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Biofunctional and Biomimetic Polymer
Brushes Prepared via Surface-Initiated
Atom Transfer Radical Polymerization
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Abstract: Surface-initiated controlled radical polymerization is a powerful strategy to tailor the chemical and physi-
cal surface properties of materials. This article highlights recent work from the author’s laboratory in which surface-
initiated atom transfer radical polymerization is used to generate biofunctional and biomimetic surface coatings.
Three examples will be discussed. The first two examples are based on the surface-initiated atom transfer radical
polymerization of 2-hydroxyethyl methacrylate and (polyethylene glycol) methacrylate, which generates a polymer
brush that suppresses non-specific adhesion of proteins and cells. These non-fouling brushes have been used to
generate protein microarrays and to produce coatings that can promote endothelialization of implantable bioma-
terials. The third example describes the use of polyelectrolyte brushes as matrices to direct the mineralization of

calcium carbonate.
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1. Introduction

The term polymer brush refers to a well-
defined arrangement of polymer chains,
which are tethered with one end to the sur-
face of a solid substrate.[-21 At sufficiently
high chain densities, due to steric repulsion,
the polymer chains adopt a stretched chain
conformation, which significantly differs
from the random walk conformation of free
polymer chains in solution or in convention-
ally solution-casted polymer films.[3!
Polymer brushes can be prepared either
by the grafting-from or by the grafting-to
approach (Fig. 1). The grafting-to strategy
involves the covalent attachment of pre-
synthesized polymers with an appropriate
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reactive endgroup to a solid substrate func-
tionalized with a complementary reactive
group. The grafting-from strategy involves
the preparation of polymer brushes from
surfaces modified with appropriate initiat-
ing groups. From an experimental point of
view, the grafting-to approach is advanta-
geous as it is a single-step procedure and
can readily be transferred to materials with
complex shapes.[l The grafting-to strategy,
however, suffers from a number of draw-
backs.!5] First of all, grafting densities are
limited due to steric crowding of already
tethered polymer chains. Secondly, the

film thicknesses are limited by the molecu-
lar weight of polymers in solution, which
makes it difficult to prepare brushes with
thicknesses in the 100 nm range. The graft-
ing-from strategy, in contrast, does not suffer
these limitations. Especially, when any of
the nowadays manifold controlled/ living’
polymerization methods is used, the graft-
ing-from strategy allows the preparation of
polymer brushes with a very high degree of
control over brush thickness, composition,
density and architecture.[®-101 The grafting-
from strategy, which is also referred to as
surface-initiated polymerization can also
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Fig. 1. Synthesis of polymer brushes: (A) grafting-to strategy; (B) grafting-from strategy
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easily be combined with various lithograph-
ic techniques, which allows additional con-
trol over the topography of surface-attached
polymer brushes.

Polymer brushes prepared via surface-
initiated polymerization have been explored
for various applications. Surface-initiated
atom transfer radical polymerization of
2-hydroxyethyl methacrylate (HEMA)U!
(polyethylene glycol) methacrylate (PEG-
MA)UI-16l and  2-methacryloyloxyethyl
phosphorylcholine (MPC)!7I have been
used to generate non-fouling brushes that
effectively resist non-specific protein and
cell adhesion. The use of thermosensitive
polymers such as poly(N-isopropylacryl-
amide) allows access to polymer brushes
that can be reversibly switched from a hy-
drophilic, biologically inert state to a hy-
drophobic protein and cell adhesive state.[14]
Polymer brushes prepared via the graft-
ing-from approach have also been used to
prepare antibacterial coatings!'8!l and have
been proposed as nanoactuators.l'%! In ad-
dition to the modification of planar sub-
strates, the grafting-from strategy has also
been successfully used to modify the prop-
erties of porous aluminal?-221 or polymer
membranes.[23-23]

In most instances, the polymer brushes
mentioned above were grown using standard
copper-catalyzed procedures. Although the
brushes are usually extensively washed af-
ter synthesis, there is a potential risk that
some residual copper catalyst may remain.
For the examples that will be discussed in
this contribution, however, we are not aware
of any adverse effects of possible catalyst
residues on the properties of the polymer
brushes. Furthermore, recent advances in
atom transfer radical polymerization have
resulted in initiator systems that reduce the
amount of catalyst needed to ppm levels,
where its removal may no longer be neces-
sary for many applications.[26.27]

