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Hemocompatibility of zwitterionic interfaces and
membranes

Mei-Chan Sin, Sheng-Han Chen and Yung Chang

This focused review addresses the fundamental development of nonfouling zwitterionic poly(sulfobetaine methacrylate)

(polySBMA) coatings on a wide range of interfaces and membranes in our laboratory for use in the development of

hemocompatible medical devices. The molecular designs of zwitterionic interfaces (for example, surface packing density,

grafting coverage, polymer chain conformation and chemistry) as well as the evolution of ‘intelligent’ interfaces are scrutinized

and discussed. Correlations between polymeric membrane surface modification methods, such as thermal- and plasma-induced

polymerizations, the conformation of grafted polySBMA chains and hemocompatibility features, are also delineated.
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INTRODUCTION

Stable blood compatibility of biomaterials used in contact with
human whole blood is highly desirable for blood-inert devices. The
development of nonfouling surfaces is therefore critically important
in biomedical applications that involve human blood-contacting
materials.1,2 However, only a very limited number of synthetic
biomaterials are regarded as good, hemocompatible candidates. It
has been suggested that a nanoscale homogenous mixture of balanced
charged groups from polyzwitterionic materials is the key to
controlling nonfouling properties. An important characteristic of a
zwitterionic structure is that it should have both a positively and a
negatively charged moiety within the same side chain segment while
maintaining overall charge neutrality. A set of functional properties is
generally used to guide the design of new nonfouling polymer brushes
for contact with human blood: they should be hydrophilic and
electrically neutral and hydrogen bond acceptors rather than
hydrogen bond donors.3 Polyzwitterionic materials can be further
classified into polybetaines, such as 2-methacryloyloxylethyl
phosphorylcholine (MPC), sulfobetaine methacrylate (SBMA) and
carboxybetaine methacrylate. The advantages of nonfouling
zwitterionic materials include their simple synthesis, ease of applica-
bility, abundance of raw materials and the availability of functional
groups. Our laboratory mainly focuses on the study of zwitterionic
polySBMA, emphasizing fundamental molecular designs as well as the
development of practical biomedical applications.

DEVELOPMENT OF NONFOULING POLYMERS

Throughout the development of nonfouling materials, three genera-
tions of antifouling polymers have evolved and have been extensively

studied: 2-hydroxyethyl methacrylate (HEMA)-based polymers,
PEGylated-based polymers and zwitterionic-based polymers. The
chemical structures of these polymers are depicted in Figure 1.

FIRST GENERATION: HEMA-BASED SYSTEMS

The first-generation materials, which derived their fouling resistance
from their hydrophilicity, were polymerized from hydroxy-functional
methacrylates such as HEMA that are neutral, hydroxyl-rich mono-
mers. Notably, polyHEMA has an abundance of �OH functional
groups that can form hydrogen bonds with water and with each
other,4,5 and that can subsequently form a tightly bound hydration
layer to resist biomolecule adsorption. However, a number of studies
have reported6,7 poor antifouling performance of polyHEMA-based
materials in undiluted human blood serum and plasma. When these
hydrophilic materials are in contact with complex media, none of
these materials can retain their nonfouling properties, most likely
because of the complex physicochemical interactions between
proteins and surfaces.

SECOND GENERATION: PEGYLATED SYSTEMS

Poly(ethylene glycol) (PEG)- or oligo(ethylene glycol) (OEG)-
modified surfaces have been extensively studied for their nonfouling
properties to resist protein adsorption and cell adhesion. The steric
exclusion effect has been considered as one of the reasons for the
resistance of PEG polymers (for example, poly(ethylene glycol)
methacrylate (PEGMA)) to protein adsorption.8,9 Recent studies of
OEG self-assembled monolayers showed that an appropriate surface
density of OEG chains is needed for surface resistance to protein
adsorption, and a tightly bound water layer around the OEG chains is
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primarily responsible for large repulsive hydration forces.10 However,
because PEG and OEG groups decompose in the presence of oxygen
and transition metal ions found in most biochemically relevant
solutions, PEGylated surfaces face the problem of chemical
stability.11–13 It has also been shown that grafted PEG brushes lose
their protein-repulsive properties at physiological temperature.14 As a
result, significant effort has been invested in the search for alternative
antifouling materials with improved stability compared with
PEG/OEG, and this work has resulted in substantial progress
toward developing improved materials.

