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1. Introduction

Polymer brushes are ultrathin polymer coatings consisting
of polymer chains that are tethered with one chain end to an
interface, which generally is a solid substrate. At high
grafting densities, i.e. when the distance between neighboring
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grafting points is small, steric repulsion leads to chain
stretching and a brush-type conformation of the surface-
tethered chains. At lower grafting densities, surface-tethered
polymer chains can adopt various other conformations, which
are referred to as mushroom or pancake.1–4

Polymer brushes can be prepared following two main
strategies: (i) the grafting to and (ii) the grafting from
strategies.3 The grafting to strategy involves the attachment
of prefabricated polymers via either physisorption5–12 (Figure
1A) or covalent bond formation (chemisorption) (Figure
1B).13–20 Although experimentally very straightforward, the
grafting to strategy suffers from several limitations, which
make it difficult to produce thick and very dense polymer
brushes. Steric repulsions between polymer chains hamper
the formation of dense polymer brushes.21,22 Furthermore,
with increasing polymer molecular weight, the reaction
between the polymer end-group and the complementary
group on the substrate surface becomes less efficient.

In the grafting from approach (Figure 1C), the polymerization
is directly initiated from initiator-functionalized surfaces.3,22–25

Controlled/“living” polymerization techniques26,27 are particu-
larly attractive for the preparation of polymer brushes
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he works with Prof. H.-A. Klok at EPF Lausanne pursuing his Ph.D. on
the topic of biofunctionalized polymer brushes.
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following the grafting from strategy, as they allow accurate
control over brush thickness, composition, and architecture.28–31

Examples include anionic polymerization,32–34 cationic
polymerization,34–37 ring-opening polymerization,38–46 and
ring-opening metathesis polymerization.47–51 Conventional
free radical polymerization has also found widespread use
for the synthesis of polymer brushes.22,52–64 Most of the
polymer brushes produced by the grafting from approach,
however, are prepared using surface-initiated controlled
radical polymerization techniques.

This article concentrates exclusively on polymer brushes
prepared via surface-initiated controlled radical polymeri-
zation and is an attempt to summarize the state-of-the-art in
this field. The following sections will successively discuss
the synthesis of polymer brushes via surface-initiated con-
trolled radical polymerization, the characterization of these
surface-tethered polymers, as well as their properties and
applications.

2. Synthesis

2.1. Polymerization Strategies
Among the different controlled/“living” polymerization

techniques, radical-based strategies are most frequently used.
Compared to other controlled/“living” polymerization meth-
ods, radical-based polymerization reactions have several
advantages, notably in terms of compatibility with both
aqueous and organic media as well as a high tolerance toward
a wide range of functional groups. In the following sections,
the four major surface-initiated controlled radical polymer-
ization (SI-CRP) techniques will be discussed in detail. Table
1 provides an overview of the different polymer brushes that
have been prepared using SI-CRP. The brushes in Table 1
are classified according to the nature of the polymer
backbone. For each polymer, Table 1 indicates both the CRP
techniques that have been used and the different brush
architectures that have been produced.

2.1.1. Surface-Initiated Atom Transfer Radical
Polymerization (SI-ATRP)

Among the different controlled radical polymerization
techniques that are available, atom transfer radical polym-
erization (ATRP) has been most extensively used to produce
polymer brushes. Compared to other controlled radical
polymerization techniques, ATRP is chemically extremely
versatile and robust. ATRP was first reported in 199565–67

and has been extensively reviewed.68–72 ATRP relies on the
reversible redox activation of a dormant alkyl halide-
terminated polymer chain end by a halogen transfer to a
transition metal complex. The formal homolytic cleavage of
the carbon-halogen bond, which results from this process,
generates a free and active carbon-centered radical species
at the polymer chain end. This activation step is based on a
single electron transfer from the transition metal complex
to the halogen atom, which leads to the oxidation of the
transition metal complex. Then, in a fast, reversible reaction,
the oxidized form of the catalyst reconverts the propagating
radical chain end to the corresponding halogen-capped
dormant species. Many parameters, such as ligand to
transition metal ratio, CuII to CuI ratio, type of ligand,
counterion, solvent, or initiator, influence the performance
of (SI)-ATRP and thus offer the possibility to fine-tune the
reaction.73–81

SI-ATRP was first reported in 1997 by Huang and Wirth,
who successfully grafted poly(acrylamide) (PAM) brushes
from benzylchloride-derivatized silica particles.82 Shortly
thereafter, Ejaz et al. described the preparation of poly(methyl
methacrylate) (PMMA) brushes that were grown from 2-(4-
chlorosulfonylphenyl)ethyl silane self-assembled monolayers
(SAMs) obtained using the Langmuir-Blodgett technique.83

These authors found that addition of free, sacrificial initiator
(p-toluenesulfonyl chloride) was necessary to achieve a
controlled polymerization. In the absence of sacrificial
initiator, the initiator concentration and, related to this, the
concentration of the deactivating CuII species was too low
to allow a controlled polymerization. Instead of adding a
sacrificial initiator, another strategy to overcome the insuf-
ficient deactivator concentration that results from surface-
confined ATRP is to add the deactivating CuII species directly
to the polymerization solution. This was successfully dem-
onstrated by Matyjaszewski et al. for the synthesis of
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polystyrene (PS) brushes from bromoisobutyrate-function-
alized silicon wafers.84

A significant increase in the rate of SI-ATRP was observed
for polymerizations carried out in polar and, in particular,
aqueous media.75,78,85,86 Jones et al. synthesized 50-nm-thick
PMMA brushes in a controlled fashion within 4 h of
polymerization time using a CuIBr/2,2′-bipyridine (bpy)
catalyst system in a water/methanol mixture as solvent.87 A
purely aqueous-based system was used by Huang et al. for
the preparation of 700-nm-thick poly(2-hydroxyethyl meth-
acrylate) (PHEMA) brushes via “water-accelerated” SI-
ATRP using a mixed halide CuICl/CuIIBr2/bpy catalyst
system (Scheme 1).88 As described by Matyjaszewski et al.,
the use of such mixed halide systems represents, because of
the higher free energy of dissociation of the C-Cl bond
compared to the C-Br bond, a valuable tool to shift the
equilibrium between dormant and propagating radical species
on the side of dormant species, which leads to an increase
over the control of the polymerization.89

In SI-ATRP, chain growth starts from an ATRP initiator
that is immobilized on a substrate. The same transition metal
complexes that mediate SI-ATRP, however, can also be used
to grow polymer brushes in a controlled fashion from
surfaces modified with a conventional radical initiator. This
process is referred to as surface-initiated reverse ATRP (SI-
RATRP). SI-RATRP has been successfully used by Sedjo
et al. to prepare PS and PS-b-PMMA brushes from a
conventional radical azo-functionalized silica substrate using
CuIIBr2/bpy complex as deactivating agent.90 Later, Wang
et al. described the synthesis of PMMA brushes from
peroxide-derivatized substrates in the presence of CuIICl2/
bpy complex.91,92

The (possible) presence of residual amounts of the metal
catalyst in polymers prepared via (SI)-ATRP often raises
concerns, in particular with the use of these materials in
(bio)medical applications. Matyjaszewski and co-workers
have developed an ATRP variant that allows to overcome
these concerns and which makes it possible to reduce the
concentration of the copper catalyst to a few ppm and
increases the tolerance toward oxygen or other radical traps
in the polymerization system. This ATRP variant is referred
to as activators (re)generated by electron transfer ATRP or
A(R)GET ATRP.93–97 A(R)GET ATRP involves the use of
reducing agents, such as ascorbic acid, SnII 2-ethylhexanoate,
or Cu0, to continuously restore CuI from CuII and has also
been successfully applied to surface-initiated polymeriza-
tion.98–104

Summarizing, SI-ATRP has been proven to be an excellent
technique to prepare polymer brushes. ATRP is chemically
versatile, compatible with a large assortment of monomers
and functional groups, and tolerates a relatively high degree
of impurities. In particular, ATRP is relatively insensitive
toward small residual traces of oxygen, which are readily
removed by oxidation of the ATRP catalyst. The fact that
most of the standard ATRP catalyst systems, as well as
surface immobilizable initiators, are commercially available
in ready-to-use quality or can be synthesized relatively easily
also makes ATRP an attractive technique from an experi-
mental point of view. SI-ATRP, however, also has limita-
tions. In particular, the controlled polymerization of mono-
mers that can complex or react with the metal catalyst, such
as pyridine-containing or acidic monomers, can be challeng-
ing. For pyridinic monomers, this problem can be partially
overcome by using highly coordinative tri- or tetradentate
ligands to form the catalytic transition metal complex.105,106

Figure 1. Synthetic strategies for the preparation of polymer brushes: (A) physisorption of diblock copolymers via preferential adsorption
of the red blocks to the surface (grafting to approach); (B) chemisorption via reaction of appropriately end-functionalized polymers with
complementary functional groups at the substrate surface (grafting to approach); (C) polymer brushes grown via surface-initiated polymerization
techniques (grafting from approach).

5440 Chemical Reviews, 2009, Vol. 109, No. 11 Barbey et al.



The preparation of acidic polymer brushes has been ac-
complished via ATRP of the corresponding sodium salts.107–113

An interesting exception has been reported in a recent
publication by Jain et al., who reported the first example of

successful direct SI-ATRP of a protonated acidic monomer,
2-(methacryloyloxy)ethyl succinate (MES).113 Another limi-
tation of (SI)-ATRP is related to the transition metal catalyst,
which can be difficult to remove. Residual traces of

Table 1. Overview of Polymer Brushes Prepared via Surface-Initiated Controlled Radical Polymerization
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catalysts in the final polymer brushes might have undesir-
able consequences for applications, such as in the bio-
medical or electronic industry. However, some methods,
in particular A(R)GET ATRP, have been developed that
allow to reduce the amount of copper to the level of a
few ppm.72

2.1.2. Surface-Initiated Reversible-Addition Fragmentation
Chain Transfer (SI-RAFT) Polymerization

In contrast to ATRP, where the equilibrium between the
dormant and active, propagating chains is based on reversible
termination, reversible-addition fragmentation chain transfer
(RAFT) polymerization is based on reversible chain
transfer.114–116 A distinct advantage of RAFT polymerization

is its relative simplicity and versatility, since conventional
free radical polymerizations can be readily converted into a
RAFT process by adding an appropriate RAFT agent, such
as a dithioester, dithiocarbamate, or trithiocarbonate com-
pound, while other reaction parameters, such as monomer,
initiator, solvent, and temperature, can be kept constant.
RAFT polymerization has also been successfully used to
prepare polymer brushes via surface-initiated polymerization.
SI-RAFT can be performed using two different strategies,
which use either surface-immobilized conventional free
radical initiators or surface-immobilized RAFT agents (Scheme
2). These two different strategies will be discussed in more
detail in the following paragraphs.

Table 1. Continued

a H, B, and R refer to homopolymer, block copolymer, and random copolymer brushes. The superscripts are references to the relevant publications.

Scheme 1. Preparation of PHEMA-b-PDMAEMA Diblock Copolymer Brushes via SI-ATRP from 2-Bromoisobutyrate-
Functional Thiol SAMs on Gold Surfaces88
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An early example of SI-RAFT polymerization was re-
ported by Baum and Brittain, who prepared 30-nm-thick
PMMA brushes as well as 11-nm-thick PS and poly(N,N-
dimethylacrylamide) (PDMAM) brushes from azo-function-
alized silicon wafers in the presence of the chain transfer
agent (CTA) 2-phenylprop-2-yl dithiobenzoate and free
initiator (2,2′-azoisobutyronitrile (AIBN)) (Scheme 2A).117

Addition of free initiator (e.g., AIBN) was shown to facilitate
polymer brush growth not only because it acts as a scavenger
for possible trace amounts of impurities in the polymerization
mixture but also since it increases the amount of radicals in
the system, which are necessary to avoid early termination
by CTA capping, as the concentration of the surface initiators
is particularly low. Several other groups used the same
strategy to grow poly(chloromethylstyrene) (PCMS),118 poly-
(pentafluorostyrene) (PPFS),118 poly(sulfobetaine methacry-
late) (PSBMA),119 poly(sodium 4-styrenesulfonate) (PSS-

(Na)),119 PMMA,120 poly(poly(ethylene glycol) methyl ether
methacrylate) (PPEGMEMA),120 and poly(2-(dimethylami-
no)ethyl methacrylate) (PDMAEMA)120 brushes from azo-
functionalized substrates or to graft PHEMA brushes from
surfaces bearing peroxide groups.121

In addition to the use of free radical initiator-modified
substrates, as was described in the previous paragraph, SI-
RAFT can also be carried out using surface-immobilized
RAFT agents. The RAFT agent can be immobilized in two
different ways, which are referred to as the R-group and Z-group
approaches (parts B and C, respectively, of Scheme 2). In the
R-group approach, the RAFT agent is attached to the surface
via the leaving and reinitiating R group. This strategy has been
used to prepare a wide variety of polymer brushes from
dithiobenzoate- or trithiocarbonate-derivatized silicon wafers,122–125

silica (nano)particles,126–132 titania133 or CdSe134 nanoparticles,
cotton,135 gold nanoparticles,136 cellulose,137 or multiwalled

Scheme 2. SI-RAFT Polymerization: (A) Bimolecular Process as Reported by Baum and Brittain117 for the Preparation of
PMMA Brushes from Azo-Functionalized Silicon Wafers; (B) R-Group Approach To Grow PBA Brushes from Dithiobenzoate
Modified Silica Nanoparticles as Described by Li and Benicewicz;127 (C) Z-Group Approach for the Grafting of PMA Brushes
from Silica Particles Supported Trithiocarbonate Derivative146
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carbon nanotubes (carbon MWNTs).138–142 The Z-group
approach is based on the immobilization of the RAFT agent
via the stabilizing Z group and has been successfully used
to prepare a variety of methacrylic, acrylic, styrenic, and
acrylamide-based brushes.143–149

Compared to other CRP techniques, RAFT polymerization
is extremely versatile and tolerates a wide range of (sensitive)
functional groups. A drawback of RAFT polymerization is
that it involves the use of chain transfer agents that are
usually not commercially available and which need to be
prepared via multistep synthesis. SI-RAFT polymerization
methods that involve the use of surface-immobilized CTAs
have specific limitations. The R-group approach, comparable
to a grafting from process, always involves the surface
detachment of the RAFT agent during the polymerization,
which might broaden the molecular weight distribution via
bimolecular termination at an unusually high rate, whereas
the Z-group approach, which can be compared with a grafting
to approach, might suffer from a decrease of brush grafting
densities with increasing brush length, since the RAFT agent
anchored to the surface will be less and less accessible.126,144,146

2.1.3. Surface-Initated Nitroxide-Mediated Polymerization
(SI-NMP)

Nitroxide-mediated polymerization is based upon revers-
ible activation/deactivation of growing polymer chains by a
nitroxide radical.150–155 Husseman et al. reported the first
example of surface-initiated nitroxide-mediated polymeri-
zation (SI-NMP) and successfully produced up to 120-nm-
thick PS brushes from 2,2,6,6-tetramethylpiperidinyloxy
(TEMPO) functionalized chlorosilane SAMs supported on
silicon substrates (Scheme 3).156 In SI-NMP the maximum
number of persistent radicals157 is limited by the total number
of initiator moieties on the substrate surface, which is,
especially for planar substrates with low specific surface
areas, relatively low. Consequently, the reversible capping
becomes ineffective due to the quasi infinite dilution of
persistent radicals in the reaction medium. In their contribu-
tion, Husseman et al. managed to overcome this issue by
adding a predetermined amount of “free” alkoxyamine to
the reaction mixture. The addition of free (sacrificial)
initiator, however, leads to the formation of free, non-surface-
attached polymer and requires an additional, final washing
step to remove physisorbed polymer from the resulting
polymer brushes. Husseman et al. also found that the number
average molecular weight (Mn) and the polydispersity index
(Mw/Mn) of the grafted PS are almost equal to the values of
free polymer in solution. Nitroxide-mediated polymerization
was also used by several other groups for the formation of

PS brushes from TEMPO-functionalized silicon wafers or
glass slides,158–163 magnetite164–166 or titanium166,167 nanopar-
ticles, steel,168 Merrifield resins,169 carbon,168 and carbon
MWNTs.170,171 In addition, several other polymer brushes,
such as poly(3-vinylpyridine) (P3VP),165,166 poly(4-vinylpy-
ridine) (P4VP),170,171 PSS(Na),170 and poly(4-(poly(ethylene
glycol) methyl ether)styrene) (PSPEG) brushes,162 have been
successfully prepared via SI-NMP from TEMPO-modified
substrates.

A drawback of TEMPO-mediated polymerization is that
its utility is essentially limited to styrenic monomers. NMP
has been found to yield acrylic polymers with low Mn and
relatively high polydispersities compared to those of poly-
mers prepared from styrenic monomers.153,172 Especially with
acrylic and methacrylic monomers, chain growth and revers-
ible deactivation compete with �-H elimination of the
growing polymer chain.173 Studies were conducted in order
to find a more universal alkoxyamine initiator as an alterna-
tive to TEMPO-based systems.174,175 First, an acyclic �-phos-
phonylated nitroxide, N-tert-butyl-N-[1-diethylphosphono-
(2,2-dimethylpropyl)] nitroxide (DEPN), was identified as a
good candidate for NMP of acrylic and styrenic monomers.
However, a slightly higher percentage of termination reac-
tions was observed for DEPN-mediated polymerizations of
styrenic monomers compared to TEMPO-mediated poly-
merizations.176,177 Parvole et al. developed a strategy to grow
poly(n-butyl acrylate) (PBA) and poly(ethyl acrylate) (PEA)
brushes from azo-grafted surfaces by adding DEPN, which
acts as a chain growth moderator (so-called bimolecular
polymerization system).178–180 Instead of using a conventional
free radical initiator-modified substrate, DEPN-mediated
polymerizations can also be carried out using surface-
immobilized DEPN. This strategy has been used for the
preparation of PS,177,181–186 PBA,181,185,187–189 and poly(2-
(dimethylamino)ethyl acrylate) (PDMAEA) brushes.185 An-
other alternative to prepare styrenic, acrylic, or acrylamide-
or acrylonitrile-based polymer brushes involves the use of
R-hydrido nitroxide, which was identified to yield well
controlled bulk polymerizations.175 These R-hydrido nitroxide
compounds were successfully used as a free initiator to moderate
the SI-NMP from TEMPO-functionalized surfaces190,191 or from
R-hydrido nitroxide-functionalized surfaces.192–195

In conclusion, SI-NMP represents a valuable method for
the controlled fabrication of polymer brushes. An advantage
of SI-NMP is that no further catalysts are required. This
obviates the need for additional purification steps and reduces
the chance to introduce impurities, which is advantageous,
especially for sensitive applications, e.g. in the electronic
and biomedical sector. The relatively high polymerization

Scheme 3. SI-NMP of Styrene from a TEMPO-Functionalized Silicon Wafer, as Reported by Husseman et al156
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temperatures, however, may cause problems when thermally
sensible monomers are used. Another drawback of NMP is
that controlled polymerization requires judicious choice of
the mediating nitroxide for a particular monomer. This is
further hampered by the fact that many mediating radicals
are not commercially available and need to be prepared,
which requires an additional synthetic effort.

2.1.4. Surface-Initiated Photoiniferter-Mediated
Polymerization (SI-PIMP)

The concept of iniferter-mediated polymerization, which
is based on the use of a special class of nonconventional
initiators (named iniferters), was proposed by Otsu et al. in
1982.196,197 Iniferters are molecules that can simultaneously
act as initiators, transfer agents, and terminators. The
controlled nature of the polymerization relies on the pho-
tolytic dissociation of the photoiniferter molecule into a
reactive carbon-centered radical and a relatively stable
dithiocarbamyl radical. While the carbon-centered radical
readily undergoes addition of monomer units to initiate chain
propagation, the persistent dithiocarbamyl radical does not
participate in initiation but acts as a transfer agent and
induces reversible termination of the growing polymer chain
(iniferter).198 In the absence of termination or transfer
reactions, the polymerization proceeds only during irradiation
of light and via a predominantly controlled radical polym-
erization mechanism, which is based on reversible termina-
tion. Since the concentration of radicals, and therefore the
rate of polymerization, is directly related to the intensity of
irradiating light, surface-initiated photoiniferter-mediated
polymerization (SI-PIMP) is spatially and temporally coupled
to the location, intensity, and duration of UV irradiation.199,200

Otsu et al. reported the first example of SI-PIMP, which
involved the use of a photoiniferter (dithiocarbamate deriva-
tive)-functionalized PS gel for the preparation of various
surface-attached di- and triblock copolymers.201 Matsuda and
co-workers extensively used SI-PIMP to prepare a wide
variety of polymer brushes from benzyl-N,N-diethyldi-
thiocarbamate-functionalized substrates. Among others,
PDMAM, poly(acrylic acid) (PAA), poly(N-isopropyl acry-
lamide) (PNIPAM), PCMS, poly(poly(ethylene glycol) meth-
acrylate) (PPEGMA), poly(sodium methacrylate) (PMAA-
(Na)), and poly(methacrylic acid) (PMAA) brushes were
prepared via this strategy.202–206 De Boer et al. used a
trimethoxysilane-modified benzyl-N,N-diethyldithiocarbam-
ate derivative to modify the surface of silicon substrates and
grow PS brushes (Scheme 4). These authors reported the
successful preparation of up to 100-nm-thick PS brushes
within 15 h of irradiation with 365 nm UV light.207

The fact that SI-PIMP is usually carried out without
additional “free” deactivating species has led to a contro-
versial discussion about the controlled nature of this tech-
nique, since the concentration of the deactivating dithiocar-
bamyl radicals is considered not to be sufficient to effectively
convert propagating polymer chains to the corresponding
dormant species. To study the living nature of this poly-
merization technique, several groups have performed kinetic
studies.200,207–209 Studies of the SI-PIMP of methyl meth-
acrylate performed by Rahane et al. indicated a pseudoliving
behavior due to irreversible termination reactions, leading
to the loss of surface free radicals, with increasing exposure
time. The nonlinear growth of the PMMA brushes as a
function of irradiation time was mainly attributed to bimo-
lecular termination reactions, rather than chain transfer to
monomer.209 To circumvent irreversible termination reac-
tions, Luo et al. as well as Rahane et al. reported a strategy
to increase the amount of deactivating species, which are
mandatory to provide a controlled radical polymerization
behavior, by adding tetraethylthiuram disulfide to the po-
lymerization mixture as a source of deactivating dithiocar-
bamyl radicals.210,211

The limitations of SI-PIMP are related to the fact that only
photostabile surfaces and monomers can be used. Gold is a
very challenging substrate, since exposure to UV light leads
to the deterioration of the initiator (here the iniferter)
SAMs.207 However, recently, Vancso and co-workers suc-
cessfully prepared PNIPAM212 and PMAA213,214 brushes from
benzyl-N,N-diethyldithiocarbamate-modified gold substrates
by means of a UV lamp emitting at 300 nm coupled with a
280 nm cutoff filter. Furthermore, SI-PIMP requires surfaces
that are readily accessible for UV exposure. For instance,
microchannels, tubes, or small cavities are difficult to modify,
since these substrates are difficult to irradiate and an
inhomogeneous distribution of light intensity might cause
inhomogeneous brush growth. On the other hand, SI-PIMP
provides a versatile route to 2D- and 3D-microstructured
polymer brushes without being particularly limited to special
types of monomers. Furthermore, SI-PIMP does not require
the removal of polymerization catalyst and is therefore
especially suitable for the preparation of material surfaces
for biomedical or electronic applications.

2.2. Control of Architecture
In addition to allowing relatively accurate control over

brush thickness, the use of surface-initiated controlled radical
polymerization (SI-CRP) also enables control and variation
of the architecture of polymer brushes. SI-CRP has been

Scheme 4. Preparation of PS-b-PMMA Brushes by SI-PIMP from a Benzyl-N,N-diethyldithiocarbamate-Derivatized Silicon
Substrate207
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successfully used to prepare block and random copolymer
brushes as well as gradient brushes. Furthermore, binary
brushes, various branched polymer brush architectures, as
well as cross-linked and free-standing brushes have also been
produced using SI-CRP. All of these different architectures
will be discussed in this section. Finally, this section will
also discuss the different strategies that have been developed
to vary and control the initiator surface concentration and
consequently the grafting density of the tethered polymer
chains.

2.2.1. Block Copolymer Brushes

After homopolymer brushes, SI-CRP techniques have been
mostly used to prepare block copolymer brushes (Figure 2A).
These are usually synthesized either to confirm the livingness
of the SI-CRP or to prepare nanostructured phase-separated
thin films (see section 4.1). Table 2 gives an overview of
the different types of diblock copolymer brushes that have
been prepared so far. In addition to the nature of the first,
surface-tethered, and second blocks, Table 2 also indicates
for each diblock copolymer brush the SI-CRP technique(s)
that have been used.

The first diblock copolymer brush synthesized via SI-CRP
was reported by Otsu et al. in 1986.201 In their work, the
authors used a cleavable photoiniferter immobilized on a PS
gel to prepare surface-attached PS-b-PMMA diblock co-
polymers. Nakayama and Matsuda later reported the suc-
cessful formation of PDMAM-b-PS, PDMAM-b-PAA, PD-
MAPAM-b-PDMAM, and PDMAM-b-PBMA diblock
copolymer brushes from dithiocarbamated PS films via
sequential SI-PIMP of the corresponding monomers.215 In

1999, Husseman et al. and Matyjaszewski et al. prepared
block copolymer brushes using other SI-CRP strategies.84,156

Husseman et al. reported a PS-b-(PS-co-PMMA) block
copolymer brush grown from TEMPO-functionalized silicon
substrates via nitroxide-mediated polymerization,156 whereas
Matyjaszewski et al. reported the successful synthesis of PS-
b-poly(methyl acrylate) and PS-b-PtBA diblock copolymer
brushes from 2-bromoisobutyrate-derivatized silicon wafers
via SI-ATRP.84 Later, Baum and Brittain used SI-RAFT to
prepare PS-b-PDMAM and PDMAM-b-PMMA diblock
copolymer brushes from azo-functionalized silicon wafers
in the presence of 2-phenylprop-2-yl dithiobenzoate as chain
transfer agent.117

In addition to diblock copolymer brushes, SI-CRP has also
been used to prepare triblock copolymer brushes. In their
seminal paper, Otsu et al. already reported the synthesis of
surface-attached PS-b-PMMA-b-PS, PS-b-poly(p-chlorosty-
rene)-b-PMMA, and PS-b-PMMA-b-PMA triblock copoly-
mers via SI-PIMP.201 Nakayama et al. used SI-PIMP to
produce PDMAPAM-b-PS-b-PDMAPAM triblock copoly-
mer brushes.200 SI-ATRP has been used to grow PS-
b-PMA-b-PS,216 PMA-b-PS-b-PMA,216 PMA-b-PMMA-
b-PHEMA,217,218 or PMMA-b-PDMAEMA-b-PMMA
brushes.218 Triblock copolymer brushes comprising two
oppositely charged polyelectrolyte blocks, PMETAC-b-
PMMA-b-PMAA(Na), were successfully prepared via SI-
ATRP by Osborne et al.110 Genzer and co-workers critically
investigated the feasibility of SI-ATRP to produce multiblock
copolymer brushes and reported the successful prepara-
tion of multiblock copolymer brushes composed of up to
three (PMMA-b-PHEMA) or (PMMA-b-PDMAEMA) se-

Figure 2. Overview of different polymer brush architectures that can be prepared via surface-initiated controlled radical polymerization.
(A) block copolymer brushes (section 2.2.1); (B) random copolymer brushes (section 2.2.2); (C) cross-linked polymer brushes (section
2.2.5); (D) free-standing polymer brushes (section 2.2.6); (E) hyperbranched polymer brushes (section 2.2.4); (F) highly branched polymer
brushes (section 2.2.4); (G) Y-shaped binary mixed polymer brushes (section 2.2.3); (H) standard binary mixed brushes (section 2.2.3); (I)
molecular weight gradient polymer brushes (section 2.2.7); (J) grafting density gradient polymer brushes (section 2.2.7); (K, L) chemical
composition gradient polymer brushes (section 2.2.7).

5454 Chemical Reviews, 2009, Vol. 109, No. 11 Barbey et al.



T
ab

le
2.

O
ve

rv
ie

w
of

D
ib

lo
ck

C
op

ol
ym

er
B

ru
sh

es
P

re
pa

re
d

by
Su

rf
ac

e-
In

it
ia

te
d

C
on

tr
ol

le
d

R
ad

ic
al

P
ol

ym
er

iz
at

io
n(

s)

Se
co

nd
bl

oc
k

Fi
rs

t
bl

oc
k

Po
ly

(m
et

ha
cr

yl
at

e)
Po

ly
(a

cr
yl

at
e)

Po
ly

(a
cr

yl
am

id
e)

Po
ly

(s
ty

re
ne

)
Po

ly
(v

in
yl

py
ri

di
ne

)

Po
ly

(m
et

ha
cr

yl
at

e)
PA

H
M

A
PM

M
A

A
T

R
P62

6

PB
M

A
PD

M
A

E
M

A
A

T
R

P28
6,

28
7,

73
6

PB
zM

A
PS

A
T

R
P67

2

PC
D

M
A

PM
M

A
A

T
R

P74
0

PD
M

A
E

M
A

PG
M

A
A

T
R

P33
8

PP
FS

A
T

R
P43

9

PH
E

M
A

A
T

R
P36

1,
75

0
PS

A
T

R
P49

4

PM
M

A
A

T
R

P36
0

R
A

FT
48

1

PP
E

G
M

A
A

T
R

P38
8

Pt
B

M
A

A
T

R
P60

8

PE
M

O
M

A
PM

M
A

A
T

R
P26

4

PG
M

A
PP

E
G

M
A

R
A

FT
12

5
PP

FS
A

T
R

P25
7

PH
E

M
A

PD
M

A
E

M
A

A
T

R
P88

,3
61

PM
A

A
T

R
P76

9
PN

IP
A

M
A

T
R

P32
8

R
A

FT
14

3

PM
M

A
A

T
R

P28
4,

28
8,

28
9

PP
E

G
M

A
A

T
R

P50
8

PT
FE

M
A

A
T

R
P51

6

PM
A

A
PN

IP
A

M
PI

M
P68

1

PM
A

A
(N

a)
PH

E
M

A
A

T
R

P11
1

PM
M

A
PB

zM
A

-c
o-

PM
M

A
A

T
R

P48
7

PB
A

A
T

R
P78

5
PA

M
A

T
R

P50
5,

78
4

PS
R

A
FT

12
2,

13
9,

14
4

P4
V

P
A

T
R

P79
8

PC
D

M
A

A
T

R
P74

0
PM

A
R

A
FT

14
4

PN
IP

A
M

R
A

T
R

P40
1

PI
M

P21
1,

40
7

PD
M

A
E

M
A

R
A

FT
12

0,
12

2,
14

3
A

T
R

P44
4

A
T

R
P21

8,
36

0,
39

7,
48

2,
50

7,
74

4

PG
M

A
A

T
R

P33
8,

48
2,

67
2,

75
8

PH
E

M
A

A
T

R
P87

,7
44

,7
61

PM
M

A
A

T
R

P75
8

PT
FE

M
A

A
T

R
P39

7

PM
PC

PD
M

A
E

M
A

A
T

R
P75

1

PG
M

A
A

T
R

P62
1

PM
PC

A
T

R
P75

1

PP
E

G
M

A
PD

M
A

E
M

A
A

T
R

P38
8,

49
5

PN
IP

A
M

A
T

R
P23

4
PS

S(
N

a)
A

T
R

P35
1

PG
M

A
R

A
FT

12
5

PH
E

M
A

A
T

R
P48

6,
50

8

PM
M

A
A

T
R

P36
9

PT
FE

M
A

A
T

R
P76

0

PP
E

G
M

E
M

A
PD

M
A

E
M

A
A

T
R

P50
7

PS
A

T
R

P49
4

R
A

FT
12

0

PO
M

A
PI

M
P21

0

PT
FE

M
A

A
T

R
P54

3

PS
B

M
A

PS
S(

N
a)

R
A

FT
11

9

PT
FE

M
A

PH
E

M
A

A
T

R
P51

6

PM
M

A
A

T
R

P39
7,

79
9

Po
ly

(a
cr

yl
at

e)
PA

A
PS

N
M

P64
7

PB
A

PD
M

A
E

M
A

N
M

P18
5

PM
A

R
A

FT
14

4
PS

R
A

FT
12

7

PM
M

A
A

T
R

P78
5

Pt
B

A
A

T
R

P83
3

A
R

G
E

T
10

2

N
M

P18
1,

34
1

PE
A

PS
A

T
R

P47
6

Polymer Brushes via Surface-Initiated Polymerization Chemical Reviews, 2009, Vol. 109, No. 11 5455



T
ab

le
2.