One of the interests of our laboratory
is the use of surface-initiated atom transfer
radical polymerization to produce ultrathin
polymer coatings that endow the underlying
substrate with specific biological properties
or which can template the biomimetic for-
mation of thin inorganic films. This article
will give an overview of recent work from
our laboratory in this area and will discuss
three specific examples. As a first example,
the use of non-fouling poly(poly(ethylene
glycol) methacrylate) (PPEGMA) brushes
as platforms for the fabrication of protein
function microarrays will be presented.[28:29]
In the second example, it will be demon-
strated that appropriately peptide-function-
alized PPEGMA brushes are potentially
interesting coatings to promote endothe-
lialization of blood-contacting biomateri-
als.30311 The third and last example will
describe the use of photolithographically
patterned polyelectrolyte brushes as biomi-
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Fig. 2. Fabrication of protein functionalized polymer brushes: (i) grafting of polymerization initiator
1 and surface-initiated atom transfer radical polymerization, (ii) activation of hydroxyl groups
with p-nitrophenyl chloroformate (NPC), (i) functionalization with benzylguanine derivative 2 and
quenching of residual NPC groups, (iv) immobilization of AGT fusion proteins on benzylguanine

displaying surfaces

metic matrices to template the fabrication
of thin microstructured calcite films.[32.33]

2. Polymer Brushes for Protein
Microarray Applications

Protein microarrays consist of large
numbers of proteins that are immobilized
in defined patterns on a solid substrate.
Protein microarrays are attractive tools for
proteomics research as they enable high-
throughput characterization of proteins.
Proteins microarrays can be used both to
measure the abundance of certain proteins
as well as to study their function (i.e. in-
teractions and biochemical activity).[34-36
In spite of the increasing interest in this
class of bioanalytical devices, there is still
a number of technological challenges that
provides room for future improvement. In-
teresting challenges from a chemistry/ma-
terials perspective include the development
of microarray surfaces with improved resis-
tance toward non-specific protein adsorp-
tion and strategies that allow the chemose-
lective, covalent immobilization of proteins
with retention of structure and function.

Fig. 2 illustrates an approach towards
protein function microarrays that attempts
to address both of the challenges mentioned
above. The surface of the microarray chip is
covered with a thin (20 to 200 nm) poly(2-
hydroxyethyl methacrylate) (PHEMA) or
PPEGMA brush, which serves two func-
tions. First of all, the PHEMA and PPEG-
MA brush serves to suppress non-specific
protein adsorption. Secondly, the hydroxyl
groups, which are pendent to the polymer
chains that constitute the polymer brush,

provide anchoring points for the cova-
lent immobilization of proteins. Protein
functionalization following the strategy
outlined in Fig. 2 involves the use of fu-
sion proteins of a protein of interest with
0°-alkylguanine-DNA-alkyltransferase
(AGT) and takes advantages of the ability
of AGT to transfer the alkyl group of O°-
alkylguanine derivatives to one of its own
cysteine residues.’”l Amongst others, the
AGT-mediated immobilization offers the
following advantages: i) immobilization
occurs exclusively via the AGT fusion and
leaves the protein of interest accessible for
interactions with other molecules, ii) func-
tionalization is chemoselective and can be
carried out directly from crude cell lysates
without the need for purification steps.
The fabrication of the protein func-
tionalized brushes outlined in Fig. 2 starts
with the modification of a glass or silicon
substrate with atom transfer radical poly-
merization initiator 1, which contains a bro-
moisobutyryl group. The bromoisobutyryl
functionalized surfaces are subsequently
used to initiate the atom transfer radical
polymerization of HEMA or PEGMA.[28]
Functionalization of the polymer brush-
es starts with activation of the hydroxyl
groups with p-nitrophenyl chloroformate
(NPC) in anhydrous tetrahydrofuran in the
presence of triethylamine.[281 After that, the
activated brush coated substrate is deriva-
tized with the benzylguanine functional-
ized amine 2 using a protein microarrayer.
After a quenching step to remove any un-
reacted NPC groups, the modified surfaces
are incubated in a solution containing the
appropriate AGT fusion protein and finally
washed to remove unbound protein. Fig.
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3 illustrates the immobilization of a Cy5
labelled fusion protein of AGT and dehy-
drofolate reductase (DHFR) on a PPEGMA
brush following this process. The fluores-
cence image in Fig. 3 was obtained on a
PPEGMA-coated surface of which only
one part was modified with benzylguanine
derivative 2. The other three parts of this
slide served as controls and were modified
with benzylamine, 4-dimethylaminopyri-
dine (DMAP) and N,N-dimethylforma-
mide (DMF), respectively. The absence of
fluorescence on these three parts of the sub-
strate confirms the ability of the PPEGMA
brush coating to suppress non-specific pro-
tein adsorption. Protein microarrays pre-
pared according to the strategy outlined in
Fig. 2 have been successfully used to mea-
sure protein heterodimerization, to detect
protein—small molecule interactions and to
monitor posttranslational modifications.29]

