-
sions stabilized by CNC-g-PIPP exhibit excellent sta-
bility against coalescence for at least 15 days. The
emulsion stability could be easily controlled by
changes in temperature due to the thermal-sensitive
property of PIPP chains on CNCs surfaces (Figure 9
(b)). When the temperature was increased from 4°C to
45°C (i.e. above the lower critical solution temperature
of the PIPP chain), complete phase separation of the
emulsion occurred within 45 h. In addition, the emul-
sification/demulsification process was repeatable for
several cycles, with only a slightly increased droplet
size [17]. Thus, these different kinds of PPE-modified
CNCs can be used as green emulsifiers to form small-
size emulsions, which can be applied in many fields,
such as cosmetic products and drug delivery systems.

Most recently, we proposed a stable O/W emulsion
loaded with bifonazole (BFZ) stabilized by CNC-g-PIPP
(BFZ-loaded CPPE) as a platform for topical lipophilic
drug delivery (Figure 10(a)) [109]. BFZ-loaded CPPE has
an acceptable size and good interface properties, sus-
tained drug release, and retention. It shows enhanced
drug permeation and penetration compared with BFZ-
loaded surfactant-stabilized emulsion and BFZ solution.
Nile red (NR) fluorescence-labeling studies showed that
NR/BFZ-loaded CPPE could well penetrate porcine skin
layers (Figure 10(b)). The ability of CPPE to enhance
drug penetration was attributed to the excellent stability
and amphiphilic property of CNC-g-PIPP particles,
which are surrounded at an O/W interface. In addition,
we also found that after 24 h, exposure of BFZ-loaded
CPPE is likely to be tolerable in terms of histopathology
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Figure 9. (a) Hypothesized schematic of possible mechanisms for the reversible emulsification/demulsification of CNC-g-PIPP-
stabilized emulsion. (b) Creaming profiles for emulsion proportion of emulsion stabilized by 0.4 wt% of CNC-g-PIPP and CNCs at
different temperatures. CNC, cellulose nanocrystal; PIPP, poly(2-isopropoxy-2-oxo-1,3,2-dioxaphospholane). Reprinted with per-

mission from [17]. Copyright (2019) American Chemical Society

because of the side-chain PPEs grafted on CNC surfaces
(Figure 10(c)), which are significantly biocompatible
in vivo. These findings indicated that the proposed emul-
sion systems carrying PPE can be a preferred choice for
improving topical drug delivery without causing skin
irritation.

8. Conclusions

We have reviewed recent advances in biointerfacial
aspects of phosphorus-containing polymers. Bio-
mimetic phosphorus-containing polymers can reduce
nonspecific biofouling, which is the most serious issue
occurring at the surface of biomaterials in biological

environments. Biomimetic phosphorus-containing poly-
mers can prolong implementation periods and enhance
the reliability of biomedical devices. The flexibility in the
molecular design of phosphorus-containing polymers is
also advantageous compared with conventional biome-
dical polymers. Furthermore, phosphorus-containing
polymers are useful to control specific biological interac-
tions for diagnostics and targeted therapeutic applica-
tions in the biomedical field.
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