C
on

ti
nu

ed

Se
co

nd
bl

oc
k

Fi
rs

t
bl

oc
k

Po
ly

(m
et

ha
cr

yl
at

e)
Po

ly
(a

cr
yl

at
e)

Po
ly

(a
cr

yl
am

id
e)

Po
ly

(s
ty

re
ne

)
Po

ly
(v

in
yl

py
ri

di
ne

)

PM
A

PD
M

A
E

M
A

A
T

R
P/

R
A

FT
66

8
PB

A
R

A
FT

14
4

PP
FS

A
T

R
P66

7

PH
E

M
A

A
T

R
P47

2
PC

PP
U

A
A

T
R

P47
3

PS
A

T
R

P21
6,

47
1

PH
D

FD
A

A
T

R
P66

7

PP
FP

A
A

T
R

P66
7,

83
9

Pt
B

A
A

T
R

P60
8,

83
8

PT
FE

A
A

T
R

P66
7

Pt
B

A
PM

A
N

M
P19

5
PS

R
A

FT
54

9
P2

V
P

A
T

R
P10

6,
88

2

P4
V

P
A

T
R

P10
6

Po
ly

(a
cr

yl
am

id
e)

PA
M

PH
E

M
A

A
T

R
P78

1

PM
M

A
A

T
R

P78
4

PD
M

A
M

PB
M

A
PI

M
P21

5
PA

A
PI

M
P21

5
PM

E
A

M
A

T
R

P53
8

PG
M

A
R

A
FT

76
3

PN
IP

A
M

A
T

R
P53

8

PH
E

M
A

A
T

R
P48

6

PM
M

A
R

A
FT

11
7

PD
M

A
PA

M
PM

A
A

PI
M

P20
0

PD
M

A
M

PI
M

P21
5

PS
PI

M
P20

0

PM
E

A
M

PD
M

A
M

A
T

R
P53

8

PN
IP

A
M

A
T

R
P53

8,
54

0

PN
IP

A
M

PG
M

A
PI

M
P63

1
PA

G
A

R
A

FT
14

7
P4

V
P

A
T

R
P47

5

PH
E

M
A

A
T

R
P48

6
PD

M
A

M
A

T
R

P53
7,

53
8

PP
E

G
M

A
A

T
R

P23
4

Po
ly

(s
ty

re
ne

)
PA

S
PS

N
M

P16
9

PC
M

S
PP

FS
R

A
FT

11
8

PF
M

S
PS

N
M

P16
1

PP
FS

PD
M

A
E

M
A

A
T

R
P43

9
PD

V
B

A
T

R
P26

3

PH
E

M
A

A
T

R
P51

6

PM
M

A
A

T
R

P24
8

PS
PD

M
A

E
M

A
N

M
P18

5
PA

A
N

M
P64

7
PA

M
A

T
R

P39
9

PF
M

S
N

M
P16

1
P4

V
P

N
M

P17
1

PG
M

A
A

T
R

P76
2

A
T

R
P/

R
A

FT
66

8
PD

M
A

M
R

A
FT

11
7

PM
S

A
T

R
P51

4

PH
E

M
A

N
M

P35
4

PB
A

A
T

R
P13

4,
41

0,
78

5
PN

IP
A

M
A

T
R

P/
R

A
FT

66
8

PP
FS

A
T

R
P66

7

PM
M

A
PI

M
P20

7
PB

zA
A

T
R

P83
5

R
A

FT
14

1
PS

A
T

R
P/

R
A

FT
66

8

R
A

T
R

P/
A

T
R

P90
PH

D
FD

A
A

T
R

P66
7

N
M

P18
4

A
T

R
P26

2,
32

7,
39

6,
44

4,
80

0
PM

A
A

T
R

P84
,2

16
,7

70
PS

PE
G

N
M

P16
2

PM
M

A
-c

o-
PC

D
M

A
A

T
R

P63
5

R
A

FT
12

2,
13

4,
14

4
PS

-c
o-

PM
M

A
N

M
P15

6,
16

9

PM
M

A
-c

o-
PS

N
M

P15
6,

16
9

PP
FP

A
A

T
R

P66
7

Pt
B

A
A

T
R

P84
,6

08
,7

19
,7

27
,7

70
,8

38

PT
FE

A
A

T
R

P66
7

PS
d8

PM
A

A
T

R
P84

0

PS
P-

co
-P

M
M

A
PS

A
T

R
P79

7

PS
S(

N
a)

PH
E

M
A

A
T

R
P35

4

PP
E

G
M

A
A

T
R

P35
1,

80
8

O
th

er
s

P2
V

P
Pt

B
A

A
T

R
P63

4,
88

2

P4
V

P
PN

IP
A

M
A

T
R

P47
5

PS
N

M
P87

4

PN
V

P
PD

M
A

E
M

A
R

A
FT

75
2

5456 Chemical Reviews, 2009, Vol. 109, No. 11 Barbey et al.



quences.219 The authors found that the nature of the surface-
attached macroinitiator and the nature of the monomer used
for the subsequent block are important parameters that
influence the success of the surface-initiated block copo-
lymerization process. While multiblock copolymer brushes
composed of PMMA and PHEMA were readily prepared,
the synthesis of PMMA-b-PDMAEMA brushes proved to
be much more difficult. The authors discovered that while
chains terminated with PDMAEMA did not reinitiate ap-
preciably to MMA, the chain ends remained intact and would
allow further polymerization of DMAEMA.

The importance of the efficiency of the reinitiation step
for the synthesis of well-defined (multi)block copolymer
brushes was also underlined by Kim et al., who investigated
the preparation of surface-tethered triblock copolymers
composed of PMA, PMMA, and PHEMA.217 These authors
found that quenching the polymerization after the synthesis
of each block with a large excess of CuIIBr2 preserved >95%
of the active chain ends. In contrast, when just a simple
solvent rinsing step was applied between the synthesis of
the different blocks, only 85-90% of the active chains were
able to reinitiate polymerization.

2.2.2. Random Copolymer Brushes

Random copolymer brushes (Figure 2B) can be prepared
by SI-CRP of a mixture of two or more monomers. Random
copolymer brushes have been mainly prepared to tune the
properties such as hydrophilicity as well as stimuli-
responsiveness (see section 4.1). Table 3 gives an overview
of the different binary copolymer brushes that have been
produced using SI-CRP. While most random copolymer
brushes are composed of linear polymer chains, SI-CRP has
also been used to produce branched202,220–223 and cross-
linked131,194,224–232 polymer brushes.

Due to differences in monomer reactivity, the composition
of a copolymer brush is not necessarily identical to the
monomer feed. Ignatova et al. have prepared various
copolymer brushes either via SI-NMP from TEMPO-
functionalized stainless steel substrates or via SI-ATRP from
chloropropionated surfaces and used the composition of the
free copolymer that is formed in solution as a measure for
the composition of copolymer brushes.191,233 Copolymeriza-
tion of an equimolar mixture of 2-(dimethylamino)ethyl
acrylate (DMAEA) with styrene (S) or butyl acrylate (BA)
as comonomers resulted in copolymers with molar composi-
tions of 40:60 and 45:55, respectively, whereas copolymer-
ization of equimolar amounts of 2-(tert-butylamino)ethyl
methacrylate (tBAEMA) and acrylic acid (AA) or styrene
(S) afforded copolymers with compositions of 47:53
(tBAEMA:AA) and 40:60 (tBAEMA:S). Neoh and co-
workers used XPS analysis to compare the monomer feed
composition to the final surface composition.234 In their study,
the authors showed that a PNIPAM-co-PPEGMA copolymer
brush containing 1.8 mol % PEGMA was formed from a
polymerization solution composed of 1 mol % PEGMA.

2.2.3. Binary Brushes

Binary mixed brushes (Figure 2G and H) are composed
of two distinct polymer chains immobilized on a solid
substrate with high grafting density.3 Depending on the
specific arrangement of the polymer chains, random, alter-
nating, and gradient binary brushes can be distinguished.
Zhao was the first to grow binary mixed brushes via SI-

CRP and prepared PMMA/PS binary brushes from mixed
self-assembled monolayers (SAMs) of ATRP and NMP
initiators.235 In addition to mixed SAMs, vapor deposition
of an ATRP initiator followed by backfilling with an NMP
initiator has also been used to form gradient binary mixed
PMMA/PS brushes.236 One possible complication in the
synthesis of binary mixed brushes from a surface modified
with a mixture of orthogonal initiators is phase separation
of the initiators, which can prevent the formation of a truly
mixed binary polymer brush. To overcome this problem,
Zhao and He synthesized a difunctional ATRP/NMP initia-
tor-functionalized silane (Y-silane), which was subsequently
used to prepare mixed binary PMMA/PS brushes.237 Using
this difunctional initiator, the effects of molecular weight
on the solvent-induced self-assembly238 and the changes in
surface morphology239,240 of mixed PMMA/PS brushes were
studied. The difunctional Y-silane initiator was also used to
graft well-defined PtBA/PS mixed brushes from silica
nanoparticles.241,242 Wang and Bohn reported the preparation
of gradient mixed PNIPAM/PHEMA brushes.243 These
brushes were prepared via SI-ATRP from SAMs on gold.
In a first step, a PNIPAM brush was grown from a spatially
uniform initiator SAM. Using electrochemical etching, the
PNIPAM brushes were partially removed, following by
backfilling with the ATRP initiator and surface-initiated
polymerization of PHEMA.

2.2.4. Hyperbranched, Comb-Shaped, and Highly
Branched Brushes

In addition to linear brushes, SI-CRP techniques have also
been used to prepare architecturally more complex brushes
including hyperbranched, comb-shaped, and highly branched
polymer brushes.

Hyperbranched polymer brushes (Figure 2E) can be
prepared in a one step reaction by self-condensing vinyl
polymerization (SCVP)244 of AB* inimers (initiator-
monomer) from appropriately initiator-modified substrates.245

Inimers contain both a polymerizable double bond (A) and
a group capable of initiating the polymerization of vinyl
groups (B*). Mori et al. described the preparation of
hyperbranched polymer brushes via atom transfer radical
(co)polymerization of the AB* inimers, 2-(2-bromopropio-
nyloxy)ethyl acrylate and 2-(2-bromoisobutyryloxy)ethyl
methacrylate, respectively.220,221,245,246 Other groups have
modified halloysite nanotubes via self-condensing atom
transfer radical (co)polymerization of 2-(bromoacetyloxy)-
ethyl acrylate (BAEA)223 or chloromethylstyrene (CMS).247

Xu et al. have prepared hyperbranched PPFS/silicon hybrids
by copolymerization of CMS and pentafluorostyrene from
ATRP initiator-functionalized silicon substrates.248 Mu et al.
have used a hyperbranched PCMS brush grafted from silica
nanoparticles to initiate the subsequent polymerization of
MMA.249

Comb-shaped polymer brushes can be prepared by first
growing a homopolymer brush that contains functional
groups in the side chains, followed by modification of the
side chains with ATRP initiator groups or photoiniferter
moieties and a second polymerization step to graft the
arms.202,222,250–252 For example, ATRP initiating groups
were attached to PGMA brushes by reaction of the epoxide
moieties with halogenated propionic acid derivatives. These
ATRP initiator-modified PGMA brushes were subsequently
used to prepare PGMA-cb-PNIPAM,250 PGMA-cb-PPEG-
MEMA,252 and PGMA-cb-PSS(Na) brushes.252 Along the
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Table 3. Overview of Random Copolymer Brushes Prepared by Surface-Initiated Controlled Radical Polymerization

Monomer 2

Monomer 1 Methacrylate Acrylate Acrylamide Styrenic Others

Methacrylate
BIEMA MMA ATRP221

BMA DMAEMA ATRP272

BzMA EGDMA ATRP226

MMA ATRP487

CDMA MMA ATRP635

DHPMA GMA ATRP619,719

DMAEMA BMA ATRP272 NIPAM ATRP642 CMS PIMP222

HEMA ATRP750

tBMA ATRP609

EGDMA BzMA ATRP226 4VP ATRP364

MAA PIMP228,229 RAFT131

MMA ATRP231

GMA DHPMA ATRP619,719

MMA ATRP225

MPC ATRP620

HEMA DMAEMA ATRP750 S NMP169

MMA ATRP271

HosMA MMA ATRP770

MAA EGDMA PIMP228,229

METAC SPMA(K) ATRP712

MMA BIEMA ATRP221 S ATRP444

BzMA ATRP487 NMP156,169,432

CDMA ATRP635 SP ATRP797,801,802,814

EGDMA ATRP231

GMA ATRP225

HEMA ATRP271

HosMA ATRP770

PeMMA ATRP655

MPC GMA ATRP620

PEGDMA PEGMA PIMP230

PEGMA PEGDMA PIMP230 NIPAM ATRP234

PEGMEMA ATRP307,552

PEGMEMA PEGMA ATRP307,552 NIPAM ATRP422

tBAEMA ATRP233

PeMMA MMA ATRP655

SPMA(K) METAC ATRP712

tBAEMA PEGMEMA ATRP233 AA ATRP233 S ATRP233

tBMA DMAEMA ATRP609

Acrylate
AA AM PIMP523 S RAFT134

NIPAM ATRP690

PIMP490

AAb PEGA PIMP718

AA(Na) NIPAM ATRP654

BA BAEA ATRP223

DMAEA NMP191

BAEA BA ATRP223

BPEA tBA ATRP220,221

DMAEA BA NMP191 S NMP191

EGDA NIPAM ATRP224

MA S RAFT134

PEGA AAb PIMP718

PEGASF PIMP524

PEGASF PEGA PIMP524

tBA BPEA ATRP220,221

Acrylamide
AM AA PIMP523 MBAM ATRP232

N-BocAHAM ATRP578

DMAM CMS PIMP202,222

MBAM AM ATRP232

NIPAM ATRP227,363,424

N-BocAHAM AM ATRP578

NIPAM DMAEMA ATRP642 AA ATRP690 MBAM ATRP227,363,424 NVI ATRP650

PEGMA ATRP234 PIMP490

PEGMEMA ATRP422 AA(Na) ATRP654

EGDA ATRP224

Styrenic
CMS DMAEMA PIMP222 DMAM PIMP202,222

GL S ATRP467

S HEMA NMP169 AA RAFT134 SLS ATRP627 AN ATRP443,871

MMA ATRP444 DMAEA NMP191 GL ATRP467 MAn RAFT450

NMP156,169,432 MA RAFT134 NMP194

TMI RAFT547

VBCB NMP194

SLS S ATRP627

SP MMA ATRP797,801,802,814

Others
4VP EGDMA ATRP364

RAFT131

AN S ATRP443,871

MAn S RAFT450

NMP194

NVI NIPAM ATRP650

TMI S RAFT547

VBCB S NMP194
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same lines, the hydroxyl groups of PHEMA and PPEGMA
brushes have been used to introduce ATRP initiating
2-bromoisobutyrate moieties,251 and PCMS brushes have
been modified with dithiocarbamate derivatives to allow
SI-PIMP.202,222

The synthetic strategies developed for the preparation of
comb-shaped brushes can be readily extended to highly
branched or arborescent brushes (Figure 2F) by repetition
of the (co)polymerization/postmodification sequence using
appropriate functional monomers to act as grafting points.
Matsuda and co-workers, for example, prepared highly
branched polymer brushes via successive photopolymeriza-
tion of a CMS-containing monomer(s) mixture, followed by
dithiocarbamylation.202,222 Xu et al. reported the formation
of highly branched PPFS brushes via surface-initiated atom
transfer radical copolymerization of CMS and pentafluo-
rostyrene from a surface-immobilized difunctional ATRP
initiator.248

2.2.5. Cross-linked Brushes

Cross-linked polymer brushes (Figure 2C) can be prepared
via two main pathways, namely the surface-initiated homo-
or copolymerization of bifunctional monomers and the
postmodification of polymer brushes with appropriate cross-
linking agents. The homopolymerization of ethylene glycol
dimethacrylate derivatives via either SI-ATRP253–255 or SI-
PIMP256 is probably the easiest way to prepare cross-linked
polymer brushes. The addition of a cross-linkable comono-
mer to the polymerization mixture is also widely used for
the preparation of cross-linked brushes. Already in 1998,
Wirth and co-workers successfully prepared cross-linked
polyacrylamide (PAM) brushes on the interior surface of
silica capillaries by adding 2% of N,N′-methylenebisacryl-
amide (MBAM) to the ATRP polymerization solution.232

The use of ethylene glycol di(meth)acrylates as comono-
mers for the preparation of cross-linked brushes has been
extensively reported for SI-ATRP,224,231 SI-RAFT,131 or SI-
PIMP.228–230

In addition to the homo- or copolymerization of bifunc-
tional monomers, cross-linked brushes can also be obtained
by postmodification of appropriately functional polymer
brushes. A widely used strategy is based on the postmodi-
fication of linear PGMA brushes with (di)amines such
as ethylenediamine,257 1,4-phenylenediamine,258 or octyl-
amine.225 Edmondson et al. reported the use of methanolic
NaOH to induce internal cross-linking via the pendent
epoxide groups along the side chain of linear PGMA
brushes.259,260 Loveless et al. showed that P4VP brushes can
be reversibly cross-linked by the addition of a bis(PdII-pincer)
compound, which noncovalently coordinates to the vinylpy-
ridine units of the polymer brush.261

The preceding paragraphs have outlined two strategies that
can be used to deliberately prepare cross-linked polymer
brushes. Cross-linking, however, can also occur in a less
controlled manner as a result of side reactions during SI-
CRP. Huang et al., for example, found that detachment of
PHEMA brushes from gold substrates afforded insoluble
polymer films.88 The insolubility of the grafted PHEMA was
attributed to intermolecular cross-linking via transesterifi-
cation. In another report, it was observed that PPEGMA
brushes detach in the form of continuous films from silicon
substrates upon exposure to cell culture medium, which also
suggests that these brushes cross-link during surface-initiated
polymerization.254

2.2.6. Free-Standing Brushes

In the previous section, various approaches were discussed
that can be used to prepare cross-linked polymer brushes. If
these cross-linked brushes are prepared on substrates that
can be dissolved or sacrificed, then this provides opportuni-
ties to produce free-standing 2D polymer films (Figure 2D)
as well as polymer hollow spheres or tubes. This section
will give an overview of different free-standing brushes,
either in the form of 2D films or hollow spheres or tubes,
that have been prepared following this rationale.

Huck and co-workers described the preparation of quasi-
2D polymer films by delaminating cross-linked PGMA
brushes grown from ATRP initiator-functionalized gold
substrates upon electrolysis.259 The same group studied the
buckling process in these patterned quasi-2D films by locally
applying a short electrolysis pulse to cleave the gold-sulfur
bond, which tethers the film to the gold substrate.260

Hollow polymeric nanospheres have been prepared by HF
etching of silica nanoparticles coated with a cross-linked
polymer shell. Mandal et al. grafted PBzMA-co-PEGDMA
brushes via SI-ATRP from SiO2 particles to obtain hollow
polymer particles after HF etching of the sacrificial silica
cores.226 Other methods to create such architectures are based
on postmodification of linear polymer brushes to produce
cross-linked shells, either via internal ring-opening reaction
of moieties along the polymer brush, addition of a cross-
linker, or UV irradiation. Hawker and co-workers, for
example, prepared random PS-co-PVBCB and PS-co-PMAn
copolymer brushes via NMP from silica nanoparticles. In
their study, they used the cyclobutene groups of PVBCB
chains as thermal cross-linking agent or a diamine cross-
linker to react with PMAn groups.194 Fu et al. prepared cross-
linked hollow nanospheres via SI-ATRP.262,263 PS-b-PMMA
coated silica nanoparticles were irradiated with UV to induce
decomposition of the PMMA outer shell and cross-linking
of the PS shell. After HF treatment of the core, well-defined
hollow nanospheres were obtained.262 A related strategy was
used by the same authors to prepare thin films of agglomer-
ated and cross-linked hollow polymer nanospheres.263 To this
end, PPFS-b-PDVB block copolymer brushes were grown
from silica nanoparticles using SI-ATRP. UV irradiation of
the block copolymer-modified nanoparticles leads to inter-
and intramolecular cross-linking of the residual double bonds
in the PDVB layer, which simultaneously covalently stabi-
lizes the PDVB shell of the particles and connects the
individual particles to form a continuous film. Removal of
the silica core with HF afforded a porous fluoropolymer film.
Recently, Morinaga reported another strategy to prepare
hollow nanospheres. The PEMO layer of PEMO-b-PMMA
grafted silica particles was internally cross-linked by cationic
ring-opening reaction of the oxetane groups catalyzed with
boron trifluoride diethyl etherate, followed by HF etching
to remove the silica core.264

The strategies discussed above can be easily extended to
the preparation of polymeric nanotubes when porous mem-
branes or nanowires instead of nano- or microparticles are
used as sacrificial substrates. Cui et al. reported the formation
of PNIPAM-co-PMBAM copolymer nanotubes by growing
the corresponding polymer brushes within a anodic aluminum
oxide (AAO) membrane by SI-ATRP followed by the
dissolution of the AAO membrane in 1 M NaOH solution.227
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2.2.7. Gradient Brushes

Gradient brushes are brushes wherein one or more phys-
icochemicalpropertiesvarycontinuouslyalongthesubstrate.265–270

Gradient brushes prepared via SI-CRP can be subdivided
into four groups; chemical composition gradient brushes
(Figure 2K and L), grafting density gradient brushes (Figure
2J), molecular weight gradient brushes (Figure 2I), or brushes
prepared by a combination of several gradient architec-
tures.266

Xu et al. prepared PMMA/PHEMA gradient copolymer
brushes via SI-ATRP by gradually adding an ATRP solution
of HEMA to the MMA polymerization mixture.271 Instead
of creating chemical composition gradients parallel to the
substrate, polymer brushes can also be prepared that have a
composition gradient perpendicular to the substrate. Such
composition gradient brushes have been reported by Beers
and co-workers, who prepared PBMA/PDMAEMA compo-
sition gradient brushes via SI-ATRP from silicon substrates
by using a microchannel filled with a solution gradient of
both monomers.272

Grafting density gradient polymer brushes can be obtained
by SI-CRP from substrates covered with a surface concentra-
tion gradient of polymerization initiators, iniferters, or chain
transfer agents, which can be prepared using various strate-
gies. Wu et al. prepared gradient initiating layers by means
of the methodology developed by Chaudhury and White-
sides.273 Briefly, an initiator concentration gradient along the
substrate was generated by vapor diffusion of a 1-trichlo-
rosilyl-2-(m/p-chloromethylphenyl)ethane/paraffin oil mixture
followed by backfilling with n-octyl trichlorosilane (OTS).274,275

This initiator gradient layer was subsequently used to graft
PAM brushes via SI-ATRP following the conditions reported
by Huang and Wirth.82 Instead of first generating an initiating
gradient layer followed by backfilling with an ATRP inactive
silane, grafting density gradient brushes can also be prepared
by first forming a gradient of inactive silane followed by
backfilling with an ATRP initiator. This strategy has been
used to produce density gradient PtBA brushes.276 Based on
the strategy of Wu et al., Zhao developed a method to prepare
grafting density gradients of two chemically different
polymer brushes propagating in opposite directions by vapor
deposition of an ATRP initiator onto the substrate and then
backfilling with a NMP initiator. The resulting gradient
mixed initiator SAM was subsequently used for the prepara-
tion of density gradient binary mixed PMMA/PS brushes.236

In addition to vapor deposition, there are various other
strategies to generate substrates covered with an initiator
density gradient layer. Liu et al. used a linear temperature
gradient stage to generate a gradual variation in the thickness
of a dip-coated PGMA layer, which was then proportionally
derivatized with 2-bromo-2-methylpropionic acid followed
by the ATRP of styrene.277 Washburn and co-workers
produced initiator gradient films by means of gradual addition
of ATRP initiator to a test tube containing an OTS-modified
silicon wafer and then grew PHEMA brushes.278 Wang et
al. used an electrochemical gradient to selectively desorb
hexadecanethiol from a gold substrate followed by backfilling
of the free areas with an ATRP initiator from which PNIPAM
brushes were successively grown.279 Wang and Bohn further
described the preparation of density gradient binary mixed
PNIPAM/PHEMA brushes where the grafting density of each
polymer varies in opposite directions along the substrate.243

Their strategy involved a gradual chemical etching of
PNIPAM brushes grown from uniform ATRP initiator SAM

on gold followed by backfilling of the etched surface sites
with fresh ATRP initiator for the subsequent surface-initiated
polymerization of HEMA.

Molecular weight (i.e., thickness) gradient brushes have
been prepared using both SI-PIMP and SI-ATRP. Harris et
al. described the synthesis of PMMA280 and PMAA281

thickness gradient brushes from photoiniferter-modified
silicon substrates using a movable photomask, which permits
creation of a UV exposure time gradient along the substrate.
A similar strategy was followed by Matsuda and co-workers,
who used a movable sample stage instead of moving the
photomask.199 The same group also reported on the use of a
gradient neutral-density filter to introduce a continuous and
unidirectional change of the irradiation intensity during the
photopolymerization for the preparation of molecular weight
gradient films.200 PMMA,282 PAM,265,283 and PHEMA-b-
PMMA284 thickness gradient brushes were successfully
prepared via SI-ATRP by continuously and gradually remov-
ing the polymerization solution from the chamber containing
the ATRP initiator-functionalized substrate (“draining” method)
with a µ-pump. Tomlinson et al. used a dipping sample
holder that allowed control of the longitudinal position of
the ATRP initiator-functionalized substrates in a discrete or
semicontinuous manner to prepare “step height”, respectively,
molecular weight gradient polymer brushes.219 Beers and co-
workers generated PHEMA molecular weight gradient
brushes using microchannel-confined SI-ATRP, which al-
lowed them to control the lateral composition of the
polymerization mixture.285 The same group also prepared
PDMAEMA-b-PBMA block copolymer brush gradients
consisting of a uniform PBMA bottom block and a molecular
weight gradient PDMAEMA top block by gradually filling
the chamber containing the living PBMA brushes coated
substrate with the second ATRP solution.286,287

By combining some of the methods described above,
Genzer and co-workers have prepared orthogonal gradient
polymer brushes where physicochemical properties, such as
molecular weight and density of a given polymer or
molecular weights of two polymers, vary independently in
orthogonal directions.288–291 Such orthogonal gradient brushes
are ideal candidates for high-throughput structure-property
investigations.

2.2.8. Variation of Brush Density

In the previous section, various strategies have been
presented that can be used to cover substrates with a polymer
brush density gradient. The control and variation of brush
density will be discussed in more detail in this section. In
contrast to the previous section, which concentrated on
density gradients, the focus here will be on techniques that
can be used to homogeneously cover surfaces with a polymer
brush coating of controlled density.

The most commonly used method to vary brush density
is based on the modification of the substrate from which the
brush is grown with a mixture of an initiator-functionalized
compound and a “dummy” compound that is not able to
initiate the polymerization reaction. This approach has been
used for the preparation of PPEGMEMA,292–294 PMMA,295

PMETAC,296 and PGMA295 brushes from mixed thiol self-
assembled monolayers on gold substrates, to grow
PNIPAM,297 PPEGMA,298 and PDMAEMA299 brushes from
mixed disulfide monolayers on gold, to generate PPEG-
MA,254 PMAA(Na),111 and PHEMA300 brushes from mixed
trimethoxysilane monolayers on silicon wafers, as well as
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for the synthesis of PMPC,301 PNIPAM,302 PHEMA,303 and
PMMA303 brushes from mixed trichloro- or monochlorosi-
lane-functionalized silicon substrates. Usually, the initiator
functionalized and “dummy” molecules have similar chemi-
cal structures and are assumed to have good affinity to the
substrate such that the relative amount of both compounds
in solution is equal to that on the surface.304–306 However,
XPS studies on mixed trimethoxysilane111 as well as mixed
thiol294 SAMs have revealed a nonideal behavior when
comparing surface and solution compositions.

A second strategy to vary the initiator surface concentra-
tion and brush density involves postmodification of a
precursor amino-, hydroxyl-, or allyl-terminated SAM with
a compound that is able to initiate ATRP. Brown et al., for
example, modified substrates with different surface concen-
trations of ATRP initiating groups by postmodifying the
amine groups of a 3-(aminopropyl)trimethoxysilane (APTS)
layer with different molar ratios of 2-bromoisobutyryl
bromide and propionyl bromide. These mixed-initiator layer-
modified substrates were subsequently used to prepare
PPEGMA brushes.307 Bao et al. used mixtures of 2-bro-
mopropionyl bromide and 2-methylpropionyl bromide to
derivatize hydroxyl-terminated monolayers on gold, which
were then used to grow PMMA and PHEMA brushes.303

Along the same lines, hydroboration of mixed octadecyl-
trichlorosilane/15-hexadecenyltrichlorosilane layers has been
used to introduce hydroxyl groups that were selectively
reacted with 2-bromoisobutyryl bromide and subsequent-
ly used for the preparation of PMEMA, PPEGMEMA,
PHEMA, PAM, PMMA, and PS brushes with variable
grafting densities.308,309 Statistical UV photodecomposition
of the surface-fixed 2-(4-chlorosulfonylphenyl)ethyl trichlo-
rosilane ATRP initiator was used by Yamamoto et al. to
control the density of PMMA brushes.310

The Langmuir-Blodgett technique provides another tool
to modify substrates with a controlled surface concentration
of initiator and generate polymer brushes with controlled
densities. This method was successfully used to transfer
defined monolayers of 2-(4-chlorosulfonylphenyl)ethyl-83 or
nitroxide-functionalized158,159 alkoxysilanes onto silicon wa-
fers, which were subsequently used to graft PMMA and,
respectively, PS brushes.

Kizhakkedathu et al. grafted PDMAM brushes from ATRP
initiator-functionalized PS latex particles, which were syn-
thesized with different initiator concentrations by changing
the feed ratio of styrene to initiator (2-(methyl-2′-chloro-
propionato)ethyl acrylate) during the particle preparation.311

Instead of varying the mole fraction of initiator-modified

monomer during particle synthesis, the same group demon-
strated that the brush density can also be controlled by careful
basic hydrolysis of grafted polymer chains from the latex
particles.312

Finally, Wu et al. reported an interesting strategy to prepare
highly dense PAM brushes on PDMS substrates. Mechanical
stretching of the PDMS substrate during both the initiator
functionalization step and the following SI-ATRP resulted
in a highly dense PAM brush upon relief of the strain.313

2.3. Variation of Substrate
SI-CRP techniques have been used to grow polymer

brushes from a wide variety of different substrates. In order
to graft polymer brushes, the substrate surface needs to be
modified with an appropriate initiator, iniferter, or RAFT
agent, which can be introduced either in a single step or via
a multistep protocol (Figure 3). The one step protocols
require the use of molecules that contain the appropriate
initiator, iniferter, or RAFT agent as well as functional groups
that can react with complementary functional groups on the
substrate surface. Alternatively, the substrate surface can be
modified with molecules that introduce certain functional
groups, which can then be modified with the desired initiator,
iniferter, or RAFT agent in a subsequent (series of) reac-
tion(s). The focus of this section will be on the modification
of the substrate surface with the initiator, iniferter, or RAFT
agent needed for the SI-CRP process. This section consists
of eight parts, which will successively discuss the preparation
of polymer brushes via SI-CRP from silicon oxide, silicon,
metal oxide, clay mineral, gold, metal and semiconductor,
carbon, and polymer surfaces. For each of these classes of
substrates, the discussion will concentrate on the surface
chemistry that is available to introduce functional groups that
allow SI-CRP.

2.3.1. Polymer Brushes Grafted from Silicon Oxide

Among the different substrates that have been used to
produce polymer brushes via SI-CRP, silicon oxide has been
most extensively used. Table 4 provides an overview of the
different initiators, iniferters, and RAFT agents that have
been used to graft polymer brushes from silicon oxide
surfaces. For each example, Table 4 specifies the nature of
the anchoring group, the chemical structure of the initiator,
iniferter, or RAFT agent, the polymerization technique, as
well as the nature and geometry of the substrate surface.
Since the focus of this section is on the surface chemistries

Figure 3. Substrate surface modification with initiator, iniferter, or RAFT agent: (A) one step strategy; (B) multistep strategy.
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Table 4. Overview of Initiators, Iniferters, and RAFT Agents That Have Been Used To Grow Polymer Brushes from Silicon Oxide
Surfaces
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that are available to introduce polymerization active groups
and to avoid unnecessary lengthening of the table, the nature
of the linker that connects the anchoring group and the
initiator, iniferter, or RAFT agent is not specified.

Polymer brushes have been grafted from a wide range of
silicon oxide substrates including wafers, glass or quartz
slides, porous and nonporous particles, as well as capillaries
and membranes. Polymer brushes are also frequently pro-
duced from thin silicon oxide layers that have been deposited
onto metallic substrates. For the modification of silicon oxide
surfaces with initiators, iniferters, or RAFT agents, two
general strategies are available, which will be discussed in
the following paragraphs. The first strategy, which is most
frequently used, is based on the chemisorption (covalent
attachment) of organosilane molecules. A second possibility
to modify silicon oxide surfaces with functional groups that
can initiate SI-CRP is based on the physisorption of
polyelectrolyte macroinitiators.