3. Polymer Brushes as Coatings for
Blood-contacting Biomaterials

An important goal in modern biomate-
rials research is the development of novel
synthetic biomaterials, which are able to
provide a microenvironment that mimics
the natural extracellular matrix (ECM).[38.39]
Such materials are of great interest, not on-
ly for tissue engineering and regenerative
medicine, but also for fundamental bio-
logical studies. Ideally, such biomaterials
are intrinsically biologically inert, i.e. they
resist the non-specific adhesion of proteins
and cells, but offer possibilities to intro-
duce specific peptide ligands. In this way,
defined chemical cues can be presented to
the environment. The most common pep-
tide ligands that are used to create ECM
mimetic microenvironments are based on
the arginine-glycine-aspartic acid (RGD)
sequence.[*01 This sequence is derived from
the cell attachment domain of fibronectin
and specifically binds to integrin receptors
that are present on the cell surface.l*!1 In ad-
dition to biological non-fouling properties,
it is also advantageous if the surface of the
synthetic biomaterial can be structured with
topographical cues with length scales that
vary from several nanometers to a few mi-
crometers. A number of strategies is avail-
able for the surface modification of bioma-
terials, including the use of self-assembled
monolayers!®l and plasma modification,[42!
amongst others. The use of surface-initiated
controlled polymerization to modify biom-
aterials surfaces with a thin polymer brush
coating is an interesting alternative, which
offers good control over surface coverage,
thickness and composition.

Due to their non-fouling properties and
the presence of hydroxyl groups, which al-
low for post-polymerization modification
with biologically active functional groups,
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Fig. 3. Fluorescence image of a PPEGMA brush coated surface after NPC activation, spotting of 2/
DMAP, benzyl amine (Bz-NH,)/DMAP, DMAP in DMF and pure DMF (from left to right) followed by
quenching and incubation with AGT-DHFR-MTX-Cy5 (scale bar: 1 mm)

the PHEMA and PPEGMA brushes dis-
cussed in the previous paragraph are of
potential interest as biologically active
coatings to modify biomaterials surfaces.
To evaluate the feasibility of these brushes
as bioactive biomaterials coatings, a series
of PHEMA and PPEGMA brushes was
grafted from glass substrates following the
approach illustrated in Fig. 2. Modification
of these polymer brushes with an RGD-
containing peptide as well as a scrambled
RDG control sequence was achieved by
NPC activation of the brush hydroxyl
groups, followed by reaction with the ap-
propriate peptide. The concentration of the
peptide presented at the brush surface could
be varied by adjusting the concentration of
peptide in the reaction mixture during the