THIRD GENERATION: ZWITTERIONIC SYSTEMS

Phosphobetaine
Scientists began to develop zwitterionic antifouling materials based on
the natural bio-inert theory that was inspired by the cell membrane.
Zwaal et al.15 reported in 1997 that the inner membrane of red blood
cells caused a thrombogenic response, whereas the outer layer did not.
The proposed explanation was that the lipid components constituting
the outside surface of the red blood cell membrane are mainly
zwitterionic phospholipids (such as phosphorylcholine (PC)),
whereas the inner components are negatively charged (such as
phosphatidylserine). Inspired by the natural cell membrane lipid
research, numerous biomimetic materials were subsequently
developed. In 2003, the research group of Professor Lloyd16

designed PC-based polymers that have been used in a variety of
medical device applications to improve biocompatibility.
Kadoma and colleagues17 and Ishihara et al.18 developed a new

system. First, Kadoma and colleagues17 explored new synthetic routes
for polymerizing MPC. The MPC structure is composed of a
methacrylate and PC head group, and the side chain consists of a
phosphate anion and a quaternary ammonium cation. Unlike the
nonfouling hydrophilic-based materials, this zwitterionic structure
could induce electrostatic interactions with the surrounding water
molecules. However, the synthesis of MPCs was rather difficult and
complex, and sufficient amounts of pure MPC could not be obtained.
Later, Ishihara et al.18 established a refined and complete process for
the synthesis and purification of MPC. This achievement led to
considerable progress in the development of MPC polymers as

biomaterials. MPC polymers are soluble in water, and their
functionality can be easily adjusted by changing the structure and
fraction of the comonomers.19–21

Sulfobetaine
The work on MPC-based surfaces was the first step toward the
development of zwitterionic antifouling materials and introduced the
importance of dual ions. However, MPC has some disadvantages,
such as a rather complex synthetic route and low yields, both of which
result in a high selling price. Therefore, other types of zwitterionic
polymers have been explored, and those based on sulfobetaines have
been particularly important. The sulfobetaine monomer with a
quaternary ammonium cation and sulfonate anion on the same side
chain closely resembles 2-aminoethanesulfonic acid but is typically
easier to handle than phosphorylcholine. Thus, the resulting polymers
are generally easier to synthesize than the corresponding phosphor-
ylcholine analogs. Recently, polySBMA, which has a methacrylate
main chain and an analog of the taurine betaine as the pendant group
(CH2CH2N

þ (CH3)2-CH2CH2CH2SO3
�), has become the most

widely studied zwitterionic polymer because of its ease of production
and applicability.2,22 In addition, polysulfobetaines are not only
biomimetic but are also biocompatible and noncytotoxic, as their
endotoxin levels were found to be acceptable for in vivo implantation
according to Zhang et al.23 The bio-inert nature of zwitterionic
polySBMA polymers has been attributed to their strong hydration
capabilities and the tightly bound, structured water layer around the
zwitterionic pendant groups resulting from electrostatically induced
hydration that plays an important role in achieving interfacial
bioadhesion resistance.24,25

Carboxybetaine
Another zwitterionic material is carboxybetaine methacrylate that has
side chains composed of cationic quaternary ammonium and anionic
carboxylate functional groups. This material emerged in the anti-
fouling field in 2003. The difference between carboxybetaine and
sulfobetaine is that its negatively charged groups are based on the
carboxylic acid (�COOH) moiety. The structure of carboxybetaine is
similar to that of glycine betaine that is one of the compatible solutes

Anti-Fouling Polymers 

HEMA-based systems

1960s~ 1970s~  

PEGlyated systems

1990s~ 

Zwitterionic systems

–OH (–C–C–O–)n
–C––– –+ –

H2C
O

R1

H2C H2C

R1
R1

H2C

R1

R2

R2

O

OH

O

O

O
R2
n

2-Hydroxyethyl methacrylate (HEMA) 