The use of organosilane reagents to introduce functional
groups that can initiate or mediate SI-CRP is a direct
extension of the concept of organosilane self-assembled
monolayers (SAMs), which have been extensively investi-
gated since the 1980s.314 Commonly, SiO2 surfaces are
activated prior to the grafting step to clean the surface and
maximize the number of silanol groups. Usually, H2SO4/
H2O2 mixtures (piranha) or oxygen plasma are employed.
These procedures render the surface hydrophilic and promote
the formation of a thin layer of water onto the SiO2 surface.
There is a general consensus that trace amounts of water
are essential for the formation of a well-packed monolayer
of organosilane molecules.315 The formation of organosilane
SAMs on silicon oxide surfaces is believed to proceed via a
sequence of surface adsorption, hydration, and silanization
steps. In this process, silanol groups (Si-OH) on the SiO2

surface react with organosilane molecules such as
R-SiR′xCl3-x or R-SiR′x(O(CH2)nCH3)3-x through a conden-
sation reaction to form Si-O-Si chemical bonds.316,317 This
process is not necessarily limited to the surface and, under
certain conditions, the organosilane SAM may develop
in three dimensions because the dehydration may happen
between organosilane monomers and SAM instead of
between organosilane monomers and surface functional
groups.317 The chemisorption of organosilane molecules to

silicon oxide substrates is a reaction that is very sensitive to
many experimental parameters, such as reaction time, tem-
perature, or water content.318–324 In addition to the reaction
conditions, also the structure of the organosilane reagent and,
specifically, the number of hydrolyzable groups influence
the quality of the resulting organosilane layer. The chemi-
sorption of both mono- (R3SiX), di- (R2SiX2), and tri-
(RSiX3) functional organosilanes, where X is a hydrolyzable
group (usually X ) Cl, OR, NMe2), has been investigated
extensively.325 Monofunctional organosilane molecules
(R3SiX) are attractive in terms of the reproducibility of the
organosilane layer because only one type of grafting is
possible. Trifunctional organosilane molecules (RSiX3) are
more reactive compared to their monofunctional analogues
but are capable of polymerizing in the presence of water. In
addition to covalent attachment, 2D horizontal polymeriza-
tion and 3D surface-induced polycondensation are possible.325

Difunctional organosilane molecules (R2SiX2) are the least
frequently used silanes to modify silicon oxide substrates.
In addition to covalent attachment, chemisorption of difunc-
tional organosilanes on silicon oxide can also lead to vertical
polymerization and the formation of a thicker (i.e., non-
monolayer) organosilane film.325

For the modification of silicon oxide surfaces with functional
groups that can initiate or mediate SI-CRP, many organosilane
reagents that contain one polymerization active group and one
(-SiMe2Cl, -SiMe2OEt) or three hydrolyzable groups (-Si-
(OMe)3, -Si(OEt)3, -SiCl3) have been used. In addition,
several examples of organosilane molecules functionalized with
one polymerization active group and two hydrolyzable groups
such as -SiMe(OEt)2

326,327 or -SiMe(OMe)2
328 have been

reported. Finally, a few examples of organosilane molecules
functionalized with two orthogonal polymerization active
groups and one or three hydrolyzable groups have been
described.237,238,240–242,329 The use of these asymmetric di-
functional initiator-terminated SAMs, which have been
referred to as Y-SAMs, was presented in section 2.2.3.

As discussed above, the chemisorption of organosilane
reagents on silicon oxide can be a very delicate process,
which, among others, is sensitive to moisture. To overcome
the problem of moisture sensitivity, Rühe and co-workers
developed an ATRP initiator functionalized with hydridosi-
lane groups (-Si(Et)2H) to modify SiO2 surfaces.330 In this

Table 4. Continued

a LbL: layer-by-layer deposition.
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case, a covalent bond is formed between the silicon atom of
the hydridosilane and the oxygen atom of a hydroxyl group
on the surface, presumably upon the elimination of hydrogen.
The distinct advantage of hydridosilanes is that they are
stable even in moist environments. A different approach to
overcome the moisture sensitivity of initiators or iniferters
functionalized with organosilane moieties has been developed
by Brittain and co-workers.331 These authors reported a
multistep process that starts with the grafting of an allyldim-
ethylsilane derivative onto the SiO2 surface, followed by
postfunctionalization of the organosilane layer with an ATRP
initiator. This strategy is based on earlier work by Shimada
and co-workers, who reported the modification of silica gel
using allylorganosilanes.332 In refluxing toluene, deallylation
of allylsilanes takes place under the formation of an
Si-OsSi bond with the silicon oxide substrate. This method
of surface functionalization has the merit that allylsilanes
are stable toward hydrolysis and can be purified by silica
gel chromatography.332

Although organosilane reagents have been very extensively
used to modify silicon oxide substrates with functional groups
that can initiate or mediate SI-CRP, the resulting polymer
brushes are tethered via Si-OsSi bonds, which are thermally
labile and susceptible to hydrolytic cleavage.333,334 Recently,
it was shown that poly(poly(ethylene glycol) methacrylate)
(PPEGMA) brushes, prepared by SI-ATRP from glass or
silicon oxide substrates modified with a trimethoxysilane-
based ATRP initiator, detach rapidly from the substrate when
high density brushes were incubated in cell culture me-
dium.254 The reason for the detachment is still controversial,
but it was proposed that detachment of the brushes involves
cleavage of Si-O bonds that are located at the interface
between the brush and the substrate.315,335 Possible explana-
tions for the detachment of the PPEGMA brushes may be
osmotic stresses that act on the brushes in the cell culture
medium as well as steric crowding. Both of these factors
could induce additional tension along the already stretched
polymer brush backbones, which could promote hydrolysis
of the Si-O bonds and detachment of the brush. In two
recent reports, it has been demonstrated that polymer/surface
interactions can generate tensions along polymer backbones
that are sufficient to mechanically break covalent bonds.336,337

One possibility to overcome this problem could be to graft
polymer brushes via more robust Si-C bonds instead of
Si-O bonds. It has been shown, for example, that chlorinated
SiO2 surfaces (SiO2-Cl) are effective initiators for surface-
initiated ATRP from oxidized silicon wafers,338 glass
slides,338 or porous silica microparticles.339 In these cases,
the resulting polymer brushes are covalently attached to the
SiO2 surfaces via stable Si-C bonds. Alternatively, SiO2-Cl
surfaces can be postmodified to initiate RAFT,340 reverse
ATRP,91 or bimolecular NMP341 SI-CRP reactions.

In addition to the use of low molecular weight organosilane
molecules, a second approach to modify silicon oxide
substrates with ATRP initiators is based on the physisorption
of ATRP initiator-modified polyelectrolytes. Armes and co-
workers have designed a cationic trimethylammonium-based
ATRP macroinitiator and an anionic sulfate-based ATRP
macroinitiator, which were electrostatically adsorbed onto
ultrafine anionic sols342 and aminated (cationic) planar oxi-
dized silicon wafers, respectively.343 Recently, the layer-by-
layer (LbL) deposition of the two oppositely charged
polyelectrolyte macroinitiators discussed above, or analogues,
hasbeenusedtofunctionalizeplanarsiliconoxidesubstrates.344,345

As indicated in Table 4, SI-CRP has been used to graft
polymer brushes from silicon oxide surfaces of various
geometries. This section concludes with a few remarks on
the effects of the substrate geometry on the SI-CRP process.
Recently, Genzer, Gorman, and co-workers have investigated
the effect of confinement on the molecular weight and
polydispersity of polymer brushes prepared by SI-ATRP.346

To this end, porous silicon oxide (etched silicon wafer) and
porous anodic aluminum oxide (AAO) membranes with a
nominal pore size of ∼50 and ∼200 nm were used as
templates for the grafting from polymerization of methyl
methacrylate (MMA). It was found that, under identical
polymerization conditions, PMMA grown from porous
substrates had a much lower molecular weight and a broader
molecular weight distribution compared to PMMA prepared
via solution ATRP. These differences were attributed to
confinement effects, which were related to reduced growth
rates and more polydisperse chains. Kruk, Matyjaszewski,
and co-workers, shortly thereafter, reported an improved SI-
ATRP protocol that allows grafting of polymer brushes from
the surfaces of cylindrical and spherical mesopores with
improved control over film thickness and with polydisper-
sities comparable to those obtained in well-controlled solution
polymerization.347 This improved control was achieved by
the addition of appropriate amounts of deactivating CuII

species in the polymerization reaction.

2.3.2. Polymer Brushes Grafted from Silicon

In contrast to silicon oxide, only a relatively small number
of reports has been published that describe the preparation
of polymer brushes from silicon surfaces. Table 5 presents
an overview of the different ATRP initiators and RAFT
agents that have been used to allow SI-CRP from silicon
surfaces.

The grafting of polymer brushes from silicon surfaces is
attractive, since the polymer chains are tethered via robust
Si-C bonds. This process starts with the preparation of a
hydrogen-terminated silicon surface (Si-H), which can be
obtained by treating a pristine silicon oxide substrate with
dilute hydrofluoric acid to remove the native oxide layer.348

After that, functional groups that are able to initiate or
mediate SI-CRP can be immobilized in either a one step
process or a multistep process.

Most frequently, the initiators or RAFT agents are im-
mobilized on silicon substrates via UV-induced coupling of
p- or o-chloromethylstyrene to provide a stable initiator
monolayer attached via robust Si-C bonds.248 The Si-H
group on the silicon surface can be homolytically dissociated
by UV irradiation to form a radical site, which reacts readily
with an alkene to give rise to a surface-tethered alkyl radical
on the �-carbon. The radical subsequently abstracts an H
atom from the adjacent Si-H bond. The abstraction creates
a new reactive silicon radical to allow the above reaction to
propagate as a chain reaction on the Si-H surface.348 The
resulting chloromethylbenzene-functionalized surfaces either
can be used to directly initiate SI-ATRP250,251,349–358 or can
be postmodified with a RAFT agent.143 Along the same lines,
ω-unsaturated alkyl ester118,119,257,359,360 and 4-vinylaniline234

have also been photoimmobilized on silicon and subsequently
postmodified with ATRP initiating groups234,257,359,360 or
RAFT agents118,119 to allow SI-CRP. Kang and co-workers
have demonstrated that halogenated silicon surfaces (Si-X;
X ) Cl, Br), obtained via chlorination or bromination of
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the hydrogen-terminated silicon surfaces, are themselves
effective initiators for SI-ATRP.361

2.3.3. Polymer Brushes Grafted from Metal Oxide
Surfaces

An increasing number of publications describes the graft-
ing of polymer brushes from metal oxide surfaces via SI-
CRP. Table 6 presents an overview of the different initiators
and RAFT agents that have been used to grow brushes from
metal oxide surfaces. The different substrates are listed
alphabetically in this table. To date, most examples of CRP
initiated from metal oxide surfaces have employed aluminum,
titanium, or iron oxide substrates. Only very few examples
of polymer brushes grafted from other metal oxide surfaces
such as indium tin oxide, copper oxide, nickel oxide, zinc
oxide, and magnesium oxide have been reported.

Porous alumina membranes have been modified with
polymer brushes via SI-ATRP. Both one step and two step
protocols have been used to graft ATRP initiator-function-
alized organosilanes. The Al-OsSi bond formed upon
reaction of the organosilane moieties with the surface
hydroxyl groups of the substrate is the strongest and
hydrolytically most stable in the metal-O-Si series, al-
though its strength is inferior to that of the Si-OsSi bond.362

The two step approach for the modification of alumina
substrates with ATRP initiators starts with the immobilization
of 3-aminopropyltrimethoxysilane followed by postmodifi-
cation with 2-bromo-2-methylpropionyl bromide.227,363,364

Alternatively, trichlorosilane-functionalized ATRP initiators
such as [(11-(2-bromo-2-methyl)propionyloxy)undecyl]-

trichlorosilane346,365–367 and 1-(trichlorosilyl)-2-[m/p-(chlo-
romethyl)phenyl]ethane368 can be grafted in a one step
reaction to the alumina substrate.

Similar to alumina substrates, ATRP initiators function-
alized with triethoxy- or trichlorosilane moieties have been
used to modify the surface of Fe3O4 nanoparticles.369–377 In
these cases, the polymer brushes are believed to be tethered
through a Fe-OsSi bond. Alternatively, ligand-exchange
reactions can be used to graft ATRP initiators onto surfactant-
coated Fe3O4 nanoparticles. Hatton and co-workers prepared
oleic acid-coated magnetic nanoparticles and replaced the
surfactant with ricinoleic acid, which was further function-
alized with an ATRP initiator.378 Similarly, oleic acid
stabilized Fe3O4 or Fe2O3 nanoparticles were ligand-
exchanged with 3-chloropropionic acid379,380 or 2-bromoisobu-
tyric acid381,382 to allow SI-ATRP. It has been suggested that
binding of these organic acids to the iron oxide surface
involves the interaction of the carboxylic groups of these
molecules with a trivalent iron atom located on the substrate
surface.378 While the interaction between carboxylic acids
and Fe3O4 is relatively weak and reversible, phosphonic
acids/phosphonates form stronger bonds.383 Various NMP
and ATRP initiator-functionalized phosphonates have been
prepared and grafted onto Fe3O4 particles.164–166,384 Another
strategy to allow SI-CRP from iron oxide surfaces is based
on the catecholic amino acid L-3,4-dihydroxyphenylalanine
(L-DOPA), which is found in the adhesive proteins secreted
by mussels and believed to play a critical role in their
adhesion to a wide variety of substrates.385 Inspired by these
observations, Messersmith and co-workers prepared catechol-

Table 5. Overview of Initiators and RAFT Agents That Have Been Used To Grow Polymer Brushes from Planar Silicon Substrates
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modified ATRP initiators, which were successfully im-
mobilized onto the native iron oxide layer of 316L stainless
steel via adsorption from aqueous solution.385

In addition to alumina and iron oxide surfaces, organosi-
lane-based reagents have also been used to allow SI-ATRP
from TiO2 substrates.386–389 In this case, the polymer brushes
produced are believed to be tethered via Ti-O-Si bonds.
Fadeev and co-workers have shown that monolayers of
nonfunctionalized organosilane molecules, such as
C18H37Si(CH3)2Cl, grafted on TiO2 substrates showed poor
hydrolytic stability compared to the corresponding
C18H37P(O)(OH)2 monolayer. This difference in stability was
attributed to the low stability of the Ti-O-Si bond and the
strong interactions between the phosphonic acid groups and
the TiO2 surface, respectively.390 Phosphonic acid-function-
alized NMP initiators have been used to allow SI-NMP from
the surface of TiO2 nanoparticles.166,167 Another molecule
that has been used to allow SI-CRP from planar and spherical
TiO2 surfaces is the catechol-functionalized ATRP initiator
developed by the group of Messermith.385,391–393 Finally,
Charpentier and co-workers have prepared the RAFT agent
2-(((butylsulfanyl)carbonothioyl)sulfanyl)propanoic acid, which
can be attached via the free carboxylic acid group to the
surface of TiO2 nanoparticles.133

In addition to alumina, iron oxide, and titanium dioxide,
also several other metal oxide substrates have been used to
grow polymer brushes via SI-CRP. ATRP initiators func-

tionalized with organosilane moieties such as -SiCl3 and
-SiOEt3 have been used to functionalize planar indium tin
oxide and zinc oxide nanoparticles, respectively.247,394 SI-
ATRP from magnesium dihydroxide (Mg(OH)2) nanopar-
ticles has been achieved via the direct attachment of ATRP
initiators such as 2-bromopropionyl bromide, 2-chloropro-
pionyl chloride, or 2-bromoisobutyryl bromide.395,396 Polymer
brushes have also been grafted from flat nickel and copper
surfaces via SI-ATRP.397 Attempts to modify the surface of
these metals with chlorosilane reagents failed and resulted
in extensive corrosion. Instead, a triethoxysilane-function-
alized ATRP initiator was used. The triethoxysilane deriva-
tive was first hydrolyzed to the corresponding silanol
(-Si(OH)3) and then reacted with hydroxyl groups on the
metal surface.

2.3.4. Polymer Brushes Grafted from Clay Mineral
Surfaces

SI-CRP techniques have also been used to prepare clay
mineral polymer nanocomposites. Table 7 provides a sum-
mary of different initiators, iniferters, and RAFT agents that
have been used to graft polymer brushes from clay mineral
surfaces using SI-CRP.

Organosilane-modified ATRP initiators have been used to
allow SI-CRP from various clay minerals, including

Table 6. Continued
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attapulgite,398–400 halloysite,401 magadiite,402 mica,403 and
palygorskite.404 Cloisite 30B, a bis-2-hydroxyethyl-modified
montmorillonite, and an amine-functionalized zirconium
phosphate clay have been functionalized with ATRP initiat-
ing groups by reaction of the hydroxyl and amine groups
with 2-bromopropionyl bromide405 and 2-bromo-2-methyl-
propionyl bromide,406 respectively. In addition to covalent
immobilization, also noncovalent electrostatic interactions have
been used to modify clay mineral surfaces with functional

groups that can initiate or mediate SI-CRP. This approach
has been used for example to modify the surface of
halloysite with 2-bromoisobutyric acid.223 Noncovalent
interactions have also been used to modify montmorillonite.
Sodium montmorillonite has ion-exchange capacities due to
the presence of sodium ions in the interlayer spacing, which
can be replaced by ionic species. Ion-exchange reactions have
been used to intercalate initiators, iniferters, or RAFT agents
functionalized with ionic anchoring groups such as trim-

Table 7. Overview of Initiators, Iniferters, and RAFT Agents That Have Been Used To Grow Polymer Brushes from Clay Mineral
Surfaces
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ethylammonium, in the individual layers of sodium mont-
morillonite.407–413 Ion-exchange reactions have also been
applied to intercalate an ATRP initiator in laponite,414 a
synthetic hectorite, which is chemically quite similar to
montmorillonite.415

2.3.5. Polymer Brushes Grafted from Gold Surfaces

Gold has been very extensively used as a substrate to graft
polymer brushes via SI-CRP. Most of the examples that have
been reported use SI-ATRP, and only a few reports describe
the modification of gold surfaces with SI-PIMP or SI-RAFT.
The gold substrates that have been used can be classified
into two groups: (i) gold films deposited by metal vapor
deposition onto flat substrates such as silicon wafers, glass,
and quartz slides as well as substrates with more complex
geometries such as AFM tips and (ii) gold nanoparticles.
Table 8 gives a summary of the initiators, iniferters, and
RAFT agents that have been used to produce polymer
brushes via SI-CRP. The remainder of this section will

successively discuss the modification of planar gold sub-
strates and gold nanoparticles.

Both one step and two step protocols have been used to
attach ATRP initiators onto planar gold substrates. In the
first case, ATRP initiator-functionalized disulfides or
thiols are directly grafted onto gold surfaces. The most
popular ATRP initiator-functionalized disulfide and thiol
are (BrC(CH3)2COO(CH2)11S)2

416 and BrC(CH3)2COO-
(CH2)11SH,295 respectively. Two step protocols for the
modification of gold substrates start with the formation of a
hydroxyl-functionalized disulfide or thiol SAM, which is
subsequently esterified to introduce the ATRP initiator.417

In most instances, the ATRP initiating group and the thiol
or disulfide group are separated by a long alkyl spacer. Other
spacers have also been used, however. He et al. converted a
SAM of 4′-nitro-1,1′-biphenyl-4-thiol adsorbed onto a gold-
coated silicon wafer into a cross-linked 4′-amino-1,1′-
biphenyl-4-thiol monolayer by electron beam irradiation.
Then, the ATRP initiator, bromoisobutyryl bromide, was
added and attached through the formation of an amide bond,

Table 8. Overview of Initiators, Iniferters, and RAFT Agents That Have Been Used To Grow Polymer Brushes from Gold Surfaces
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to create a surface bound initiator monolayer.418 He and co-
workers have used DNA hybridization to prepare surface
tethered double helical structures that can be used to initiate
SI-ATRP.419

A variety of strategies is available to modify the surface
of gold nanoparticles with functional groups that enable SI-
CRP. Ligand-exchange reactions between stabilizing ligands
and ligands functionalized with initiators, iniferters, or RAFT
agents are a convenient way to modify the surface of gold
nanoparticles with functional groups that can initiate or
mediate SI-CRP. Hallensleben and co-workers, for example,
have used dodecanethiol-stabilized gold nanoparticles and
replaced this alkanethiol by the ATRP initiator-functionalized
thiol BrC(CH3)2COO(CH2)11SH.420 Ligand-exchange reac-
tions have also been used to modify citrate-stabilized gold
nanoparticles. Since the bond strength between Au and S is
stronger than that between Au and citrate, citrates can be
exchanged with disulfide-functionalized ATRP initiators such
as (BrC(CH3)2COO(CH2)x)2-11S)2.224,421–427

In addition to the direct ligand-exchange strategy discussed
above, gold nanoparticles can also be functionalized with
ATRP initiating or RAFT groups following two step post-
modification strategies. As an example, gold nanoparticles
have been prepared in the presence of 11-mercapto-1-
undecanol and were subsequently esterified with 2-bro-
moisobutyryl bromide as initiator for ATRP428 or 4-cyano-
pentanoic acid dithiobenzoate as RAFT agent.136

A third strategy for the preparation of gold nanoparticles
modified with functional groups that enable SI-CRP
involves the use of the appropriate ATRP initiator
functionalized with thiols or disulfides as ligands for the
nanoparticles synthesis. This strategy, however, requires
mild reductive conditions to avoid cleavage of ester bonds.
Fukuda and co-workers have developed a protocol to coat
gold nanoparticles with an ATRP initiator group by the
simple one-pot reduction of HAuCl4 · 4H2O with slow
addition of sodium borohydrate in the presence of an
ATRP initiator-functionalized disulfide (BrC(CH3)2COO-
(CH2)11S)2.429,430 An alternative approach involves the rapid
addition of sodium borohydride to an ethyl acetate solution
of HAuCl4 · 4H2O and the ATRP initiator-functionalized
disulfide (BrC(CH3)2COO(CH2)6S)2.431

2.3.6. Polymer Brushes Grafted from Metal and
Semiconductor Surfaces

Section 2.3.3 has discussed strategies to graft polymer
brushes via SI-CRP from metal oxide surfaces. Table 9,
in contrast, presents an overview of different initiators
and RAFT agents that have been used to graft polymer
brushes from nonoxide metallic and semiconductor
substrates.

Similar to gold nanoparticles, ligand-exchange reactions
have also been used to functionalize CdSe nanoparticles and
CdS quantum dots with initiators and RAFT agents. These

Table 9. Overview of Initiators and RAFT Agents That Have Been Used To Grow Polymer Brushes from Metal and Semiconductor
Surfaces
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nanoparticles are typically stabilized by tri-n-octylphosphine
oxide ligands. NMP432 and ATRP100 initiator-functionalized
as well as RAFT agent134-containing phosphines have been
attached to CdSe and CdS via ligand-exchange chemistry.
This is accomplished by first replacing the tri-n-octylphos-
phine oxide ligands by pyridine, followed by exchange with
appropriate functionalized ligands.

Various electrochemical approaches have been used to
modify stainless steel and iron substrates with functional
groups that can initiate or mediate SI-CRP. Jérôme and co-
workers have electrografted the inimer 2-chloropropionate
ethyl acrylate to steel surfaces to form a dense layer of ATRP
macroinitiators. This work also showed that copper catalysts,
the usual first choice for ATRP reactions, reacted electro-
chemically to corrode the steel surface, necessitating the use
of Grubbs type and nickel complex catalysts.233,433 A similar
strategy was also used to coat steel surfaces with an NMP
initiator.191 An alternative approach to modify iron surfaces
is based on the electrochemical reduction of ATRP initiator-
functionalized aryl diazonium salts.434–436

ATRP initiator-functionalized thiols have been used to
allow SI-ATRP from GaAs surfaces. The first step in this
process is treatment of the substrate with concentrated HCl
to remove the native oxide layer. After that, the GaAs
substrate was functionalized with 6-mercapto-1-hexanol to
form a hydroxy-terminated GaAs, which was subsequently
postfunctionalized with 2-bromoisobutyryl bromide.437 Simi-
lar to the case of silicon surfaces, exposure of pristine
germanium chips to aqueous HF produces a uniform
hydrogen-terminated surface (Ge-H). ATRP initiators have
been immobilized via UV-induced coupling (i.e., hydroger-
mylation)438 of vinylbenzyl chloride on the Ge-H surface.
In this case, the ATRP initiator is linked to the surface via
a Ge-C bond.439

2.3.7. Polymer Brushes Grafted from Carbon Surfaces

SI-CRP has been used to modify a broad range of carbon-
based materials, including carbon nanotubes, carbon black
particles, diamond, and graphite. Table 10 presents a
summary of initiators, iniferters, and RAFT agents that have
been used to allow SI-CRP from carbon substrates.

Since carbon nanotubes (and carbon in general) do not
possess any functional groups that facilitate chemical modi-
fications, these substrates first need to be activated to
introduce appropriate chemical handles. Carboxylic acid-
functionalized single (SWNTs) and multiwalled carbon
nanotubes (MWNTs), for example, can be obtained by
oxidation of the pristine nanotubes with HNO3 or H2SO4/
HNO3 and subsequently converted into the corresponding acid
chloride via reaction with thionyl chloride.440 Acid chloride-
functionalized carbon nanotubes have been modified in a
single step by esterification of appropriate hydroxyl-func-
tionalized NMP170,441 or ATRP442–444 initiators. Alternatively,
acid chloride-functionalized nanotubes can be reacted with
ethanolamine or ethyleneglycol, generating hydroxyl-sub-
stituted nanotubes, which can be further modified with the
ATRP initiator 2-bromo-2-methylpropionyl246,440,445–449 or a
carboxylic acid RAFT agent.140 RAFT agents have been
introduced by reacting acid chloride-functionalized nanotubes
with 2-hydroxyethyl-2′-bromoisobutyrate, which have been
subsequently converted into a RAFT agent.138,139,141,450

In addition to the modification of oxidized carbon nano-
tubes, several other strategies have been reported that allow

the introduction of functional groups that can initiate or
mediate SI-CRP. Chehimi and co-workers have reported the
electrochemical reduction of brominated aryl diazonium salts
to introduce initiators for ATRP onto the surface of
MWNT.451 SWNTs have been modified via a multistep
protocol starting with the grafting of phenyl diazonium com-
pounds, which were then further modified with a RAFT agent145

or ATRP initiator.452 The 1,3-dipolar cycloaddition reaction
between SWNT and octanal and 4-hydroxyphenyl glycine
has been used to produce phenol-functionalized nanotubes
which were further derivatized with 2-bromoisobutyryl
bromide.453 Following a similar approach, 2-chloropropionyl
chloride was attached to amino-functionalized nanotubes.454

Radical addition reactions have also been used to modify
carbon nanotubes. Atom transfer radical addition455 and free
radical functionalization456,457 reactions have been used to
modify carbon nanotubes with ATRP initiators and, respec-
tively, NMP initiators.

The strategies discussed above for the functionalization
of carbon nanotubes have also been used to modify a
variety of other carbon substrates. The oxidation of carbon
surfaces followed by the immobilization of ATRP initia-
tors via one step or multistep protocols has been used to
modify the surface of carbon nanoparticles,458–460 ultradis-
persed diamond particles,461 Herringbone graphite nano-
fibers,462,463 carbon fibers,464 and pure carbon spheres.465 The
electrochemical reduction of brominated aryl diazonium salts
has been used to introduce ATRP initiators onto diamond
films466 and planar glassy carbon substrates.435,467

2.3.8. Polymer Brushes Grafted from Polymer Surfaces

An increasing number of publications describes the graft-
ing of polymer brushes from polymer substrates using SI-
CRP techniques. Figure 4 shows the four principal strategies
that are used to modify polymer substrates with initiators,
iniferters, or RAFT agents that allow SI-CRP. Polymer
surfaces bearing suitable functional groups allow the direct
attachment of initiators, iniferters, or RAFT agents (Figure
4A). In contrast, many inert polymers require an appropriate
pretreatment or activation to introduce functional groups,
onto which initiators, iniferters, or RAFT agents can then
be attached (Figure 4B). A third approach to grow polymer
brushes from polymer substrates involves the use of poly-
meric initiators or RAFT agents (Figure 4C). The fourth
approach uses irradiation or plasma treatment to directly grow
brushes from inert polymer substrates under CRP conditions
(Figure 4D). Each of these four strategies will be discussed
in more detail in the following sections.

2.3.8.1. Polymer Brushes Grafted from Functional
Polymer Surfaces. A straightforward strategy to allow SI-
CRP from polymer substrates is to graft initiators, iniferters,
or RAFT agents onto prefabricated polymer substrates which
contain nucleophilic or electrophilic groups (Figure 4A).
Table 11 gives an overview of various functional polymers
that have been used as substrates to attach initiators,
iniferters, and RAFT agents to allow SI-CRP.

Cellulose has been extensively used as a substrate to graft
polymer brushes via SI-CRP. Carlmark and Malmström have
reported a single step protocol to convert the pendant
hydroxyl groups present on the cellulose surface into ATRP
initiators. The cellulose hydroxyl groups were esterified with
2-bromoisobutyryl bromide in the presence of triethy-
lamine.468 This protocol, and similar strategies using 2-bro-
moisobutyryl bromide analogues, has been used to modify

5474 Chemical Reviews, 2009, Vol. 109, No. 11 Barbey et al.



Table 10. Overview of Initiators and RAFT Agents That Have Been Used To Grow Polymer Brushes from Carbon Surfaces

Polymer Brushes via Surface-Initiated Polymerization Chemical Reviews, 2009, Vol. 109, No. 11 5475



cellulose substrates such as regenerated cellulose mem-
branes,469–471 paper filters,468,471–475 or cotton fibers.476 Related
approaches have also been used to modify other polysac-
charides such as dextran,477 chitosan particles,478,479 and
chitosan films.471 To enhance the accessibility of the hydroxyl
groups and to facilitate higher degrees of substitution, Perrier
and co-workers pretreated cellulose fibers with aqueous
NaOH. After extensive washing with first ethanol and then
tetrahydrofuran (THF), these substrates were reacted with
2-chloro-2-phenylacetyl chloride and subsequently treated
with phenyl magnesium chloride in the presence of carbon
disulfide to generate a cellulose-bound RAFT agent.137,480,481

In addition to cellulose and dextran, the direct esterification
with 2-bromoisobutyryl bromide or analogues has also been
used to modify a variety of other hydroxyl functional
polymers with ATRP initiating groups. Examples include
microspheres made of a copolymer of divinylbenzene and
2-hydroxyethyl methacrylate (PDVB-co-PHEMA),482 films
made of a copolymer of 2-hydroxyethyl methacrylate and
methyl methacrylate (PHEMA-co-PMMA),483 ramie fibers,484

starch granules,485 hydroxylated and PEG-functionalized
polystyrene beads,486 Wang resin,487 and hydroxyl-function-
alized poly(ethyleneterephthalate) (PET) track-etched mem-
branes.488 In analogous fashion, also amino-functionalized
polyaniline substrates were modified with the ATRP initiator
bromoacetylbromide.489

In addition to hydroxyl-functionalized polymer substrates,
halogenated and epoxide-functionalized polymer substrates
are also conveniently modified with initiators or chain
transfer agents that allow SI-CRP. Allyl and benzyl chloride
groups can be reacted with sodium N,N-diethyldithiocar-
bamate to introduce iniferter groups for SI-PIMP. This
protocol has been used to functionalize nanoparticles made

of a copolymer of styrene and 4-chloromethylstyrene (PS-
co-PCMS)490 as well as cross-linked PVC beads491 and
Merrifield resins.229 In a similar fashion, initiators for NMP
can be introduced onto the surface of Merrifield resin by
reaction of the sodium salt of 2,2,6,6-tetramethylpiperidi-
nyloxy (TEMPO).169 N-tert-Butyl-N-[1-diethylphosphono-
(2,2-dimethylpropyl)] nitroxide (DEPN), a stable radical used
for NMP, was attached to latex particles made of PS-co-
PCMS via atom transfer radical addition (ATRA).185 Finally,
ATRP initiators were grafted onto the surface of poly(gly-
cidyl methacrylate) (PGMA) via the reaction between the
epoxy groups of PGMA and the carboxylic acid group of
2-bromo-2-methylpropionic acid.277

In one example, solid phase peptide synthesis was used
to prepare peptide chains, which were bound to a Wang resin.
The N-terminus of these peptide sequences was subsequently
converted into a carboxylic acid group by coupling of glutaric
anhydride. Further functionalization by reaction with the
benzylic amine of a fluorine-labeled alkoxyamine yielded a
NMP initiator tethered to the N-terminus of the peptide.195

A multistep protocol has also been used to graft ATRP
initiators onto a poly(ethylene-co-acrylic acid) substrate. For
initiator immobilization, the carboxylic acid groups on the
film were converted to acid chloride groups and subsequently
reacted with (di)ethanolamine to provide hydroxyl groups
onto which 2-bromoisobutyryl bromide initiator was at-
tached.492 The surface modification of cross-linked poly(di-
cyclopentadiene) films with ATRP initiators has also been
achieved using a two step protocol. In this case, double bonds
present at the surface of the polymer were reacted with
mercaptoethanol to generate hydroxyl groups, which were
subsequently reacted with 2-bromoisobutyryl bromide.493

Table 10. Continued
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Poly(vinylidene fluoride) (PVDF) films represent a very
interesting substrate to grow polymer brushes, as they allow
direct ATRP using the secondary fluorinated sites for
initiation.494

2.3.8.2. Polymer Brushes Grafted from Inert Polymer
Surfaces. Polymer substrates that lack functional groups that
can act as handles to introduce moieties to initiate or mediate
SI-CRP require a pretreatment or activation step (Figure 4B).
Table 12 gives an overview of different inert polymer
substrates, which have been modified with initiators, inifer-
ters, or RAFT agents. For each of the substrates, Table 12
also indicates the activation protocol that has been used.