post-polymerization modification.3% Ad-
hesion experiments with human umbilical
vein endothelial cells (HUVECSs) revealed
the formation of confluent cell layers above
a threshold RGD surface concentration of
1.0-5.3 pmol.cm™. Fig. 4 compares HU-
VEC densities four hours postseeding on
three polymer brush coatings, which were
prepared via surface-initiated atom transfer
radical polymerization of HEMA and two
PEGMA derivatives with different ethylene
glycol side chain lengths. For each brush,
four different samples were investigated: 1)
neat (the polymer brush as obtained direct-
ly after polymerization); ii) quenched (the
polymer brush after NPC activation and
quenching with ethanolamine); iii) RGD
functionalized; iv) RDG functionalized.
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Fig. 4. (A) HUVEC densities 4 h postseeding on neat, quenched (NPC
activated and ethanolamine treated), RGD and RDG functionalized 20
nm thick PHEMA, PPEGMA; and PPEGMA,, brushes supported on
glass slides. (B) Photomicrographs of HUVECs 4 h postseeding on RGD
functionalized 20 nm thick PHEMA, PPEGMAg and PPEGMA,, brushes.
Peptide concentrations used for the functionalization were 1 mM. Scale

bar: 50 pm.
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Fig. 4 clearly illustrates that cells adhere
well to the RGD presenting brushes, where-
as only low cell densities were observed on
the control surfaces. This observation dem-
onstrates that cell adhesion on the RGD
functionalized surfaces is mediated by
integrin-specific interactions and does not
involve non-specific interactions.

At sufficiently high peptide surface
concentrations, focal adhesions were es-
tablished on all of the investigated polymer
brush substrates.[30 This is illustrated in
Fig. 5, which shows an overlay of the fluo-
rescence micrographs of anti-vinculin (to
visualize focal adhesions) and 4°,6-diamid-
ino-2-phenylindole (DAPI, to visualize the
cell nucleus) stained HUVECs on RGD-
functionalized PHEMA and PPEGMA
brush coatings. Interestingly, the morphol-
ogy and size of the focal adhesions were
different on the different brushes. Whereas
HUVECs on PHEMA brushes established
mainly large and mature focal adhesions at
the cell periphery, smaller focal adhesions
with fibrillar character were found in HU-
VECs that adhered to RGD-functionalized
PPEGMA, or PPEGMA |, brushes. These
differences are not fully understood at the
moment. There are, however, a number of
factors that may contribute to these differ-
ences. First of all, as illustrated in Fig. 5B,
there is about a factor of 2 difference in the
peptide surface concentration between the
PHEMA- and PPEGMA-based brushes. In
both cases, however, the peptide concentra-
tions were sufficient to allow focal contact
formation. A second difference is related
to the water solubility/swellability of the
brushes. In contrast to PPEGMA, PHEMA
does not dissolve but only swells in water.[43]
Finally, the three polymer brushes differ
with respect to the length of the ethylene
glycol spacer that connects the RGD ligand
to the polymer main chain. This spacer
consists of a single ethylene glycol unit in
the case of the PHEMA brushes and of, on
average, six or ten ethylene glycol repeat
units in the case of the PPEGMA brushes.
An interesting hypothesis, which needs to
be supported by additional data, would be
that the enhanced water solubility of the
PPEGMA brushes in combination with the
increased ethylene glycol spacer length,
leads to increased ligand mobility and re-
duced ligand-integrin affinity. HUVECs ad-
hering to RGD functionalized PHEMA or
PPEGMA brushes were able to withstand a
fluid shear stress of 1.5 kg.m~!.s2 for a pe-
riod of 24 h.1301 Fluorescence staining of the
F-actin cytoskeleton revealed that the cells
elongated in response to the shear stress and
aligned parallel to the direction of the flow.
As the shear stress that was used resembles
the stress experienced by the endothelial
cells that line the interior of blood vessels,
these experiments suggest that PHEMA
and PPEGMA brushes may be interesting

CHIMIA 2008, 62, No. 10

(A)

| PPEGMA, ™

—
m
—

PPEGMA,,

Ligand density [pmolicm’]

Fig. 5. (A) Overlay of fluorescence micrographs of HUVECs 4 h postseeding adhering to RGD
functionalized 20 nm thick PHEMA, PPEGMAg and PPEGMA,  brushes stained for nuclei and vinculin.
The lower three micrographs were recorded with higher magnification. The RGD concentration for
the functionalization was 1 mM. Scale bar: 25 ym; (B) RGD surface densities on PHEMA, PPEGMAg
and PPEGMA 4 brushes functionalized using TmM RGD and 2.5 mM DMAP in DMF.

coatings to modify the surface properties of
blood-contacting biomaterials.