HO
O

H

n

Polyethylene glycol (PEG or OEG) 

Poly(ethylene glycol) methacrylate (PEGMA) 

H2C
R2

(CH2)m

O

R1

O

P
O

(CH2)n
N

+

O

O–
CH3

CH3

CH3

Phosphobetaine methacrylate (PBMA) 

(CH2)m

N+

O

(CH2)n

H3C CH3

SO3
–

Sulfobetaine methacrylate  (SBMA) 

Carboxybetaine methacrylate (CBMA) 

(CH2)m

N+

O

(CH2)n

H3C CH3

C

O

O–

1st Generation 2nd Generation 3rd Generation

Figure 1 Evolution of antifouling materials. A full color version of this figure is available at Polymer Journal online.
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and is essential to the osmotic regulation of living organisms.26

In recent years, Jiang and colleagues27,28 found that zwitterionic
carboxybetaine methacrylate is also a very good zwitterionic
antifouling biomaterial. Carboxybetaine methacrylate may have
wider biorecognition applications owing to the carboxylic acid
groups that can be easily converted into other functional groups.
The dual-functional poly(carboxybetaine) combines both ultralow
fouling and functionalization with abundant bio-recognition
elements28–30 immobilized in one material, and this has not been
achieved by any other material. Another unique aspect of
poly(carboxybetaine) is that it can be prepared in a hydrolyzable
form by replacing the carboxylate anion with an ester group.31 The
esters can be converted into nontoxic and nonfouling zwitterionic
polymers upon their hydrolysis.

MOLECULAR DESIGN OF ZWITTERIONIC

POLYSBMA-GRAFTED INTERFACES

Apart from the design of functional materials, the molecular design of
polymer brushes also plays an important role in achieving nonfouling
properties on a surface. Thus, if polySBMA-grafted surfaces are
well controlled, they should be able to achieve superb fouling
resistance.22,27,32,33 Figure 2 reveals the optimum design of a
zwitterionic interface that exhibit excellent hemocompatibility at a
molecular level.

PACKING DENSITY

The effect of different polySBMA packing densities on protein
adsorption behavior was delineated by Chang et al.22 In this study,
it was found that protein adsorption solely depends on polySBMA
surface density. Lower protein adsorption was observed when SBMA
surface coverage consisted of low-molecular-weight (Mw) polymer
chains. An increase in surface packing defects was observed when the
interface was grafted with large Mw copolymers that resulted in higher
protein adsorption. This effect was because larger SBMA segments
create cavities among themselves and cannot fully cover the surface,
leading to protein adsorption. However, very low protein adsorption
was achieved when the surface covered with larger Mw copolymers
was back-filled with a smaller Mw copolymer. Thus, surface packing
density plays a significant role in surface resistance to protein
adsorption. A similar phenomenon was reported by Nagasaki and
colleagues,34 who showed that adding shorter PEG chains onto a

surface grafted with longer PEG chains further reduced protein
adsorption.

GRAFTING COVERAGE

Previous studies have shown that controlling the surface grafting
coverage of zwitterionic polySBMA layers is important for a blood-
compatible interface.35,36 Chang et al.37 described that an increase in
the thickness of the polySBMA brush (increased chain length)
resulted in an increase in the surface hydration, as full surface
coverage and uniformity of polySBMA brushes allow for complete
water surface contact.37 It was found that the existence of sufficient
hydration layers between grafted brushes allows for a well-extended
configuration of individual polySBMA chains. This was the first
report to show that surface-grafted polySBMA brushes with high
grafting coverage can be used to attain excellent blood compatibility.