A variety of plasma and oxidative surface treatments is
available to modify inert polymer substrates with hydroxyl
or carboxylic acid groups, which can be further modified
with 2-bromoisobutyryl bromide or analogues to allow SI-
ATRP. In this way, ATRP initiating groups have been
introduced onto the surface of polypropylene hollow fiber
membranes using ozone pretreatment,495 onto poly(tetrafluo-
roethylene) (PTFE) substrates using hydrogen plasma and
ozone pretreatment,496 within PMMA microcapillaries using
oxygen plasma pretreatment,497 and onto ground tire rubber
particles using oxidative hydrolysis pretreatment NaOH/
KMnO4.498 Alternatively, the surface hydroxyl groups may

be modified with trichlorosilane derivatives. This strategy
has been used to modify oxygen plasma-treated poly(ethylene
terephthalate) (PET) and poly(ethylene naphthalate) (PEN)
substrates with functional groups that can act as initiators
for ATRP.499 Chlorosilane-based ATRP initiators have also
been employed to modify various silanol-activated PDMS
substrates, which can be obtained via exposure to UV
ozone,313,500,501 oxygen plasma,502 or treatment with HCl.503

Unsal et al. converted the surface epoxide groups of porous
poly(glycidyl methacrylate-co-ethylene dimethacrylate)
(PGMA-co-PEDMA) particles into hydroxyl groups, which
were subsequently modified with the ATRP initiator contain-
ing alkoxysilane 3-(2-bromoisobutyramido)propyl(triethoxy)-
silane.504 In the case of PET, alkaline hydrolysis generates
both hydroxyl and carboxyl groups, which can subsequently
be converted into acid chloride moieties via further oxidation
and PCl5 treatment. After that, ATRP initiators can be grafted
using a two step protocol, which starts with an amidation
reaction using diethanolamine followed by esterification of
the hydroxyl groups with bromopropionyl bromide.505 Ul-
bricht and co-workers have used KMnO4/H2SO4 to introduce
carboxylic acid groups onto the surface of PET, followed
by amidation with ethanolamine and esterification of the
resulting hydroxyl groups with bromopropionyl bromide to

Figure 4. Strategies to graft polymer brushes from polymer surfaces: (A) polymer brushes grafted from functional polymer surfaces; (B)
polymer brushes grafted from inert polymer surfaces; (C) direct SI-CRP from initiator-, iniferter-, or RAFT agent-functionalized polymer
surfaces; (D) radiation/plasma-mediated SI-CRP.
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produce a PET substrate functionalized with ATRP initia-
tors.506 PVDF films can be hydroxylated by exposing the
pristine substrate to aqueous LiOH followed by successive
reductions with NaBH4 and diisobutylaluminium hydride
(DIBAL-H). The resulting hydroxylated surfaces have been
modified with 2-bromoisobutyryl bromide507 and 4,4-
azobis(4-cyanopentanoic acid)120 to allow SI-ATRP and,
respectively, surface-initiated bimolecular RAFT polymer-
ization. Nylon can be hydroxylated by reacting the amide
bonds with formaldehyde to give the corresponding N-
methylol derivative. This strategy has been used by Kang
and co-workers to modify nylon membranes with ATRP
initiating groups by esterification with 2-bromoisobutyryl
bromide.508 PDVB microspheres have been functionalized
with ATRP initiating groups via hydroboration/oxidation of
the pendant vinyl groups, followed by esterification with
bromopropionyl bromide.482

In addition to the hydroxyl and carboxylic acid groups
that have been discussed so far, several other functional
groups can also be used to activate “inert” polymer substrates

and allow the attachment of initiators or iniferters for SI-
CRP. Segmented polyurethane (PU) films, for example, were
treated with chloromethyl methyl ether to introduce -CH2Cl
groups, which were subsequently modified with sodium N,N-
diethyldithiocarbamate trihydrate to provide a diethyldithio-
carbamate-functionalized substrate.509 These modified PU
substrates allowed the growth of polymer brushes via SI-
PIMP. Cross-linked poly(styrene-co-divinylbenzene) (PS-co-
PDVB) beads were chlorosulfonated using chlorosulfonic
acid and modified with 2-chloroethyl amine to produce
2-chloroethyl sulfonamide ATRP initiator groups.510 Alter-
natively, the chlorosulfonated polymer beads can be modified
in a multistep process with N-chlorosulfonamide groups,
which can be used to initiate SI-ATRP.511,512

All of the strategies discussed so far to functionalize “inert”
polymer substrates with ATRP or NMP initiators or RAFT
agents are based on multistep synthetic protocols. There are,
however, several alternative protocols that allow modification
of “inert” polymer substrates with SI-CRP active functional
groups in a single step. Polypropylene, for example, can be

Table 11. Continued
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photobrominated to generate alkyl bromide groups that can be
used directly to initiate SI-ATRP.513 Similarly, the surface vinyl
groups of PDVB microspheres can be hydrochlorinated using
HCl to generate chloroethylbenzene moieties that can initiate
ATRP.514 Cross-linked PS latex particles515 and Kapton,516

an aromatic polyimine, have been modified with benzyl-
chloride groups capable of initiating ATRP via chlorom-
ethylation using trioxane/chlorotrimethylsilane/SnCl4 and,
respectively, paraformaldehyde/chlorotrimethylsilane/SnCl4.
Polydimethylsiloxane (PDMS) substrates can be modified
with benzylchloride moieties by vapor deposition of 4-(chlo-
romethyl)phenyl trichlorosilane followed by a hydrolysis
step. This generates a surface-confined benzylchloride-
functionalized semi-interpenetrating network that can be used
to initiate ATRP.517 In contrast to all other techniques that
are available to modify PDMS substrates with functional
groups that can initiate or mediate SI-CRP, this strategy
obviates the need for UV/ozone pretreatment. Another very
interesting approach that allows the one step modification
of “inert” polymer substrates is based on benzophenone
photochemistry. Under UV radiation, benzophenone can
abstract a hydrogen atom from neighboring aliphatic C-H
groups to form a C-C bond. The benzophenone group in
benzophenonyl 2-bromoisobutyrate has been used as an
anchor to promote the immobilization of ATRP initiator on
PP.518 Alternatively, benzophenone was grafted onto high-
density polyethylene (HDPE) and used as an initiator for
reverse ATRP.519

2.3.8.3. Direct Polymerization from Initiator-, Inifer-
ter-, or RAFT Agent-Modified Polymer Surfaces. The
previous two sections have discussed a variety of possibilities
to postmodify prefabricated polymer substrates with func-
tional groups that can initiate or mediate SI-CRP. An
alternative approach to prepare polymer brushes involves the
synthesis of polymers that contain those functional group

and which can be processed to form surfaces from which
SI-CRP can be initiated. Table 13 provides an overview of
different initiator-, iniferter-, and RAFT agent-modified
polymers and polymer particles which have been used as
substrates for SI-CRP.

A variety of initiator or iniferter-functionalized polymers
has been prepared and used to graft polymer brushes via
SI-CRP. PCMS prepared via free radical polymerization was
spin coated onto PS substrates and used to initiate ATRP.520

Mecerreyes and co-workers synthesized a copolymer com-
posed of 2-(2-bromoisobutyryloxy)ethyl methacrylate and
methyl methacrylate (PBIEMA-co-PMMA) which was used
to allow SI-ATRP from patterned silicon surfaces.521 A
structurally related copolymer of 2-(bromoisobutyryloxy)-
ethyl acrylate and 2-(trimethylammonium iodide)ethyl meth-
acrylate (PBIEA-co-PTMAEMA) was developed by Baker,
Bruening, and co-workers and used to coat polyethersulfone
membranes via layer-by-layer self-assembly with macroini-
tiators for SI-ATRP.522 Photoiniferter-based macroinitiators
have been prepared by free radical copolymerization of
(methacryloylethylene dioxycarbonyl)benzyl N,N-dieth-
yldithiocarbamate (MEDCBDC)210,256 or vinylbenzyl N,N-
diethyldithiocarbamate (VBDC).200,222 Alternatively, photo-
iniferter-functionalized polymers can be prepared, for example,
via postmodification of PCMS with sodium diethyldithio-
carbamate.523 Polymer films able to initiate PIMP have also
been fabricated via photopolymerization of a mixture of
acrylates, methacylates, or styrene in the presence of
iniferters.230,524–526 In this case, polymer chains capped with
iniferters are present on the surface of the resulting polymers
and were reactivated to initiate PIMP.

In addition to soluble polymers, also a range of polymer
micro- and nanoparticles functionalized with initiators,
iniferters, and RAFT agents has been prepared and used as
substrates to graft polymer brushes via SI-CRP. Emulsion
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(co)polymerization of chloromethylstyrene has been used in
several cases to prepare chloromethyl-functionalized polymer
particles that can be used to initiate SI-ATRP.527–529

The residual double bonds on the surface of cross-linked
PDVB microspheres have been used to graft brushes by
bimolecular RAFT.530 Heterophase polymerization techniques
have also been employed to prepare core/shell particles
composed of an inert core and an outer shell containing
functional groups that are able to initiate ATRP. Seed
emulsion polymerization, for example, has been used to
synthesize PtBA/poly(2-(2-bromoisobutyryloxy)ethyl acry-
late) (PBIEA),531 PS/poly(2-(2-bromoisobutyryloxy)ethyl
methacrylate) (PBIEMA),532,533 PS/poly(2-(2-bromopropio-
nyloxy)ethyl methacrylate) (PBPEA), and PS/PBPEA-
co-PS-co-PDVB534–536 core/shell particles. Similarly, shell-
growth emulsion polymerization has been used to prepare
ATRP initiator-functionalized PS/poly(2-(2-chloropropiony-
loxy)ethyl acrylate) (PCPEA),537 PS/PCPEA-co-PS,538,539 PS/
PBPEA-co-PS538 and PS/poly(2-(2-chloroisobutyryloxy)ethyl
acrylate) (PCIEA)311,540,541 core/shell particles.

Polymers functionalized with groups that can initiate
ATRP or NMP have also been used to grow brushes from
porous polymer substrates. Phase inversion has been used
to prepare ATRP initiator-functionalized porous polymer
membranes based on chloromethylated poly(phthalazinone
ether sulfone ketone)542 and poly(ether imide).543 Porous
polymer monoliths have been prepared by copolymerization
of styrene and divinylbenzene (PS-co-PDVB) initiated by
alkoxyamine initiator. After preparation of the polymer, the
capped radicals located at the surface of the pores of the
monolith were used to initiate NMP.544 ATRP initiator-
functionalized polymer monoliths have been prepared by
emulsion copolymerization of divinylbenzene and ATRP
initiator-functionalized 4-hydroxystyrene derivatives, which
were subsequently used for the SI-ATRP of MMA.545

2.3.8.4. Direct Radiation/Plasma-Mediated Polymeriza-
tion. The previous three sections have presented a broad
range of strategies that can be used to prepare polymer
substrates with functional groups that can initiate or mediate
SI-CRP. Even in the absence of such functional groups,
however, brushes can be grown from polymer substrates
when they are exposed to UV or γ-irradiation or upon plasma
treatment. Table 14 provides a summary of different polymer
substrates that have been used to graft brushes via direct
radiation or plasma-mediated SI-CRP.

Using γ-irradiation to initiate polymerization and cumyl
phenyldithioacetate as a RAFT agent, Barner et al. grafted
polymer brushes from polypropylene lanterns546,547 and
cellulose filters.548 Similarly, Hill and co-workers have
modified the surface of polyethylene-co-polypropylene (PE-
co-PP) sheets using 1-phenylethyl phenyldithioacetate as
RAFT agent.549 In these examples, γ-radiation was used to
generate radicals both on the polymer surface and in the

monomer solution. Monomer radicals and radicals formed
on the surface generate propagating chains, which subse-
quently add to the dithiocarbamyl group of the RAFT agent.
In the course of the reactions, both grafted polymer (on the
surface) and free, nongrafted polymer (in the solution) are
generated. UV and γ-radiation have been used to activate
PVDF550 and PE551 substrates and allow surface-initiated
reverse ATRP. Peroxide initiators have been generated
directly on PTFE surfaces via radiofrequency argon plasma
pretreatment, followed by air exposure252 or on PTFE-co-
poly(hexafluoropropylene) (PHFP) film via oxygen plasma
treatment121 and were used as initiating site for bimolecular
RAFT.

2.4. Patterning Strategies
Patterned polymer brushes are not only of interest for many

applications, ranging from microelectronics to biomaterials,552

but are also useful tools to study fundamental questions of
surface-tethered polymer films, such as swelling behavior.553

Patterned polymer brushes can be prepared via SI-CRP
following either “bottom-up” or “top-down” strategies. While
the former are based on the decoration of the substrate
surface with a pattern of initiator or iniferter molecules, the
latter strategies involve the selective removal of surface-
attached polymer chains. A wide variety of technologies is
available for the preparation of patterned polymer brushes
via SI-CRP using both “bottom-up” and “top-down” ap-
proaches. These techniques are summarized in Table 15 and
will be discussed in the subsequent sections.

2.4.1. Microcontact Printing

Microcontact printing (µCP) is one of the most extensively
used techniques to create patterned polymer brushes. In µCP,
an elastomeric PDMS stamp is used to print a pattern of
molecules onto the surface of a substrate.554 µCP was first
applied to the preparation of patterned SAMs of alkanethiols
on gold. After the first printing step, the nonprinted areas
can be backfilled with another thiol molecule that contains
a different functional group, which leads to a chemically
patterned surface.

To obtain patterned polymer brushes, µCP can be used
either to directly print a “polymerization-active” ink or to
print a passive pattern, which is then backfilled in a second
step with a molecule containing a polymerization initiator
or iniferter. The second strategy is illustrated in Figure 5.
As “polymerization-active” inks, both low molecular
weight260,292,297,343,499,553,555–559 and polymeric initiator/iniferter-
functionalized molecules have been used.343 Also for the
second approach, both low molecular weight initiator/iniferter
molecules87,110,259,416,560–566 and polymers have been used to
pattern the substrate surface with a passive layer.567,568 µCP

Table 14. Overview of Polymer Substrates That Have Been Used To Graft Polymer Brushes via Direct Radiation/Plasma-Mediated
SI-CRP

Substrate and substrate geometry Radiation/plasma activation SI-CRP technique Polymer Ref

Cellulose (fibers) γ-radiation Bimolecular RAFT PS 548
PP (planar) γ-radiation Bimolecular RAFT PS 546
PP (planar) γ-radiation Bimolecular RAFT PS-co-PTMI 547
PE-co-PP (planar) γ-radiation Bimolecular RAFT PtBA, PtBA-b-PS 549
PE (planar) γ-radiation in air Reverse ATRP PMMA 551
PVDF (microfiltration membrane, pore size 450 nm) UV/air Reverse ATRP PMMA, PPEGMEMA 550
PTFE (film) Ar plasma/air Bimolecular RAFT PGMA 252
PTFE-co-PHFE (film) O2 plasma Bimolecular RAFT PHEMA 121
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has been mostly carried out using thiol-based inks on gold
substrates,87,110,258–260,292,297,416,553,555,557–559,561–565,569 but it has

also been successfully applied to silicon wafers343,499,560,566

as well as to polymer substrates such as poly(ethylene

Table 15. Overview of Different Techniques That Have Been Used To Prepare Patterned Polymer Brushes via SI-CRP

a APTS: 3-(aminopropyl)tri(m)ethoxysilane. b BMPA: 2-bromo-2-methylpropionic acid. c BiBB: bromoisobutyryl bromide. d PET: poly(ethylene
terephthalate). e PEN: poly(ethylene naphthalate). f SAM: self-assembled monolayer. g VBC: 4-vinylbenzyl chloride. h ODTS: octadecyl
trichlorosilane.
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terephthalate) or poly(ethylene naphthalate).499 While µCP
has been mostly used to prepare topographically patterned
brushes such as illustrated in Figure 5, Zhou et al. developed
a general µCP-based route that allows access to laterally
patterned multicomponent brushes.555 The approach devel-
oped by these authors involved µCP of an ATRP initiator-
functionalized thiol, followed by SI-CRP and deactivation
of “living” chain ends. By repeating this sequence of steps
three times, it was possible to generate a PMAA/PMEP/
PNIPAM/PDMAEMA quaternary brush.555

In all the examples discussed above, µCP was used to
pattern the substrate surface from which the polymer brushes
were grown. In an alternative approach, van Poll et al. have
shown that a hydrophilic/hydrophobic patterned thiol SAM
on gold prepared by µCP can be used as a master to generate
chemically patterned PDMS substrates from which PPEGMA
brushes could be grown using SI-ATRP.556

2.4.2. Electron Beam-Assisted Methods

Electron beam irradiation has been explored in different
ways as a tool to produce patterned polymer brushes.
Using a focused electron beam or an appropriate mask,
electron beam irradiation can be used to selectively
decompose surface-attached polymerization initiators or
the living ends of surface-tethered polymer chains. This
strategy was used by Maeng et al. to generate patterned

PMMA and PS brushes by irradiating an ATRP initiator
layer through a TEM grid as a mask.326 In a subsequent
report, by taking advantage of the living character of ATRP
and by repeating the irradiation step, these authors went one
step further and used this strategy to prepare a rectangular
PMMA micropattern onto a polystyrene brush.327 Tsujii et
al. studied the influence of the electron beam dose on the
patterning process. In their study, these authors found that
doses larger than 2000 µC/cm2 were sufficient to decompose
a monolayer of the ATRP initiator 2-(4-chlorosulfonylphe-
nyl)ethyl trichlorosilane.570

In addition to selectively decomposing surface-immobi-
lized initiators or active polymer chain ends, electron beam
irradiation can also be used in a bottom-up fashion to produce
patterned, initiator-modified substrates. Using electron beam
irradiation, He et al. generated cross-linked 4′-amino-1,1′-
biphenyl-4-thiol patterns into a 4′-nitro-1,1′-biphenyl-4-thiol
SAM.418,571 In a subsequent step, the amino groups were
reacted with 2-bromoisobutyryl bromide to give a patterned
ATRP initiator surface. Similar to Tsujii et al.,570 He at al.
also observed that the surface concentration of amino groups
was dependent on the electron beam dose.571 By monitoring
the obtained brush thickness as a function of the electron
dose, a threshold value of about 40 µC/cm2 at which all nitro
groups were converted was found.

Zharnikov and co-workers have reported two other interesting
electron beam-assisted approaches for the preparation of pat-
terned polymer brushes. The first approach is referred to as the
irradiation-promoted exchange reaction and is based on the
generation of chemical and structural defects in an inert
alkanethiol SAM, which promotes exchange reactions with
functional thiols that can be further derivatized with, for
example, ATRP initiating groups.572 The second strategy was
based on the observation that 11-amino-undecanethiol SAMs
that were exposed to electron irradiation prior to attachment
of the ATRP initiator (bromoisobutyryl bromide) afforded
thicker PNIPAM brushes as compared to pristine SAMs that
were modified with the same initiator. The authors speculated
that the repressed reactivity of the pristine SAM was due to
binding of an oxygen-containing quencher moiety.573

Electron beam irradiation can also be used to generate
patterned substrates that allow selective attachment of
initiator molecules. Zauscher and co-workers have created
gold squares in the size range of 100 nm to 4 µm on silicon
wafers by lift-off electron beam lithography. To this end, a
PMMA film was spin coated on a silicon wafer and
subsequently patterned by selective exposure to the electron
beam. After evaporation of a layer of chromium and a layer
of gold, the developed resist was lifted off, leaving behind
the desired gold patterned silicon wafer. Onto these gold
patterns, a thiol initiator can be attached selectively to allow
the growth of a polymer brush.574

Jonas et al. used electron beam irradiation to create circular
holes with diameters from 35 nm to several micrometers in
a spin coated PMMA film onto a SiO2 surface. Subsequently,
a silane initiator was attached on the “free” SiO2 surface.
After that, the remaining polymer mask was removed, the
unmodified surface backfilled with an inert silane, and the
polymer brush grown using SI-CRP.575

2.4.3. UV Irradiation-Assisted Methods

Similar to electron beam irradiation, UV irradiation can
be used in several ways to produce patterned polymer
brushes. Among the different possible techniques, surface-

Figure 5. Preparation of a patterned polymer brush via micro-
contact printing (µCP) of a passivating pattern, followed by
backfilling with an initiator- or iniferter-modified molecule and
subsequent SI-CRP.
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initiated photoiniferter-mediated polymerization (SI-PIMP)
is particularly convenient, since the polymerization requires
photolytic dissociation of a photoiniferter molecule. Already
in 1996, Nakayama and Matsuda demonstrated that patterned
homopolymer and block copolymer brushes based on N,N-
dimethylacrylamide, N-(3-(dimethylamino)propylacrylamide),
methacrylic acid, or styrene can be grown from photoiniferter-
modified polymer films.200 Several other examples have been
reported since then, either using photoiniferter-modified
polymer films as the substrate199,215,222,230,256,524,526 or by
grafting photoiniferter-modified silanes onto glass surfa-
ces.202,205 Higashi et al. demonstrated the possibility of
creating multicomponent polymer brushes using SI-PIMP by
irradiating sequentially a selective area of a polymer contain-
ing a photoiniferter in the presence of a certain monomer.199

This strategy allowed successive growth of up to five
different brushes on five different regions of the same
substrate. De Boer et al. prepared patterned PMMA, PS, and
PS-b-PMMA brushes on glass substrates using SI-PIMP.207

These brushes were grafted from chromium patterned glass
substrates using a trimethoxysilane-modified photoiniferter
that only binds to the glass substrate.

UV irradiation has also been used to photodecompose
surface-bound ATRP initiators.576,577 By using a photomask,
ATRP initiator patterned substrates can be prepared, and
during the subsequent polymerization step, brushes will only
grow in areas that were not exposed to UV irradiation (Figure
6). Kamitani et al. have used UV irradiation to (partially)
decompose a 3-(aminopropyl)trimethoxysilane (APTS)
SAM.578 The remaining intact amino groups could be further
modified to generate ATRP initiating sites for SI-CRP.
Yamamoto et al. used grazing-angle reflection-absorption
infrared spectroscopy to monitor the photodecomposition of
2-(4-cholorosulfonylphenyl)ethyl trichlorosilane on a silicon
wafer.310 In their experiments, the authors found that a 20
min irradiation time was sufficient to photodecompose 90%
of the initiator layer. In general, however, results from
photodecomposition experiments are difficult to compare,
since different studies use different UV light sources and
variable light source-substrate distances, among others.

Kang, Neoh, and co-workers have used the UV-induced
hydrosilylation to produce micropatterned monolayers of
4-vinylbenzyl chloride (VBC) on hydrogen-terminated silicon
substrates.353,354 The VBC moieties could be used to initiate
SI-ATRP, while the unmodified areas of the substrate could
be further modified to allow SI-RAFT or SI-NMP to produce
micropatterned binary brushes.

In addition to deactivating surface-immobilized initiators,
or functional groups that can be used to introduce polym-

erization-active groups, UV irradiation can also be used to
selectively degrade (etch) polymer brushes. Zhou et al. have
used this strategy to prepare patterned polymer brushes by
exposing a polymer brush-covered substrate to UV irradiation
through a photomask.579–581 An etching rate of ∼10 nm/h
was observed for poly(methacrylate) brushes. The authors
further demonstrated that it is possible to selectively and
completely remove the polymer brush layer, modify the
etched substrate with a polymerization initiator, and generate
a patterned binary PHEMA/PMMA brush by SI-ATRP of a
second monomer.581 Husemann et al. prepared patterned
binary PAA/PtBA brushes via selective, UV-mediated depro-
tection of the tert-butyl ester groups.190 This was ac-
complished by spin coating a solution of polystyrene
containing a photoacid generator onto a PtBA brush, followed
by exposure to 248 nm irradiation through a mask.

In addition to the examples discussed above, UV irradia-
tion has also been used in a more conventional fashion to
prepare thin, patterned photoresist layers.385,582,583 The un-
covered substrate can then be modified with a polymerization
initiator and used to grow a polymer brush after lift-off of
the photoresist material.

2.4.4. SPM-Assisted Methods

Although they are relatively slow and not very amenable
to mass production, scanning probe microscopy (SPM)-based
patterning techniques offer a high spatial resolution (down
to 20 nm).584 Zauscher and co-workers have used the
nanoshaving technique to graft patterned PNIPAM brushes
from gold substrates.585,586 This method uses an AFM tip as
a nanomechanical tool to selectively produce a pattern in an
alkanethiol resist. The freshly exposed gold surface in the
trenches can be backfilled with a thiol-modified initiator and
used to start SI-CRP. Another strategy to generate patterned
ATRP initiator substrates is based on the use of an AFM tip
to locally oxidize regions in a n-octadecyl trichlorosilane
SAM.587 The oxidized areas could be further functionalized
with a polymerization initiator and were used to grow PMMA
brushes. AFM tips can also be used to directly “write”
molecules on a substrate surface; this technique is referred
to as “dip-pen” nanolithography.588 Ma et al. used this
method to produce spots and lines of a thiol-functionalized
ATRP initiator on gold.292 Zapotoczny et al. used dip-pen
nanolithography to deposit gold nanowires on silicon sub-
strates.584 In a second step, thiol-functionalized iniferters
could be selectively immobilized on the gold nanostructures
and were subsequently used to grow polymer brushes.

Figure 6. UV irradiation-assisted preparation of patterned polymer brushes. In this example, UV irradiation is used to selectively decompose
initiator molecules in areas that are not covered by the photomask. Subsequent SI-CRP only generates polymer brushes in areas that were
not exposed to UV irradiation.576,577 Reproduced with permission from ref 576. Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA.
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2.4.5. Nanoimprint and Contact Lithography

Genua et al. have used nanoimprint lithography (NIL) to
generate a patterned thin film of an ATRP initiator-
functionalized copolymer (Figure 7).521 After removal of the
residual polymer in the trenches by an oxygen plasma
treatment, these imprinted surfaces were used to grow poly(3-
sulfopropyl methacrylate) and fluorinated poly(methacrylate)
brushes via SI-ATRP. NIL was used by Jonas et al. to prepare
a patterned PMMA substrate where the trenches, after an
oxygen plasma treatment, could be backfilled with a polym-
erization initiator.575

Another imprint method that has found use to prepare
patterned polymer brushes is “nanocontact molding”. In this
technique, a patterned polymeric mold is used to template a
second liquid photopolymer resin, which can include ATRP
or NMP initiator molecules and which is subsequently UV-
polymerized to allow pattern transfer.192,589

Liu et al. used a method referred to as “capillary force
lithography” to create binary patterned brushes.590 This
process started with spin coating a thin polystyrene layer
onto an ATRP initiator-functionalized substrate. Then, a
PDMS mold was placed over the spin coated film and the
system was annealed in an oven. After this heat treatment,
the mold was removed, leaving a polystyrene pattern on an
ATRP initiator-functionalized substrate. A first surface-
initiated polymerization was performed from the uncovered
ATRP initiating sites, which was followed by removal of
the residual polystyrene and a second SI-ATRP step.

2.4.6. Other Patterning Techniques

In addition to the techniques discussed in the previous
sections, a number of other tools has also been used to
prepare patterned polymer brushes. Several of these tech-
niques will be highlighted below.

Ejaz et al. prepared mixed monolayers of 2-(4-chlorosul-
fonylphenyl)ethyl trimethoxysilane and n-octadecyl tri-
methoxysilane on a silicon wafer.591 Due to the immiscibility
of the two silanes, a phase-separated monolayer was formed,
which was used to prepare random patterned brushes. Using
Langmuir-Blodgett lithography, Brinks et al. managed to
produce regularly structured patterns of an NMP initiator-
modified silane, which was subsequently used to generate
striped polymer brush patterns.163

Andruzzi et al. used reactive ion etching to prepare
structured oligo(ethylene glycol)-modified polystyrene
brushes.162 To this end, parylene was vapor deposited on a
polymer brush-covered substrate. Standard photolithographic
patterning, followed by reactive ion etching and peeling off
the parylene layer, affords the structured polymer brush.

Plasma techniques have also been used to produce pat-
terned polymer brushes. Teare et al. prepared patterned
maleic anhydride modified poly(tetrafluoroethylene) sub-
strates using pulsed plasma deposition through a copper
grid.592 The deposited maleic anhydride groups could be
postmodified to introduce polymerization initiators. Lego et
al. demonstrated that plasma activation can be used to prepare
hydroxyl-functionalized mica substrates, which can be used
to attach ATRP initiators.403

Lahann and co-workers have used chemical vapor deposi-
tion of [2.2]paracyclophane-4-methyl-2-bromoisobutyrate to
coat a broad variety of substrates with ATRP initiator
groups.593 In combination with a microstencil, this technique
could be used to prepare patterned polymer brushes.

Electrochemistry can also be used to generate patterned
brushes, as demonstrated by Slim et al.594 Their strategy used
a scanning electrochemical microscope to selectively destroy
a bromoisobutyrate alkyl silane SAM on glass or silicon
substrates via a spatially controlled electrochemical deha-
logenation reaction. Schubert and co-workers used another
approach, which was based on the selective conversion of
an alkyl SAM.595 In this example, a conductive mask was
placed on an alkyl SAM-coated substrate. After that, a
voltage was applied to the mask for a short time period,
which converted the alkyl end-groups of the SAM into
carboxylic acid moieties to which an ATRP initiator can be
attached.

Sankhe et al. modified a classical office inkjet printer and
developed an automated patterning method based on inkjet
printing.596 They used this method to directly print gradients
or patterns of thiol-functionalized ATRP initiator onto gold
substrates, which were subsequently amplified by surface-
initiated polymerization of methyl methacrylate.

2.5. Postmodification of Polymer Brushes
Although radical-based chain polymerizations are char-

acterized by a relatively high functional group tolerance,
there are still various functional groups that cannot be
introduced into polymer brushes via direct surface-initiated
polymerization of the corresponding monomer. This can
be due to reaction of these functional groups with the
propagating radical chain ends or due to interaction of
the functional groups with the polymerization catalyst,

Figure 7. Preparation of patterned polymer brushes via nanoim-
print lithography (NIL) of a thin polymerization initiator-function-
alized polymer film.
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among others. Such sensitive functional groups, however,
may be introduced by postmodification of precursor
polymer brushes, which contain appropriate reactive
groups that are compatible with surface-initiated controlled
radical polymerization. As schematically illustrated in
Figure 8, postmodification of polymer brushes can involve
modification of side-chain functional groups (Figure 8A),
modification of the polymer chain end (Figure 8B), as well
as a combination of both of them (Figure 8C). In the
following six sections, the postmodification of hydroxyl
groups, carboxylic acid groups, carboxylic ester groups,
epoxide groups, and other side-chain functional groups
as well as chain end modification of polymer brushes
prepared via surface-initiated controlled radical polym-
erization will be discussed. Postmodification is usually
carried out to adjust the surface properties of polymer
brushes or to introduce functional groups that can act as
an anchor for further modification. While the major focus
of the following sections is on postmodification chemistry,
Tables 16-21, which give an overview of the different
reactions that can be used to modify side chains and
terminal functional groups, also briefly highlight the
applications of the modified brushes. Properties and
applications of polymer brushes prepared via SI-CRP will
be discussed more in detail in section 4.

2.5.1. Postmodification of Hydroxyl-Functionalized Polymer
Brushes

Hydroxyl-functionalized polymer brushes have been ex-
tensively used as substrates for postmodification reactions.
Table 16 gives an overview of several reactions that have
been used to modify hydroxyl-side chain functionalized
polymer brushes. From the top to the bottom, Table 16 shows
approaches that have been used to modify hydroxyl-side
chain functionalized brushes with hydrophobic groups,
carboxylic acid moieties, and halogen functionalities as well
as various strategies to prepare biofunctional polymer brushes

and several other options for postmodification. In the
remainder of this section, one or several examples of
reactions from these different groups will be discussed in
more detail.