4. Polymer Brushes as lonotropic
Matrices for the Fabrication of
Microstructured Calcite Films

Calcium carbonate is one of the most
abundant biominerals and is widely used
for the construction of the protective shells
and casings of many organisms.[*4l Acidic
matrix macromolecules have been identi-
fied to play an important role in guiding
the mineralization of biogenic calcium car-
bonate.[*5] In addition to three crystalline
polymorphs, biogenic calcium carbonate
also occurs in two amorphous modifica-
tions: a stable hydrated form and a second
less stable, essentially anhydrous form,
which can act as a transient precursor for
the thermodynamically stable crystalline
modifications.[6] The formation of vari-
ous complex biogenic calcium carbonate
structures has been proposed to proceed
via the second, metastable amorphous cal-
cium carbonate (ACC) phase.*7481 ACC as
a transient precursor has been exploited in
vitro to produce calcium carbonate crystals
in constrained geometries, to fabricate mi-
crostructured calcite single crystals and to
synthesize nacre-type laminated calcium
carbonate coatings.*9-511 The attractiveness
of the metastable ACC phase lies in the fact
that it can be more easily molded into com-
plex structures compared to the crystalline
calcium carbonate polymorphs. In a subse-
quent step, the ACC phase can be converted
into a crystalline phase by subjecting the
material to brief thermal treatment.5! The
application of such biological concepts to
direct the size, shape and microstructure
of synthetic inorganic materials is of great
technological importance and could lead to
new materials with potential applications in

e.g. optical information processing, cataly-
sis and regenerative medicine.[52-3]

It has been demonstrated that thin or-
ganic or polymer films are interesting tools
to study and direct calcium carbonate min-
eralization. Substrates that have been used
include acid functionalized self-assembled
monolayers of alkanethiols on gold,5%
Langmuir monolayers of acidic surfac-
tantsi571 as well as polymeric Langmuir-
Schaefer films of acidic polydiacetylenes.[58!
Other approaches that have been explored
include the use of immobilized organic/
polymer films, such as polyacrylic acid/
chitosan membranes,’! poly(vinyl alco-
hol),[601 anionic starburst dendrimers,[6!1
collageneous matrices,!%2] and organosilane
based thin films.[63] These last five exam-
ples, however, involve the use of deposition
techniques that usually only provide limited
means of controlling lateral dimensions,
surface patterning and thickness of the or-
ganic coating, which is often required for
advanced technical applications.

An alternative approach to control the
mineralization of calcium carbonate is out-
lined in Fig. 6 and is based on the use of
negatively charged polyelectrolyte brushes,
which are prepared via surface-initiated at-
om transfer radical polymerization of sodi-
um methacrylate.[3233] The rationale behind
the use of these negatively charged polymer
brushes was that they could serve to mimic
the negatively charged matrix macromole-
cules involved in calcium carbonate biom-
ineralization and provide temporal stabili-
zation for the transient ACC phase. In con-
trast to many of the approaches discussed
in the previous paragraph, the thickness and
composition of the polymer brush film can
be accurately controlled using surface-ini-
tiated atom transfer radical polymerization.
By combining this polymerization strategy
with photolithographic techniques and the
potential of negatively charged macromol-
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ecules to stabilize ACC, the objective of the
approach outlined in Fig. 6 was to explore
patterned polymer brushes as templates to
guide the formation of microstructured,
crystalline calcite films.

Microstructured poly(methacrylic acid)
(PMAA) brushes were prepared from pho-
tolithographically patterned initiator-mod-
ified substrates.32] The patterned initiator
functionalized substrates were obtained by
U V-irradiation of siliconsubstrates modified
with an atom transfer radical polymeriza-
tion initiator-modified trimethoxysilane us-
ing a transmission electron microscopy grid
as the photomask. This leads to decomposi-
tion of the initiator in the exposed regions,
and subsequent polymerization of sodium
methacrylate only takes place on regions
of the substrate that are not irradiated.[!”]
As an example, Fig. 7 shows optical and
atomic force microscopy (AFM) images of
90 nm thick PMAA brushes, which were
prepared using photomasks of different
mesh sizes.