POLYMER CHAIN CONFORMATION

It is hypothesized that the nonfouling properties of polyzwitterionic
materials are tightly correlated with the existence of a hydration layer
near the surface because a tightly bound water layer forms a physical
and energetic barrier to prevent protein adsorption on the surface.
Although most water-soluble polymers can reduce protein adsorption
to some extent, the best nonfouling ability can only be achieved when
surface hydration and chain flexibility (that is, steric repulsion) work
together. Recently, Sin et al.38 reported that the conformational
structure of the anchoring agent assembly layer is a determining
factor in the formation of flexible, well-spaced polySBMA brushes
with greater hydration capacity and grafting coverage.38 For example,
polySBMA brushes grafted from a dopamine-anchored surface are
likely loosely packed on the molecular level, and this packing could
lead to a thick hydration layer at the interface because there is more
space for free water molecules to flow between the polymer brushes.
The augmented interfacial hydration capacity and stronger repulsive
hydration forces could thus result in an improved resistance to
nonspecific bioadhesion.

POLYMER CHAIN CHEMISTRY

It has been suggested that neutral surfaces composed of positively and
negatively charged pairs possess protein-resistant properties.39 Novel
studies on the effects of the molecular arrangement of mixed charged
groups on fouling-resistant performance were conducted in our
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Figure 2 Molecular design of zwitterionic interfaces for excellent hemocompatibility. A full color version of this figure is available at Polymer Journal online.
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laboratory in 2010 and 2013.37,40 In these studies, it was demonstrated
that copolymer brushes of poly([2-(methacryloyloxy) ethyl] trimethyl-
ammonium chloride–co–3-sulfopropyl methacrylate potassium salt)
(poly(TMA-co-SA)) with a homogeneous charge balance, prepared
from two oppositely charged compounds, are highly resistant to
nonspecific protein adsorption. This resistance could be attributed to
the distance between the two oppositely charged groups that are
associated with the hydration-promoting effects on inter- and
intramolecular interactions between copolymer brushes. These
studies demonstrated that the spacing between two oppositely
charged groups at the nanometer scale might be similar to that of
the ethylene spacer between the two charged groups in the polySBMA
side chains, resulting in the nonassociations of poly(TMA-co-SA)
brushes.

‘INTELLIGENT’ INTERFACES

An ‘intelligent interface’ consisting of a thermoresponsive poly
(N-isopropylacrylamide)-block-poly(sulfobetaine methacrylate) (PNI-
PAAm-b-PSBMA) hydrogel that could respond to environmental
stimuli over a small scale by changing its physical conformation
(Figure 3) was investigated in our laboratory in 2009, 2010 and 2012.
Our work reported on the tunable effects of PNIPAAm-b-PSBMA
copolymer conformations on the correlations between chain associa-
tions and blood compatibility41 that exhibited controllable thermo-
sensitive phase transition of lower critical solution temperature
(LCST) and upper critical solution temperature (UCST) behaviors
in an aqueous solution.42,43 It was reported that good blood
compatibility was observed with zwitterionic polySBMA polymers
above their UCSTs and nonionic polyNIPAAm polymers below their
LCSTs in human blood.
As shown in Figure 3, the prepared copolymer PNIPAAm-b-

PSBMA exhibited a doubly thermoresponsive transition behavior
that resulted from the switchable nonionic/zwitterionic block self-
assembly driven by the formation of inter- and intramolecular
electrostatic interactions between SBMA segments of the zwitterionic
sulfobetaine groups and the intramolecular hydrophobic interactions
between NIPAAm segments of the nonionic isopropyl groups. At
temperatures above the LCST, polyNIPAAm chains become hydro-
phobic, and their hydrogen bonding with water molecules weakens,
resulting in the collapsing of the polyNIPAAm block and the
precipitation of the polymer. Intramolecular hydrophobic interactions
between the nonionic isopropyl moieties of polyNIPAAm drive the
precipitation observed above the LCST. At temperatures below the
UCST, polySBMA exists as a collapsed coil and precipitates in
aqueous solution. This phenomenon, which is attributed to the

strong mutual intra- and intermolecular associations of the zwitter-
ionic groups induced by electrostatic interaction, gives rise to the loss
of the nonfouling nature of polySBMA.