The modification of hydroxyl-containing polymer brushes
with hydrophobic (e.g., fluorinated) groups has been used
to tailor the barrier properties, wettability, and etch
resistance of polymer brushes, among others. In most cases,
these functional groups were introduced via reaction with the
corresponding acid chlorides. Bantz et al. studied the kinetics
of the acylation of PHEMA with C7H15COCl and demonstrated
that 0-80% of the hydroxyl groups could be modified by
controlling the reaction time.597 In a subsequent report, these
authors investigated the acylation of PHEMA with a
homologous series of hydrocarbon acid chlorides
(CnH2n+1COCl; n ) 1, 7, 11, 13, 15, and 17) and observed
a decrease in hydroxyl group conversion with increasing
hydrocarbon chain length.598 The same group also reported
an interesting strategy for the preparation of fluorocarbon/
hydrocarbon block copolymer brushes.599 These block-type
polymer brushes were obtained by acylation of a PHEMA
brush with C6F5COCl, followed by a controlled alkaline
hydrolysis step, which regenerates PHEMA in the top layer,
followed by reacylation with hydro- or fluorocarbon acid
chlorides.

Hydroxyl-containing polymer brushes have been modified
with carboxylic acid groups to produce double responsive
brushes, to generate templates for the synthesis of polymer/
metal hybrids or to introduce handles for further chemical
modification. Carboxylic acid-modified polymer brushes are
usually obtained by reacting the precursor hydroxyl-func-
tionalized brushes with an excess of succinic anhydride in
the presence of a base, such as pyridine.328,342,359,448

The modification of hydroxyl-functional polymer brushes
with halogen moieties is of interest, as it can open the way
to comb-shaped polymer brushes and also allow further
derivatization reactions. Hydroxyl side-chain functional
groups can be esterified with 2-bromoisobutryl bromide to
introduce ATRP initiating side-chain functional groups.251

Chlorination of hydroxyl-containing polymer brushes with
SOCl2 is a convenient way to introduce chloroalkyl functional
groups that can be further modified using nucleophilic
substitution reactions.352,358,359

Hydroxyl-containing polymer brushes such as PHEMA
and PPEGMA have been extensively used as platforms to
immobilize peptides, proteins, or other biologically active
functional groups. PHEMA and PPEGMA are attractive
substrates to fabricate biofunctional or bioactive surface
coatings, since they combine nonbiofouling properties with
a high density of hydroxyl groups that are available for
postmodification. Several strategies have been developed to
activate the hydroxyl groups of polymer brushes and allow
the immobilization of bioactive molecules. A very popular
approach involves the activation of the hydroxyl groups with
p-nitrophenyl chloroformate (NPC), which generates a
carbonate intermediate that can be reacted with the N-
terminal amine group of short peptides389,600,601 or other
amine-functionalized moieties.602 Examples of other alterna-
tive reagents that have been used to prepare protein-
functionalized polymer brushes include 1,1′-carbonyldiim-
idazole(CDI)552andN,N′-disuccinimidylcarbonate(DSC).603,604

Alternatively, PHEMA brushes have been reacted with
succinic anhydride to generate carboxylic acid groups,
which can then be further modified with amine-function-

Figure 8. Postmodification of polymer brushes: (A) side chain
modification; (B) chain end modification; (C) side chain and chain
end modification.
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alized (bio)molecules using standard peptide coupling
conditions.366,367,387,605,606

A final postmodification reaction that is worth mentioning
is the conversion of hydroxyl side-chains into aldehyde groups.
This has been accomplished with a conversion of 63% by
exposing PPEGMA brushes to a mixture of acetic anhydride
and DMSO at room temperature for 8 h.359 The resulting
aldehyde-functionalized brushes are interesting substrates
to allow immobilization of peptides and proteins via reductive
alkylation.607

2.5.2. Postmodification of Carboxylic Acid-Functionalized
Polymer Brushes

Side chain carboxylic acid-functionalized polymer
brushes can be prepared via direct polymerization of
monomers such as, for example, methacrylic acid213,281 or
acrylic acid.133,523 Although SI-PIMP of these monomers
works well, direct SI-ATRP of (meth)acrylic acid has been
reported to be challenging.70 Poly(methacrylic acid) and
poly(acrylic acid) brushes, however, can be prepared via
direct ATRP of sodium methacrylate110 and sodium acrylate,
respectively.582 Baker and Bruening recently proposed the

direct SI-ATRP of 2-(methacryloyloxy)ethyl succinate (MES),
which was the first example of direct ATRP of a protonated
acidic monomer.113 Most frequently, however, carboxylic
acid-functionalized polymer brushes are obtained via depro-
tection of an appropriate side chain-protected precursor, such
as, for instance, poly(tert-butyl methacrylate) (section
2.5.3).461,608,609 Alternatively, carboxylic acid-functionalized
polymer brushes can be prepared via postmodification of
other side-chain functional brushes, as was discussed in the
previous section.

Polymer brushes with carboxylic acid side-chain func-
tionalities have been frequently used as platforms for
postmodification reactions. Table 17 provides an overview
of different reactions that have been used to postmodify
carboxylic acid-functional polymer brushes. Table 17 only
includes examples of polymer brushes that are obtained via
direct SI-CRP of the corresponding (protected) carboxylic
acid functional monomer and does not include carboxylic
acid-functionalized polymer brushes that are the products of
other postmodification reactions.

Postmodification of carboxylic acid side chain-func-
tionalized polymer brushes generally aims at the im-

Table 16. Continued
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mobilizationofbiomolecules(peptides213,281orproteins)582,610–614

or binding motifs (e.g., NR,NR-bis(carboxymethyl)-L-lysine
(aminobutyl-NTA)) that can allow biomolecule immobili-
zation.113,610,611 The resulting peptide- or protein-modified
polymer brushes have attracted interest for applications
such as biosensing as well as promoting cell adhesion and
reducing bacterial adhesion. Postmodification of poly(car-
boxylic acid) brushes starts with activation of the car-
boxylic acid side-chain functional groups, followed by
reaction with a nucleophilic group (usually an amine) of
the peptide/protein or binding ligand (aminobutyl-NTA)
of interest. The first step is usually carried out using
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS) as
activating agents.

2.5.3. Postmodification of Carboxylic Ester-Functionalized
Polymer Brushes

The majority of postmodification reactions that have been
reported with carboxylic ester side-chain functionalized
polymer brushes are deprotection reactions that serve to
generate the corresponding carboxylic acid-functionalized
brushes. The rationale behind the use of these ester-protected
brushes (generally tert-butyl ester) is to avoid possible
complications that can occur using the direct polymerization
of the corresponding monomers, especially in the case of
SI-ATRP. Table 18 provides an overview of different
reactions that have been used to postmodify carboxylic ester-
functionalized polymer brushes. Most of the reported ex-
amples involve the use of poly(tert-butyl (meth)acrylate),

but several other carboxylic ester-functionalized brushes have
been used as well.

Poly(tert-butyl (meth)acrylate) brushes are useful pre-
cursors for the preparation of poly((meth)acrylic acid)
brushes. Two different strategies are available for the
deprotection of poly(tert-butyl (meth)acrylate) brushes: (i)
acidic hydrolysis and (ii) pyrolysis. Acidic hydrolysis is
widely exploited, and a variety of conditions can be used.
In the case of polymer brushes that are tethered to the
substrate via an ester linkage, however, the deprotection
reaction may be accompanied by brush cleavage. Sanjuan
and Tran compared the acidolysis of poly(tert-butyl
methacrylate) brushes using a strong acid (hydrochloric
acid, HCl) with that mediated by a weaker acid (trifluo-
roacetic acid, TFA).609 Deprotection with TFA was found
to proceed at a much slower rate but also resulted in
significantly less brush cleavage. Pyrolysis represents an
attractive alternative protocol to deprotect poly(tert-butyl
(meth)acrylate) brushes.608,615 Heating these brushes to
190-200 °C for ∼30 min removes essentially quantitatively
the protecting groups. In contrast to the acid-mediated
deprotection, pyrolysis reduces the risk of brush cleavage
of ester-linked polymer brushes.

In addition to poly(tert-butyl (meth)acrylate), various
other carboxylic ester side-chain functional polymer
brushes have been prepared, which have been subjected
to postmodification reactions. Pei et al., for example, used
5 M HCl to partially hydrolyze the side chains of PHEMA-
grafted carbon nanotubes and generate metal chelating
carboxylic acid groups.140 Jiang and co-workers have used
polycarboxybetaine ester brushes as precursors to produce

Table 17. Overview of Reactions That Have Been Used To Postmodify Carboxylic Acid Side-Chain Functional Polymer Brushes
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nontoxic and nonfouling zwitterionic brushes.616,617 Com-
pared to the free acids, the use of carboxybetaine ester
monomers resulted in an increased surface coverage and also
obviated problems due to autopolymerization of the unpro-
tected monomers. Finally, Parvin et al. have grafted poly(N-
hydroxysuccinimide methacrylate) (PNHSMA) brushes via
SI-ATRP from iron oxide nanoparticles.381,382 These active
ester brushes were subsequently converted with seven
primary amines containing 7, 11, 13, or 15 methylene units
to generate a library of poly(methacrylamide)-modified iron
oxide particles.382 The authors’ rationale for choosing the
active ester monomer rather than opting for direct SI-ATRP
of the corresponding alkyl methacrylamides was to avoid
complications due to, for example, catalyst complexation or
other side reactions during the polymerization.

2.5.4. Postmodification of Epoxide-Functionalized Polymer
Brushes

Poly(glycidyl methacrylate) (PGMA) is a versatile plat-
form for postmodification reactions. Table 19 gives an
overview of the different postmodification reactions that have
been used to derivatize PGMA. Most of the examples in
Table 19 are based on polymer brushes that were prepared
using SI-ATRP.225,250,257–260,355,356,618–623 In one example, the
postmodification of PGMA brushes prepared by SI-RAFT
was reported.252 Roughly, postmodification reactions that
have been used to derivatize PGMA can be subdivided into
four groups: (i) the preparation of cross-linked brushes, (ii)
the preparation of macroinitiators, (iii) biomolecule im-
mobilization, as well as (iv) several other postmodification
reactions. Each of these different groups will be briefly
discussed below.

Huck and co-workers have explored the cross-linking of
PGMA brushes as a way to generate quasi-2D polymer
nanoobjects.225,258–260 These authors used both amines as well
as methanolic NaOH to induce cross-linking. Both mono-
functional and bifunctional amines have been used to cross-
link PGMA brushes. Cross-linking reactions with primary
amines are possible, since the secondary amine group that
is formed after the first ring-opening step can open a second
epoxide ring.225 For the 1,4-phenylene diamine-induced
cross-linking, two reaction pathways have been proposed:
(i) the diamine links two epoxide groups or (ii) the alkoxide
ion generated by the first epoxide ring-opening acts as a
nucleophile to start a ring-opening chain reaction.258 Cross-
linking of PGMA brushes via ring-opening chain reaction
can also be achieved by exposing the polymer layers to 2 M
methanolic NaOH for 25 min at 60 °C.259,260

Kang, Neoh, and co-workers have used PGMA brushes
as platforms to synthesize macroinitiators for the preparation
of comb-shaped polymer brushes.250,252 To this end, ATRP
initiating groups were introduced by exposing the polymer
brushes to a solution containing 2-chloropropionic acid or
2-bromo-2-methylpropionic acid at elevated temperature
(60-70 °C) for up to 24 h.

The epoxide pendant groups of PGMA also provide
opportunities for biomolecule immobilization. Two different
approaches have been reported to immobilize proteins on
PGMA brushes. The first approach involves the direct
immobilization of the protein of interest via a nucleophilic
ring-opening reaction of one of its amine groups with the
epoxide groups in the brush.355,619 Since most proteins contain
multiple amine groups, this strategy, however, does not allow
much control over the orientation of the immobilized protein.

Table 18. Overview of Reactions That Have Been Used for the Postmodification of Carboxylic Ester Side-Chain Functional Polymer
Brushes
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Cysteine, which is an amino acid with lower natural
abundance than the amino group-bearing lysine, offers better
opportunities for the site-directed protein immobilization.
Protein immobilization via cysteine residues can be ac-
complished via thiol-disulfide interchange reactions. To this
end, Iwasaki and co-workers have prepared disulfide-
containing copolymer brushes of 2-methacryloyloxyethyl
phosphorylcholine and glycidyl methacrylate.620,621 The gly-
cidyl methacrylate moieties were first reacted with dithio-
threitol and subsequently with 2,2-dithiodipyridine to intro-
duce disulfide functional groups that were used to immobilize
antibody fragments.

Two final examples that are worth mentioning are the
postmodification of PGMA brushes with fluorophores to
fabricate ion sensors356 and the use of PGMA brushes as a
reactive layer to facilitate substrate wafer bonding.623 In the
first example, approximately 25% of the epoxide groups in
PGMA was modified with N-(1-pyrenylsulfonyl)ethylene-
diamine to generate a nitrite-selective fluorescent sensor. In
the later example, a PGMA brush grafted from a quartz wafer
using SI-ATRP was used as a reactive platform to allow
covalent binding of a second aminopropyl-modified wafer.

2.5.5. Postmodification of Other Side-Chain Functional
Polymer Brushes

In addition to the hydroxyl-, carboxylic acid-, carboxylic
ester-, and epoxide-functionalized brushes discussed in the
previous sections, also several other side chain-functionalized
polymer brushes have been used as templates for postmodi-
fication reactions. Table 20 gives an overview of these
polymer brushes, summarizes the reactions that have been
used for their postmodification, and lists applications of the
modified brushes. The postmodification reactions shown in
Table 20 can be divided into three groups: (i) quaternization,
(ii) deprotection, and (iii) several other postmodification
reactions, each of which will be shortly elaborated upon
below.

Tertiary amine- or pyridine-containing brushes such as
PDMAEMA, PDMAEA, and poly(4-vinylpyridine) (P4VP)
are often quaternized to generate antibacterial surfaces or
polymer brushes with pH-dependent surface properties. A
wide variety of alkylhalide reagents have been used for the
quaternization. The nature of the alkylhalide reagent deter-
mines both the degree of modification and the properties of
the resulting polymer brush. For the modification of PD-
MAEMA with 1-bromooctane, 1-bromodecane, and benzyl-
bromide, Ignatova et al. reported quaternization yields
between 60 and 75%, depending on the quaternization agent
used.191 Cheng et al. found that the antibacterial properties
of quaternized PDMAEMA brushes also depend on the
nature of the alkylhalide reagent.529

A second class of postmodification reactions includes
deprotection reactions to deblock protected sugar-modified
polymer brushes,246,624 to generate aminooxy groups that can
be glycosylated,578 or to prepare poly(2,3-dihydroxypropyl
methacrylate) brushes.166,625

In addition to the quaternization and deprotection reactions
discussed above, several other interesting postmodification
reactions have been reported. Loveless et al. reported the
reversible cross-linking of P4VP brushes using bis(PdII-
pincer) complexes.261 The cross-linking of these brushes
could be reversed by the addition of DMAP, which competes
with P4VP for binding to the pincer ligand. Li and Ben-
icewicz have employed the copper catalyzed dipolar cy-

cloaddition reaction (“click chemistry”) to modify azide-
functionalized poly(methacrylate) brushes with various
acetylene reagents.626 Jones and co-workers have prepared
catalytically active, polymer brush supported salen-CoIII

complexes by metalation of the corresponding salen-modified
brushes (PSLS).627 These catalytically active brushes were
investigated for the hydrolytic kinetic resolution of racemic
epoxides.

2.5.6. (Selective) Chain End Postmodification

The previous sections have discussed various approaches
to modify functional groups present in the side chains of
polymer brushes prepared via SI-CRP. Among others, one
attractive feature of SI-CRP is that the polymer chains
contain reactive end-groups, which can not only be used to
reinitiate polymerization but may also be explored for
postmodification. If the reactivity of the polymer chain end
is orthogonal to that of the side-chain functional groups, then
selective end-modification becomes possible. Alternatively,
chain end modification may compete with side chain
modification (or vice versa), resulting in polymer brushes
that are modified both at the side chains as well as at the
chain end. Table 21 provides an overview of reactions that
have been used to (selectively) modify the chain end of
polymer brushes prepared via SI-CRP. Table 21 is subdivided
into two parts. The upper part shows examples where
postmodification of the polymer chain end occurs concur-
rently with side chain modification. The lower part of Table
21 lists examples of selective chain end postmodification.

Simultaneous chain end and side chain modification occurs
when polymer brushes prepared via SI-ATRP are haloge-
nated or modified with side chain carboxylic acid groups
and subsequently reacted with a protein.352,358,387 Simulta-
neous chain end and side chain modification also takes place
when PDMAEMA brushes, which have been generated via
SI-ATRP, are treated with 4,4′-bipyridine and 1,6-dibromo-
hexane to introduce viologen moieties.349

In contrast to the examples discussed above, the defined
end-groups of polymer chains grafted by SI-CRP techniques
also provide possibilities for selective chain end modification.
The halogen end-group of polymer brushes prepared via SI-
ATRP either can be used to directly introduce the functional
group of interest or can be further modified with reactive
groups that allow subsequent derivatization. The first strategy
has been used to immobilize collagen and heparin at the chain
end of PHEMA and,358,387 respectively, PNIPAM brushes.375

Yao et al. have modified the chain end of PPEGMEMA
brushes prepared via SI-ATRP with tris-(2-aminoethyl)amine,
which was further derivatized with disuccinimidyl octanedio-
ate to allow immobilization of different proteins.628 Lee et
al. converted the terminal bromide functional group of
PPEGMEMA brushes prepared via SI-ATRP into an azide
group, which generates a versatile platform for further
modification using click chemistry.629 Selective chain end
functionalization is also possible with polymer brushes
prepared via SI-PIMP or SI-NMP. The N,N-diethyldithio-
carbamyl end-groups of a PNIPAM brush prepared by SI-
PIMP, for example, can be exchanged for an amino-
functionalized TEMPO radical under irradiation.212 Selective
end-functionalization of brushes grown via SI-NMP is
possible by adding an alkoxyamine derivative with the
desired functionality during brush growth.630
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3. Characterization
The characterization of polymer brushes can be a chal-

lenging task, since many of the analytical tools in polymer
science are solution-based techniques. Table 22 provides an

overview of the different techniques that have been used to
characterize polymer brushes. For a broad variety of polymer
brush properties, Table 22 lists the analytical methods that
are available to study that particular property. Instead of

Table 21. Overview of Postmodification Reactions That Have Been Used To (Selectively) Modify the Chain End of Polymer Brushes
Prepared via SI-CRP
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discussing the technical details of all the analytical tech-
niques, this section will highlight how some of the most
prominent properties of a polymer brush can be studied with
the analytical tools that are currently available.

A wide range of techniques can be used to probe the
chemical composition and structure of a polymer brush. IR
spectroscopy is a useful tool to qualitatively provide evidence
for the presence of certain functional groups. For the
characterization of very thin films, the sensitivity can be
improved by using special techniques such as grazing-
angle reflection-absorption infrared spectroscopy.310 XPS
can provide quantitative information about the chemical
composition of a polymer brush and can also give insight
into the chemical structure of the analyzed material. Depend-
ing on the sample that is investigated, the penetration depth
of the X-ray beam varies from 2 to 10 nm. One of the
attractive features of XPS is that it also allows depth
profiling631 and mapping analysis.555,594 Time-of-flight sec-
ondary ion mass spectroscopy (TOF-SIMS) has also been
used by different groups.632 This method gives information
on the chemical surface composition and also allows depth
profiling analysis213 and surface mapping.385 Auger electron
spectroscopy (AES) can also be used to determine chemical
composition, but in contrast to XPS, this technique requires
conducting samples.633 Near-edge X-ray absorption fine
structure (NEXAFS) analysis provides information on the
bond-type and molecular orientation of the chemical groups
populating the top 3 nm of a polymer brush-covered
substrate.162

Ellipsometry is a convenient and accurate tool to determine
the thickness of an initiator monolayer or a polymer brush.
Alternatively, AFM can also be used, but this requires the
use of patterned brushes or mechanically removing (scratch-
ing) part of the polymer brush coating prior to the analysis.
It has been observed, however, that, under high load
conditions, the AFM tip can compress the brush, leading to
an underestimation of the film thickness.30,204,553,558 Other
techniques that have been used to determine brush thickness
include X-ray reflectivity (XRR)634,635 and, for brushes
grafted on particles, transmission electron microscopy
(TEM),636 dynamic light scattering (DLS),109,533,637 and ther-
mogravimetric analysis (TGA).109,384

In principle, information about the molecular weight and
molecular weight distribution of the surface-attached polymer
chains can be obtained by GPC analysis after cleavage of
the brush from the substrate.3,56 In practice, however, this
requires high surface area substrates (e.g., silica particles)
that can provide sufficient material for GPC analysis as well
as special linkers that facilitate brush cleavage. The use of
strong acids such as hydrochloric acid638 or hydrofluoric
acid376 to cleave the brush bears the possible risk of undesired
side-reactions. An alternative approach that is frequently used
to assess the molecular weight of surface-grafted polymers
is based on the addition of a sacrificial initiator to the
polymerization reaction. Marutani et al. found that the
molecular weight of the polymer generated in solution from
the sacrificial initiator was in good agreement with that of
the polymer chains that were cleaved from the particle
surface.376 However, in spite of these encouraging results,
the validity of comparing the results of a solution/bulk
polymerization with that of a surface-initiated polymerization
remains a matter of debate. As reported by Bruening, Baker,
and co-workers, surface-initiated polymerizations are inher-
ently heterogeneous processes and the diffusion of monomer,

catalyst, or ligands to the surface may be a limiting factor.
Therefore, the rate-limiting steps and kinetics for surface-
initiated polymerizations may be different compared to those
for homogeneous solution/bulk processes.74 Moreover, the
substrate geometry was shown to drastically affect the
molecular weight and polydispersity of surface-tethered
chains. Gorman, Petrie, and Genzer studied the effect of
confinement on polymer growth and compared the molecular
weight and polydispersity of PMMA prepared in solution
with those obtained from polymerization from flat and
concave substrates. These authors concluded that introducing
confinement induces a dramatic decrease of the molecular
weight of the surface-attached polymer chains.346 In addition
to GPC, AFM can also be used to obtain information about
the molecular weight and molecular weight distribution of
polymer brushes. By analyzing the extension profiles of
poly(N,N-dimethylacrylamide) and poly(N-isopropyl acry-
lamide) brushes grown via SI-ATRP, Goodman et al.
obtained contour length distributions from which molecular
weights were calculated that corresponded well with results
obtained by GPC.312,639

The number-average molecular weight of the surface-
grafted polymer chains can be used to calculate the grafting
density (σ) of the brush. From the dry thickness of the
polymer brush (h), the density of the polymer (F) and the
number-average molecular weight of the grafted polymer
chains (Mn), σ can be calculated according to σ )
(hFNa)/Mn.640,641 For polymer brushes grafted from particles,
the dry brush thickness that is needed to calculate the grafting
density cannot be obtained from ellipsometry. In this case,
however, grafting density can be determined from the weight
loss observed upon thermogravimetric analysis in combina-
tion with the number-average molecular weight of the grafted
polymer chains and the specific surface area of the particle
substrate.183 It is of interest to compare the grafting density
of a polymer brush with the surface concentration of initiator/
iniferter groups, since it can provide information about the
efficiency of the initiation step of the SI-CRP process. The
surface concentration of polymerization initiators/iniferters
can be determined using XPS,111,294 in particular when the
polymerization active group contains a halogen atom, as is
the case for ATRP initiators.359,634 Other techniques that have
been used to determine initiator surface concentrations
include TGA384 and elemental analysis.302,642 The initiation
efficiency of surface-attached initiators has been reported to
vary from 5 to 30%, depending on the shape of the substrate,
the type of surface-tethered initiator, and the polymerization
conditions.166,295,303,416,643

The topography and surface structure of polymer brushes
has been investigated by AFM,555 optical microscopy,644

scanning electron microscopy (SEM),230 fluorescence mi-
croscopy,582 XPS “mapping”,555,594 and X-ray reflectivity.634,635

The mechanical and viscoelastic properties of a polymer
brush not only depend on the chemical composition of the
brush but also on the conformation of the surface-tethered
polymer chains and changes therein (swelling, collapse).
QCM (quartz crystal microbalance) and QCM-D (quartz
crystal microbalance with dissipation monitoring) are useful
tools to in situ monitor such conformational changes.613,645,646

Ellipsometry has also been used to study conformational
changes in polymer brushes.566,647 Scanning probe micros-
copy is attractive, since the behavior of surface-attached
polymer chains can be studied as a function of temperature,227

in liquid media,423,558,586,648,649 or in a controlled vapor
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atmosphere.562 Not only scanning probe microscopy has been
used to visualize conformational changes. By covering the
back-side of a cantilever with a polymer brush, changes in
the cantilever deflection can also be used as a read-out to
monitor conformational transitions.650–652 Yim et al. and
Zhang et al. used neutron reflectivity experiments to probe
temperature-dependent conformational changes in PNIPAM
brushes that were prepared using SI-ATRP.653,654 Several
other techniques have been used to probe the swelling and
collapse of polymer brushes. Wu et al., for example, used
NEXAFS analysis to study the spatial concentration of
surface-tethered PAA chains at different ionic strengths.276

Aoki et al. used fluorescence depolarization experiments to
study nanosecond dynamics of PMMA brushes in both poor
and good solvents.655 In another study on solvent responsive
polymer brushes, microfocus grazing incidence small-angle
X-ray scattering (µ-GISAXS) measurements were performed
to elucidate the behavior of PMMA brush-backcoated
micromechanical cantilevers.656 Surface plasmon resonance
(SPR)604 and SPR-related methods423 can also be used to
probe conformational changes of polymer brushes. Li et al.
showed that collapse/swelling of P4VP brushes grafted from
gold nanoparticles resulted in a shift of the SPR peak.423 1H
NMR spectroscopy cannot be used to study brushes grown
from planar substrates but is a useful technique to character-
ize brushes grafted from nanoobjects, such as nanotubes or
nanoparticles, that can be dispersed in solvent.241,447,657

The kinetics of SI-CRP are typically monitored by preparing
a series of brushes with different polymerization times and
subsequently measuring the brush thickness with AFM or
ellipsometry. In addition to these ex situ methods, SI-CRP can
also be monitored in situ using QCM.81,101,208,296,658–660

Electrochemical methods, including electrochemical im-
pedance spectroscopy (EIS),661,662 chronoamperometry,663 and
cyclic voltammetry (CV)345,664 have been used to probe
electronic properties such as the resistance, the capacitance,
the charge, as well as the redox properties of polymer
brushes. It was demonstrated that those methods can be used
to monitor the swelling/collapse of polymer brushes upon
ion exchange649,662 or ionic strength variations.663 Further-
more, based on electrochemical impedance spectroscopy
measurements, Jennings and co-workers developed an equiva-
lent electronic circuit model for polymer brush coated
substrates.597,598

4. Properties and Applications of Polymer
Brushes

4.1. Responsive Surfaces
Depending on the architecture and chemical composition

of the surface-attached polymer chains, the conformation and
structure of a polymer brush can be manipulated using a
variety of external stimuli. These responsive properties
potentially provide the basis for the development of “smart”
surfaces. In the following sections, the influence of solvent,
temperature, pH, and ions on the conformation, structure,
and properties of polymer brushes prepared via SI-CRP will
be discussed.

4.1.1. Solvent Responsive Polymer Brushes

The conformation of polymer brushes is highly dependent
on the solvent. In the presence of a good solvent, the polymer
chains will try to maximize the polymer/solvent contacts andT
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swell, while in a poor solvent the brush will collapse in order
to reduce polymer/solvent interactions. This section will
successively discuss the influence of solvent on the structure
and properties of homopolymer, diblock copolymer, and
triblock copolymer brushes, as well as binary polymer
brushes.

Chen et al. used AFM and ellipsometry to study the
behavior of PMMA brushes in water and THF, which are
poor and, respectively, good solvents for this polymer.583

Upon immersion in water, a decrease in layer thickness and
a reduction of surface roughness was observed, indicating
the collapse of the brush. Other studies looked at the behavior
of PMMA brushes using a micromechanical cantilever, which
was coated on one side with a PMMA brush. Upon changing
the solvent from isopropanol (a poor solvent) to ethyl acetate
(a good solvent), a deflection of the cantilever was
observed.656,665,666 When going back to isopropanol, the
deflection reached its initial value. The swelling or the
collapse of the polymer chains induces a mechanical stress
and results in the bending of the cantilever. When the brush
was exposed to an isopropanol/ethyl acetate mixture that
contains a small amount of ethyl acetate, the brush showed
an intermediate behavior that was related to the fact that
solvent only absorbed in the top layer.665 This special regime
was found to be very quickly and fully reversible, because
the trapped solvent molecules can easily leave the polymer
chains. Similar swelling behavior was observed when a
PMMA brush was alternatively exposed to nitrogen and
saturated toluene vapor.666 Aoki et al. used fluorescence
depolarization to study the dynamic swelling properties of
PMMA brushes in benzene (a good solvent) and acetonitrile
(a bad solvent).655 It was observed that the thickness of the
polymer layer was around two times lower in acetonitrile
than in benzene. Furthermore, the motion of the polymer
chains was faster in the good solvent. The authors also
studied the influence of brush density on the swelling
properties. For low density polymer brushes, in which the
polymer chains could easily change their conformation, a
fast response to solvent-exchange was observed. On the other
hand, in the case of high density brushes, the layer was found
to be almost nonresponsive to solvent-exchange. Aoki et al.
proposed that, due to their high density, the polymer chains
interact strongly with each other and adopt a stretched
conformation, even in a poor solvent. An example of an
application of solvent responsive homopolymer brushes was
reported by Li et al., who demonstrated that carbon nanotubes
coated with poly(butyl acrylate) or poly(acrylic acid) brushes
can be used as gas sensors.463 The electrical resistance of
the polymer brush-coated carbon nanotubes increased upon
exposure to organic vapor. The polymer brush-coated carbon
nanotubes showed a good sensitivity to organic vapors such
as acetone, chloroform, methanol, or toluene with a fast and
reproducible response. The chemoselectivities and maximum
response values of the polymer brush-modified nanotubes
toward organic vapors were found to correlate with the
solubility of the pure polymers in the respective solvents.

The response of a diblock copolymer brush to changes in
solvent quality is more complex than that of a simple
homopolymer brush. This is schematically illustrated in
Figure 9. In the presence of solvent B, which is a good
solvent for both blocks, the system will be fully extended.
In contact with solvent A, which is a good solvent for the
blue part of the brush but a poor solvent for the red one, the
blue block will swell while the red block will collapse and

eventually (depending on the nature of the blue segment)
penetrate the other block in order to minimize as much as
possible its contact with the solvent. Depending on the
interaction parameter between the two blocks, this can lead
to the formation of nanosized surface patterns.

Granville et al. studied the behavior of different semiflu-
orinated diblock copolymer brushes (PS-b-PPFS, PS-b-
PHDFDA, PS-b-PPFEA, PS-b-PPFPA, PMA-b-PPFS, PMA-
b-PDHFDA, PMA-b-PPFEA, and PMA-b-PPFPA).667 Rowe
et al. performed similar studies on PS-b-PAA, PS-b-
PNIPAM, and PMA-b-PDMAEA diblock copolymer
brushes.668 In these studies, the brushes were first exposed
to a good solvent for both blocks. After that, the brushes
were exposed to a poor solvent for the outer block and a
good solvent for the inner block. The contact angle of the
brush after this second step was close to the value expected
for the inner block, indicating a swelling of the inner block
and a strong collapse of the outer one (reversible rearrange-
ment). These observations were confirmed by XPS measure-
ments, which revealed a change in the surface atomic
composition upon the solvent treatment. Similar behavior
was observed by Yu et al. for PS-b-(PMMA-co-PCDMA)
diblock copolymer brushes.635

Xu et al. investigated the wetting properties of three groups
of PBMA-b-PDMAEMA brushes composed of a uniform
PBMA inner block and a molecular weight gradient PD-
MAEMA outer block.287 The block copolymer brushes were
treated with hexane and water and characterized by water
contact angle measurements, which revealed three different
response regimes. When the PDMAEMA block was short,
the PBMA segment dominated the surface after hexane
treatment. In the partial response regime, the PDMAEMA
and PBMA blocks coexisted at the air interface. Further
increase in the PDMAEMA block length was found to
suppress the rearrangement of the PBMA blocks after hexane
treatment.