Mineralization experiments were car-
ried out by exposing glass substrates mod-
ified with the structured PMAA brushes
to a continuous flow of a supersaturated
calcium carbonate solution in a perfusion
cell. After 30 min, the samples were taken
from the perfusion cell, washed, dried and
analyzed with various microscopic tech-
niques. Fig. 8 A shows a differential inter-
ference contrast (DIC) micrograph of a 90
nm thick patterned PMAA brush after cal-
cium carbonate mineralization. In a next
step, the samples were subjected to a brief
thermal treatment (250 °C, 2 h) to convert
the deposited ACC into a polycrystalline
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Fig. 6. Fabrication of microstructured calcite films. (A) Synthesis of microstructured poly(methacrylic
acid) brushes via surface-initiated atom transfer radical polymerization of sodium methacrylate from
photolithographically patterned initiator modified substrates. (B) Deposition of a thin, metastable
layer of amorphous calcium carbonate (ACC) and subsequent temperature-induced transformation
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of the metastable ACC layer into a microstructured, polycrystalline calcite film.

calcite film. Comparison of Fig. 8 A and
8C clearly indicates that deposition of
ACC only occurs on regions of the sub-
strate defined by the PMAA brush pattern.
This point is particularly evident from the
absence of birefringence in Fig. 8C in ar-
eas that are not covered with PMAA. Fig.
8C also shows that after thermal treat-
ment, areas of the substrate that had been
covered with PMAA reveal a mosaic-like
birefringence texture, which indicates the
formation of a crystalline calcite film.
Using AFM, the thickness of the micro-
structured calcite film could be estimated

at ~80-90 nm. This suggests that miner-
alization of calcium carbonate occurs in
the PMAA brushes and indicates that the
polycrystalline calcite thin film is an exact
3D replica of the ionotropic PMAA ma-
trix. While the lateral dimensions of the
structured calcite films are defined by the
photomask which is used to prepare the
patterned substrates, the film thickness
depends on the thickness of the PMAA
brush, which can be controlled owing to
the ‘living’/controlled character of the SI-
ATRP process.
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(C) Topographical atomic force microscopy image and (D) 3D projection
of the AFM image and height profile of a photolithographically patterned

PMAA brush.
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5. Conclusions and Outlook

Surface-initiated polymerization is a
powerful method to modify the chemical
and physical surface properties of materials.
Over the past years, this technique has at-
tracted the interest of an increasing number
of research groups. In this article we have
highlighted recent work from our own labo-
ratory in which surface-initiated atom trans-
fer radical polymerization is used to modify
surfaces with ultrathin, functional polymer
coatings. For additional examples and an
overview of the excellent work performed
by others active in this field, the reader is re-
ferred to several recent review articles.[6-10]
The examples discussed in this article dem-
onstrate that surface-initiated atom transfer
radical polymerization of 2-hydroxyethyl
methacrylate (HEMA) or poly(ethylene
glycol) methacrylate (PEGMA) is a pow-
erful strategy to generate biologically inert
(non-fouling) surfaces, which are attractive
platforms to construct protein microarrays
or biologically active biomaterial coatings
that can promote endothelialization. In
another example, it was shown that poly-
electrolyte brushes generated from sodium
methacrylate can act as three-dimensional
matrices to direct the mineralization of
calcium carbonate. This article only serves
to give a first flavor of the possibilities of-
fered by the use of surface-initiated con-
trolled radical polymerization techniques
to modify surface properties and generate
functional surfaces. Although the power of
this strategy has already been documented
in a number of publications, its full poten-
tial has certainly not yet been explored.
The continuous developments in the area of
‘living’/controlled (radical) polymerization
combined with innovative methods to im-
mobilize polymerization initiators and the
use of advance patterning techniques will
undoubtedly lead to further applications of
this strategy.
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