CHRONOLOGICAL DEVELOPMENT OF ZWITTERIONIC

INTERFACES AND MEMBRANES

Protein adsorption on material surfaces causes serious biological
reactions, such as thrombus formation, an immune response,
complement activation, capsulation and so on.44,45 Thus, excellent
nonspecific plasma protein-fouling resistance is one of the most
important requirements for developing blood-contacting materials. In
2006, Professor Chang, Jiang and colleagues22 prepared well-defined
diblock copolymers of polySBMA and poly(propylene oxide). These
copolymers were physically immobilized onto a surface plasmon
resonance sensor surface covered by methyl-terminated self-assembled
monolayers, and protein adhesion on the adsorbed copolymers was
evaluated in situ. The results revealed that the diblock copolymers
possessing polySBMA can be eminently protein resistant when the
surface SBMA density is well controlled. As thrombus formation is
one of the most serious host responses to implanted materials, the
platelet adhesion test was adopted as a recognized technique for
estimating the blood compatibility of a prepared material surface. Our
laboratory employed this test to evaluate the blood compatibility of a
polySBMA-grafted surface. In our first study on antithrombogenic
zwitterionization in 2008, SBMA was grafted from a bromide-covered
gold surface through surface-initiated atom transfer radical
polymerization to produce well-packed polymer brushes.46 From
the results of both protein and platelet adsorption in vitro, it was
demonstrated that a well-packed polySBMA-grafted surface exhibited
stable and excellent blood compatibility at human body temperature.
Interestingly, zwitterionic polySBMA can present diverse forms,

including soluble unimers or micelles in aqueous medium, adsorbed
or grafted onto aqueous-solid interfaces, or crosslinked in the form of
physical or chemical hydrogels. However, little is known about how
polySBMA conformation affects the correlation between solution
properties and blood compatibility. Accordingly, a systematic study
on the molecular-weight dependence of hemocompatibility correlated
with the solution properties of zwitterionic polySBMA polymers was
reported in 2010.41 It was found that polySBMA polymers of
increasing molecular weights had enhanced mutual intra- and
interchain associations of the sulfobetaine groups in aqueous
solution that increased their UCSTs associated with the nonfouling
nature of the polySBMA suspension. Studies have also reported that
physical micellization occurs in synthesized diblock copolymers with
thermoresponsive and zwitterionic properties.47,48 In 2009 and 2010,

Figure 3 Responses of ‘intelligent’ interfaces in conjunction with thermal stimuli.
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a new class of ‘smart’ copolymers consisting of PNIPAAm-b-PSBMA,
which were prepared from the combination of zwitterionic polySBMA
and nonionic thermoresponsive polyNIPAAm, was reported. These
materials exhibited controllable thermosensitive phase transition of
LCST and UCST behaviors in an aqueous solution.42,43 These studies
proposed that a zwitterionic copolymer containing nonionic
polyNIPAAm is a potential thermoresponsive biomaterial that can
provide a coated surface with tunable, stimulus-responsive properties
for use in a physiologic environment. In addition, the unique
characteristics of thermoresponsive polyNIPAAm hydrogels
incorporating zwitterionic polySBMA can be exploited to regulate
cell attachment or detachment on the surfaces using temperatures
above or below the LCST of the copolymeric gels. In 2012, our
laboratory investigated diblock copolymers containing polyNIPAAm
and polySBMA as a new class of intelligent, ‘schizophrenic’ polymers,
exhibiting good hemocompatibility over a wide range of temperatures
from normal blood storage to the human physiologic environment.49