Gao et al. studied the solvent-induced formation of
nanoscale patterns on PPEGMA-b-PMMA diblock copoly-
mer brushes.669 These brushes were produced by SI-ATRP
from a silicon wafer and consisted of an inner PPEGMA
block with a thickness of 23.4 nm and an outer PMMA block
with thicknesses ranging from 1.6 to 31.0 nm. The formation
of nanoscale patterns in these brushes was studied by means
of AFM, ellipsometry, and water contact angle measure-
ments. Depending on the PMMA block length, different
phase segregation regimes were observed. In the case of
PMMA layer thicknesses < 4 nm, spherical PMMA domains
were observed. The size of these spherical features increased
with increasing PMMA block length until they started to
come into contact and merge into “wormlike” structures at
PMMA layer thicknesses of 10.5 nm. Further increase in
the PMMA layer thickness resulted in the formation of
striped patterns. The formation of these phase-separated

Figure 9. Structural changes in a diblock copolymer brush upon
variations in solvent quality; solvent B is a good solvent for both
blocks, while solvent A is a good solvent for the blue block but a
nonsolvent for the red block.
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structures was attributed to the fact that the PMMA chains
tried to minimize the contact with the solvent but could not
go inside the PPEGMA layer due to the relatively long
ethylene glycol side chains in this block.670 Similar observa-
tions were reported by Santer et al., who used the topo-
graphical switching properties of PMMA-b-PGMA brushes
to drive the motion of silica nanoparticles deposited onto
the brush.671,672 Using AFM and contact angle measurements,
Xu et al. studied PMMA/PHEMA gradient copolymer
brushes.271 They observed that, upon treatment with CH2Cl2

(a selective solvent for PMMA), the MMA-rich segments
of the polymer chains swelled and migrated to the surface
in order to maximize the contact between the solvent and
the MMA-rich segments while at the same time the HEMA-
rich segments collapsed and penetrated inside the polymer
brush to reduce their interaction with the solvent. These
solvent-induced rearrangements resulted in changes in surface
roughness.

In addition to diblock copolymer brushes, several groups
have also studied the solvent response of triblock copolymer
brushes. Boyes et al. examined the swelling behavior of PS-
b-PMMA-b-PS and PMMA-b-PS-b-PMMA triblock copoly-
mer brushes.216 These brushes were exposed to a solvent that
was a good solvent for the middle block but a nonsolvent
for the tethered and outer blocks. For both systems, reversible
and reproducible changes in the contact angle were observed,
which indicated a conformational rearrangement and migra-
tion of the nonsoluble blocks inside the brush and the soluble
block to the surface. XPS measurements revealed changes
in the surface atomic concentration, and AFM showed an
increase in roughness upon the solvent treatment, indicating
the formation of micellar structures due to the migration of
the outer blocks inside the layer. Similar observations were
made by Huang et al., who investigated PMMA-b-PD-
MAEMA-b-PMMA and PMA-b-PMMA-b-PHEMA triblock
copolymer brushes.218

The solvent responsiveness of mixed homopolymer brushes
is different from that of block copolymer brushes. Exposure
to a specific solvent triggers a selective swelling of one of
the components of the brush and at the same time a collapse
of the other polymer chains, leading to a phase separation
and the formation of nanoscale surface patterns (Figure 10).

Zhao et al. studied mixed PMMA/PS brushes, which were
grown from a flat silicon wafer using a difunctional “Y-
shaped” initiator (section 2.2.3).238 A series of mixed brushes
with a constant PMMA molecular weight of 17 500 g/mol
and PS molecular weights ranging from 4 300 to 26 100
g/mol were investigated. Water contact angle measurements
on films exposed to chloroform (a nonselective solvent)
indicated a gradual transition from 74°, the value expected
for pure PMMA, to 91°, the value for pure PS, with
increasing PS molecular weight. Exposure to cyclohexane,
which is a selective solvent for PS, did not lead to any
changes in surface topography but did induce a reorganiza-

tion that drives the PMMA chains to the interior of the brush
to avoid unfavorable PMMA/cyclohexane contacts. Exposure
of mixed brushes with PS segments slightly shorter or similar
in length to the PMMA segments to acetic acid (a PMMA
selective solvent), in contrast, resulted in the formation of
micellar nanodomains with PMMA chains shielding a PS
core. Zhao and co-workers also used their “Y-shaped”
initiator to grow binary mixed PAA/PS brushes from silica
nanoparticles.241 Tyndall scattering and 1H NMR spectros-
copy experiments demonstrated that the brush-coated par-
ticles could be dispersed both in chloroform, a PS selective
solvent, as well as in methanol, a PAA selective solvent,
which reflects the ability of the surface-tethered polymer
chains to undergo structural changes in response to changes
in solvent quality. Santer et al. have extensively studied
solvent-induced topographical changes in PS/PMMA binary
brushes.672,673 These authors found that these mixed brushes
can form microdomains upon exposure to solvents that are
selective to the PS (toluene) or PMMA (acetone) segments.
Upon monitoring the resulting surface topographical changes
with AFM over several switching cycles, it was observed
that several microdomains recover their initial state after
multiple acetone/toluene exposures. This memory effect has
been proposed as a possible mechanism to direct movement
of objects on these “smart” surfaces.

4.1.2. Thermoresponsive Polymer Brushes

Thermoresponsive polymer brushes prepared by SI-CRP
have been explored for a wide variety of applications
including chromatography,302,642,674–676 controlled cell ad-
hesion,206,250,520 modulating membrane transport,677 as well
as catalysis.531 Most of the thermoresponsive brushes that
have been reported show lower critical solution temperature
(LCST) behavior. At temperatures below the LCST, these
brushes are hydrophilic, while raising the temperature above
the LCST leads to a collapse of the brushes when they
are exposed to water and results in a hydrophobic surface.
Table 23 provides an overview of different thermoresponsive
polymer brushes that have been prepared using SI-CRP and
also lists their transition temperatures as well as the nature
of the transition. This section will highlight the thermore-
sponsive properties of various surface-attached polymer
brushes and successively discusses homopolymer, random
copolymer, and block copolymer brushes.

PNIPAM is one of the most studied thermoresponsive
polymers, and surface-tethered PNIPAM brushes have at-
tracted much attention in the past two decades.678 Whereas
in solution PNIPAM shows a sharp LCST at 32 °C,679 the
LCST transitions observed for PNIPAM brushes are broader,
start at lower temperature, and occur over a wider temper-
ature range (from ∼29 to ∼40 °C).136,418,657,680 Analogous to
the free polymer in solution, the phase transition temperature
of PNIPAM brushes also depends on the salt concentration.645

Figure 10. Solvent responsiveness of a binary mixed homopolymer brush: solvent B is a nonselective solvent, whereas solvents A and C
are selective for the red and blue segments, respectively.
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However, in contrast to the linear decrease of the phase
transition temperature with increasing salt concentration
observed for the free polymer, surface-attached PNIPAM
brushes display a nonlinear behavior. Whereas changes in
salt concentration markedly affect the LCST behavior of
PNIPAM brushes, Rahane et al. found that varying pH
between 3 and 8 has almost negligible impact on the swelling
properties.681 This difference between the solution properties
of PNIPAM and the properties of thin, surface-attached
PNIPAM brushes has been attributed to the high chain
density in the latter case. The LCST transition of a PNIPAM
brush is accompanied by an increase in the water contact
angle of ∼10-30°418,682 as well as a decrease of the polymer
brush thickness418,647,657,683 and stiffness.212 Yim et al. used
neutron reflectivity to investigate the collapse of PNIPAM
brushes upon temperature increase. They observed that the
brush contraction was not monotonic and that, upon heating
or cooling, phase separation occurred in the temperature
range of ∼30-33 °C.653,684 1H NMR analysis (in D2O) of
PNIPAM brush-coated gold nanorods657 and carbon nano-
tubes447 revealed that, upon temperature increase, the intensity
of the proton signals of the PNIPAM units became weaker
and could hardly be detected for temperatures > 40 °C, which
was attributed to the transition of the polymer brush from a
hydrophilic to a hydrophobic state upon passing the LCST.

Several parameters have been found to influence the LCST
behavior of PNIPAM brushes such as the brush thickness
and grafting density. Yim et al. used neutron reflectivity to
study the influence of the polymer molecular weight and
brush density on the temperature-induced conformational
changes of PNIPAM brushes.685,686 For PNIPAM brushes
with a high grafting density (0.0031 chains/Å2), samples
composed of lower molecular weight polymer chains were
found to experience larger conformational changes upon

varying the temperature across the LCST as compared to
higher molecular weight PNIPAM brushes.685 The authors,
however, also noticed that low molecular weight brushes
present a more complex behavior and exhibit phase separa-
tion.684 Temperature-dependent neutron reflectivity experi-
ments on low density (0.00063 chains/Å2) PNIPAM brushes
with different molecular weights revealed opposite behav-
ior;686 whereas the high molecular weight (152 000 g/mol)
brush displayed conformational changes, the neutron reflec-
tivity data did not reveal any conformational changes for
the low molecular weight (33 000 g/mol) brush. Conforma-
tional changes were most prominent for brushes with
intermediate grafting densities and high molecular weights.
Plunkett et al. studied the PNIPAM chain collapse as a
function of brush molecular weight and grafting density using
water contact angle and surface force measurements, among
others.297 Surface force measurements showed that the chain
collapse above the LCST decreased with decreasing grafting
density and molecular weight. Above the LCST, the advanc-
ing water contact angle increases sharply on high molecular
weight and dense PNIPAM brushes, whereas these changes
are less pronounced on low molecular weight brushes at
lower densities. Similar observations have been reported by
Idota et al.674 The wettability of PNIPAM brushes further
depends on the roughness of the substrate from which they
are grafted.680 For PNIPAM brushes grown from flat surfaces,
Sun et al. determined water contact angles of 63.5° and 93.2°
at 25 °C and, respectively, 40 °C. When these brushes were
grown from structured surfaces patterned with microgrooves
of 6 µm in width and 5 µm in depth, the water contact angles
changed to 0° (25 °C) and, respectively, 149.3° (40 °C) and
the brushes could be reversibly switched from a superhy-
drophilic to a superhydrophobic state.

Table 23. Overview of Thermoresponsive Polymer Brushes Prepared by SI-CRP

Polymer brush Transition temperature Transition Methoda Ref

PNIPAM ∼29-40 °C LCST WCAi 136, 418, 657, 680
QELSg

WCAi

SPRh

PPEGMEMA2 ∼21-25 °C LCST DLSe 687
1H NMR

PPEGMEMA2 32.3 °C LCST WCAi 689
PPEGMEMA3 ∼42-52 °C LCST DLSe 687

1H NMR
PPEGMEMA3 ∼40-50 °C LCST DLSe 531
PSBMA ∼40-50 °C UCST WCAi 633

PNIPAM-co-PAA (3 mol % AA)b ∼21 °C (pH 2) LCST WCAi 690
∼24 °C (pH 4)
∼32 °C (pH 7)
∼36 °C (pH 9)
∼45 °C (pH 11)

PPEGMEMA2-co-PPEGMEMA8.5 (5 mol % PEGMEMA8.5)b ∼36 °C LCST WCAi 689
PPEGMEMA2-co-PPEGMEMA8.5 (10 mol % PEGMEMA8.5)b ∼40 °C
PNIPAM-co-PDMAEMA (17 mol % DMAEMA)c ∼40.7 °C LCST UV/vis 642
PNIPAM-co-PDMAEMA (20 mol % DMAEMA)c ∼56.1 °C
PNIPAM-co-PDMAEMA (37 mol % DMAEMA)c ∼64.6 °C
PNIPAM-co-PMBAM (0.74 mol % MBAM)b 31.26 °C LCST DSC 227

AFMd

PNIPAM-co-PMBAM (0.5 mol % MBAM)b ∼32 °C LCST SPRh 424
PNIPAM-co-PMBAM (1 mol % MBAM)b ∼34 °C
PNIPAM-co-PMBAM (2 mol % MBAM)b ∼36 °C

PDMAM-b-PNIPAM (61.3 mol % PDMAM)c ∼25-32 °C LCST PCSf 538
PSEMA-b-PNIPAM no LCST observed LCST AFMd 328
PNIPAM-b-PPEGMEMA ∼33 °C (PNIPAM segment) LCST DSC, DLS,e SPRh 422

∼55 °C (PPEGMEMA segment)

a Techniques used to determine the transition temperature. b Molar percentage of the monomer in the polymerization mixture (i.e., feed composition).
c Molar percentage in the copolymer determined via 1H NMR. d AFM: atomic force microscopy. e DLS: dynamic light scattering. f PCS: photon
correlation spectroscopy. g QELS: quasi-elastic light scattering. h SPR: surface plasmon resonance. i WCA: water contact angle.
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The presence of cross-linking can also influence the LCST
of PNIPAM brushes. Li et al. studied the behavior of a
random copolymer brush made of N-isopropylacrylamide
(NIPAM) and N,N′-methylenebisacrylamide (MBAM) with
various amounts of MBAM.424 The influence of the amount
of cross-linker on the LCST of the PNIPAM-co-PMBAM
brushes was studied. It was found that 0.5 mol % (molar
ratio in polymerization mixture) of MBAM did not affect
the LCST value of the polymer brush, whereas the LCST
increased to 34 and 36 °C when the amount of MBAM was
increased to 1 or 2 mol %, respectively.

In addition to NIPAM, another monomer that has been
widely used to prepare thermosensitive polymer brushes
is poly(poly(ethylene glycol) methyl ether methacrylate)
(PPEGMEMA). Li et al. studied the thermosensitivity of
poly(di(ethylene glycol) methyl ether methacrylate) (PPEG-
MEMA2) and poly(tri(ethylene glycol) methyl ether meth-
acrylate) (PPEGMEMA3) brush-coated silica particles and
compared the phase transitions of the polymer brushes with
those of the corresponding free polymers in water.687 For
both polymer brushes, as for PNIPAM brushes, no sharp
transitions were observed compared to the case of the free
polymer in solution. The transition began at lower temper-
ature compared to the case of the free polymer and occurred
over a broader temperature range (from ∼21 to ∼25 °C for
PPEGMEMA2 brushes and from ∼42 to ∼52 °C for
PPEGMEMA3 brushes). These differences were attributed
to the close packing of the chains in the brush compared to
the case of the free chains in solution. In a subsequent
publication, the same authors reported the preparation of Pd-
loaded poly(acrylic acid) nanoparticles modified with a
thermosensitive PPEGMEMA3 brush, which were explored
as recyclable catalysts for biphasic hydrogenation reac-
tions.531 Jonas et al. studied the effect of the nanoconfinement
on the thermal behavior of PPEGMEMA2 brushes.575 They
noticed that, compared to a nonstructured polymer brush,
patterned brushes showed an increased temperature-induced
vertical swelling. The authors attributed this phenomenon
to the different packing of the chains, since in the patterned
brushes the chains are initially less stretched than in an
“infinite”, i.e. nonstructured, brush and thus the chains are
able to swell more.

Homopolymer brushes displaying upper critical solution
temperature (UCST) behavior have been reported by Az-
zaroni et al.633 These authors grafted poly(sulfobetaine
methacrylate) (PSBMA) brushes via SI-ATRP from gold
surfaces and followed the changes in the water contact angle
with temperature. Due to the UCST behavior, PSBMA
brushes are hydrophobic at room temperature (water contact
angle ∼79°) and more hydrophilic at high temperature (water
contact angle ∼58°). As for the LCST transition, the authors
observed that the UCST of PSBMA brushes is different from
the free PSBMA in solution (i.e., 33 °C)688 and occurs over
a wider temperature range (from 40 to 50 °C).

Surface-initiated random copolymerization is an attractive
strategy to tune the thermosensitive properties of polymer
brushes. Jonas et al. demonstrated that thermosensitive
polymer brushes with LCSTs between 32 and 40 °C can be
prepared by surface-initiated atom transfer radical copolym-
erization of di(ethylene glycol) methyl ether methacrylate
and poly(ethylene glycol) methacrylate.689 The LCST values
of the copolymer brushes were found to depend linearly on
the comonomer composition. When the second monomer that
is used for the preparation of the copolymer brushes is

sensitive to another stimulus than temperature, then dual
responsive surfaces can be produced. This was shown by
Xia et al., who grafted PNIPAM-based brushes containing
3 mol % acrylic acid from silicon substrates.690 The copo-
lymerization of acrylic acid introduced a pH-sensitive
component, and the authors demonstrated that the LCST of
the brushes varied from 21 to 45 °C depending on the pH.

In addition to homopolymer and random copolymer
brushes, also thermosensitive block copolymer brushes have
been prepared and investigated. Brooks and co-workers used
SI-ATRP to prepare PDMAM-b-PNIPAM-modified PS latex
particles.538 Evaluation of the hydrodynamic thickness of the
brush layer as a function of temperature revealed a gradual
decrease in layer thickness over a broad temperature range
(20-38 °C), in contrast to the sharp LCST that is observed
for PNIPAM in solution. Li et al. have prepared double
thermosensitive block copolymer brushes by consecutive SI-
ATRP of NIPAM and PEGMEMA from initiator-modified
gold nanoparticles. Temperature-dependent dynamic light
scattering experiments revealed two thermal transitions,
corresponding to the LCSTs of the different blocks.422 Other
double responsive diblock copolymer brushes that have been
prepared are composed of a pH-sensitive block and a
thermosensitive block. Wang et al. used AFM to study the
thermoresponsiveness of symmetric poly(2-succinyloxyethyl
methacrylate)-b-poly(N-isopropylacrylamide) brushes.328

Whereas at pH 9 an increase in temperature from 25 to 50
°C resulted in a decrease in film thickness, the brush seemed
to be temperature-insensitive at pH 4. This loss of thermal
responsiveness was attributed to hydrogen bonding between
the constituent blocks. Dual (pH/temperature) responsive
block copolymer brushes were also studied by Rahane et
al.681 In contrast to the example by Wang et al., the PMAA-
b-PNIPAM brushes prepared by these authors showed
temperature-dependent swelling properties between pH 3 and
8. Rahane et al. noted that although hydrogen bonding
interactions influence the pH-dependent actuation, it did not
influence the LCST of the PNIPAM blocks, even if the
transition was broad. LeMieux et al. prepared diblock
copolymer brushes via successive photoiniferter-mediated
polymerization of NIPAM and glycidyl methacrylate (GMA)
followed by grafting of carboxylic acid-terminated poly(n-
butyl acrylate).631 Nanomechanical analysis of the film
indicated that the elastic response can be tuned by external
temperature.

4.1.3. pH- and Ion-Sensitive Polymer Brushes

Polyelectrolyte brushes are composed of polymer chains
that contain charged repeating units. Depending on the nature
of the charged groups, polyelectrolyte brushes are classified
as strong or weak polyelectrolyte brushes.691 In strong
polyelectrolyte brushes, the number and position of charges
along the chain is fixed. In this case, variation of pH or ionic
strength will not influence the number of charges. In weak
polyelectrolyte brushes, in contrast, the charge density is not
fixed but strongly depends on pH and ionic strength. The
response of polyelectrolyte brushes to changes in pH and
ionic strength has been the subject of intense research efforts.
The following two sections successively discuss the effects
of changes in pH and ionic strength on the structure and
properties of polyelectrolyte brushes prepared via SI-CRP.

4.1.3.1. pH-Sensitive Polymer Brushes. A large number
of reports have been published that describe the pH-
sensitivity of polyelectrolyte brushes prepared via SI-CRP.
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This section will start with a basic discussion of the pH-
induced conformational changes of two prototypical poly-
electrolyte brushes: namely PAA as an example of a polyacid
brush and PDMAEMA as an example of a polybase brush.
After that, several other characteristics of homopolyelectro-
lyte brushes will be highlighted. Finally, the pH-sensitivity
and properties of random and block copolymer brushes will
be discussed.

In the case of PAA, the addition of base deprotonates the
pendant acidic groups along the polymer brush backbone,
introducing charges within the layer. As a consequence, the
polymer brush will swell due to Coulombic repulsions
between the charged polymer chains. Brittain and co-workers
observed a linear increase in PAA brush thickness from ∼16
to ∼26 nm upon increasing the pH from 2 to 8.615 Further
increasing the pH to ∼10 was found to result in a small
decrease in brush thickness. Two possible mechanisms were
proposed to explain the observed decrease in brush thickness
with increasing pH at pH > 8. A first possible explanation
could be cleavage of the ester group of the surface-
immobilized initiator. Second, the addition of additional ions
(through the continued addition of base) to a fully deproto-
nated brush can lead to screening of the charges along the
polymer backbone, which could also explain the observed
decrease in brush thickness. Wu et al. have studied the effect
of grafting density on the pH-induced conformational
changes of PAA brushes.276 In the osmotic brush regime,
the degree of swelling of the PAA brushes was found to
depend on brush density at pH 4 and 5.8, but was indepen-
dent of grafting density at pH 10. These results indicate that,
at pH 4 and 5.8, the PAA brush behaves as a weak
polyelectrolyte, whereas at pH 10 its behavior resembles that
of a strong polyelectrolyte.

The pH-response of polybase brushes such as PDMAEMA
is opposite to that of polyacid brushes; their wet thickness
decreases with increasing pH due to deprotonation of the
charged side groups. The pH-induced conformational changes
of PDMAEMA brushes have been studied using various
techniques. Sanjuan et al., for example, used neutron
reflectivity measurements to compare the swelling behavior
of PDMAEMA at pH 2, 7, and 10.692 The results indicated
that the brushes adopted a less extended conformation as
the pH of the solution became more basic. Neutron reflec-
tivity has also been used by other groups to probe the pH-
responsiveness of PDMAEMA brushes.648,693 The study by
Geoghegan et al. revealed that the brushes swell by a factor
of 2 at low pH, with the onset of swelling being dependent
on grafting density.693 More densely grafted brushes were
found to swell at a lower pH, reflecting a shift in pKa as the
grafting density changes. Furthermore, for swollen brushes,
the composition-depth profile obtained from the reflectivity
experiments pointed torward a region depleted in polymer
between the substrate and the extended part of the brush.
The pH-induced conformational changes of PDMAEMA
brushes grafted from particles can be conveniently monitored
with dynamic light scattering.109,533 For PDMAEMA brushes
grafted from polystyrene latex particles, Zhang et al. observed
changes in particle size diameter of more than a factor of 2 by
changing the pH from 3 to 10.533 The pH-induced conforma-
tional changes of polyelectrolyte homopolymer brushes have
been used for various applications. Several groups, for
example, have described quartz crystal microbalance (QCM)-
based pH-sensors, which were produced by modifying the
resonator with a PAA brush coating.613,694 Furthermore, the

pH-induced swelling/collapse of polyelectrolyte brushes can
be used to control the flocculation behavior of the corre-
sponding polymer brush-coated particles. This has been
reported for particles coated with PDMAEMA,109 PSS(Na),109

PVB(Na),109 and P4VP brushes,423,637 among others. The pH-
induced conformational changes of polyelectrolyte brushes
have also been used to actuate AFM cantilevers.651 This was
demonstrated by Huck and co-workers, who modified AFM
cantilevers with a poly(2-methacryloyloxyethyl phosphate)
(PMEP) brush coating. At pH < 2, the polymer brush is water
insoluble and collapses, while at very high pH values the
surface-tethered polymer chains experience strong repulsive
interactions. Both conditions lead to compressive stresses
and a deflection of the cantilever. The protonation/deproto-
nation of the surface-tethered polyelectrolyte chains can also
influence the wettability of the polymer brushes. Zhou and
Huck, for example, found that PMEP brushes exhibited a
three stage switching of wettability.562 After exposure to pH
< 1 solutions, the brushes were relatively hydrophobic
(advancing contact angle > 65°). After immersion into a pH
4 solution, the brushes became more hydrophilic (contact
angle ∼ 49°). Treatment with basic aqueous solution (pH >
13) yielded almost completely wetting surfaces. Similar
observations were also reported by Zhang et al., who
demonstrated that the pH-sensitivity of PDMAEMA brushes
can be used to change the wettability of rough silicon
surfaces from almost completely wetting at pH < 3 to very
hydrophobic (water contact angle > 115°) at pH > 5.695

Surface-initiated copolymerization of oppositely charged
monomers results in so-called polyampholyte brushes. Zaus-
cher and co-workers modified microcantilevers with PNIPAM-
co-PNVI brushes and demonstrated that the cantilever
deflected linearly with a sensitivity of ∼121 nm/pH over the
range from pH 4 to 6.650 Sanjuan and Tran used neutron
reflectivity to study the pH-response of PMAA-co-PD-
MAEMA copolymer brushes.641 At low and high pH, these
brushes acted as neutral polyelectrolyte brushes. For low net
charge, however, i.e. at the isoelectric point, the polyam-
pholyte effect results in a collapsed brush.

Ayres et al. studied the pH-responsiveness of poly(acrylic
acid)-b-poly(vinylpyridine) block copolymer brushes.106 Evalu-
ation of the film thickness of brushes composed of blocks
of similar lengths as a function of pH indicated that these
films are swollen at extreme pH values but collapsed at
intermediate pHs due to the polyampholyte effect. In
asymmetric block copolymer brushes with a relatively long
poly(vinylpyridine) segment, this behavior was also observed,
though less pronounced. Quaternization of the vinylpyridine
units significantly changed the pH-sensitivity and resulted
in a system that showed a continuous decrease in film
thickness with increasing pH.

4.1.3.2. Ion-Sensitive Polymer Brushes. In addition to
pH, polyelectrolyte brushes are also sensitive to variation in
ionic strength. Genzer, Szleifer, and co-workers carried out
theoretical and experimental studies to investigate the
behavior of surface-attached polyelectrolytes.276,696 Theoreti-
cal considerations predicted a different behavior for strong
and weak polyelectrolyte brushes. For strong polyelectrolytes,
the electrostatic interactions are largely screened at high salt
concentrations, and the brush behaves as a neutral, i.e.
collapsed, brush. Decreasing the salt concentration generates
an unbalance between the ion concentration inside and
outside the brush and results in electrostatic interactions that
lead to swelling of the brush. This regime is referred to as
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the salted brush regime. Upon further decreasing the salt
concentration, the brush enters the osmotic brush regime,
where co-ions are expelled from the brush and the layer
thickness reaches a limiting value. For weak polyelectrolyte
brushes, the scenario is different. In the neutral and salted
brush regimes, the salt concentrations inside and outside the
brush are approximately equal and the internal degree of
dissociation is the same as in bulk solution. In the osmotic
brush regime, however, a significant electric potential dif-
ference is developed between the brush and the bulk solution,
and in addition, the salt concentration inside the brush is
considerably higher. These unfavorable electrostatic condi-
tions result in a discharge of the electrolyte groups and a
collapse of the layer thickness. Experimental investigations
of the wet thickness of PAA brushes at different pH values
and a range of salt concentrations were in good agreement
with the predicted behavior of weak polyelectrolyte brushes.
In the salted brush regime, Szleifer, Genzer, and co-workers
found that above the mushroom-to-brush transition, which
was observed at a brush density (σ) of 0.08 chains/nm2, the
wet PAA layer thickness (H) increased with increasing brush
density.276 The increase in wet PAA thickness followed a
scaling law H ∼ σn with n ≈ 0.29-0.31, which was in good
agreement with the theoretically predicted 1/3. The behavior
of the PAA brushes in the osmotic brush regime was more
complex. In contrast to theory, which predicted a decrease
in wet thickness with increasing grafting density and an
increase in wet thickness with increasing ionic strength, the
experimental results revealed an increase in brush swelling
with increasing brush density. Furthermore, the increase in
wet layer thickness at high brush densities was found to
increase with increasing ionic strength. Ayres et al. reported
the effects of mono- and divalent salts on the behavior of
PMAA brushes.608,615 Upon decreasing the salt concentration,
it was found that the threshold concentration that marks the
onset of brush expansion was higher for the monovalent salt.
Huck and co-workers have extensively studied the influence
of the counterion on the structure and properties of PMETAC
brushes.649,652,663 In contrast to many other studies that use
highly hydrated and mobile counterions, these authors
investigated scarcely hydrated anions, which can undergo
ion-pairing interactions with the quaternary ammonium
groups in the brush.558,646,697 The characteristics of the brush
(e.g., wettability) were found to be very sensitive to the nature
of the counterion. Upon exchanging the original chloride
counterion with a variety of other counterions, it was found
that the wettability of the counterion-modified brushes
increased from ClO4

- > SCN- > I- > Br- > Cl- > PO4
3-,

which correlates with the Hofmeister classification of the
hydrophobicity of these anions.698

4.2. Nonbiofouling Surfaces
Materials with nonbiofouling surface properties, i.e.

materials that resist the nonspecific adsorption of proteins,
cells, or other biological species, are important for a wide
variety of applications in fields ranging from medical
implants to contact lenses, drug delivery, biosensors, as well
as marine applications such as the coating of ship hulls.
Polymer brushes are very attractive candidates for the
development of ultrathin nonbiofouling coatings. In particu-
lar, the use of SI-CRP techniques allows access to polymer
brushes with well-defined thickness, composition, and ar-
chitecture. Hydrophilic polymer brushes can form highly
hydrated ultrathin coatings that provide an effective enthalpic

and entropic barrier to nonspecific protein adsorption.699,700

If a protein adsorbs on a hydrophilic polymer brush, water
molecules associated with the polymer chains will be released
into the bulk, and the chains will be compressed. The increase
in enthalpy due to chain dehydration and the decrease in
entropy due to chain compression (even though the latter
term may be small) are both unfavorable and provide the
thermodynamic basis for the nonbiofouling properties of the
coating.700 Theoretical considerations predicted an enhanced
resistance to nonspecific protein adsorption and cell adhesion
with increasing grafting density and chain length.699 As a
consequence, polymer brushes prepared via SI-CRP were
expected to possess better nonbiofouling properties than
oligo(ethylene glycol) self-assembled monolayers (SAMs).
Results from several reports indeed support this hypo-
thesis.162,701,702 During cell adhesion studies with osteoblast-
like cells, Raynor et al., however, observed that the difference
in nonbiofouling behavior of polymer (PPEGMA) brushes
and oligo(ethylene glycol) SAMs only became apparent for
incubation times > 7 days.389 The nonbiofouling polymer
brushes that have been prepared via SI-CRP so far can be
subdivided into two groups. The first group is obtained by
SI-CRP of neutral monomers. An overview of these non-
biofouling polymer brushes is given in Table 24. The second
class of nonbiofouling polymer brushes is obtained by SI-
CRP of zwitterionic monomers. Examples of this second
class of brushes and their properties are summarized in Table
25.

4.2.1. Neutral Nonbiofouling Polymer Brushes

The majority of the neutral, nonbiofouling polymer brushes
has been prepared from 2-hydroxyethyl methacrylate (HEMA)
and poly(ethylene glycol) methacrylate (PEGMA). These
monomers are attractive, since SI-CRP results in ultrathin
polymer coatings that have similarities to poly(ethylene
glycol) (PEG), which is a well-known biocompatible polymer
with nonbiofouling properties.703,704 In addition, the presence
of the hydroxyl group in the side chain of these monomers
provides opportunities for postmodification (section 2.5.1).
The oligo(ethylene glycol) side chains, however, may be
susceptible to oxidation and interchain transesterification
reactions, which may lead to cross-linking of the brushes.
In ViVo the hydroxyl end-groups at the side chains of these
brushes may be oxidized by alcohol dehydrogenase into
aldehyde groups, which may react with proteins.705,706 This
problem may be prevented by using the corresponding
methoxy end-functionalized monomer, poly(poly(ethylene
glycol) methyl ether methacrylate) (PPEGMEMA). In ad-
dition to HEMA and PEG(ME)MA, NIPAM is another
monomer that has been widely used to prepare nonbiofouling
polymer brushes.234,565,707,708 The attractive feature of PNIPAM
is that it possesses a lower critical solution temperature
(LCST), which allows switching the surface properties from
a hydrophilic, protein and cell resistant state, to a hydro-
phobic state that readily adsorbs proteins and cells.

Brush thickness and grafting density are important pa-
rameters that determine the nonbiofouling properties. A
number of reports have investigated the effect of brush
density. PPEGMEMA brushes with a thickness of 4 nm
grown from a gold substrate modified with a 0.2/0.8 mixture
of ATRP initiator-functionalized and polymerization inactive
thiols were found to effectively prevent nonspecific adsorp-
tion of fibronectin.294 In another report, 40-nm-thick PPEG-
MA brushes prepared from glass slides modified with a 0.6/
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Table 24. Overview of Neutral Nonbiofouling Polymer Brushes Prepared via SI-CRPa

Polymer brush Substrate
Thickness

(nm) Cell/protein
Exposure

time Detection method Comments Ref

PPEGMEMA Au 5-20 Fibronectin, 1 mg/mL
FBSb

20 min SPR Amount of adsorbed proteins
at or below the detection
limit of the instrument
(1 ng/cm2).

292

PPEGMEMA Au 1-60 Fibronectin, 0.5 mg/mL 10 min SPR Protein resistance increases
with increasing grafting
density and thickness.
Protein adsorption below the
SPR detection limit (270 Fn
molecules/cm2).

294

PPEGMA Glass 20-100 Fibrinogen, 1 µM 24 h Fluorescence Threshold for protein
adsorption at initiator/dummy
feed ratio 0.2/0.8, more
efficient at feed ratio
>0.6/0.4. Protein resistance
decreases with the incubation
time.

254

PPEGMA Au 1-20 GRGDS peptide
MC3T3 fibroblast cells

60 s
8 h

SPR Effect of grafting density:
crossover grafting density to
repress adsorption related to
peptide radius and the
adsorption potential on the
bare surface. No adsorption
in the brush regime.

298

PPEGMA
PHEMA

Si 100-120 Cy5 AGT-ACPd 2 h Fluorescence PPEGMA6 exhibits slightly
better resistance than
PPEGMA10. PHEMA had
lower protein resistance than
PPEGMA6 and PPEGMA10.

602

PPEGMA Si 5-15 MC3T3-E1
Osteoblast like cells

56 d SPR PEG SAMs show comparable
resistance in short terms, but
after 7 days only brushes
maintain the ability to
prevent cell adsorption.

389

PPEGMEMA Si 1.4-100 Fibronectin, 1 mg/mL
BSA,c 1 mg/mL
Lysozyme, 1 mg/mL
FBS,b 1 mg/mL

1 h Ellipsometry Increase in thickness above 1.4
nm lead to drastic decrease
in protein adsorption.

567

PPEGMA Fe3O4 particles Microscopy Coated magnetic nanoparticles
provide prolonged circulation
time. Not uptaken by
microphages.

377

PPEGMA PDMS Fibrinogen, 1 µM 30 min Fluorescence 12-fold improvement in
resisting adsorption of
fibrinogen-Alexa Fluor 647
conjugate compared to bare
poly(dimethylsiloxane).

517

PSPEG Si 5-15 IgG,e 10 µg/mL
Fibronectin, 20 µg/mL
Collagen, 20 µg/mL
BSA,c 20 µg/mL
Mast cells

90 min
3 h

Fluorescence Better protein and cell
resistance than SAMs.

162

PPEGMEMA Ti
Stainless steel

30 3T3 Swiss albino fibroblast 4 h Fluorescence Cell adhesion reduced to 1
cell/mm2.

385

PPEGMEA PHEMA-co-
PMMA hydrogel

Green fluorescent protein,
0.15 mg/mL

�-lactamase, 0.3 mg/mL
Lens epithelial cells

3 d
150 min

5 d

Fluorescence
UV/vis

spetroscopy

The polymer brush reduced
nonspecific protein
adsorption and cell adhesion
to the hydrogel substrate.

483

PPEGMEMA Si
Au

3 Fibrinogen, 1 mg/mL
BSA,c 1 mg/mL
Streptavidin, 1 mg/mL

30 min Ellipsometry Polymer brushes thicker than 3
nm adsorbed less than 0.3
ng/cm2 (within experimental
error).

307

PPEGMEMA Ti 100 3T3 Swiss albino fibroblast 80 d Fluorescence Longer side chains provide
better cell antifouling
properties (visible after 5
weeks).

393

PHEMA Si 1-10 Fibronectin, 25 µg/mL
NIH3T3 fibroblasts

5 h Fluorescence
Ellipsometry

Increasing the grafting density
decreased the protein and
cell adsorption due to the
lower fibronectin
preadsorption.

278

PNIPAM Au 40 BSAc 1 h Fluorescence Nonbiofouling behavior below
the lower critical solution
temperature and fouling
above.

565

PAM PDMS Lysozyme, 100 nM 10 min Fluorescence 20-fold improvement in
resisting adsorption of
lysozyme compared to bare
poly(dimethylsiloxane).

501

a In addition to the brush composition and thickness and the substrate from which the brush was grown, the table also shows for each entry which
proteins/cells were used to evaluate the nonbiofouling properties, as well as the exposure time and the detection method that were employed. b FBS:
fetal bovine serum. c BSA: bovine serum albumin. d Cy5 AGT-ACP: carboxymethylindocyanine-O6-alkylguanine-DNA-alkyltransferase acyl carrier
protein. e IgG: immunoglobulin G.
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0.4 mixture of ATRP active and ATRP inactive trimethoxy-
silanes were found to suppress nonspecific adsorption of
fibrinogen.254 To prevent nonspecific adsorption of smaller
molecules such as the GRGDS peptide, PPEGMA brushes
with a thickness of 10 nm generated from a substrate
modified with a mixture of thiols containing 70 mol % of
the ATRP active component were necessary.298 PPEGMA
brushes grafted from a silicon substrate exclusively modified
with an ATRP initiator-functionalized trichlorosilane and a
thickness of 1.4 nm already significantly reduced nonspecific
protein adsorption.567 At brush thicknesses of 9.5 nm or
larger, the amount of adsorbed proteins on these brushes was
below the detection limit.

Although the long-term stability of nonbiofouling polymer
brushes is very important for many biomedical applications,
this topic has received only relatively limited attention.

Messersmith and co-workers carried out an 80 day study in
which fibroblasts were seeded twice a week onto Ti surfaces
coated with PPEGMEMA brushes with three different PEG
side chain lengths.393 During the first three weeks, all brushes
effectively prevented cell attachment. After that, however,
the effect of the ethylene glycol side chain length became
apparent. PPEGMEMA4 brushes were essentially nonbio-
fouling for 28 days and cell attachment to the PPEGMEMA9

and PPEGMEMA23 brushes only became significant after
35 days. Ultimately, all three types of brushes were covered
with a confluent cell monolayer, which was reached after 7,
10, and 11 weeks for the PPEGMEMA4, PPEGMEMA9, and
PPEGMEMA23 brushes, respectively. The authors hypoth-
esized that the loss of nonbiofouling properties could be due
to degradation of the ethylene glycol side chains, cleavage
of the Ti-catechol bond that anchors the polymer brush to

Table 25. Overview of Zwitterionic Nonbiofouling Polymer Brushes Prepared via SI-CRPa

Polymer
brush Substrate

Thickness
(nm) Cell/protein

Exposure
time Detection method Comments Ref

PMPC Si 1-7 Platelet-poor plasma 3 h UV/vis spetroscopy
(QuantiPro BCA assay)

Polymer brushes synthesized in
nanopores. Protein resistance
independent of thickness in
the 1-7 nm range

815

PMPC Si 2-20 Fibrinogen
Lysozyme

2 h Radiolabeling 98% reduction of protein
adsorption compared to
silicon. Increase in resistance
with thickness. Adsorbed
lysozyme, fibrinogen molar
ratio reflected the one in the
solution

709

PMPC Si 2-25 Fibrinogen, 0.05 mg/mL
or 1 mg/mL

2 h Radiolabeling Resistance increases with
increasing grafting density
and thickness

301

PMPC Si 0.5-25 Fibrinogen
Lysozyme

2 h Radiolabeling Similar performance of PMPC
and PPEGMA

711

PSBMA Au 5 - 12 Fibrinogen, 1 mg/mL 20 min SPR Protein adsorption under the
detection limit of SPR (0.3
ng/cm2)

825

PSBMA Si 7 Fibrinogen, 1 mg/mL 20 min SPR Fibrinogen < 2 ng/cm2 701
γ-globulin, 1 mg/mL SEM Plasma proteins < 1.76 nm/cm2

HSAb, 1 mg/mL
Platelet poor plasma

Better performance than PEG
SAMs

Platelets (105 cells/mL) Independent of ionic strength
and temperature (22-37 °C)

Fouling at pH ) 3 due to the
protein denaturation

PMPDSAH Au 20 Fibrinogen, 1 mg/mL
Lysozyme, 1 mg/mL
BSA,c 1 mg/mL
RNase A,d 1 mg/mL

4 min SPR Amount of adsorbed proteins
was below the detection limit
of the instrument (1 ng/cm2)

845

PSBMA
PPEGMEMA
PCBMA

Au 15-25 Fibrinogen, 1 mg/mL
Human serum
Human plasma

10 min SPR Comparison of SAMs,
PPEGMEMA, PSMBA, and
PCBMA. PCBMA showed
the best performance

702

PSBMA
PPEGMEMA
PCBMA

Au 15-25 Fibrinogen, 1 mg/mL
Blood plasma
Platelets (107 cell/mL)

1 h SPR Comparison with SAMs:
similar resistance with
respect to fibrinogen and
platelets, but better resistance
to blood plasma

898

PSBMA Glass 10-15 Fibrinogen, 1 mg/mL 90 min ELISAf ∼95% reduction in protein 817
PCBMA Bovine aortic endothelial cells 24 h adsorption compared to glass

No cells found onto PSBMA
and PCBMA

PCMA Au 5-15 Fibrinogen, 1 mg/mL
Lysozyme, 1 mg/mL
hCG,e 1 mg/mL
Bovine aortic endothelial cells

20 min SPR Fibrinogen and lysozyme < 0.3
ng/cm2 for PCMA modified
with anti-hCGe

612

hPCBAMg Au 5-20 Fibrinogen, 1 mg/mL 15 min SPR Polymers with short (-CH2-
and -(CH2)3-) spacers < 0.3
ng/cm2. Polymers with
-(CH2)5- spacer absorbed
1.5 ng/cm2 of fibrinogen

616

PMETAC-co-
PSPMA(K)

Au 15-40 Fibrinogen, 1 mg/mL
BSA,c 1 mg/mL
Lysozyme, 1 mg/mL

10 min SPR Copolymer brush
The best nonbiofouling

surface was found for the
statistical copolymer brushes
formed from a 1:1 monomer
ratio

712

a In addition to the brush composition and thickness and the substrate from which the brush was grown, the table also shows for each entry which
proteins/cells were used to evaluate the nonbiofouling properties, as well as the exposure time and the detection method that were employed.
b HSA: human serum albumin. c BSA: bovine serum albumin. d RNase A: ribonuclease A. e hCG: human chorionic gonadotropin. f ELISA: enzyme-
linked immunosorbent assay. g hPCBAM: hydrolyzed poly(carboxybetaine derivatized acrylamide).
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the substrate, or hydrolysis of the ester group, which links
the PEG side chain to the poly(methacrylate) backbone.393

In another study that addressed long-term stability and
nonbiofouling properties, it was found that PPEGMA brushes
grafted from silicon oxide can detach upon exposure to cell
culture medium.254 As no detachment was observed in pure
water, it was hypothesized that complexation of salts from
the buffer solution by the PEG side chains of the brush
creates an osmotic stress, which adds to the entropically
unfavorable stretched chain conformation and facilitates
cleavage of the siloxane bond that connects the polymer
brush to the substrate. This cleavage process may be further
facilitated by the relatively ill-defined nature of the trialkox-
ysilane-based initiator layer that was used in this study.
Brushes with lower grafting densities were stable under cell
culture conditions for more than 7 days, while high density
ones were stable only for one day.

4.2.2. Zwitterionic Nonbiofouling Polymer Brushes

In addition to the neutral polymer brushes discussed in
the previous section, a second major class of nonbiofouling
polymer brushes are those that can be obtained by SI-CRP
of zwitterionic monomers (Table 25). Similar to their neutral
counterparts, zwitterionic polymer brushes also form highly
hydrated ultrathin polymer coatings that present both en-
thalpic and entropic barriers to nonspecific adsorption of
proteins and cells.

Several authors have extensively studied the nonbiofouling
properties of poly(2-(methacryloyloxy)ethyl phosphorylcho-
line) (PMPC) brushes prepared by SI-ATRP.301,612,709 The
nonbiofouling properties of these brushes were evaluated
using binary (fibrinogen/lysozyme) protein mixtures rather
than single proteins. These experiments revealed that the
adsorbed lysozyme/fibrinogen ratio reflected the solution
molar ratio.709 This suggests that PMPC brushes are equally
efficient in preventing the adsorption of small (lysozyme)
and large (fibrinogen) proteins. Further, it was pointed out
that the adsorption does not occur by penetration through
the graft layer to the silicon interface (i.e., primary adsorp-
tion),710 since in that case it would be expected that the larger
protein was more effectively resisted than the smaller one,
but rather by the secondary adsorption at the outer surface
of the graft layer. An increase in thickness and grafting
density leads to improved protein resistance, as was the case
for PPEGMEMA.301,711 This is closely related to the observed
increase in hydrophilicity by water contact angle measure-
ments of the PMPC layer when those two parameters
increase.301 In another study, Brash and co-workers compared
the nonbiofouling properties of PPEGMEMA and PMPC
brushes.711 Using radiolabeled fibrinogen, it was found that
protein adsorption on PMPC and PPEGMEMA brushes for
a given chain length and density was essentially the same.
As a result of these experiments, the authors suggested that
the principal factor determining nonbiofouling behavior is
the “water barrier layer” resulting from the hydrophilic
character of the brushes, which in turn depends on monomer
density in the surface-grafted polymer layer. Polymer brushes
obtained by SI-CRP of sulfobetaine methacrylate (SBMA)
have also been widely used as nonbiofouling coatings.
PSBMA brushes have been demonstrated to withstand
nonspecific adsorption of fibrinogen even under high ionic
strength conditions at 37 °C and pH values ranging from 5
to 11.701 At pH values below 5, some fibrinogen adsorption
occurred even though the PSBMA brushes display a very

hydrophilic surface at that pH. The increased nonspecific
protein adsorption at these low pH values was attributed to
protein denaturation.701 Bernard et al. demonstrated that
polymer brushes with nonbiofouling properties similar to
PSBMA could be obtained by surface-initiated atom transfer
radical copolymerization of (2-(methacryloyloxy)ethyl) tri-
methylammonium chloride and 3-sulfopropyl methacrylate
potassium salt.712 In another study, Ladd et al. compared the
nonbiofouling properties of PSBMA and poly(carboxybetaine
methacrylate) (PCBMA) brushes with those of PPEGMEMA
brushes, oligo(ethylene glycol) SAMs, as well as mixed
SAMs of 1-mercapto-11-N,N,N-trimethylammonium chloride
(TMA) and 1-mercapto-11-undecylsulfonic acid, or TMA
and 1-mercapto-11-undecylcarboxylic acid.702 Exposure of
these different coatings to human serum and human plasma
revealed that the polymer brushes were superior in preventing
nonspecific protein adsorption. Among the three polymer
brushes, the PCBMA coating proved to be the most efficient
in preventing nonspecific protein adsorption. The difference
in nonbiofouling properties of the PCBMA and PSBMA
brushes has been attributed to the different number of
methylene units that separate the positive and negative charge
in those monomers. In the SBMA monomer, the cationic
and anionic components are separated by three methylene
units. In the CBMA monomer, the spacer is one methylene
group shorter. The closer proximity of the two ionic groups
in the CBMA monomer increases the interactions between
the hydration shells around the two ionic groups and creates
a more spatially uniform and stronger hydratation layer.

4.3. Cell Adhesive Surfaces
The surface of artificial biomaterials plays a key role in

guiding and directing cellular behavior and function and, as
a consequence, is of critical importance for regenerative
medicine and tissue engineering.713,714 Polymer brushes are
attractive tools to control and direct cell adhesion on artificial
materials surfaces. Table 26 gives an overview of different
polymer brush-based coatings obtained via SI-CRP which
have been used for this purpose. The polymer brushes listed
in Table 26 are classified into three categories: the first group
consists of nonbiofouling polymer brushes which are func-
tionalized with an extracellular matrix (ECM) protein or a
cell adhesion peptide derived thereof; the second group
includes various nonbiofouling polymer brushes that have
been used to pattern cell adhesive substrates and geo-
metrically control cell adhesion; the third category consists
of polymer brushes that possess a lower critical solution
temperature (LCST) and that can be thermally triggered to
change from a hydrophobic cell adhesive to a hydrophilic
nonbiofouling state. Each of these classes will be discussed
in more detail below.

4.3.1. Peptide/Protein-Functionalized Polymer Brushes

Cell adhesion to synthetic materials can be guided by
specific cell surface receptor interactions by modifying the
substrate surface with a nonbiofouling polymer brush that
is functionalized with short peptide sequences derived from
extracellular matrix (ECM) proteins. Most commonly, these
cell adhesion peptides are based on the RGD (arginine-
glycine-aspartic acid) sequence, which is derived from the
cell attachment domain of fibronectin and specifically binds
to integrin receptors that are present on the cell surface.715

Tugulu et al. studied the adhesion and proliferation of human
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umbilical vein endothelial cells (HUVECs) on RGD-func-
tionalized PHEMA and PPEGMA brushes.600 Immunofluo-
rescence staining of the focal adhesions revealed differences
between the adhesion of HUVECs on PHEMA brushes
versus the adhesion of HUVECs on PPEGMA brushes.
While for PHEMA brushes relatively large and mature focal
adhesions were observed, which were located mainly at the
cell periphery, a relatively large number of small focal
adhesions together with fibrilar adhesions were found in the
case of the PPEGMA brushes. These differences were
attributed to differences in water swellability between the
different brushes and to the different ethylene glycol spacer

lengths that connect the RGD ligand to the polymer brush
backbone. It was proposed that the PPEGMA brushes
represent a softer support with a more flexible peptide ligand
leading to a reduced ligand-integrin affinity. Navarro et al.
prepared RGD-functionalized PMAA brushes and investi-
gated the effect of the RGD attachment site along the
polymer brush on the adhesion of MG63 osteoblasts.213

Whether the ligand was at the top of polymer brush or buried
about 15 nm below the surface had very little influence on
cell density and viability. However, the morphology of cells
was affected. Cells spread well with marked focal adhesion
points at the periphery of the cytoplasm on samples with

Table 26. Overview of Polymer Brush Coatings Obtained via SI-CRP That Have Been Used To Control and Direct Cell Adhesion

a DNP: dinitrophenyl. b IgE: immunoglobulin E. c BSA: bovine serum albumin.
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RGD motifs coupled on the surface, whereas in the case of
the samples where RGD was buried, cells were found to
adopt a rounded morphology and focal adhesions concen-
trated toward the internal part of the cell. Petrie et al. have
demonstrated that the modification of clinical-grade titanium
implants with a nonbiofouling polymer brush coating that
presents appropriate biochemical cues can facilitate tissue
healing and specifically osseointegration. PPEGMA brushes
that presented the R5�1-intergrin specific fibronectin fragment
FNIII7-10 enhanced osteoblast differentiation and improved
functional implant osseointegration compared to RGD-
functionalized and unmodified Ti-substrates.601

In addition to covalently immobilizing ECM (derived)
peptides/proteins, cell adhesive substrates can also be
obtained by (nonspecific) physisorption of such peptides/
proteins on nonbiofouling polymer brushes. Since highly
dense nonbiofouling brushes can be very efficient in prevent-
ing nonspecific adsorption of peptides and proteins, control
of brush density is very important to allow integrin-mediated
cell-adhesion following this approach. A number of reports,
however, has successfully demonstrated that this is a feasible
strategy to prepare cell adhesive PHEMA- and PPEGMA-
based surface coatings. Washburn and co-workers, as well
as the laboratory of Genzer, have studied cell adhesion on
gradient PHEMA brushes that were precoated with fibro-
nectin.278,291 While the high density PHEMA brushes were
effective in preventing fibronectin adsorption and, conse-
quently, cell adhesion, Washburn and co-workers demon-
strated that fibronectin was adsorbed on the lower density
brushes, allowing adhesion and spreading of fibroblasts.
Using X-ray reflectivity experiments, the authors demon-
strated that the high density, nonadhesive brushes were in
the brush regime, while the less dense PHEMA brushes that
enabled fibronectin deposition and cell attachment had a
mushroom structure. Similar results were reported by Husson
and co-workers, who investigated the effect of brush density
and thickness on the adhesion of mouse MC3T3 fibroblasts
and GRGDS precoated PPEGMA brushes.298 In an attempt
to distinguish between the effect of polymer molecular
weight and chain density (which both influence the confor-
mation of the surface-tethered polymer chains), Bhat et al.
studied fibronectin adsorption and cell attachment on or-
thogonal molecular weight/density gradient PHEMA
brushes.291 From these experiments, it was concluded that
neither molecular weight nor density, but rather PHEMA
surface coverage, was the decisive factor in determining
protein adsorption and cell attachment.

4.3.2. Patterned Polymer Brushes

Instead of using polymer brushes as a platform to present
ECM derived peptide ligands, surface-initiated polymeriza-
tion can also be used to create nonbiofouling patterns on
cell adhesive substrates and geometrically direct and/or
confine cell adhesion. Chilkoti and co-workers, for example,
used microcontact printing techniques to modify gold
substrates with circular and striped PPEGMEMA micropat-
terns.292 Incubation of these patterned substrates with fi-
bronectin leads to the selective adsorption of the protein in
those areas that are not covered by the PPEGMEMA brush
and subsequently allows spatial control of cell adhesion. Lee
et al. used microcontact printing to pattern N,N′-disuccin-
imidyl carbonate-activated PPEGMA brushes with poly-
(L-lysine).604 After passivation of any remaining N-hydroxy-
succinimide carbonate ester groups with 2-(2-amino-

ethoxy)ethanol, deposition of Chinese hamster ovary cells
resulted in selective attachment on the poly(L-lysine)-covered
areas of the brush. Ober and co-workers have studied the
localization of antidinitrophenyl-immunoglobulin E sensitized
RBL mast cells on patterned oligo(ethylene glycol)-modified
polystyrene brushes with different feature sizes.162 Cell
adhesion to these substrates was mediated by dinitrophenyl-
bovine serum albumin (DNP-BSA), which was preadsorbed
on areas not covered by the nonbiofouling polymer brush.
Linear patterns with feature sizes of 50 and 90 µm and a
spacing of 50 µm showed a high degree of spatial control
over cell adhesion. On patterns with a line width of 10 µm
and a spacing of 30 µm, however, some regions showed cells
located on the PEG surface between the DNP-BSA lines.
This was attributed either to imperfections in the patterning
process or to bridging of cells across the DNP-BSA lines.
Iwata et al. studied the influence of brush thickness on the
adhesion of fibroblasts to patterned PMPC brush surfaces.577

A minimum brush thickness of 5 nm was needed to confine
cell adhesion to the regions defined by the polymer brush
pattern.

4.3.3. Thermoresponsive Polymer Brushes

Polymers that show LCST behavior, i.e. polymers that can
be thermally switched from a hydrated, extended state into
a dehydrated collapsed state, offer the possibility to generate
surface coatings that can be thermally triggered from a
nonbiofouling to a cell adhesive state. Such switchable
surface coatings are of interest, as they provide a noninvasive
means to produce cell sheets that can be used in regenerative
medicine. The most widely used polymer for this purpose is
PNIPAM, which has a solution LCST of 32 °C. Okano and
co-workers have intensively explored the use of thermore-
sponsive surfaces for cell sheet engineering and have used
SI-ATRP to grow PNIPAM brushes from polystyrene culture
dishes.520 The authors found that, above the LCST, cell
adhesion decreased with increasing brush thickness, which
was attributed to a high degree of hydration of the thicker
brushes. PNIPAM brushes with thicknesses between 2 and
65 nm released most of the adhered cells within 120 min
after reducing the temperature from 37 to 20 °C. The cell
adhesion and detachment properties of PNIPAM-based
polymer brushes can be tuned by engineering the architecture
and composition of the brushes. Xu et al., for example,
demonstrated that cell detachment can be accelerated by
surface-initiated copolymerization of NIPAM with a very
small amount of PEGMA (0.5-1.0 mol %).234 However, the
enhanced cell detachment below the LCST was compromised
by reduced cell adhesion and growth at 37 °C, especially
for copolymer brushes that were prepared with 1 mol %
PEGMA. Cell detachment can also be facilitated via engi-
neering of the brush architecture. Xu et al. have compared
cell detachment on PGMA-b-PNIPAM brushes with that of
comb-type PNIPAM brushes that were produced by post-
modification of the epoxide side chains of a PGMA brush,
followed by SI-ATRP of NIPAM.250 Whereas 40 min was
required for complete cell detachment for the PGMA-b-
PNIPAM surface, this process required 25 min for the comb-
type analogue. The enhanced cell detachment from the comb-
type brushes was attributed to the presence of hydroxyl
groups, which are formed during postmodification of the
PGMA with an ATRP initiator and which generate a local
hydrophilic environment. Random copolymers of di(ethylene
glycol) methyl ether methacrylate and poly(ethylene glycol)
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methyl ether methacrylate prepared via controlled radical
polymerization are an interesting alternative to PNIPAM. By
varying the PEGMEMA9 content from 5 to 8 and 10 mol
%, the cloud point of these copolymers can be tuned from
32 to 39 °C.103 Wischerhoff et al. used SI-ATRP to prepare
(PPEGMEMA9-co-PPEGMEMA2) brushes that allowed
spreading and adhesion of fibroblasts at 37 °C but that were
cell-repellent and induced cell detachment at 25 °C.

4.4. Protein Binding and Immobilization
Polymer brushes are very attractive platforms to bind or

immobilize proteins, which makes them of interest, for
instance, as the active layer in protein microarrays or as tools
for protein purification. There are several characteristics that
set polymer brushes apart from, for example, self-assembled
monolayers and which makes them very attractive for these
applications. First of all, polymer brushes can be prepared
with excellent nonbiofouling properties (see section 4.2). A
nonbiofouling background is important for microarray ap-
plications, to avoid nonspecific protein adsorption, which
could lead to an enhanced background noise, as well as to
prevent denaturation of surface-immobilized proteins. Fur-
thermore, polymer brushes can be considered as three-
dimensional films with a significant internal volume. As a
consequence, polymer brushes can present a very high
surface concentration of functional groups that can be used
to bind or immobilize proteins. Table 27 presents an
overview of the different strategies that have been used so
far to bind or immobilize proteins onto polymer brushes
prepared via SI-CRP. The approaches listed in Table 27 are
subdivided into two categories: (i) noncovalent protein
binding and (ii) covalent protein immobilization. In the
remainder of this section, each of these binding/immobiliza-
tion strategies will be discussed in more detail. In particular,
examples will be highlighted that demonstrate the use of
(protein modified)-polymer brushes for microarray applica-
tions or in protein purification.

4.4.1. Noncovalent Protein Binding

A variety of strategies has been used to noncovalently bind
proteins to polymer brushes. Proteins can be bound to
polymer brushes either via nonspecific noncovalent interac-
tions, such as hydrophobic or electrostatic interactions, or
via directed noncovalent interactions, such as metal-
coordination or receptor-ligand interactions. In contrast to
nonspecific interactions, directed noncovalent interactions
allow control over the orientation of the immobilized
proteins, which may be advantageous for microarray ap-
plications, for example. Below, the different noncovalent
strategies that have been used to bind proteins to polymer
brushes prepared via SI-CRP will be discussed in more detail.

Polymers such as PNIPAM that show LCST behavior offer
interesting opportunities to reversibly bind proteins via
nonspecific hydrophobic interactions. Protein binding takes
place above the LCST of the polymer, when the polymer
brush is in the hydrophobic, collapsed state. The adsorbed
proteins are released once the brush is in the hydrated state,
i.e. below the LCST. Alexander and co-workers have studied
the adsorption of fluorescent labeled (FITC) BSA to micro-
patterned PNIPAM brushes.565 Confocal microscopy experi-
ments revealed that rinsing protein-loaded substrates below
the LCST indeed resulted in release of protein from the
PNIPAM-covered areas. When protein binding and release

was studied over a larger number of thermal cycles, however,
a more complex protein adsorption pattern was observed,
suggesting that longer term adsorption is not only determined
by the LCST behavior of the brush but also by other factors
such as protein-polymer hydrogen bonding interactions,
steric exclusion, surface disorder, and denaturation.

Polyelectrolyte brushes can bind proteins via electrostatic
interactions. Protein binding by polyelectrolyte brushes via
electrostatic interactions is influenced by two factors: (i) the
pH, which determines the overall net charge of molecules,
and (ii) the ionic strength, which affects the interactions
among charged species. Kusumo et al. exploited electrostatic
interactions to absorb a net negatively charged protein (BSA,
pI ∼ 4.7) onto positively charged PDMAEMA brushes (pKa

) 7.5) at pH 5.8 and low ionic strength (1 mM NaCl).299

The extent of uptake was independent of grafting density
and scaled linearly with the surface mass concentration of
the polymer, as measured by surface plasmon resonance
(SPR). It was found that BSA binds at the constant ratio of
120 DMAEMA monomer units per protein molecule. When
a protein with the same net charge as the brush (lysozyme,
pI ) 11) was taken, charge repulsions did not allow any
absorption to take place. The large BSA uptake was,
therefore, explained by electrostatically driven penetration
through the oppositely charged polymer brush layer. De-
sorption of BSA from the brush could be accomplished by
lowering the pH to 4 and/or increasing the salt concentration
from 1 mM to 1 M. Similar findings were reported by Baker,
Bruening, and co-workers, who studied protein adsorption
on negatively charged PAA brushes.610 Whereas no detect-
able adsorption of BSA could be observed, the PAA brushes
were found to bind as much as 16.2 µg/cm2 lysozyme. Due
to their high binding capacity and charge selectivity, poly-
electrolyte brushes are very attractive for protein separation
and purification. Husson and co-workers prepared high
capacity membrane absorbers by growing a PAA brush from
the surfaces of regenerated cellulose membranes.469 Depend-
ing on the polymerization time, PAA-modified membranes
with maximum lysozyme binding capacities of 98 mg/mL
(static) or 71 mg/mL (dynamic) could be prepared. Polym-
erization times longer than 1 h resulted in some pore blocking
and a decrease in protein capacity. In comparison with
commercial membranes, the polymer brush-functionalized
membranes exhibited a 2-3 times higher lysozyme binding
capacity. In another study, porous silica inorganic membranes
were coated with PGMA brushes and subsequently modified
with diethylamine to obtain a polymer brush coating that
allowed immobilization of BSA.622

Metal-ion affinity interactions, in particular using nitrilo-
triacetate (NTA)-metal ion complexes, have been exten-
sively used to prepare protein binding polymer brushes. The
attractiveness of the use of NTA-metal ion complexes lies
in the fact that the selectivity of the binding process can be
tuned by varying the metal ion. Moreover, due to the strong
coordination of, for example, histidine residues to the metal
complex, the presence of water is not problematic. Finally,
using appropriate competitive ligands, such as for example
EDTA, bound proteins can be released and the polymer brush
regenerated by loading with the appropriate metal ion.

Protein binding to NTA-CuII complexes involves coordi-
nation of histidine residues to the metal ion. Bruening, Baker,
and co-workers reported binding of 5.8 µg/cm2 BSA, 7.7
µg/cm2 myoglobin, and 9.6 µg/cm2 anti-IgG with 55-nm-
thick NTA-CuII-functionalized PAA brushes.610 As there is
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no apparent correlation between binding capacity and protein
size, it was proposed that protein binding is mainly governed
by the number of histidine residues in the protein and their
accessibility. Similar binding capacities were reported for
NTA-CuII-functionalized PMES brushes.113 The BSA binding
capacity increased nonlinearly with increasing PMES brush
thickness and reached a plateau value of 7.2 µg/cm2 for a
brush thickness of 85 nm. The high binding capacities and
the increase in binding capacity with brush thickness suggest
that binding occurs both at the brush surface and inside the

brushes. Bruening, Baker, and co-workers evaluated the
activity of NTA-CuII immobilized proteins by measuring
the binding of antirabbit IgG to PAA-bound protein A.610

The authors found that about 27 times less anti-IgG was
found than would be expected for a 1:1 protein/anti-IgG
complex and attributed this difference to the limited free
space in the polymer brush after immobilization of protein
A. Cullen et al. studied the activity of ribonuclease A (RNase
A) bound to a PAA brush via NTA-CuII affinity interac-
tions.611 The RNase activity was found to increase with

Table 27. Overview of Different Noncovalent and Covalent Strategies That Have Been Used To Bind or Immobilize Proteins on
Polymer Brushes Prepared via SI-CRP

a BSA: bovine serum albumin. b IgG: immunoglobulin G. c RNase A: ribonuclease A. d NHS: N-hydroxysuccinimide. e CDI: 1,1′-carbonyldiimidazole.
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increasing surface density, but it started to level off at a
surface concentration of 3.5 µg/cm2. The authors postulated
that, at higher surface densities, steric crowding prevented
the RNA substrate from accessing the active site.

The coordination of histidine to NTA-NiII is relatively
weak compared to the NTA-CuII histidine binding.
NTA-NiII complexes, however, very efficiently bind oligo-
histidine sequences, which makes the NTA-NiII motif very
attractive for protein purification. Following this strategy,
oligohistidine-tagged ubiquitin was separated from a phos-
phate buffer solution that also contained BSA and myoglobin
and was isolated in >99% purity using porous alumina
membranes, which were modified with a PHEMA-NTA-NiII

brush coating.367 Along the same lines, coating matrix-
assisted laser desorption/ionization sample plates with a
PHEMA brush derivatized with NTA-FeIII complexes
allowed selective, efficient phosphopeptide enrichment prior
to mass spectrometric analysis.605,606

The binding of biotin to (strept)avidin provides another
noncovalent strategy to immobilize proteins to polymer
brushes prepared via SI-CRP. Dong et al. demonstrated that
biotinylated BSA that was covalently attached to a PAA
brush could be used to noncovalently immobilize streptavi-
din.582 Using SPR experiments, Lee et al. compared the
binding of streptavidin to biotinylated PPEGMA brushes with
that on biotin-functionalized SAMs.604 The biotinylated
PPEGMA brushes showed a ∼2.5-fold higher binding
capacity and a signal-to-noise ratio that was 10 times better
than that of the biotin-modified SAM. Signal-to-noise ratios
were determined by comparing the quantity of bound
streptavidin with the amount of a model protein (fibrinogen,
lysozyme) that was adsorbed on the same surface. Thickness-
dependent measurements revealed that both the streptavidin
binding capacity and the streptavidin/fibrinogen signal-to-
noise ratio reached a plateau value at a brush thickness of
20 nm.