This reversible morphology variation was attributed to the
reorganization of hydrophobic/hydrophilic balance in response to
the pH and temperature, thus maximizing the nonfouling property.
Recently, it has been reported that nonfouling surfaces with

homogeneous charge balances, prepared by mixing two oppositely
charged compounds, are highly resistant to nonspecific single-protein
adsorption as well.39,50 However, these studies did not extend to the
use or evaluation of these mixed-charge surfaces as human blood-
contacting materials. In our pseudo-zwitterionization study in 2010,24

mixed-charge copolymer brushes of poly(TMA-co-SA), which are
similar to zwitterionic homopolymer brushes, were synthesized for
similar applications requiring protein-fouling resistance. However,
under all conditions tested, it was found that the nonfouling surfaces
prepared from the zwitterionic structure of polySBMA brushes were
better than the mixed-charge structure of poly(TMA-co-SA)
copolymer brushes. The general concept of preparing new
nonfouling materials from common oppositely charged groups is to
carry out the synthesis in an easy way, but the separation between the
two charged sites must be considered along with overall charge
neutrality of copolymer brushes.
In 2012, our laboratory reported for the first time that surface-

grafted polymer brushes of polySBMA with high grafting coverage
and overall charge neutrality can be used to provide the best
preservation capacity for hematopoietic stem and progenitor cells
stored in umbilical cord blood solution.37 Their superior capacity for
hematopoietic stem and progenitor cell preservation could be because

of the high surface roughness and flexible chain mobility of hydrated
polySBMA brushes. It is also desirable to develop a copolymer
suitable for nonfouling coatings on charged surfaces as many
biomaterials surfaces are polar/hydrophilic but not blood-inert.51,52

Hence, a strategy to create blood-inert surfaces in human whole blood
via ion-pair anchoring of zwitterionic copolymer brushes and a
systematic study of how well-defined chain lengths and well-
controlled surface packing densities affect blood compatibility
were reported in 2013.40 In this study, ionic-zwitterionic block
copolymers poly(3-sulfopropyl methacrylate potassium salt)-block-
poly(sulfobetaine methacrylate) (PSA-b-PSBMA) were anchored onto
charged surfaces through a robust charge-controlled grafting
approach. This ion-pair anchoring design facilitates a convenient,
stable and efficient immobilization of ionic-zwitterionic copolymers
directly onto charged surfaces via charge pairing.
A study of surface-zwitterionized stainless steel implant materials,

which were prepared via catechol dopamine- and organosilane-
surfaced immobilization of zwitterionic polysulfobetaine brushes,
for general bioadhesive control was reported in 2014.38 Excellent
anti-bioadhesive performance of stainless steel surfaces grafted with
flexible-type zwitterionic polymer brushes via catechol dopamine-
surfaced immobilization was achieved with an almost undetectable
level of protein adsorption, no blood–cell adhesion and activation, no
tissue–cell attachment and no bacterial adhesion. This excellent
bioadhesion resistance could be attributed to the anchoring agent,
the polydopamine assembly layer, that acts as a vital component
for forming flexible, well-spaced polySBMA brushes with greater
hydration capacity and grafting coverage.
Apart from zwitterionic interfaces, our research group has also

studied the surface zwitterionization of several polymeric membranes.
In the early work on developing zwitterionic membranes, interpene-
trating polymer networks were prepared by modifying segmented
polyurethane (SPU) films with a crosslinked zwitterionic SBMA
polymer.53 It was found that the uniform distribution of SBMA
units within SPU films can effectively resist nonspecific protein
adsorption and retain the high mechanical strength that is inherent
to the base SPU films. In 2009 and 2011, a new membrane
zwitterionization process based on grafting a zwitterionic
polySBMA layer onto the poly(vinylidene fluoride) (PVDF)
membrane surface using an integrated plasma technique was
reported.25,54 The results indicated that PVDF-g-polySBMA
membranes presented a fouling resistance for plasma proteins and
blood platelets that greatly relied on the surface hydrophilicity and

Figure 4 Chronology of significant developments of zwitterionic interfaces and membranes in our research group.
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charge bias of the zwitterionic polySBMA layer. In the following
years, zwitterionic polySBMA was grafted onto polypropylene fibrous
membranes55 and expanded poly(tetrafluoroethylene) (ePTFE)
membranes56 via atmospheric plasma-induced graft polymerization.
The polySBMA-grafted ePTFE membranes were investigated as a
wound healing dressing, and they provided a moist environment,
prevented biofouling and allowed deep skin wounds to completely
heal after 2 weeks.
Nevertheless, plasma surface modification is not practical for the

large-scale production of zwitterionic membranes. Consequently, in
2014, Antoine et al. employed a fast and convenient coating approach
based on hydrophobic-driven self-assembly to coat PVDF micro-
filtration membranes with the diblock copolymer poly(propylene
oxide)-block-poly(sulfobetaine methacrylate) (PPO-b-PSBMA).57

Excellent blood compatibility was achieved using this method by
adjusting the anchoring structures of the zwitterionic copolymer
layers. The chronology of significant developments of zwitterionic
interfaces and membranes in our laboratory is summarized in
Figure 4.