4.4.2. Covalent Protein Immobilization

Table 27 lists a number of strategies that have been used
to covalently bind proteins to polymer brushes grown via
SI-CRP. In contrast to the noncovalent approaches that were
discussed above, the different covalent immobilization
protocols result in a robust link between the polymer brush
and the protein, which also withstands intensive washing,
for example. As a consequence, covalent protein immobiliza-
tion is very attractive to fabricate protein microchips.

Active ester chemistry represents a very convenient way
to immobilize proteins on carboxylic acid brushes such as
PAA. PAA brushes are usually activated with N-hydroxy-
succinimide (NHS) using a carbodiimide reagent to mediate
the reaction.582,610,611 NHS-activated PAA brushes have been
successfully used to covalently immobilize a variety of
proteins. A drawback of the use of NHS to activate
carboxylic acid-containing polymer brushes is the suscep-
tibility of the corresponding active esters toward hydrolysis.
Upon exposure to an aqueous solution containing the protein
of interest, NHS ester hydrolysis competes with covalent
protein immobilization, which limits the maximum amount
of protein that can be bound. Furthermore, the postmodifi-
cation of polymeric NHS esters with primary amines has
been found to be accompanied by the formation of ring-
opened and glutarimide-bound conjugates.716 Whereas the
former reaction results in conjugation via a hydrolytically
unstable linkage, the latter side reaction limits the maximum

degree of postmodification. These side reactions, however,
can be reduced to a minimum by properly adjusting the reaction
conditions.717 Cullen et al. compared the relative activity of
RNase A bound to a PAA brush via NTA-CuII affinity
interations with that of RNase A covalently bound to a PAA
brush using NHS/EDC chemistry.611 The covalently bound
enzyme was found to show a higher relative activity.
Furthermore, temperature-dependent activity experiments
revealed that the covalently immobilized enzyme behaved
similar to native RNase A, whereas the NTA-CuII bound
enzyme showed no temperature dependence. The latter
observation was attributed to conformational changes in the
active site of the protein. Zhang et al. used NHS active ester
chemistry to immobilize antihuman chorionic gonadotropin
(anti-hCG) onto poly(carboxybetaine methacrylate) (PCB-
MA) brushes.612 Using SPR measurements, the authors could
demonstrate that the antibody-modified polymer brush was
able to specifically bind hCG while resisting the nonspecific
adsorption of other proteins. A slightly different approach,
which also involved the use of NHS activation chemistry,
to prepare covalent protein-functionalized brushes was
reported by Sebra et al. In this case, an acrylated antibody
was prepared using NHS chemistry. The acrylated antibody
was subsequently incorporated in a poly(poly(ethylene
glycol) acrylate) brush via surface-initiated, iniferter-mediated
copolymerization with poly(ethylene glycol) acrylate.718

Covalent coupling of proteins to hydroxyl-functional
polymer brushes such as PPEGMA can be achieved using
activating agents such as 1,1′-carbonyldiimidazole (CDI) to
generate carbamate groups that can react with amine groups
of proteins. This strategy was successfully used by Xu et al.
to prepare patterned biofunctional surfaces consisting of IgG-
functionalized PPEGMA-co-PPEGMEMA domains and a
nonbiofouling PPEGMEMA background.552 The authors
demonstrated that the surface concentration of immobilized
IgG could be varied by adjusting the relative amounts of
PEGMA and PEGMEMA in the protein-presenting domains.

Epoxide groups can react irreversibly with various nu-
cleophiles, which makes them attractive candidates for the
covalent immobilization of proteins. Xu et al. have explored
the reactivity of epoxide groups to immobilize the enzyme
glucose oxidase (GOD) on PGMA brushes prepared via SI-
ATRP.355 Upon increasing the brush thickness from ∼5 to
∼55 nm, an increase in both the total amount of immobilized
GOD as well as the total immobilized GOD activity was
observed. With increasing brush thickness, however, the
relative activity, i.e. the activity of the immobilized enzyme
compared to that of an equivalent amount of the free enzyme,
was found to continuously decrease, which was attributed
to changes in protein tertiary structure and/or diffusion
limitation of the substrate. Interestingly, the storage stability
of the covalently immobilized GOD was superior to that of
the free enzyme, which was ascribed to stabilization of the
active conformation by multipoint bond formation between
the enzyme and the polymer brush. A drawback of PGMA
is that it is not water-soluble and as a consequence cannot
be used to coat microspheres that need to be dispersed in
aqueous media for the separation, purification, or detection
of biological analytes. This problem can be overcome by
copolymerization of GMA with an appropriate hydrophilic
comonomer. Huang et al., for example, have demonstrated
that surface-initiated copolymerization of mixtures of glycidyl
methacrylate and 2,3-dihydroxypropyl methacrylate can be
used to prepare water-dispersible magnetic microspheres.619,719
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These microspheres were subsequently used to immobilize
BSA and penicillin G acylase. In line with the observations
by Xu et al.,355 these authors also found that the stability of
the immobilized penicillin G acylase toward changes in
temperature and pH was superior compared to that of the
corresponding free enzyme.619

The active ester, 1,1′-carbonyldiimidazole, and epoxide
chemistries that have been discussed so far to immobilize
proteins on polymer brushes are very attractive, as they create
multiple, robust covalent linkages between the protein of
interest and the polymer brush substrate. These approaches,
however, also have some limitations which are primarily
related to the nonchemoselective nature of the immobilization
reaction and the lack of control over the orientation of the
immobilized protein. The reactive groups that have been
discussed so far can undergo reaction with a variety of
nucleophilic groups in proteins such as amino and hydroxyl
groups. Due to the high natural abundance of amino acids
containing such nucleophilic groups in their side chains, this
can result in multipoint attachment and makes it difficult to
control the orientation of the immobilized protein. Further-
more, since the abundant amino and hydroxyl side chain
functional amino acids do not only prevail in the protein of
interest but are also present in many other proteins, selective
immobilization of the protein of interest out of a complex
mixture, e.g. a cell lysate, containing many other proteins,
is not possible with the chemistries discussed so far. A few
studies have been published, in which it was attempted to
address these problems and to improve the chemoselectivity
of the immobilization reaction and the orientation of the
protein. One strategy is based on the use of less abundant
side chain functional amino acids for the immobilization
reaction. Cysteine is a very attractive amino acid in this
respect, as it has a much lower natural abundance compared
to, for example, lysine and serine and its side chain thiol
group can undergo a variety of interesting coupling reactions.
When proteins are used that contain a single reactive cysteine
moiety, this method allows the oriented immobilization of
the protein of interest. This strategy was explored by Iwasaki
and co-workers, who successfully immobilized antibody
fragments via a thiol-disulfide interchange reaction between
the cysteine thiol group of the protein and a pyridyl disulfide-
functionalized PMPC brush.620,621 Another concept that has
been successfully used to covalently immobilize proteins on
polymer brushes prepared via SI-CRP involves the use of
fusion constructs of the protein of interest and an enzyme.
In this way, incubation of a polymer brush that is modified
with the enzyme’s substrate allows covalent immobilization
of the fusion protein in a highly chemoselective fashion. The
feasibility of this concept has been demonstrated using fusion
constructs of various proteins with an engineered mutant of
the DNA repair protein O6-alkylguanine-DNA-alkyltrans-
ferase (AGT). The engineered AGT mutant can react in a
highly chemoselective fashion with O6-benzylguanine de-
rivatives, resulting in transfer of the benzyl group of the
substrate to one of the cysteine residues of AGT. By
postmodification of PHEMA and PPEGMA brushes with O6-
benzylguanine moieties, Tugulu et al. successfully used this
strategy to covalently immobilize AGT fusion proteins.602

In various proof-of-concept experiments, it was demonstrated
that the immobilized proteins do not lose their activity
throughout the immobilization process. Most importantly,
due to the extraordinary chemoselectivity of the immobiliza-
tion reaction, this strategy does not require the use of purified

proteins, but the immobilization reaction can be carried out
using cell lysates.720

4.5. Chromatography Supports
SI-CRP techniques have been widely used to modify the

properties of chromatography stationary phases. Table 28
gives an overview of different chromatography supports,
which have been modified using SI-CRP.

Porous silica particles have been modified with hydro-
phobic polymer brushes to facilitate the chromatographic
separation of polycyclic aromatic hydrocarbons (PAHs).721–723

Mallik et al. prepared poly(octadecyl acrylate)-modified silica
beads via SI-ATRP. The chromatographic behavior of these
particles was investigated by retention studies of PAHs and
compared with that of identical polymer-modified beads,
which were produced via the grafting onto approach.721 For
silica beads that were modified using SI-ATRP, longer
retention times and greater selectivity toward PAHs were
observed. In addition to silica particles, also polymer-based
stationary phases have been modified using SI-CRP tech-
niques.504,724 Unsal et al., for example, have modified polymer
microparticles with poly(potassium 3-sulfopropyl methacry-
late) (PSPMA(K)) brushes and subsequently used the modi-
fied particles as an ion-exchange stationary phase to allow
protein separation.504 Coad et al. have grafted poly(N,N-
dimethylacrylamide) (PDMAM) brushes onto porous poly-
mer microparticles, which were used as the stationary phase
for protein separation by entropic interaction chromatogra-
phy.724 In addition to silica- and polymer-based particles, also
a variety of other chromatographic supports has been
modified using SI-CRP techniques. Lee and co-workers used
SI-ATRP to modify the surface of polymer-based capillary
electrophoresis microchips with a PPEGMEMA brush
coating.497,725 The polymer brush coating was found to reduce
electroosmotic flow and nonspecific protein adsorption on
the chip surface. One of the first reports to describe the
modification of capillary chromatography supports using SI-
CRP was published by Wirth and co-workers in 1998.232 One
of the motivations of these authors to use SI-ATRP was that
this technique allows a surface-confined polymerization and
avoids clogging of pores due to free polymer formed during
polymerization. In this study, the performance of capillaries
coated with linear and cross-linked poly(acrylamide) brushes
with regard to the electrophoresis separation of strongly basic
proteins was investigated. It was found that cross-linked
polymer brush coatings resulted in a higher reproducibility
with respect to migration time compared to the linear
coatings. Idota et al. derivatized fused silica capillaries with
a thermoresponsive PNIPAM brush and demonstrated that
these surface-modified capillaries can be used to thermally
regulate aqueous capillary chromatography.674 Miller et al.
grafted PHEMA brushes from the inside of silica capillaries
and subsequently postmodified the polymer brush coating
with ethylenediamine and octanoyl chloride.726 These modi-
fied capillaries showed an improved performance as station-
ary phases for open-tubular electrochromatography of phe-
nols and anilines compared to the bare capillaries.

4.6. Membrane Applications
In addition to the derivatization of stationary phases for

chromatography applications, SI-CRP has also been used to
prepare or tailor the properties of membranes. An overview
of different porous inorganic and polymer-based support
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membranes that have been modified with polymer brushes
grown using SI-CRP techniques is given in Table 29.

Balachandra et al. used SI-ATRP to modify the surface
of porous alumina membranes with a ∼50-100-nm-thick

cross-linked PPEGDMA or linear PHEMA brush.255 Gas
permeation studies indicated that the PPEGDMA-based
membranes have CO2/CH4 selectivities of ∼15-20 and O2/
N2 selectivities of ∼2. The PHEMA-modified membranes,

Table 28. Overview of Chromatography Supports Modified with Polymer Brushes Produced via SI-CRP

Substrate Polymer brush SI-CRP technique Application and remarks Ref

Porous silica particles
(diameter, 5 µm; pore
size, 12 nm)

PODA SI-ATRP Stationary phase in HPLC 721, 722

Porous silica particles
(diameter, 5 µm; pore
size, 12 nm)

PODVBPheA SI-ATRP Packing materials for
HPLC

723

Porous silica particles
(diameter, 5 and 10 µm;
pore size, 20 nm)

PSBMA, PS, PMA, PBMA, PGMA SI-ATRP Functionalization of
stationary phases for
HPLC

339

Silica monoliths
(pore size, 50 and
80 nm)

PHEMA SI-ATRP Stationary phase in HPLC 766

Toyopearl AF-amino 650M
(amino functionalized
porous polymer beads;
diameter, 65 µm; pore

size, 100 nm)

PDMAM SI-ATRP Stationary phase in
entropic interaction
chromatography

724

PDHPMA-co-PEDMAa

porous particles
(diameter, ∼6 µm; pore
size, ∼40 nm)

PSPMA(K) SI-ATRP Preparation of a
polymer-based
ion-exchange support for
HPLC

504

PGMA-co-PMMA-based
microchips
(channel dimensions: w,
49-115 µm; h, 33 µm)

PEGMEMA SI-ATRP Capillary electrophoresis 725

PMMA-based microchip
(channel dimensions: w,
49-115 µm; h, 33 µm)

PEGMEMA SI-ATRP Capillary electrophoresis 497

Fused silica capillary
(inner diameter, 50 µm)

PNIPAM SI-ATRP Thermally regulated
capillary chromatography

674

Fused silica capillary
(inner diameter, 75 µm)

PAM SI-ATRP Capillary electrophoresis;
protein separation

232

Fused silica capillary
(inner diameter,
100 µm)

Ethylenediamine and octanoyl
chloride postmodified PHEMA

SI-ATRP Stationary phases for
open-tubular capillary
electrochromatography

726

a PDHPMA-co-PEDMA: poly(dihydroxypropyl methacrylate)-co-poly(ethylene glycol dimethacrylate).

Table 29. Overview of Porous Membranes That Have Been Modified Using SI-CRP

Substrate Polymer brush SI-CRP technique Application and remarks Ref

Anodic alumina oxide
membrane

(pore size, 20 nm)

PEGDMA, PHEMA SI-ATRP Composite membrane gas
separation

255

Anodic alumina oxide
membrane

(pore size, 20 nm)

Postmodified PHEMA SI-ATRP Pervaporation membranes 365

Anodic alumina oxide
membrane

(pore size, 100 nm)

P4VP-co-PEGDMA SI-ATRP Template synthesis of
molecularly imprinted
polymer nanotube
membranes

364

Regenerated cellulose
membrane

PEGDMA-co-PMAA SI-PIMP Molecularly imprinted
polymer membranes

228

Regenerated cellulose
membranes (MWCO:
100, 300, and 1000 kDa)

PPEGMA SI-ATRP Control of membrane pore
size, water flux, and
molecular weight cutoff

470

Au-coated polycarbonate
track-etched membrane
(pore size, 80-200 nm)

PNIPAM SI-ATRP Thermal or flow properties 677

Chloromethylated
poly(phthalazione ether
sulfone ketone)
membrane
(microporous membrane)

PPEGMEMA SI-ATRP Membrane with controlled
solute rejection and
antifouling properties

542

PVDF-g-PVBC PS, PS-b-PtBA (postderivatized) SI-ATRP Proton conducting
membranes

727

PVDF microfiltration
membranes

PMMA, PPEGMEMA SI-RATRP Membrane with antifouling
properties under
continuous-flow
conditions

550
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in contrast, only showed very little selectivity. The perfor-
mance of the PHEMA-based membranes could be signifi-
cantly improved and reached CO2/CH4 selectivities of ∼6-8
after postmodification of the hydroxyl side-chain functional
groups with pentadecafluorooctanoyl chloride. Along these
lines, the same laboratory also grafted PHEMA brushes from
alumina membranes and subsequently postmodified the
polymer brush coating with octanoyl chloride, palmitoyl
chloride, and pentadecafluorooctanoyl chloride.365 These
postmodified polymer brush-coated alumina supports were
studied as pervaporation membranes for the separation of
volatile organic compounds (VOCs) from water. Wang et
al. used the interior pore surface of alumina membranes to
template the formation of molecularly imprinted polymer
nanotube membranes.364 The imprinted polymer nanotubes
adsorbed significantly larger amounts of steroids with an
approximately 2-fold higher preference for �-estradiol over
estrone and cholesterol compared to a nonimprinted reference
sample. Molecularly imprinted polymer brush membranes
were also prepared by Hattori et al., who have used SI-PIMP
to graft theophylline imprinted brushes onto regenerated
cellulose membranes.228 Singh et al. used SI-ATRP to modify
regenerated cellulose ultrafiltration membranes having mo-
lecular weight cut-offs of 100, 300, and 1000 kDa with a
PPEGMA brush coating.470 The authors demonstrated that
the water flux across these modified membranes decreased
with increasing polymerization time (i.e., brush thickness)
and also found that the polymer brush surface modification
resulted in reduced molecular weight cut-offs. Lokuge et al.
grafted thermosensitive PNIPAM brushes on the exterior
surface of gold-coated polycarbonate track-etched mem-
branes.677 The LCST behavior of the PNIPAM coating was
successfully used to control the flow properties across the
membrane. Chloromethylated poly(phthalazinone ether sul-
fone ketone) membranes have been modified with a thin
PPEGMEMA coating, which was produced using SI-
ATRP.542 The hydrophilic polymer brush coating resulted
in a decrease in pore size, increased solute rejection, and an
improved fouling resistance. Proton conducting membranes
have been prepared by sulfonation of polystyrene brushes,
which were grown from poly(vinylidene fluoride)-g-poly-
(vinylbenzyl chloride) supports.727 Chen et al. used surface-
initiated reverse ATRP to modify PVDF microfiltration
membranes with PMMA and PPEGMEMA brush coatings.550

The PPEGMEMA-modified membranes were less susceptible
to protein fouling compared to the PMMA-modified supports.

4.7. Antibacterial Coatings
Prevention and treatment of bacterial infections are

important goals in modern healthcare. As a consequence,
there is also a great interest in strategies to modify material
surfaces with coatings that prevent biofilm formation. SI-
CRP is an attractive tool to produce well-defined antibacterial
coatings. Table 30 gives an overview of polymer brushes,
which have been prepared to produce antibacterial surfaces.
The antibacterial brushes that have been described in the
literature can be subdivided into three categories. The first
group are biocidal polymer brushes which kill bacteria. The
second class of antibacterial polymer brushes are nonbio-
fouling brushes. The antibacterial properties of these coatings
are due to the fact that they prevent bacterial adhesion. The
third class of antibacterial polymer brushes combines biocidal
and nonbiofouling properties. Examples of each of these

classes of polymer brushes will be discussed in the remainder
of this section.

Russell and co-workers have used SI-ATRP to graft
PDMAEMA brushes on various substrates, including filter
paper, glass slides, and silicon wafers.728,729 Quaternization
of these brushes with ethyl bromide resulted in quartenary
ammonium-modified surfaces with substantial biocidal activ-
ity. To elucidate the influence of polymer brush chain length
and grafting density on the bacterial killing properties, a
combinatorial screening was developed. Surface charge
density was identified as an important parameter that
determines biocidal activity, and the most effective brush
coatings had charge densities greater than 1-5 × 1015

accessible quaternary ammonium groups per square centi-
meter.729 Ramstedt et al. developed an alternative approach
for the development of polymer brush-based coatings with
biocidal properties.730 In this case, PSPMA(K) brushes
prepared via SI-ATRP were used as reservoirs that could be
loaded with silver ions. The brushes showed slow leaching
of silver ions but were able to maintain silver at the surface
during leaching. These silver-loaded polymer brush coatings
were found to effectively inhibit the growth of both Gram
positive and Gram negative bacteria.

In addition to presenting biocidal functional groups or
releasing biocidal agents, a second approach to prevent
biofilm formation is to take advantage of the nonbiofouling
properties of certain polymer brushes. Cheng et al. compared
bacterial adhesion and biofilm formation on zwitterionic
poly(sulfobetaine methacrylate) (PSBMA) and PPEGMEMA
brush-coated substrates with that on bare glass slides and
SAMs of methyl-terminated, mixed sulfate/trimethylammo-
nium-functionalized, and oligo(ethylene glycol)-containing
alkanethiols.731 Bacterial adhesion on the polymer brush-
based coatings was significantly reduced compared to the
bare glass reference and the SAM-modified slides during both
short-term (3 h) as well as long-term (24 h) binding studies.
After 3 h of exposure, adhesion of S. epidermidis and P.
aeruginosa on the polymer brush-coated substrates was
reduced by 92% and, respectively, 96% compared to the bare
glass control. Van der Mei and co-workers reported similar
results using poly(acrylamide) (PAM) brushes.732,733 These
authors investigated the deposition, adhesion, and detachment
of two bacterial strains (S. aureus and S. saliVarius) and one
yeast strain (C. albicans) and found that microbial adhesion
on the polymer brush-coated substrates was reduced by
70-92% compared to unmodified silicon surfaces. Examples
of other polymer brushes, which have been reported to
prevent bacterial adhesion, are PMAA,614 PAM,732,733 and
poly(2-(tert-butylamino)ethyl methacrylate) brushes.233

In addition to the examples mentioned above, also several
polymer brush-based antibacterial coatings have been re-
ported, which combine both biocidal and nonbiofouling
features. Zhang et al., for example, prepared antibacterial
coatings that consisted of a PHEMA brush, which was
functionalized with the antibiotics gentamicin or penicillin.387

A polymer brush coating incorporating both biocidal qua-
ternary ammonium groups as well as nonbiofouling proper-
ties was obtained by Yao et al. by block copolymerization
and subsequent quaternization of PPEGMA and PDMAEMA
from polypropylene substrates.495

4.8. Low Friction Surfaces
SI-CRP techniques are also attractive tools to produce low

friction surfaces. Sakata et al. used SI-ATRP to produce
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PMMA brushes with thicknesses ranging from 5 to 30 nm
and densities of up to 0.56 chains/nm2.734 The tribological
properties of these PMMA brushes were compared with that
of spin coated PMMA films of similar thickness. The friction
coefficient of dry PMMA brushes was found to be indepen-
dent of brush thickness and sliding velocity, whereas the

friction coefficient of the spin coated film increased with
increasing film thickness. This difference was attributed to
the highly stretched nature of the surface-tethered polymer
chains. Experiments with solvent-exposed samples revealed that
in the presence of good solvents (acetone, toluene), PMMA
brushes can act as a lubricating layer that reduces the interactions

Table 30. Overview of Antibacterial Polymer Brushes Prepared via SI-CRP

Substrate Polymer brush
SI-CRP

technique Postmodification reaction
Brush

thickness
Biocidal

functionality
Bacterial strain

tested Ref

Glass slide or
Whatman filter
paper

PDMAEMA SI-ATRP Quaternization with bromoethane
(R ) C2H5)

Quaternary
ammonium

Escherichia coli,
Bacillus
subtilis

728

Stainless steel PS-co-PDMAEMA
PBA-co-PDMAEMA

SI-NMP Quaternization with bromooctane,
bromododecane, benzylbromide
(R ) C8H17, C12H25, C7H7)

>10 nm Quaternary
ammonium

E. coli, S.
aureus

191

PVBC-co-
PEGDMAa

microsphere

PDMAEMA SI-ATRP Quaternization with bromohexane,
bromododecane (R ) C6H13,
C12H25)

∼8 nm Quaternary
ammonium

Escherichia coli,
Staphylococcus
aureus

529

PVDF-g-PBIEAb

copolymer
microporous
membrane

PDMAEMA
PtBAEMA

PtBAEMA-co-PS

SI-ATRP Quaternization with bromohexane
(R ) C6H13)

Quaternary
ammonium

Escherichia coli 749

Stainless steel PtBAEMA-co-
PPEGMEMA

SI-ATRP Staphylococcus
aureus

233

PtBAEMA-co-PAA
Silicon

(Si(100) wafer)
PDMAEMA SI-ATRP (1) quaternization with

bromohexane (R ) C6H13)
(1) 16, 28

nm
Quaternary

ammonium
Pseudomona sp. 349

(2) incorporation of viologen
moieties via reaction with a
stochiometric mixture of
1,6-dibromohexane and
4,4′-bipyridine

(2) 18, 31
nm

Silicon wafer PAM SI-ATRP 20 ( 2 nm Staphylococcus
aureus,
Streptococcus
saliVarius,
Candida
albicans (yeast)

732

Polypropylene PDMAEMA SI-ATRP Quaternization with bromoethane
(R ) C2H5)

Quaternary
ammonium

Escherichia coli 518

Glass slide,
silicon wafer

PDMAEMA SI-ATRP Quaternization with bromoethane
(R ) C2H5)

5-123 nm Quaternary
ammonium

E. coli 729

Gold PSBMA
PPEGMEMA

SI-ATRP Staphylococcus
epidermidis,
Pseudomonas
aeruginosa

731

Gold, silicon
wafer

PSPMA(K) SI-ATRP Loading of the polymer brush
with AgNO3

3-300 nm Silver leaching Pseudomonas
aeruginosa,
Staphylococcus
aureus

730

Titanium oxide PHEMA
PDMAEMA

SI-ATRP (1) succinic anhydride/DMAP,
NHS/EDC, gentamicin coupling

PHEMA:
124 nm,

(1) gentamicin, Staphylococcus
aureus

387

(2) (3-aminopropyl)trimeth-
oxysilane, penicillin coupling

PDMAEMA:
18 nm

(2) penicillin

(3) quaternization with
bromohexane

(3) quaternary
ammonium

Silicon rubber PAM SI-ATRP 20 nm in
DMF

8 nm in
H2O

Staphylococcus
aureus,
Streptococcus
saliVarius,
Candida
albicans (yeast)

733

Microporous
polypropylene
hollow fiber
(PPHF)

(PPEGMA-b-
PDMAEMA)

SI-ATRP Quaternization with
bromododecane (R ) C12H25)

Quaternary
ammonium

Escherichia coli,
Staphylococcus
aureus

495

Titanium oxide PMAA SI-ATRP NHS/EDC activation, silk sericin
coupling

>7.5 nm Staphylococcus
aureus,
Staphylococcus
epidermidis

614

Cellulose filter
paper

PDMAEMA SI-RAFT Quaternization with bromooctane,
bromododecane,
bromohexadecane (R ) C8H17,
C12H25, C16H33)

Quaternary
ammonium

Escherichia coli 480

a PVBC-co-PEGDMA: poly(4-vinylbenzyl chloride)-co-poly(ethylene glycol dimethacrylate). b PVDF-g-PBIEA: poly(vinylidene fluoride)-g-
poly(2-(2-bromoisobutyryloxy)ethyl acrylate).
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between the probe and the sample substrate. The same group
has also prepared hydrophilic brush coatings composed of
poly(2,3-dihydroxypropyl methacrylate)625 and poly(2-(meth-
acryloyloxy)ethyl phosphorylcholine) (PMPC)735 via SI-
ATRP. Friction experiments between PMPC brush-modified
glass probes and PMPC-grafted substrates revealed very low
friction coefficients, which were attributed to osmotic repul-
sions between the high-density grafted polymer chains. Such
water-lubricating ultrathin coatings are of interest for various
medical applications, e.g. in artificial hip joints.

5. Conclusions and Outlook
Thin polymer coatings have long been used to modify the

surface properties of a wide range of materials. The advent
of various controlled/“living” radical polymerization tech-
niques over the past 10-15 years, however, has made it
possible to produce such polymer coatings with an unprec-
edented level of control over composition, structure, and
properties. The examples discussed in section 4 of this article
give just a flavor of the possibilities that are currently offered
by surface-initiated controlled polymerization techniques to
produce functional surfaces. The variety of polymerization
techniques, postmodification strategies, and patterning meth-
ods that were discussed earlier in this article together with
the ongoing advances in each of these areas indicates that
there is still plenty of room for future developments. Possible
areas of application that have only received limited attention
include catalysis and sensing. Due to the fact that polymer
brushes produced via SI-CRP are not simple 2D films but
thin 3D layers with internal chemical and physical properties
that can be controlled via synthesis, these seem to be
interesting application areas. Another attractive feature of
SI-CRP that has not been taken much advantage of is the
possibility to modify the interior surface of complex 3D
support structures. This would be of interest and relevant to
applications in microfluidics and tissue engineering, among
others. These are just a few of the many possibilities for
further developments, and we hope that this article will
inspire further activities in this exciting field.

6. Acknowledgments
The work on polymer brushes in the authors’ laboratory

is supported by the VolkswagenStiftung, the GEBERT RÜF
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(386) Raghuraman, G. K.; Rühe, J.; Dhamodharan, R. J. Nanopart. Res.

2008, 10, 415.
(387) Zhang, F.; Shi, Z. L.; Chua, P. H.; Kang, E. T.; Neoh, K. G. Ind.

Eng. Chem. Res. 2007, 46, 9077.
(388) Zhang, F.; Xu, F. J.; Kang, E. T.; Neoh, K. G. Ind. Eng. Chem. Res.

2006, 45, 3067.
(389) Raynor, J. E.; Petrie, T. A.; Garcı́a, A. J.; Collard, D. M. AdV. Mater.

2007, 19, 1724.
(390) Marcinko, S.; Fadeev, A. Y. Langmuir 2004, 20, 2270.
(391) Fan, X. W.; Lin, L. J.; Messersmith, P. B. Compos. Sci. Technol.

2006, 66, 1198.
(392) Hamming, L. M.; Fan, X. W.; Messersmith, P. B.; Brinson, L. C.

Compos. Sci. Technol. 2008, 68, 2042.
(393) Fan, X.; Lin, L.; Messersmith, P. B. Biomacromolecules 2006, 7,

2443.
(394) Liu, P.; Wang, T. M. Curr. Appl. Phys. 2008, 8, 66.
(395) Ok, J.; Matyjaszewski, K. J. Inorg. Organomet. Polym. Mater. 2006,

16, 129.
(396) Chang, M.-J.; Tsai, J.-Y.; Chang, C.-W.; Chang, H.-M.; Jiang, G. J.

J. Appl. Polym. Sci. 2007, 103, 3680.
(397) Chen, R. X.; Zhu, S. P.; Maclaughlin, S. Langmuir 2008, 24, 6889.

(398) Liu, P.; Wang, T. M. Ind. Eng. Chem. Res. 2007, 46, 97.
(399) Liu, P.; Wang, T. M.; Su, Z. X. J. Nanosci. Nanotechnol. 2006, 6,

1684.
(400) Liu, P.; Guo, J. S. Colloids Surf., A 2006, 282, 498.
(401) Wang, L.-P.; Wang, Y.-P.; Pei, X.-W.; Peng, B. React. Funct. Polym.

2008, 68, 649.
(402) Li, C.-P.; Huang, C.-M.; Hsieh, M.-T.; Wei, K.-H. J. Polym. Sci.,

Part A: Polym. Chem. 2005, 43, 534.
(403) Lego, B.; Skene, W. G.; Giasson, S. Langmuir 2008, 24, 379.
(404) Wang, L.-P.; Wang, Y.-P.; Wang, R.-M.; Zhang, S.-C. React. Funct.

Polym. 2008, 68, 643.
(405) Datta, H.; Bhowmick, A. K.; Singha, N. K. J. Polym. Sci., Part A:

Polym. Chem. 2008, 46, 5014.
(406) Burkett, S. L.; Ko, N.; Stern, N. D.; Caissie, J. A.; Sengupta, D.

Chem. Mater. 2006, 18, 5137.
(407) Di, J. B.; Sogah, D. Y. Macromolecules 2006, 39, 1020.
(408) Mittal, V. J. Colloid Interface Sci. 2007, 314, 141.
(409) Weimer, M. W.; Chen, H.; Giannelis, E. P.; Sogah, D. Y. J. Am.

Chem. Soc. 1999, 121, 1615.
(410) Zhao, H. Y.; Farrell, B. P.; Shipp, D. A. Polymer 2004, 45, 4473.
(411) Zhao, H. Y.; Argoti, S. D.; Farrell, B. P.; Shipp, D. A. J. Polym.

Sci., Part A: Polym. Chem. 2004, 42, 916.
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Angew. Chem., Int. Ed. 2005, 44, 1717.
(427) Duan, H. W.; Kuang, M.; Zhang, G.; Wang, D. Y.; Kurth, D. G.;
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48, 2806.
(536) Guerrini, M. M.; Charleux, B.; Vairon, J.-P. Macromol. Rapid

Commun. 2000, 21, 669.
(537) Kizhakkedathu, J. N.; Norris-Jones, R.; Brooks, D. E. Macromolecules

2004, 37, 734.

5522 Chemical Reviews, 2009, Vol. 109, No. 11 Barbey et al.



(538) Kizhakkedathu, J. N.; Kumar, K. R.; Goodman, D.; Brooks, D. E.
Polymer 2004, 45, 7471.

(539) Jayachandran, K. N.; Takacs-Cox, A.; Brooks, D. E. Macromolecules
2002, 35, 4247.

(540) Goodman, D.; Kizhakkedathu, J. N.; Brooks, D. E. Langmuir 2004,
20, 2333.

(541) Kizhakkedathu, J. N.; Goodman, D.; Brooks, D. E. In AdVances in
Controlled/LiVing Radical Polymerization; Matyjaszewski, K., Ed.;
2003; Vol. 854.

(542) Zhu, L.-P.; Dong, H.-B.; Wei, X.-Z.; Yi, Z.; Zhu, B.-K.; Xu, Y.-Y.
J. Membr. Sci. 2008, 320, 407.

(543) Cheng, Z. P.; Zhu, X. L.; Kang, E. T.; Neoh, K. G. Macromolecules
2006, 39, 1660.
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