DEVELOPMENT OF NONIONIC AND ZWITTERIONIC-GRAFTED

MEMBRANE

The fundamental research on zwitterionic polymers applied to
interfaces provided the concept of zwitterionization. It not only
successfully solved the problem of serious biofouling on biomaterial
interfaces but also significantly improved surface hemocompatibility.
However, it should be noted that besides biomaterial interfaces,

polymeric membranes also play an important role in developing
medical devices used in hemodialysis, blood filtration and the
heart–lung machine. In the following section, correlations between
the polymeric membrane surface modification approach and the
conformation of grafted polySBMA chains are discussed. These
correlations are elaborated in Figure 5.
Our first zwitterionic polymeric membrane was developed in 2007

via a simple photopolymerization process.53 In this work, SPU films
were modified with a crosslinked SBMA to form interpenetrating
polymer networks that could effectively suppress nonspecific protein
adsorption when the distribution of SBMA units within the SPU
film was well controlled. In 2008, nonionic PEGMA was successfully
grafted from microporous PVDF58 and expanded ePTFE59 membranes
via thermal-induced graft polymerization using O3/O2 or H2 plasma
pretreatment. The results indicated that PEGMA-grafted membranes
significantly reduced irreversible membrane fouling. Thereafter, similar
O3/O2 pretreatment and surface-initiated atom transfer radical
polymerization approaches were adopted in 2009 to prepare a
zwitterionic polySBMA-grafted PVDF ultrafiltration membrane54

that exhibited an extremely low biofouling filtration performance.
Nevertheless, the above preparation processes were somewhat

complicated. Thus, in 2009, a new surface modification technique
termed low-pressure plasma-induced graft polymerization was devel-
oped to graft PEGMA onto PVDF membranes, and the results
showed better antifouling efficiency compared with PEGMA-grafted
PVDF membranes prepared by thermal-induced polymerization and
surface-initiated atom transfer radical polymerization.60 The effect of
low-pressure and atmospheric plasma graft polymerization on the
conformation structure of grafted-PEGMAwas further investigated in
2011.61 The results demonstrated that the brush-like PEGMA
structure produced by atmospheric plasma polymerization had a
higher hydration capacity and exhibited better fouling suppression
than the network-like PEGMA structure prepared by the low-
pressure plasma approach. Therefore, in the following years,
zwitterionic polySBMA were grafted onto PVDF ultrafiltration
membranes,25 polypropylen fibrous membranes55 and expanded
PTFE membranes56 using atmospheric plasma-induced graft
polymerization. Collectively, these studies suggest that zwitterionic
membranes generated by controlling the charge neutrality of grafted
brush-like polySBMA structures have great potential for the surface

Figure 5 Correlation between polymeric membrane surface modification and the conformation of grafted poly(sulfobetaine methacrylate) (polySBMA) chains.

Figure 6 Multifunctional interfaces/membranes for specific applications.

A full color version of this figure is available at Polymer Journal online.
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modification of general hydrophobic membranes used in human
blood-contacting devices.

CONCLUSIONS AND PERSPECTIVES

Zwitterionic polysulfobetaines are very promising as next-generation
hemocompatible biomaterials because of their excellent nonfouling
properties in complex media. As revealed in Figure 6, future
directions are aimed toward the development of multifunctional
zwitterionic interfaces/membranes for specific applications, such as
specific biomolecule adsorption, cell attachment and detachment and
live cell capture, all while maintaining their excellent antibiofouling
properties.
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